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Abstract 

The ballistic impact properties of a borosilicate (‘pyrex’) glass was studied using mild 

steel rods accelerated using a light gas gun. High-speed photography at sub-microsecond 

framing rates was used along with schlieren optics to investigate the propagation of 

elastic shock waves and fracture fronts. Flash X-radiography was used to visualize the 

deformation of rods as they penetrated the comminuted glass normally. The rod was seen 

initially to dwell on the surface for at least 3 s creating a Hertzian cone-crack. Later on, 

between 40 and 60 s, self-sharpening of the projectile was observed as the ‘wings’ of the 

heavily deformed front end sheared off. After this event, the front of the rod speeded up. 

X-rays also showed that the pattern of fissures within the comminuted glass was observed 

to be very similar shot-to-shot. X-radiography was also used to examine the mechanisms 

occurring during oblique impact of rods at 45˚. In oblique impact, bending of the rod 

rather than plastic deformation (‘mushrooming’) takes on the role of distributing the load 

over an area larger than that of the original rod diameter. High-speed photography of the 

rear surface of a glass block on which a fine grid had been placed confirmed that the 

comminuted glass moved as larger interlocked blocks. The experiments were modelled 

using the QinetiQ Eulerian hydrocode GRIM making use of the Goldthorpe fracture 

model. The model was found to predict well the transition from dwell to penetration. 

 

1. Introduction 

The study of the ballistic impact of transparent materials allows the mechanisms of 

penetration and failure to be observed relatively easily. For example, failure of such 

materials may often be seen directly using high-speed photography. In addition, if a metal 
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projectile is used, the difference in free electron densities between target and penetrator 

can allow sufficient contrast for observation using flash X-rays. 

By comparison with metals, silica-based glasses have high compressive yield strengths 

but low fracture toughness. Because of their excellent rigidity and strength per unit 

weight, they have been used in applications such as security glazing in vehicles and blast-

proof windows in buildings [1-4].  

The material chosen for study was the widely-used borosilicate glass, known also as 

‘pyrex’, which has a dynamic yield strength of over 5 GPa and an open structure which 

allows a degree of compaction under shock [5-7].  

 

2. Experimental 

2.1 Apparatus 

All the experiments reported in this paper were performed using a 50mm light gas gun 
[8]

. 

As the rods were 9.5mm diameter and 95mm long, they were accelerated down the barrel 

using a polycarbonate sabot. 

 

2.2 Schlieren optic studies 

All the high-speed photographic sequences presented in this paper were taken using an 

FS501 Ultranac camera using back illumination by a flash tube. High-speed photography 

of intense stress waves in transparent media is often enhanced by the use of schlieren 

optics because discontinuities or sharp gradients in density and/or pressure may be 

visualised as bright and dark features.  

Figure 1 presents selected frames from a high-speed photographic sequence of an impact 

between a 10mm hemispherical-nosed mild steel rod and a borosilicate target at 531 m s
-1

. 

Relevant mechanical properties of the steel and the glass are given in Table 1. The nose of 

the rod is situated just outside the field of view, impinging upon the left edge of the 

frames. The rod impacted slightly above the marker line, which is drawn using a 

permanent marker pen on the side of the block along with ticks 5mm apart, the leftmost 

tick being 5mm from the impact surface. The glass blocks were 75mm square and 25mm 

thick. The frames are labelled with the time elapsed after the first frame, which was itself 

taken no more than 100ns after impact.   

 

Figure 1. Near here 
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Table 1 near here 

 

The initial elastic shock wave, curved due to the highly-localised initial loading of the 

glass can be seen as a bright wave-front moving away from the impact site towards the 

right. The wave speed measured from this sequence was 5.7±0.1 mm s
-1

 which is in 

fairly good agreement with values in the literature, for example 5.97 mm s
-1

 
[9]

 and 6.05 

mm s
-1

 
[10]

. Caution must, however, be taken when interpreting measurements of wave 

velocity from such sequences for three reasons: (i) the hemispherical wave is expanding 

in three dimensions, including towards the camera; (ii) the axis of impact is within the 

target some 32mm distant from the marker on the surface, leading to magnification 

differences; (iii) there will be some refraction at the surface of the glass block for an off-

axis optical path. Despite this, at 4.8 s the bright wave-front reappears, which is 

consistent with the known specimen thickness and measured wave velocity as being the 

tensile release wave reflected from the rear surface. However, the divergent nature of the 

wave means that we cannot infer that the glass is under compression for all of the 

intervening time. Indeed radial tensions could develop as the wave front expands. 

Moving more slowly than the bright elastic stress wave is an opaque (black) front 

propagating at a steady velocity of 2.00±0.03 mm s
-1

. Once again caution must be 

exercised with this value. However, it falls within the range of single-crack propagation 

speeds of approximately 1.6 mm s
-1

 for sodalime glass and 2.2 mm s
-1

 for fused silica 

[9, 11]
. The opacity is most likely due to cracks opening up to a width commensurate with 

the wavelength of light and thus scattering light from the flash away from the camera. The 

flat portion of the fracture front expands laterally as it travels through the glass eclipsing 

the curved edges and leaving a planar wave in the field of view by about 5 s.  

