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Macroscopic Crack Formation and Extension in Pristine and Artificially Aged 
PBX 9501 

Cheng Liut and Darla G. Thompson~ 

tMaterials Science and Technology Division and ~Dynamic and Energetic Materials Division 
Los Alamos National Laboratory, Los Alamos, NM 87545 

Abstract. A technique has been developed to quantitatively describe macroscopic cracks, 
both their location and extent, in heterogeneous high explosive and mock materials l . By 
combining such a technique with the deformation field measurement using digital image 
correlation (DIC), we conduct observation and measurement of the initiation, extension, 
and coalescence of internal cracks in the compression of Brazilian disk made of pristine 
and artificially aged PBX 950 I hjgh explosives. Our results conclude quantitatively that 
aged PBX 9501 is not only weaker but also much more brittle than the pristine one, thus is 
more susceptible to macroscopic cracking. 

Introduction 

Cracking is the most dominant mechanical failure 
mechanism in high explosives (HE) and cracks could 
affect both safety and performance of weapon and 
munitions systems. Direct observation and quantita­
tive measurement of the deformation field associated 
with the formation and extension of one or multi­
ple macroscopic cracks, and quantitative'description 
of the location, extent, and profile of macroscopic 
cracks are the challenges we have to address to sup­
port stockpile stewardship. 

When a material is subjected to mechanical load­
ing, macroscopic cracking can start either from the 
free surface of the specimen, generating the edge 
cracks, or from the interior of the specimen, forming 
the internal cracks. In energetic materials, e.g., HEs 
and solid propellants, it was found that the propen­
sity of generating edge cracks is much higher when­
ever this is possible. When the possibility of gener­
ating surface cracks is completely suppressed, inter-

nal cracks will be formed in the interior of the spec­
imen, but the deformation associated with these in­
ternal cracks is much more complex. In munitions or 
weapon systems, free surface in HE may not be the 
primary concern (since it may not even exist). Thus 
internal cracking becomes the focus of study con­
cerning fracture and failure in energetic materials. 

The Brazilian disk compression provides such a 
simple test configuration, where only internal cracks 
can be generated due to the compressive circumfer­
ential stress along the free surface. Brazilian disk 
compression involves a circular disk with a pair of 
compressive forces acting across its diameter. Such 
a test configuration was first used as an alternative for 
measuring elastic constants of materials with very 
low tensile strength2 and later it was mainly used for 
determining the tensile strength of brittle materials, 
e.g., concretes and rocks3, 4. It has also been used 
in studying microcracking of the PBX 950 I high 
explosiveS, 6. To directly observe the evolution of 
the deformation field, we use the optical technique of 



digital image correlation (DlC)? The technique of 
combining the Brazilian disk and the DlC has been 
applied to polymer epoxy resinS and PBX 9501 9 . 

The objective of our investigation is to observe and 
to quantify processes of macroscopic crack initia­
tion and extension in both the pristine and artificially 
aged PBX 950 I high explosives and at three different 
temperatures, -15°C, 23°C, and 50°C. The quanti­
tative comparison will be conducted from three as­
pects: (1) the overall response of the disk specimen 
at different temperatures, (2) the evolution of macro­
scopic crack opening displacement at several ver­
tical locations of each specimen based on the dis­
placement field measurement of DlC, and (3) the 
formation and extension of localized cracked region 
of each specimen based on a technique developed 
recentlyl. 

Material and measuring technique 

PBX 9501 is a heterogeneous composite with 
5 wt% polymeric binder and 95 wt% HMX (cyc\ote­
tramethylene tetranitramine) crystals in a bimodal 
size distribution. The polymeric binder is com­
prised of 50 wt% Estane, a polyurethane polyester, 
and 50 wt% nitroplasticizer (NP), which is a eutec­
tic mixture of bis (2,2-dinitropropyl) formal and bis 
(2,2-dinitropropy1) acetal. Typically, the HMX pow­
ders are mixed with three parts of coarse crystals 
with average crystal size of 250 J-Lm and with one part 
of fine crystals with average crystal size of 8 J-Lm. The 
volume fractions of the coarse and fine HMX parti­
cles are 69.5 vol% and 23.2 vol%, respectively. After 
combining with the polymer binder, the mixture is 
then hydrostatically pressed into an explosive com­
pound. 

