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Insensitive High Explosive Shock-to-Detonation Transition Criteria

Michael Gresshoff

Lawrence Livermore National Laboratory, Livermore, CA 94550

Abstract. Insensitive high explosive (IHE) materials until recently have been qualified
based on the results of eleven legacy experiments that input shock and thermal insults to
candidate materials in a variety of configurations. Many of these qualification tests are
obsolete or no longer conducted, ill-defined or ambiguous, and yield no data other than a
material is screened to a standard or did or did not react. Presented here is criteria to qualify
insensitive high explosives to shock that is clearly defined, may be used for model
calibration, and results in data that may be used to assess margin to threshold. These new
shock-to-detonation transition (SDT) criteria are based on one-dimensional shock pressures
and durations into an explosive which are achieved using embedded gauge gas gun
experiments. These shock criteria coupled with a new test to evaluate deflagration-to-
detonation transition (DDT) and Bullet and Skid tests yields a more scientific and

defendable definition of an IHE.

Introduction

The definition of an Insensitive High Explosive
material, not to be confused with an Insensitive
Munition (IM)!, is found in the Department of
Energy (DOE) Explosives Safety Standard® which
states that “Some explosives substances, although
mass detonating, are so insensitive that the
probability of accidental initiation or transition
from burning to detonation is negligible.”
Determination of whether a candidate explosive
meets this definition has been accomplished by
subjecting the explosive to eleven tests defined by
the THE standard. Passing all eleven tests and
agreement by the DOE Explosives Safety
Committee would result in approval of the
candidate explosive as an IHE. To date, TATB
(2,4,6-triamino-1,3,5-trinitrobenzene)  and  its
formulations with Kel-F (poly (chloro-trifluoro-
ethylene-co-vinylidene fluoride)) are the only
approved IHEs.

The eleven IHE qualification tests were
defined in the early 1980s and based on tests of the
time used to screen and characterize energetic
materials to various insults. Roughly forty years
later, many of the eleven tests are no longer
performed and obsolete (e.g., Susan Test) or are ill-
defined (e.g., Card Gap Test and Detonation or
Blasting Cap Test).  Additionally, energetic
material modeling and experimental capabilities
have grown since adoption of these tests in the early
1980s. An opportunity exists to update the IHE
qualification tests using a scientific and quantifiable
assessment of the energetic material response. This
new method would also yield data allowing for
determination of margin to an insult and data
characterizing the material versus a “Go / No Go”
criterion or comparison to a poorly defined
explosive standard such as Explosive D
(ammonium picrate).



The fundamental characteristic of an THE is its
inability to undergo a deflagration-to-detonation
transition (DDT), however, discussed in this paper
is shock-to-detonation transition (SDT) threshold
for IHEs. An IHE is required to undergo SDT as
the function of the explosive is to detonate when
intended to do so. A new threshold for SDT for an
IHE should be sufficiently high such that the IHE
will only detonate in an intended mode and not react
in all other environments. Basing new criteria on
environments that the explosive would be exposed
to was considered, however, ultimately rejected due
to environments constantly changing and having no
bounds. Currently, the standard for assessing SDT
is the use of a gas gun with embedded gauges in the
energetic material to measure run-to-detonation
distance as a function of input pressure®>*> which is
used to develop Pop Plots® and calibrate or validate
reactive flow or unreacted equation-of-state (EOS)
models.

Limitations of the existing Gap and Cap Test
and a proposal for a new SDT criteria based on
results of embedded gauge gas gun experiments on
a candidate energetic material are discussed below.
This new IHE SDT threshold was determined based
on being consistent with the existing IHE shock
threshold from the Card Gap Test with this
threshold being equivalent to or less sensitive than
Explosive D. The intention is that this new SDT
criteria coupled with new tests for DDT, Skid Test,
and Bullet Test would establish the qualification
requirements for an ITHE material replacing the
existing eleven tests.