The sequence from a similar experiment performed at 536 m s
-1

 is presented in figure 2. A 

hemispherical damage front can be seen propagating away from the impact site at 

1.80±0.04 mm s
-1

. This sequence clearly demonstrates the transition of the fracture front 

from hemispherical to plane wave, beginning near the central axis. Two dark arcs appear 

in the first frame (labelled 0 s) at the 5mm marker resembling the double shock wave 

structure observed by Bourne and co-workers 
[12, 13]

 in plate impact experiments on pyrex 

as well as the transient double arcs seen during the loading cycle in impacts between steel 
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spheres and glass performed by Chaudhri and Kurkjian 
[14]

. Using stress gauges, Bourne 

and co-workers measured two phases in the rise of stress from zero to the maximum value 

during shock loading: a first slower ramping stage implying compaction of the glass 

structure and then a steeper rise up to the final shock. This behaviour leads to two distinct 

phases of rapid stress change and thus probably explains the dual wave structure seen 

using schlieren optics in the experiment reported here. The black arcs seen in figure 2 

fade away within about 1 s, presumably because the wave diverges and loses intensity 

quickly. It is also overtaken rapidly by the fracture front. It is not known why the elastic 

shock waves appear so different in the two experiments presented, except that schlieren 

systems are very sensitive to the precise way they are assembled.  

 

Figure 2. Near here 

 

Bourne and co-workers 
[10, 12, 13]

 saw similar opaque fracture fronts during plate impact 

experiments on borosilicate glass. These fronts followed a small distance behind the 

opaque band associated with the shock wave. They also had a rougher appearance than 

those produced in these rod impact experiments, but were nevertheless more uniform than 

fracture fronts seen in sodalime glass. However, when comparing plate and rod impact 

experiments we should note that in plate impact the material remains under compression 

during failure, whereas a rod produces divergent waves enabling tensile crack 

propagation. The phenomenon of failure under planar shock takes place under 

compression and shear. The velocity of propagation has been found to depend upon the 

velocity of the flyer plate, eventually merging with the shock wave for high enough 

values. The failure wave velocity measured by Bourne et al. for an impact velocity 250 m 

s
-1

 on pyrex was 3.4 mm s
-1

, greater than the maximum crack propagation predicted on 

the basis of the Rayleigh wave speed and significantly higher than the velocities measured 

in this study. For the case of a failure front propagating in a glass rod, Radford and co-

workers found that for sufficiently high impact stresses the failure front propagated at a 

limiting velocity of 2cs
[15]

 consistent with a suggestion by Rosakis and co-workers
[16]

 

that a single shear crack in an infinite medium could propagate at this velocity. However, 

in a later paper Willmott & Radford
[17]

 found matters were more complex than this in that 

the velocity of failure fronts in glass rods above impact pressures of about 2 GPa were 
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scattered within a band between cs and cL. In conclusion, the failure front observed here 

probably has little in common with that observed in plate or rod impact experiments on 

the same material because both the magnitude and the nature of the stress fields are 

different in all three cases. 

Instead, studies of the interaction of spherical impactors and indenters with glasses shed 

more light on the nature of the flattening behaviour of the failure front 
[9, 11, 14, 18, 19]

. One 

phenomenon which is commonly seen is the Hertzian cone crack 
[18, 20, 21]

. Hertz 
[22-24]

 

first analysed the elastic stresses involved and found that the tensile stress has a maximum 

at the edge of the contact area and falls off with increasing radial distance. The tensile 

radial stress leads to a ring crack initiating at a defect usually just outside the actual 

contact area. The reason the ring crack forms at a larger radius is at least partly because of 

the interfacial shear stresses arising from the difference in elastic properties between the 

indenter and indented material. If loading is sustained, the ring crack develops into a cone 

which propagates into the solid 
[25]

.   

Although the Hertzian analysis is for the static case, it has been extended to include 

impact 
[20]

. Field and co-workers 
[26, 27]

 showed that a single cone can be recovered from 

soda-lime glasses at velocities up to ca. 40 m s
-1

 and from aluminas at velocities up to ca. 

900 m s
-1

. Above these velocities multiple cones form and fragment. In glasses, stress 

wave-induced fracture occurs at velocities above ca. 200 m s
-1

.   

The results reported here are consistent with those observations since the flattened part of 

the fracture front is indicative of cone crack formation and the damage outside this region 

is attributable to Rayleigh surface wave cracking. The region immediately under the 

impact is initially subjected to compression and shear, but not tension. At very high 

impact velocities failure may occur due to shear as in plate impact experiments. Tensile 

stresses will only form in this region as release waves arrive from free surfaces or other 

boundaries. This may happen before waves reflect from the rear surface since elastic 

waves will be emitted from fracture tips and can be trapped between the cone surfaces. 