To obtain artificially aged PBX 9501, we use 
the stockpile-returned HE charges and subject them 
through an accelerated aging process. The HE parts 
were suspended on wire mesh shelves inside a gas­
tight cylindrical container, so that the parts can ex­
pose to the atmosphere within the container. A sat­
urated Na-CI solution was placed on the bottom of 
the container, and the entire assembly was heated 
to and maintained at 70°C temperature and at 75% 
relative humidity for the duration of each cylinder's 
aging time. The interior walls of the cylindrical con­
tainer were painted with the nitroplasticizer (NP) to 
mitigate the NP loss of HE during aging. At the 

end of the process, the molecular weight (MW) of 
the estane binder was reduced from the nominal 80-
100kD to about 14.9kD. 

In this investigation, we use the digital image cor­
relation (DlC) technique to obtain deformation field 
on the specimen surface. This technique relies on the 
computer vision approach to extract the whole-field 
displacement data, that is, by comparing the features 
in a pair of digital images of the specimen surface 
before and after deformation. Detailed description 
of underlying principles of the DlC technique can be 
found in literature? 

Overal.l response and deformation observations 

The Brazilian disk specimen we used in this study 
has the nominal dimension of 25.4 mm in diameter 
and 6.35 mm in thickness. We also used a loading 
fixture with circular anvil for applying compressive 
load to the specimen. The radii ratio of the circular 
anvil and the circular disk is 1.25: I. The schematic 
of the loading fixture and the disk specimen is shown 
in Fig. I(a). On the surface of the disk specimen, a 
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Fig. I. (a) Schematic of the loading fixture and disk 
specimen; (b) Random speckle image of the disk 
specimen. 



random speckle pattern was painted by spraying a 
black paint, as shown in Fig. I (b). 

We used a conventional Instron 5567 screw-driven 
loading frame, with the MTS ReNew/E System con­
troller, to load the specimen at a constant cross head 
moving velocity. We chose the cross head moving 
velocity to be 0.5 mm/minute. An environmental 
chamber was used to control the testing temperature. 
After the disk specimen was placed in the fixture, 
the door of the environmental chamber was closed. 
The temperature was then raised or lowed to the pre­
set temperature at the rate of 1°C/minute. When 
the desired temperature was reached, we waited for 
15 minutes so that the specimen can reach thermal 
equilibrium. 

During the test, the applied load and the crosshead 
displacement were monitored and recorded at the 
sampling rate of 15 Hz. A CCD camera, with the res­
olution of 1628 x 1236 pixels, was setup in front of 
the window of the environmental chamber. A series 
of images was captured during the test at the framing 
rate of 5 frames/second. The random speckle image 
has a spatial resolution of about 23 Mm/pixel. Be­
fore each test, a small pre-load (rv 1 N) was applied 
to keep the disk specimen in place. 

Figure 2 presents the variation of applied com­
pressive load as a function of the change of speci­
men diameter for all the tests of PBX 9501 Brazilian 
disks, where 9 pristine and 12 aged specimens are 
included. In Fig. 2, the applied compressive force P 
was normalized by the product of the initial thick­
ness Wand the initial radius R of the disk speci­
men, and the diameter change 6. was normalized by 
the initial specimen diameter D . The variation ofap­
plied load as a function of deformation, as shown in 
Fig.2, resembles the common behavior of the het­
erogeneous high explosive PBX 9501 and its various 
simulant mocks. As the deformation increases, the 
applied load first monotonically increases, and then 
turns around and gracefully decreases. The peak load 
is believed to be associated with localized deforma­
tion occurring within the specimen. The maximum 
load is strongly dependent on temperature. 

We choose the maximum load (strength) and the 
total deformation at maximum load as the global pa­
rameters associated with the specimen failure. The 
variations of these characterizing parameters as func­
tion of temperature are shown in Fig. 3. For pristine 

PBX 9501, the total deformation at failure is insen­
sitive of temperature, while the strength monotoni­
cally decreases as temperature becomes higher. For 
aged PBX 9501, both the total deformation at fail­
ure and sample strength monotonically decreases as 
temperature rises. Figure 3 also shows the amount of 
reduction of both the strength and the total deforma­
tion at failure from pristine to aged PBX 9501. Since 
the amount of load that the aged PBX 9501 speci­
men can carry at failure and the amount of deforma­
tion that the aged PBX 9501 specimen can sustain 
are significantly reduced, the aged PBX 9501 with 
lower molecular weight is much weaker and more 
brittle. Such reduction in strength and increasing in 
brittleness are even more profound at higher temper­
atures. 