Legacy IHE Qualification Tests

Eleven qualification tests are defined in the
DOE standard®. These tests are 1) Drop-Weight, 2)
Friction, 3) Spark, 4) Ignition and Unconfined
Burning, 5) Card Gap, 6) Detonation (Cap), 7)
Cookoff, 8) Spigot, 9) Skid, 10) Susan, and 11)
Bullet Impact. Reference 7 contains details of how
the legacy tests are conducted. Of the eleven tests,
two interrogate the shock response of a candidate
IHE material: Card Gap and Cap Tests. The
explosive response in the Spigot, Skid, Susan, and
Bullet tests is complex due to these tests examining
non-shock initiation (i.e., non-shock impact,

friction, and/or shear of material leading to reaction
or DDT).

Card Gap Test

The card gap test used to qualify TATB and its
formulations with Kel-F 800 is defined in
Reference 7 and is called the Pantex Modified NOL
(Navy Ordnance Laboratory) Card Gap Test and is
illustrated in Figure 1. Cellulose acetate cards, each
0.25-mm thick, attenuate the shock pressure out of
the Pentolite (50% PETN, 50% TNT) donor and are
stacked to find the threshold thickness of cards.
Threshold is found with a 20-shot series and
reported as a number of cards and a pressure. The
pressure is assumed to be the pressure out of the
cards which is consistent with how NOL and Naval
Surface Warfare Center (NSWC) report results for
the Large-Scale Gap Test (LSGT)’.. An IHE
candidate material is tested at least six times at the
Explosive D 50% threshold thickness or less with
no reactions. Detonation is considered a “well-
defined crater-like dent” in a cold-rolled steel
witness plate.
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Figure 1. Pantex Modified NOL Card Gap Test.
The NSWC LSGT is similar except uses PMMA
(poly(methyl methacrylate)) cards, no PBX 9407




booster, and has a 1.59-mm air gap between the
acceptor and the witness plate.

The gap test provides a metric (a quantity of
cards) which allows for comparison to other
explosives and a sense of margin to a threshold.
However, the data is only relevant to the
configuration of the test and cannot be used to
predict the response of an explosive to shock in a
different configuration. The shock is not one
dimensional, is not sustained, and determines a
threshold in a given configuration. Additionally,
the IHE gap test requirement arbitrarily established
Explosive D as the standard.

Figure 2 shows the result of a simulation of the
Pantex Modified NOL Gap Test using Lawrence
Livermore National Laboratory’s multi-physics
code ALE3D°. Shown is the curvature of the

detonation front into the Explosive D acceptor. The
shock input to the acceptor is not one-dimensional
with the difference in shock arrival time from the
centerline to the edge of the Explosive D being
311 ns along with the shock pressure not being
constant or sustained as in a gun test as shown in
Figure 8.
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Figure 2.
ALE3D hydrocode simulation showing the front
curvature at the cellulose acetate cards and
Explosive D interface in the Pantex Modified NOL
Gap Test. Contours are pressure in Mbar.

The Pantex test does not define Explosive D or
Pentolite density and they are assumed to be 1.59
g/cc and 1.56 g/cc, respectively. No data was found
characterizing the HE donor output or attenuators
such as that found for NOL Card Gap Tests'* and
NSWC LSGT?. As will be shown later, this data

will be used to calibrate a Pentolite model which
will then be used to model the Pantex test and
determine a  shock-to-detonation transition
threshold for an IHE consistent with the original
standard and test.

Detonation (Blasting Cap) Test

The blasting cap test used to qualify TATB and
its formulations with Kel-F 800 and the test defined
currently in Reference 11 are different tests. The
blasting cap test performed in the 1980s to qualify
TATB is illustrated in Figure 3. The test was
configured with a No. 8 blasting cap on the upper
surface of a 5.1-cm diameter by 5.1-cm tall
cardboard tube filled with explosive at ~110% of'its
bulk density. A detonation was defined as having
occurred if the lead cylinder mushrooms 0.3 cm or
more.