Eventually we would expect the glass to be heavily fragmented (comminuted). However, 

this fragmented material will initially be locked together lie a three-dimensional jigsaw. 

Plate impact experiments 
[7, 13, 28]

 give clear evidence that this material exhibits a finite 

shear strength for some time after the initial impact although the spall strength is zero 
[29-

31]
. 
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With dynamic loading, it is generally accepted that materials have a limiting crack 

velocity, less than the Rayleigh (surface) wave speed cR, since new surfaces are formed in 

the fracture process 
[11, 32, 33]

. However, in reality the maximum crack velocity does not 

reach cR. This may relate to the fact that the velocity of stress waves could be modified in 

the region of the crack tip by the large stresses found there, and also to cracks initiating 

ahead of the main crack. Initially these micro-cracks will be overtaken by the main crack. 

They then manifest themselves as fracture surface roughening (termed ‘mist’ and 

‘hackle’). Eventually, if the stress intensity of the fracture front continues to increase, a 

secondary crack can initiate far enough ahead of main front to reach the main crack 

velocity. At this stage, crack branching takes place 
[11]

. The combined effects of micro-

crack initiation, surface roughening and branching cause the overall crack velocity to 

level off, perhaps because of the increase in the number of new surfaces to be formed. 

The practical limiting velocity for a single crack in glasses turns out to be closer to half of 

the Rayleigh wave speed 
[11]

. Thus we might expect to see one or more cone cracks form 

at the nose of the rod and travel at a speed of ca. 1.8 mm s
-1

 or less through the pyrex, 

which is what was observed. However, it should be noted that the above considerations 

applied to single crack propagation rather than an entire fracture front, which should 

propagate even more slowly due to the larger surface area created for each increment of 

crack growth. Also, for cracks diverging from the impact point, it is actually a projection 

of the cracks which is recorded on the film, rather than the velocity in the direction of 

propagation of the crack surface. Recently, cracks have been found in certain 

circumstances to travel faster than this but only at interfaces between two materials 
[16, 34, 

35]
. 

Early on in the impact process, the radius of the contact area between the rod and target 

expands more rapidly than compressive waves in the steel can travel 
[36]

, precluding the 

possibility of release waves and leading to high compressive pressures as a volume of 

steel at the end of the rod is compressed. This mode of loading is roughly planar since the 

rod nose is flattened. The pressure achieved during this brief time may be roughly 

calculated as the product of the density , longitudinal wave velocity c and impact 

velocity V 
[37]

, except that both projectile (mild steel) and target (pyrex) materials must be 

taken into account as neither is perfectly rigid (see equation 1): 
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 P V PcP TcT

PcP TcT

, (1) 

 

where P and cP relate to the projectile and T  and cT relate to the target. Using a target 

density of 2230 kg m
-3

, a target wave velocity of 5.7 mm s
-1

 (measured above), a 

projectile density of 7818 kg m
-3

 and a projectile wave velocity of 5913 mm s
-1

 gives an 

approximate value for the initial impact pressure for the two experiments reported above 

of 5.3GPa. This compares well with the longitudinal stress of 5.2GPa measured in a plate 

impact at the higher velocity of 650 m s
-1

 [5]. However, the radius of the region subjected 

to this level of stress, given by rV /c  where r is the radius of curvature of the penetrator 

[9]
, is only 0.5mm. Therefore this initial phase of loading is short-lived and confined to a 

small area, although it may lead to significant compaction directly beneath the impact site 

as in the first few frames of figure 2 where the material within the visible shock wave 

appears darker. Altered moduli in this zone might contribute to the flattening of the 

spherical fracture which occurs between 1 and 1.5 s in figure 2. 

 

2.3 Flash X-ray studies 

A 150kV single-shot flash X-ray tube was used to study experiments similar to those 

discussed above. In order to ensure precise triggering of the X-ray tube, the pyrex blocks 

were equipped with an impact sensor on the front face. The impact sensor consisted of a 

double layer of brass shim separated by a layer of adhesive tape. Electrical connections 

were made to each layer so that when the projectile penetrated through the insulating 

adhesive layer, a short circuit was made which was sensed by a delay generator. The 

necessity of adequate contrast between the rod and the glass limited the thickness of the 

pyrex blocks in the direction of the X-rays to 30mm. So the dimensions of the blocks used 

were 60mm x 30mm (X-ray path) x 20mm (impact path). X-ray film was loaded in a 

reinforced cassette the other side of the specimen to the X-ray tube. The block dimensions 

mean that the lateral inertial constraint is not the same as for the high-speed photographic 

study neither was it symmetric, but this made minimal difference to the phenomena 

occurring during the first few microseconds that were recorded using high-speed 

photography because release waves from the free surfaces would not yet have interacted 

with the fracture front in the field of view. 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

8 

Figure 3 presents radiographs from four similar experiments performed at approximately 

535 m s
-1

. The delay time after impact was varied for each shot using a delay generator. 

Part of figure 3a is reprinted as figure 4 with contrast altered to maximise the visibility of 

the cone crack.  