Digital image correlation (DIC) calculation was 
carried out on the series of random speckle images to 
determine the displacement field during the deforma­
tion of the disk specimens. Assuming the local de­
formation is homogeneous, the deformation gradient 
and the rigid translation of a small region (or subcell) 
are sought by minimizing the so-c.alled correlation 
function. From this the displacement at the center 
of the subcell is determined. The subcell size used 
in the DIC calculation is 31 pixel, or approximately 
0.8 mm. Each image was compared against the ini­
tial image, where no deformation has occurred, and 
displacement field over the entire disk surface at each 
moment of time was obtained. 

We select four different moments of time during 
the deformation process of a pristine and an aged 
PBX 9501 disk specimen tested at 23°C and present 
the contour plots of the displacement component (u 
in the horizontal direction) and the strain compo­
nent (normal strain €x in the horizontal direction) in 
Fig. 4. Moment A is when the applied compressive 
load has not reached the maximum value. Moment B 
corresponds to the moment when compressive load is 
at the maximum. Moment C is on the way when the 
applied compressive load decreases while the overall 
deformation is still increasing. Finally, moment D is 
when the applied compressive load reaches its local 
minimum and is about to slowly increase again (see 
Fig. 2). 

For pristine PBX 9501 (Fig.4(a)), at the moment 
A, the measured displacement field resembles the 
characteristics of those obtained from the elastic 
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Fig. 2. Variation of applied compressive load P as function of sample diameter change D. for different temper­
atures: (a) pristine and (b) artificially aged PBX 9501. 
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Fig. 3. (a) Reduction of maximum load (strength) and (b) reduction of total deformation at maximum load as 
function of temperature. 



(a) 
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Fig. 4. Selected contour plots of u and Ex-field of (a) a pristine and (b) an aged PBX 9501 disk tested at 23°C. 

solutions . However, the strain 'component Ex at this 
moment indicates higher deformation regions near 
the two loading boundaries. At moment B, where 
compressive load is at the maximum, the measured 
displacement field is still similar to those given by 
the elastic solution, but the concentration of the gra­
dient of the displacement component u has become 
apparent from both the contour plot of u-field and of 
the Ex-field. In fact, Ex-field contour plot at moment 
B has shown mUltiple sites where strain localization 
has occurred. From the contour plots at moment C, 
one observes that the localized deformations became 
more profound and they have extended and propa­
gated toward the center of the disk specimen, and 
finally coalesced in the center region. At moment 0, 
the localized deformation has fully developed and as 

the overall deformation proceeded further, the extent 
of the localized deformation will not change much, 
only its magnitude, as signified by the strain compo­
nent Ex, will increase. Similar characteristics is ob­
served for the aged PBX 9501 as well, see Fig. 4(b). 
In fact, the deformation sequence is similar in both 
pristine and aged PBX 9501 disk specimens and at 
all test temperatures, although details may vary from 
specimen to specimen due to the heterogeneous na­
ture of material's microstructure. 

Macroscopic crack opening evolution 

Measurement of the displacement field on the sur­
face of the disk specimen has indicated that for any 
given horizontal line, prior to the maximum load, 
the displacement profile is continuous suggesting 
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Fig. 5. (a) Determination of crack opening at a given vertical I.ocation. (b) Comparison of crack opening 
evolution of pristine (solid lines) and aged (dashed lines) PBX 950 I tested at 23°C. 

continuous deformation. After the peak load, dis­
continuous displacement starts to develop indicat­
ing macroscopic cracking (e.g., the u-field in Fig. 4). 
Meanwhile, measurement also indicates that after the 
peak load, the displacement profiles on the left and 
the right side of the discontinuity (or crack) along a 
horizontal line remain self-similar. As a result, we 
may use the elastic solution for the Brazilian disk 
without cracking8 combined with the measurement 
of displacement profile to determine quantitatively 
the crack-opening displacement at any vertical loca­
tion of the disk specimen. 

