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DAMAGE EVOLUTION IN BALLISTIC IMPACT OF GLASS PLATES 

S. J. Bless, R. Russell, D. T. Berry, and S. Levinson 

Institute for Advanced Technology, The University of Texas at Austin 

Abstract. High-velocity impact onto a layered glass target produces a very extensive damage pattern 
exhibiting many distinct morphologies. High-speed photography reveals failure waves and cracks that 
move at acoustic velocities. These prompt features evolve into a complex final damage pattern that 
includes needle fragments around the penetration cavity, radial cracks at mid distance, and dicing 
cracks near the edges. 
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INTRODUCTION 

Glass laminate armor has become a subject of 
intense interest in recent years [1]. Consequently, 
efforts have begun to develop better constitutive 
models for glass [2,3]. This is a challenging task, 
since the dynamic properties of glass differ in 
many ways from other brittle materials [4] in that 
shocks are dispersive at low stresses. Since glasses 
exhibit very high tensile strength, they can 
permanently densify under shock loading, and 
failure waves can initiate at free surfaces. 
Historically, most scientific investigations of glass 
penetration have involved thick targets [5] or plane 
stress configurations [6,7]. 

Actual ballistic windshields are constructed of 
laminated glass. The major design problem is 
associated with adequate multi-hit resistance. As 
shown by Bless and Chen [8], even when one 
impact only penetrates partway through a target, 
the impact damage is pervasive. There are a large 
number of damage patterns, which are generally 
symmetric around the impact, and which vary 
systematically through the thickness of the target. 

Figure 1 is a damage map from Bless and Chen [8] 
for a seven-layer soda-lime glass laminate. 
Descriptions of the multitude of damage patterns 
can be found in their paper. 

EXPERIMENTS 

A Cooke high-speed image converter camera 
was used to photograph damage evolution from 
impact onto a four-layer + polycarbonate and one-
layer + polycarbonate glass target. 

The four-layer target was comprised of 
5.8 + 5.8 + 9.66 + 9.66 mm of soda-lime glass, 
backed by 5.8 mm of polycarbonate. The layers 
were bonded with a 0.7 mm thickness of 
polyurethane. The target was 267 mm square. The 
impactor was a .50-caliber, fragment-simulating 
projectile (FSP) (13.4 g, 12.7 mm HRC30 steel 
cylinder) at 879 m/s. The FSP penetrated only 
through the second layer and was expelled from the 
target, being flattened but having lost only 1 g of 
mass. The high-speed camera viewed the target 
both through the side and from the rear via a 
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Figure 1. Damage zones in a seven-layer glass target, from [8]. 

The earliest frame is 2 |is after impact, and the 
two views are shown in Figure 2. At this time, the 
projectile should be partway through the first layer 
of glass. The first two layers of glass are lit by 
internal failures that reflect light. The width of the 
damage zone, as seen in either view, is about 
48 mm, which is about the size of the cavity in the 
glass after the shot. The similar width of the 
damage zone in the two plates suggests that the 
initial damage, which is driven by compression, 
passes through the interface. The damage in the 
second plate is not uniform—it is significantly 
more intense in the half of the plate that is against 
the front plate. This strongly suggests that the 
damage in the second plate is traveling as a plane 
wave and it was nearly simultaneously initiated at 
the first plate-second plate boundary. This is 
similar to what was observed in rod penetration of 
glass plates [9]. 

In frame 2, at 8 |is, shown in Fig. 3, the 
damage has spread, having an average speed of 
3.45mm/|is. The damage in the second plate has 
only spread to 52 mm diameter—which is almost 
the same as the eventual channel in that plate—and 
the third and fourth plates have become 
translucent, indicating that they are highly stressed 
but not fractured. In fact, they are never penetrated 
by the projectile. 

In the third frame, at 26 |is, shown in Figure 4, 
the spreading failure zone in the first plate has 
broken up into bundled cracks. This feature is 
present in recovered targets—in the area next to the 
penetration cavity in the first plate, the radial 
cracks form in bundles, and then branch into fans. 

At later times, it is difficult to distinguish the 
layers. In order to better follow the evolution of 
damage in the strike face and obtain more and 
higher-resolution frames at early times, a target 
was constructed with a single 12.7 mm layer of 
soda-lime glass bonded with polyurethane onto a 
single 28 mm sheet of polycarbonate. Exterior 
dimensions of the glass were 300 x 300 mm. Two 
shots were conducted against this configuration, 
using the same .50 FSP but at 1153 m/s. Photos of 
a reference grid were taken so that high-speed 
pictures could be rectified to remove distortions 
from camera angle and refraction from the 
polycarbonate backing plate. Figure 5 shows the 
pattern at 30 |is, after the crack fans have formed. 

Features in Fig. 5 were tracked up to that 
frame. The leading edges of the crack fans are 
propagating a little faster than the crack speed in 
glass (1.5mm/|is), and they experienced a faster 
surge during the actual branching that led to the 
crack fan. At later times, it becomes very difficult 
to track features. 
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Figure 4. Side and rear views at 26 |is. 

INTERPRETATION 

The post-test damage features seen around 
impact sites have their origin in early transient 
events. Failure waves apparently give rise to 
bundled radial cracks that branch into fan cracks. 
These early features propagate faster than single 
crack speeds. This suggests they are pulled by hoop 
stresses, as opposed to pushed by crack opening 
displacements. 

Figure 2. Upper, side view. Lower, rear view. 
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Figure 3. Second frame, at 8 |is. 
Figure 5. Damage pattern at 30 |is and feature speed. 
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