 

Figure 3. Near here 

 

Figure 4. Near here 

 

The braided electrical contacts for the impact sensor can be seen in each frame. In the 

fourth radiograph (figure 3d) a screw can be seen attached on the side of the rod. This was 

initially positioned 40mm the rod nose to act as a fiducial mark so that any rod erosion or 

shortening could be quantified. The glass blocks were glued onto brass mounting brackets 

which can be seen on either side of the rod. The hemispherical-nosed rod has only 

penetrated about 1mm into the block by 2.8 s (figures 3a and 4), flattening considerably 

in the process. High-speed photography showed that the fracture front has travelled more 

than 5mm into the glass by this time (see figure 2). The time the rod ‘dwells’ on the 

surface is governed by the development during impact of both materials i.e. the times 

taken for (i) the glass block to fail completely, (ii) the decrease of stress in the rod as it 

deforms laterally (‘mushrooms’) spreading the load over a larger area, and (iii) the time 

taken for the crushed glass to move aside. These processes overlap in time.  

The half-angle of the cone (just) visible in figure 4 is 57˚±1˚ on the left and 53˚±1˚ on the 

right giving an included angle of 110˚. This figure is within the range of values for 

dynamic loading reported in the literature e.g. ref. 
[21]

. The left-hand crack originated from 

a point on the surface about 3.8mm from the impact axis while on the other side the crack 

projects back to a point 4.4mm from the axis. The most probable explanation for this is 

that a ring crack nucleated at 3.8mm or less from the axis and then propagated around the 

circumference of the rod during which time the contact radius also increased. 

Figure 3b presents the result of an experiment where the delay between the impact and the 

X-ray flash was 30 s. The rod still dwells in a crater about 6mm deep (the material that 

was in the crater having been ejected) corresponding to an average penetration speed up 

to this point of 184 m s
-1

. The rear surface of the borosilicate can be seen to be bulging by 

about 3.5mm. The glass block was wholly comminuted by this stage, multiple transits of 
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the block by both longitudinal and transverse waves having occurred. However, the glass 

still seems to provide some resistance to penetration and, on the basis of results from plate 

impact experiments [7], probably retains some shear strength. The rod ‘mushroom’ is about 

21.5mm in diameter, which corresponds to a lateral plastic strain of more than 100%. The 

steel appears to be flowing outwards and backwards as assumed in Tate’s theory 
[38, 39]

. 

The rod is deforming laterally further down its length as well. Faint fissures can be seen 

within the comminuted glass (indicated by arrows) parallel to the front surface at a depth 

of about 3.5mm. Another fissure (also indicated by an arrow) can be seen running at an 

angle of 55˚ to the impact axis part of the way between the back surface and the deformed 

rod. Tsai and Chen 
[40]

 studied the effects that the distance between the mounting brackets 

has on whether a glass block fails by Hertzian cone fracture in the impact surface or by 

cracking due to flexure of the rear surface. However, the original cone crack seen in 

figure 4 has probably been obliterated by 30 s due to comminution.  

The movement of blocks of comminuted glass can be seen to continue in figure 3c 

confirming the tendency of such damaged material to ‘lock’ together. Note that the 

pattern of fissures seen in figures 3b, 3c, and 3d are very similar confirming they are 

reproducible. The lateral fissures at a depth of 3.5mm and roughly parallel to the impact 

surface continued to extend out from the deforming rod, as did the angled fissures (half-

angle 53˚ on left, 63˚ on right, 116˚ inclusive) from the mushroom to the bulging rear 

surface. Between 30 s and 40 s the rod only advanced another millimetre into the glass 

(assuming reproducibility between shots) giving an average penetration speed of ca. 100 

m s
-1

 for this intermediate stage. The mushroomed head of the rod does not appear to have 

expanded significantly laterally during this time. Roughly half of the apparent penetration 

by the rod can be accounted for by the bulging of the back surface i.e. movement of 

material in front of the penetrator due to lack of confinement. Debris continues to be 

ejected from the impact surface. 

The final stage of penetration at 80 s is shown in figure 3d. The failure trends of the glass 

block continue but there is a significant development in the penetrator: the side lobes of 

the ‘mushroom’ have sheared off giving a much more streamlined profile for penetration 

(‘self-sharpening’), and the average speed of penetration has risen dramatically to 475 m 

s
-1

 in the period since 40 s after impact. At least part of the reason for the rapid 

penetration at this stage is the reduced diameter of the channel through which the rod is 
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trying to move, being only half of the value at 30 s and 40 s and roughly the same as the 

initial rod diameter. The comminuted glass may be losing strength as well. Measurement 

of the distance of the marker screw from the rod nose shows that the rod has shortened by 

about 10mm due to the shearing off of the lobes and plastic deformation of the rod further 

back. Some glass fragments can be seen being ejected from the rear surface as the rod 

breaks out. The lateral and angled fissures seen at 30 s and 40 s persist at similar angles 

and positions. The block can also be seen beginning to detach from the brass mounts to 

which it was glued. 