Figure 5(a) shows schematically the scheme of 
determining the crack opening displacement b at a 
given vertical location, in this case y = O. Away 
from the vertical center region, the displacement pro­
file u after the formation of discontinuity remains 
self-similar. This can be seen in Fig.5(a) that away 
from vertical diameter x = 0 the solid curves at 
6./ D = 1.26% have the same shape as the curves 
at 6./ D = 0.65%, where onset of discontinuous dis­
placement is about to start. The elastic expression8 

for u, which carries undetermined parameter b+ or 
b_ is fit to the solid curve. The intersections of the 
fitted curves (the solid symbols) with the vertical di­
ameter (x = 0) determine the parameters O±, and 
the crack opening displacement at the given vertical 
location is calculated as 0 = 0+ - L. 

Figure 5(b) presents the evolution of the macro­
scopic crack opening displacement of a pristine and 
an aged PBX 9501 specimen tested at 23°C. Differ­
ent colors represent different locations along the ver­
tical diameter. In both cases, substantial crack open­
ing occurs after the applied compressive load reaches 
maximum, further confirm that the softening portion 
of the loading curve is associated with macroscopic 
damage and fracture. For pristine PBX 9501 such a 
transition occurs at about /).j D = 1%, prior to which 
one observes some slow increase of crack o,pening as 
defined by the procedure shown in Fig.5(a). Based 
on further analysis, which will be discussed later, this 
slow increase represents precursor of macroscopic 
cracking, such as the accumulation oflocalized dam­
age. In fact, these slow occurring events happen in 
regions close to the top and the bottom loading sur­
faces, contradicting the belief that macroscopic crack 
starts at the center of the disk specimen, which is the 
case for true briule solids. The transition in aged 
PBX 9501 occurs at about 6./ D = 0.75% in a more 
drastic fashion. It seems that the macroscopic crack 
initiation at all vertical locations along the diame­
ter takes place almost simultaneously. The rate at 
which the crack opens up, represented by the slope 
of the curves in Fig. 5(b), is much faster in the aged 
PBX 9501 sample, since the crack opening curves 
are much steeper for aged PBX 9501 than that for 



pristine PBX 9501. Similar observations are made 
for specimens tested at other temperatures. Analysis 
of the evolution of crack opening. once again. con­
cludes that the aged PBX 9501 with lower molecular 
weight is more brittle, and this conclusion is based 
on observations of local cracking behavior. 

Cracked region formation and extension 

One of the major challenges in studying fracture 
and fai 'lure of high explosives and their mock materi­
als, is that it is very difficult to actually see the cracks 
before they grow large enough. This is mainly be­
cause that the material is highly heterogeneous with 
a very complicated microstructure and the contrast of 
the mechanical properties of the constituents is also 
remarkably high. Even though the results shown in 
Fig.4 clearly suggest the presence of macroscopic 
cracks in the disk sample and the analysis presented 
in Fig. 5 can provide quantitative description regard­
ing crack opening, we are still unable to pinpoint the 
exact moment of crack initiation, the exact location 
of the macroscopic crack tip, and the exact extent of 
the region occupied by cracks . . 

A technique has been developed recently to quan­
titatively describe macroscopic cracks, both their lo­
cation and extent, in heterogeneous high explosive 
and mock material I . This approach is based on some 
quantitative information that has been generated dur­
ing the ole calculations of the deformation field. 
ole depends on the computer vision approach by 
comparing features in a pair of digital images of a 
specimen surface, before and after deformation, to 
identify the displacement at a given data point. The 
primary assumption that the ole makes is that the 
essential characteristics of the speckle pattern re­
mains the same before and after the deformation. 
The only changes that a small region of the speckle 
pattern can experience, are translation, stretches in 
different directions, and shear. To determine the dis­
tortion of the small region. ole uses the correlation 
coefficient. designated as c, as a discriminating pa­
rameter. The correlation coefficient is a function of 
the two random speckle images before and after de­
formation, and it also depends on the aforementioned 
changes of the small region. When the distortion of 
the small region is such that the features of the two 
random speckle images match each other, the cor­
relation coefficient reaches a minimum. Ideally, if 

the above-mentioned assumptions are truly held, the 
perfect match of the two speckle images implies that 
the correlation coefficient C = O. In reality, how­
ever, especially for the heterogeneous material we 
are dealing with, the correlation coefficient does not 
converge to zero but to a small positive number. 

When damage or cracks develop in the small re­
gion during deformation, the fundamental assump­
tion that ole makes in order to determine the defor­
mation of that region, no longer holds true. How­
ever, the numerical scheme in ole calculation is 
more tolerable and the correlation coefficient may 
still be able to attain minimum. But the absolute 
value of this minimized correlation coefficient be­
comes much larger than the one when no damage or 
cracks are present in the region. Meanwhile, as the 
cracking in a small region becomes more severe, the 
increase of the minimized correlation coefficient also 
becomes more significant. Usually, in Ole calcula­
tion, the correlation coefficient is only used for judg­
ing the numerical convergence and we are not con­
cerned about the magnitude of the correlation coeffi­
cient itself. But based on the above discussion, one 
may use the distribution of the minimized correlation 
coefficient at each location to reveal and quantify the 
location and extent of cracks in a test specimen. 

Note that the correlation coefficient C is a scalar 
field, as shown in Fig. 6, and will evolve as a function 
of time during the deformation. 

~- . . - ~.\;: 
:l.. ., _ '. '._ .~ 
~-' ; -.... - '. '. . . . .,. 

-"' ." r. 
. " . . ;.a .. . 

.. ~ .. - . 

Fig. 6. Schematic of identifying parameter Cmax for a 
given moment of time. 

For simplicity, at any given moment of time, we 
only select the maximum C in the entire field at that 
moment and designate it as Cmax(t), as shown in 
Fig. 6. We will monitor the variation of Cmax (t) as 
the deformation proceeds. We also normalize cmax(t) 
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Fig. 7. Evolution of the nonnalized correlation parameter Cmax as function of time for (a) a pristine and (b) an 
aged PBX 950 I specimens tested at 23°C. 

such that during the entire defonnation process of the 
test, the nonnalized correlation coefficient varies be­
tween 0 and 1. 

Figure 7 presents the variation of the nonnalized 
correlation coefficient cmax as a function of time for a 
pristine and an aged PBX 9501 disks tested at 23°C. 
A striking feature of such a variation is that param­
eter Cmax exhibits a sharp transition during the pro­
cess of deformation. Take the pristine PBX 950 I 
(Fig. 7(a)), during the early stage of the defonnation, 
parameter cmax < 0.16 consistently and changes very 
little. After a particular moment of time, parame­
ter cmax monotonically increases drastically until the 
late stage of defonnation, where parameter cmax stays 
closer to 1.0. The transition from slow variation to 
the monotonic ascent is so sudden and distinctive, 
where the insert in Fig. 7(a) provides more detailed 
depiction of such a transition. The fast paced ascent 
of parameter cmax indicates that after that particular 
moment of ti me, correlation of portion of the speckle 
images has degraded and the degree of such correla­
tion degradation becomes ever severe as the overall 
defonnation proceeds further. Since during the de­
fonnation process, which lasts less than I minute, 
all testing conditions remain unchanged, the only at­
tributing reason for the correlation degradation is the 
variation of the character of the portion of the speckle 
image changes. At the same time, the optical sys­
tem during the same period of time experiences no 
change as well, for example the lighting condition, 
the variation of the character of the speckle pattern is 

solely due to the change of material beneath it, and 
in case, it is the damage and cracking of the sample. 

Two parameters can be easily identified from this 
transition. One is the critical time terit> at which 
the transition occurs. The other is the value of the 
nonnalized correlation coefficient, denoted as Cento 
which represents a threshold such that when t < tenl 
the nonnalized correlation coefficient at any location 
of the sample surface is always less than Cento while 
for t > tento the maximum normalized correlation 
coefficient at that moment is never less than Cerit. The 
same observation and conclusion hold true for the 
aged PBX 9501 as well, as shown in Fig. 7(b). 

The critical instant of time tent> designated as mo­
ment A in the inserts of Fig. 7, identifies unambigu­
ously the exact moment of macroscopic crack initia­
tion in the Brazilian disk specimen, which has been 
an unresolved issue for investigating crack and dam­
age initiation in energetic materials. Such a criti­
cal moment tent' when transferred to the overall re­
sponse of the disk specimens and the evolution of lo­
cal crack opening, is indicated by the solid dots and 
the vertical dotted-dashed lines in Fig. 5(b). For the 
aged PBX 950 I, the critical moment tent corresponds 
exactly to the dramatic crack opening as shown in 
Fig.5(b). However, for the pristine PBX 9501, we 
saw that localized damage develops prior to the for­
mation of macroscopic cracks. 