In summary, the dwell time was found to be somewhere between 40 s and 60 s, 

indicating a high degree of resistance to penetration by borosilicate glass, even after 

comminution. It is also noticeable how the comminuted glass broke into coherent blocks 

of interlocked fragments, the fissures delineating them being reproducible between 

experiments (compare figures 3b and 3c). Penetration efficiency is increased considerably 

where self-sharpening occurs. 

Experiments were also performed at oblique impact. Figure 5 presents radiographs from 

three such experiments, again consisting of mild steel rods impacting upon borosilicate 

glass blocks of the same dimensions as before at ca. 530 m s
-1

, but this time at an angle of 

impact of 45˚. The blocks were mounted upon PMMA brackets. Marker screws were 

again situated in the rods at 40mm from the nose.  

 

Figure 5. Near here 

 

The first radiograph was taken 40 s after impact. Relatively little penetration (7mm 

normal to the glass surface) had occurred by this time. It would appear that the mild steel 

rod was deflected away from the impact direction quite early on during the impact since 

the nose is not very flattened. The bending has the effect, like mushrooming during 

normal impact, of spreading the load over a wide area as well as creating significant 

frictional forces between the rod and the glass.  

The steel rod shown in figure 5a has undergone some lateral deformation in the contact 

area. Fine ejecta can be seen leaving from the impacted face, particularly to the front of 

the rod nose as it create an impact crater. The rear surface has also begun to bulge. No 

cone cracks or fissures are visible in any of these radiographs: this is a marked difference 

from the normal impact case. There also appears to be no movement of blocks of 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

11 

interlocked comminuted glass within the target. It is possible that a radiograph taken very 

early on in the process (say 3 s) might have shown cone crack formation as with the 

studies by Chaudhri & Chen 
[18]

 of oblique impact of glass blocks by spheres, but any 

such features have been obliterated by 40 s, if they ever existed.   

Figure 5b shows more of the rod bending into the plane of the glass front surface. The 

nose of the rod is beginning to curve back on itself, ejecting more glass, and is being 

flattened. Lateral deformation of the rod appears minimal. We conjecture that most of the 

impact energy is being dissipated by bending of the rod, flattening of the nose and side, 

and frictional heat. The rear surface of the glass appears to be moving out as a fine debris 

normal to the surface behind the broad sweep of the curved rod which has by now 

advanced normally into the block by 11.5mm, which is over half the initial thickness. The 

bulk of the ejecta can be seen emerging normal to the surface and to the left of the impact 

axis because this is where there is the least confinement. The marker screw (on the right 

side of the rod) has just reached the pyrex front surface. 

In the final radiograph (80 s) the same processes continue, with the rod nose turned by 

about 90˚. Glass which has not been dislodged can be seen behind and in front of the 

crater. Although the curved section of the rod has penetrated some 17.5mm normally into 

the originally 20mm thick block, the material that is being pushed ahead and out of the 

rear surface gives the illusion that there is still a significant fraction of the block still to be 

penetrated.   

Comparing figures 3 and 5, it can be seen that the penetration time for oblique impact on 

glass is longer than for normal impact. There are several competing factors which have an 

influence on this: (i) in the normal impact case the mushrooming of the rod initially slows 

the penetration down but then the penetration speeds up during the self-sharpening phase; 

(ii) the path length though an oblique target is longer; (iii) rod bending in oblique impact 

slows the rate of penetration like mushrooming does for normal impact by increasing the 

cross-section of the rod and by dissipating energy in friction and penetration parallel to 

the glass surface. The average penetration speeds for the time periods 0-40 s, 40-60 s 

and 60-80 s in the oblique impact were 175, 225 and 300 m s
-1

 respectively, reflecting 

the decrease in confinement as the rear surface moves away. 

 

2.4 Fine grid studies 
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The third technique used in this impact study of borosilicate glass was the observation of 

the rear surface during penetration using the fine grid technique described in an earlier 

paper 
[41]

. Figure 6 presents a high-speed photographic sequence, lasting 16.5 s, of the 

532 m s
-1

 impact of a round-nosed mild steel rod onto a 9.5mm thick borosilicate glass 

block. As before the first frame was triggered by one of our brass shim impact sensors. 

The grid lines are spaced 1mm apart and the grid is illuminated at an angle from the left 

side (figure 7).  

 

Figure 6. Near here

Figure 7. Near here 

 

A single-transit of the target by a longitudinal elastic stress wave should take 1.7 s while 

an elastic shear wave will take 2.6 s. We might therefore expect to see, and in fact do see, 

the first signs of damage to the rear surface in the third frame when both waves have 

arrived at and been reflected from this free surface. Initially a disc-shaped region (plug) of 

approximately the rod diameter (10 grid lines) can be seen moving out from the surface 

having a fairly jagged periphery but with little grid distortion in the centre of the plug of 

material. By s a larger area of deformation becomes visible. This will be when the 

transverse wave will have returned for the second time, encompassing much of the field-

of-view as it develops. The centre of the region of impact remains largely undeformed. It 

is possible, but not certain, that the larger area is the base of a Hertzian cone. Such a cone 

would be ca. 24mm across at the rear surface if it had an internal half-cone angle of 55˚ 

(typical of sphere impacts on glass 
[14, 18, 21, 42]

). The cone cracks would also reach the rear 

surface at around 5 s.  