The second critical parameter, CeMt, can be used to 
quantify the location and extent of the cracked re­
gions in the disk specimen. Figure 8 presents the 



(a) 

(b) 

Fig. 8. Selected contour plots of normalized correlation coefficient of (a) a pristine and (b) an aged PBX 9501 
disk tested at 23°C. The cracked regions are highlighted by the color yellow. 

evolution of the cracked regions in both the pristine 
and the aged PBX 9501 disk specimens. The se­
lected moments, A, B, C, and D, have been indicated 
in the inserts of Fig. 7. The contour plots in Fig. 8 
represent the normalized correlation coefficient field, 
so that the critical parameter Cerit is just one of those 
contours. At the instant of terit (moment A in both 
Figs. 8(a) and 8(b», the normalized correlation coef­
ficient over the entire sample surface is no larger than 
Cerit (e.g., see Fig. 7). In the subsequent moments, 
B, C, and D, in some regions within the sample sur­
face the normalized correlation coefficient exceeds 
the critical parameter Cerit. These regions are high­
lighted in yellow in Fig. 8, and the parameter Cerit 

itself represents the boundaries of those yetI ow re­
gions. As we have discussed before, the normalized 
correlation coefficient when exceeds the critical pa­
rameter Cerit, indicates the degradation of the speckle 
image, which is caused by the alternation of the ma­
terial underneath the image. Therefore, those yel­
low regions are the ones occupied by macroscopic 
cracks. 

For pristine PBX 9501 (Fig.8(a» and at the mo­
ment B, there is only one single small region, about 
a quarter of the disk diameter from the bottom load­
ing surface, where cracking has been initiated. At 
the next moment C, the small cracked region formed 

at moment B grows larger,but at the same time, there 
are several disconnected new cracked sites formed. 
At moment D, those disconnected cracked regions 
enlarge and coalesce. By the end of the test, a single 
dominant crack is generated along the center section 
of the disk specimen. For aged PBX 9501 (Fig. 8(b», 
multiple cracking sites along the center section of the 
disk specimen have been formed and by the moment 
C, those cracked region already connect together and 
form a single large dominant crack. 

Note that from moment A to B and from mo­
ment B to C, the time increments are 0.2 second in 
both the pristine and the aged PBX 950 I, while from 
moment C to D, it is 0.6 second. The sequence of 
macroscopic crack formation, extension, and coales­
cence is quite different in pristine PBX 9501 from 
that in aged PBX 9501. In pristine PBX 9501, such 
a process is more gradual and relatively slow. Mean­
while, prior to the formation of macroscopic cracks, 
there is localized damage accumulation in pristine 
PBX 9501. Whereas in aged PBX 9501 the pro­
cess is much faster and the formation of macroscopic 
cracks is more sudden, further confirm the observa­
tions in Fig. 5(b). If we characterize the failure pro­
cess in pristine PBX 9501 as the one associated with 
a quasi-brittle material, the failure process in aged 
PBX 9501 does indeed possess the character of a true 



brittle solid. Although, we only looked at the situa­
tions that the PBX 950 I specimens tested at ambi­
ent temperature (23°C), similar findings are made at 
other temperatures as well. 

Concluding remarks 

In this investigation, we studied the process of the 
formation and extension of internal cracks in both 
pristine and artifiCially aged PBX 9501 high explo­
sives, subject to quasi-static mechanical loading con­
dition and at three different temperatures. The char­
acteristic factor that differentiating pristine and aged 
PBX 950 I, is the molecular weight of the polymeric 
binder, which has been reduced from the nominal 
80--100 kD to about 15 kD through the aging process. 

We combined the Brazilian disk compression test­
ing configuration, the optical digital image correla­
tion (DIC) technique, and an analysis scheme for re­
vealing and quantifying macroscopic cracks in het­
erogeneous solid. We were able to correlate the over­
all specimen response wFth the localized damaging 
and cracking behavior. The effect of aging does af­
fect the stiffness and the strength of the material. In 
the aspect of mechanical failure, aging makes the 
PBX 950 I appear more brittle. The observations and 
measurements presented in this study at local scale, 
provide quantitative results describing the entire fail­
ure process, and may shed light on the underlying 
mechanisms. 

The experimental results will be combined with 
detailed numerical simulations for supporting model 
development and model verification and validation. 
The technique developed in this investigation can 
also be extended to analyze scenarios relevant to 
other high explosive applications, like foreign object 
damage and/or near-by blast effects. 
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