It is not possible to quantitatively compare the rear surface deformation with that seen in 

the X-radiographs because of the difference in target thickness, but we can use the 

understanding of the dynamic behaviour of the glass gained using X-rays. For example, 

we saw that the comminuted glass moved as blocks of interlocking fragments, and this is 

consistent with the jagged edges seen late on in the sequence as is the relatively small 

amount of distortion seen in the central plug section. Also, at 10.5 s (frame 8) we see a 

diagonal crack across the central region visible as a discontinuity in the grid. This is we 
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interpret as one block of glass having advanced further than its neighbour. This 

discontinuity disappears at later times, presumably because the two blocks had now 

reached the same displacement and were advancing in step. 

 

3. Numerical modelling 

There are some significant challenges involved in the modelling of these experiments, 

particularly concerning the ‘dwell’ effect. A key requirement for a model is a mechanism 

to account for the time-dependence of failure and flow in a heavily damaged medium at 

high strain rates.  

The brittle model due to Goldthorpe and co-workers 
[43]

 used in these analyses was 

constructed directly from plate impact experiments on brittle materials such as various 

glasses and alumina ceramics and is phenomenologically based on the behaviour of 

‘failure waves’ (or more accurately failure fronts) observed using manganin stress gauges 

in the longitudinal and lateral configurations
[28, 44]

 (see figure 8). 

The time interval between the rise in the longitudinal stress and the ‘jump’ in the lateral 

stress gauge record is indicative of a failure front (or wave) as reported elsewhere
[44]

.  

 

Figure 8. Near here 

 

Since plate impact generates uniaxial strain, the shear stress can be calculated using the 

following equation:- 

 

2 = y x  (2) 

 

where y is the longitudinal stress, x  is the lateral stress, and  is the shear stress. 

The shear stress for brittle materials can be used to measure their failure strength (akin to 

yield in ductile materials). The use of both longitudinal and lateral stress gauges allows 

this parameter to be measured fully experimentally. 

Plate impact tests on brittle materials such as glass and ceramics show some important 

similarities to experimental data on metals. In particular brittle materials usually show a 

longitudinal wave as a precursor to the main shock wave. The transition from a 

longitudinal elastic to a plastic front requires that the brittle material has the ability to 
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‘flow’ in a manner analogous to that observed in ductile materials. It is principally this 

characteristic which forms the basis for the construction of a flow model.  

In order to incorporate all of the above effects into a general model it is assumed that on 

impact the brittle material must break up into an aggregate before it can flow. Also the 

degree of fragmentation will influence the ease with which it flows. This process is 

represented by either of the curves in figure 9. These show that at some value of the 

deviatoric stress, deformation or flow can commence. As the deviatoric strain increases 

the comminution will also increase and the strength will fall. This reaches an end point 

for the test conditions which is the strength normally observed at the back of the shock 

wave and is used to construct the  vs. pressure curve. The form of the model is thus 

quite simplistic with the criterion that the material cannot flow until it damages and can 

thereafter accommodate plastic strain. 

 

Figure 9. Near here 

 

If the waves are divergent, the rate of compression across the wavefront will decrease as 

the wave propagates through the target. Thus there will be a strain rate variation which 

would be expected to influence the flow rate. This would produce a higher stress near the 

impact face (curve 2) compared to stresses further into the target (curve 1). 

The simplest equation or model to describe these effects is:- 

 

 CBA m  (3) 

 

where  is the effective stress,   is the strain rate,  is the deviatoric plastic strain, and 

A, B, C, m are constants. 

There are a number of limitations to this model. Firstly the material needs to be in an 

initial state of failure with a continuous network of cracks before the material can flow. 

This may require a plateau or other modification to figure 9 to provide a more accurate 

representation. Secondly the simple linear model used is primarily governed at this stage 

by the difficulty of obtaining accurate data across the shock front. Another important 

limitation is the lack of progression from damage through to macroscopic cracking of the 

material, other than by linkage to a simple spall strength. All these areas are currently 
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being investigated for brittle materials within QinetiQ using a new approach developed by 

Porter and Gould based on Quantitative Structure Property Modelling
[45-47]

. 

In spite of these limitations the Goldthorpe brittle model is an elegantly simple attempt to 

model the impact behaviour of brittle materials. The phenomenon of precursor decay can 

be readily demonstrated. Also the more difficult problem of dwell is understandable since 

the model shows the need to produce damage before the material can flow. Thus 

projectile penetration can only commence after the damage has occurred and after it has 

started to propagate, usually as a failure front, into the target. The dwell period produced 

by these effects will decrease with impact velocity because the wave divergence decreases 

with the increase in pressure produced by higher impact speeds. Clearly both strain rate 

dependence and ‘plastic strain’ are essential variables in controlling the complete process. 

Despite the simplicity of the model it is still very difficult to obtain data for the constants 

for equation (3). The main reason for this is that the model depends on measurements of 

the longitudinal and lateral stress ‘pairs’. This causes some difficulty experimentally since 

the temporal and spatial resolution of the longitudinal and lateral gauges are different and 

hence it is not straightforward to accurately align the gauge traces. This is crucial 

particularly for the calculation of the strain rate exponent, where the impact experiment 

needs to produce matching longitudinal and lateral stress pairs. A further difficulty is the 

recent concerns regarding the validity of the stress measurements using the lateral 

gauge
[48]

. As a result of these issues the present approach is to fit the model parameters to 

the longitudinal and lateral stress pairs shown in figure 8 (see Table 2a). The resulting 

parameters are then used to predict the penetration experiments reported earlier. 

 

Table 2 near here 

 

3.1 Simulation results 

The simulations were performed using the QinetiQ Eulerian hydrocode GRIM, which 

features multi-material options and sophisticated interface options and is well suited for 

penetration simulations
[49]

. Some simulations were also performed using the public 

domain version of the Lagrangian hydrocode DYNA3D for comparison. The Goldthorpe 

brittle model was very easy to implement and behaves in a robust fashion, such that it 

readily converges as the mesh size reduces. The equation of state used was a standard 

Mie-Grüneisen for the appropriate form of glass (see Table 2b).  
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The penetration experiments were simulated to test the model’s ability to reproduce dwell 

at a given low velocity and then to determine whether the model would predict 

penetration at a higher velocity. The mild steel rod was simulated using a modified 

Armstrong-Zerilli model
[50]

. The glass block was simulated using the model just 

described in this paper.  

An example plot of the interfaces for the normal impact at a velocity where dwell is 

significant is shown in figure 10.  

 

Figure 10 near here 

 

Figure 11 near here 

 

It can be seen that at the lower velocity a significant portion of the penetrator is being 

consumed on the surface of the target. The results for both DYNA and GRIM in this and 

other scenarios were very similar indicating that the numerical scheme was having little 

influence on the results. Furthermore this behaviour was exhibited for all the mesh 

resolutions studied indicating that the model is not particularly mesh sensitive and is also 

very robust. Increasing the velocity caused the mild steel rod to penetrate the target (figure 

11) and also allowed the rod to ‘mushroom’ as was observed in the flash radiographs 

(figure 3). This demonstrates that the model is capable of predicting the transition from 

the rod being consumed at the surface to the rod penetrating the target. However, it is 

clear that the model will not predict the detailed crack patterns observed in the 

experiments, highlighting the need for a physically based transition from damage to 

fracture in the model.  

A more stringent test of the model was the simulation of an oblique impact. Again at the 

lower velocity the rod is consumed and bends at the target surface (figure 12), whereas at 

higher velocity the rod starts to penetrate the target (figure 13). It is encouraging that the 

simulation predicts the observed bending of the rod (compare with figure 5). This shows 

that the model works extremely well in 3D and produces the dominant phenomenology. 

 

Figure 12 near here 

 

Figure 13 near here 
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These results are very encouraging for what is a very simply based model and allow its 

use for scoping studies for designing potential armour systems, for example. Clearly 

further work is required to understand the precise limitations of the model. 

 

4. Conclusions 

High-speed photography, X-radiography and the fine-grid optical technique gave 

significant information about the ballistic impact properties of borosilicate glass. At the 

impact velocities studied, the glass rapidly becomes heavily comminuted, but still exhibits 

Hertzian-type cone failure as well as stress wave damage. The fracture front is not 

coupled to the expanding shock wave as it would be (on the basis of plate impact studies) 

at higher velocities. The comminuted material still retains strength and this, with the 

flattening of the rod nose, gives a significant ‘dwell’ time. The rod slows as it produces a 

mushroomed head but speeds up as the mushroom head is lost and the rod sharpens. The 

comminuted material fails in blocks, the pattern of which was found to be reproducible 

shot-to-shot. These results were compared with numerical simulations made using a 

physically based model of the behaviour of brittle materials under shock loading which 

had previously been shown to reproduce experimentally observed precursor decay and 

failure wave behaviour. The model was able to qualitatively predict the transition from 

dwell to penetration of a glass target. This approach developed for sodalime glass should 

be equally applicable to ceramics and concrete and other brittle materials. The model 

converges on the mesh and is very robust in both Eulerian and Lagrangian hydrocodes. 
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Figure captions 

 

Figure 1. Selected frames from the high-speed photographic sequence of the impact of a 

25mm thick, 75mm square borosilicate glass block by a hemispherical-nosed mild steel 

rod at 531 m s
-1

. The spacing of the ticks is 5mm. A compressive shock wave can be seen 

as a curved bright moving from left to right during the sequence. This is followed some 

distance behind by a black failure front moving more slowly than the shock. The impact 

face is outside the field of view to the left. 

 

Figure 2. Selected frames from the high-speed photographic sequence of the impact of a 

25mm thick, 75mm square borosilicate glass block by a hemispherical-nosed mild steel 

rod at 536 m s
-1

. The spacing of the ticks is 5mm. 

 

Figure 3. X-radiographs from four similar experiments involving the impact of round-

ended mild steel rods against 20mm thick borosilicate glass blocks at approximately 535 

m s
-1

. The wires that can be seen are electrical contacts to the impact sensor. The fiducial 

screw seen in frame (d) was located 40mm from the nose of the rod. Visible cracks are 

indicated using arrows. Times after impact: (a) 2.8 s; (b) 30 s; (c) 40 s; (d) 80 s. 

 

Figure 4. The radiograph that was presented in figure 3a but with the contrast enhanced to 

show the cone crack formed on impact. The lines at the side indicate the position of the 

cone cracks. 

 

Figure 5. X-radiographs from three similar experiments involving the 45˚ impact of 

hemispherical-nosed mild steel rods against 20mm thick borosilicate glass blocks at 

approximately 530 m s
-1

. The wires that can be seen are electrical contacts to the impact 

sensor. The fiducial screws seen in all frames were located 40mm from the nose of the 

rod. Times after impact: (a) 40 s; (b) 60 s; (c) 80 s. 

 

Figure 6. High-speed photographic sequence of the rear surface of a 9.5mm thick 

borosilicate glass block being impacted by a hemispherical-nosed rod at 523 m s
-1

. Grid 

spacing is 1mm. Impact took place at 0 s.  
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Figure 7. Schematic diagram of the experimental arrangement used for taking the 

sequence presented in figure 6. a), b), and c) are front-silvered mirrors. Mirror c) also acts 

to block the direct light path from the flash to the camera. 

 

Figure 8. Example of longitudinal and lateral stress gauge records for glass (from ref. 
[28]

). 

 

Figure 9. Schematic diagram of stress level as a function of impact stress. 

 

Figure 10. 2D impact low velocity impact simulation. 

 

Figure 11. 2D impact high velocity impact simulation 

 

Figure 12. Oblique impact low velocity simulation 

 

Figure 13. Oblique impact higher velocity simulation 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22162&guid=c609a500-e140-4dec-b5c8-83752e0918ba&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22163&guid=44088a05-439a-46be-b3f7-3107a7272b42&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22164&guid=ae82ed5f-78b2-4ba7-862e-d7036a06a043&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22165&guid=b9caaf06-6820-4f74-b66f-af0e849be4c9&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22166&guid=f3b9a58f-3543-4e75-a58c-feb6690aecb5&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22167&guid=95c70f26-7504-415b-9728-351e0011ab1b&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22168&guid=8d60073c-3170-427e-9615-b66148416f70&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22169&guid=9780de2c-1b6a-4544-817f-2ba767350bd5&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22170&guid=9de3d06a-8528-4b97-b347-4117a53daf4a&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22171&guid=6adfbdb6-889b-4e44-ba57-7cac5d872d74&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22154&guid=202f0dae-227d-4c4c-8e85-f82d780e4eda&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22155&guid=e659c739-8ac0-4546-91fb-6a2eb93c4a95&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22156&guid=423107fc-9735-451c-be80-55a2884bcfbd&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22157&guid=e9cc89ca-4f64-40b9-ab13-9824ac3c6858&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22158&guid=091125a6-571b-4e7b-ae51-1e44601e9d2f&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22159&guid=ecc61c05-1585-4de7-8cc9-11516ce11217&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22160&guid=8cfb9b7a-b1c7-435b-934a-37e240f87441&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

http://ees.elsevier.com/ie/download.aspx?id=22161&guid=625bcce4-5443-4b5d-8a83-6c9f681c865f&scheme=1


M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

Table 1a. 

Relevant properties of the EN3B mild steel used. 

Density/kg m
-3 

Longitudinal 

sound 

speed/mm s
-1

Quasistatic 

yield 

stress/MPa 

Dynamic yield 

stress (@3,500 

s
-1

)/MPa 

Diameter/mm 

7818 5.9 440 940 9.5 

 

Table 1b. 

Relevant properties of the borosilicate glass specimens used. 

Density/kg 

m
-3

 

Longitudinal 

sound 

speed/mm s
-1

 

Shear wave 

speed cs/mm 

s
-1

 

Dimensions for 

high-speed 

photography/mm 

Dimensions 

for X-ray 

flash 

studies/mm 

2490 6.05 3.69 75x75x25 60x30x20 
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Table 2a 

Parameters of the glass model used (see equation 3) 

A/MPa 800 

B/MPa 80 

m 0.3 

C/MPa -8000 

 

Table 2b 

Mie-Grüneisen parameters for the borosilicate glass 

Density/kg m
-3 

2490 

Bulk sound speed / m s
-1 

4564 

Hugoniot slope coefficient S (=dUs/dUp) 1.73 

Grüneisen gamma 0.53 

 

 

 