The current test defined in Reference 11
embeds the No. 8 blasting cap in the material being
qualified versus on the top surface. Additionally,
the current definition of a No. 8 blasting cap is not
consistent with earlier definitions. The earliest
reference found has No. 8 blasting caps having
1,511 mg of mercury fulminate/potassium
perchlorate mixture in the “compressed” charge and
300 mg of mercury fulminate in the priming charge
or roughly 2,000 mg of explosive!>!*. Thermo-
chemical code calculations'* show the output
detonation pressure of this compressed charge from
the early 1900s would be 7.3 GPa versus ~27 GPa
out of a modern No. 8 blasting cap'®. With time, the
No. 8 cap has changed and as defined currently is a
minimum standard. Testing performed on current
commercial No. 8 blasting caps and those used in
the 1980s shows them to have significant
differences in explosive output'® with newer caps
having greater output in terms of metal pushing
energy measured with photonic  Doppler
velocimetry (PDV).

The blasting cap test is not an appropriate
method for qualifying IHE materials because of the
cap being ill-defined, variation in output of
commercial No. 8 blasting caps, the test being
performed in difference configurations over time,
and that the test is on a bulk density material which
is not relevant to assemblies with explosives



pressed near their theoretical maximum density
(TMD). The blasting cap test was developed to
address transportation and storage safety and was
used for THE qualification because it was available
at the time the IHE criteria were defined in the
1980s and TATB passed it.

No. 8
Blasting Cap

| _— Square wooden block
4 (5.1-cm sq. x 2.5-cm thick)

Candidate THE

y Cardboard
(unknown type
and thickness)

Lead
(3.8-cm dia. x 10.2-cm long)

[\W Mild Steel Plate

| (30.5-cm sq. x
1.3-cm thick)

Figure 3. No.8 Blasting Cap Test as performed at
Pantex to qualify TATB and its formulations with
Kel-F 800 in the mid-1980s. This test differs from
that currently defined in Reference 11.

Methodology and Results

Pursuing a threshold SDT criteria based on
embedded gauge gas gun test results is preferred
over modifying the legacy tests because of the
issues with the gap and blasting cap tests discussed
previously and the desire to develop modern criteria
which yields data that has value in characterizing
the material and establishing margin to threshold.

Initially, Pop Plot data for HMX- and TATB-
based explosives was reviewed investigating a new
SDT threshold. Setting the threshold half-way
between HMX and TATB was considered,
however, the goal was to not arbitrarily set a
threshold and to investigate whether gap test results
on Explosive D could be compared to data for HMX
and TATB from run-to-detonation experiments

such as embedded gauge gas gun tests. Numerous
experimental series have been performed to
determine the run-to-detonation distance on
unconfined and ambient temperature (~20°C)
TATB-based explosives LX-17-0 (92.5% dry-
aminated TATB)'7!8 LX-17-1 (92.5% wet-
aminated TATB)!, PBX 9502  (95%
TATB)?*21:2223and Ultrafine TATB?*, and HMX-
based explosives LX-04 (85% HMX)*2627 LX-07-
2 (90% HMX)*2° LX-10 (95% HMX)?®*-% and
PBX 9501 (95% HMX)?313233 " This data is shown
in Figure 4.
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Figure 4. Pop Plot showing run-to-detonation
distance of HMX- and TATB-based explosives.

To remain consistent with the legacy threshold,
hydrodynamic analysis using ALE3D was
performed on the Pantex gap test and NSWC LSGT
with the goal of understanding the shock into
Explosive D in the Pantex test and determining a
shock pressure-duration threshold from it. Various
Hugoniots were evaluated for the PMMA cards
used in the Navy test!03435:3637.38.3940 yyith the
pressure-particle velocity relation shown in Figure
5. The variation in the PMMA Hugoniots below 30
GPa is small and subsequent simulations with
PMMA cards used the material model and EOS
from Tipton®®. Sensitivity to variation in PMMA
Hugoniots was also evaluated in the code and found
to be negligible.

A JWL++ reactive flow model*! for Pentolite
was calibrated to Navy data® with the results shown
in Figure 6. Pressure is accurately predicted by
ALE3D at the interface between the PMMA cards
and the high explosive acceptor. This Pentolite
model is then used to model the Pantex results with
cellulose acetate cards and Explosive D.
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from ALE3D simulation of NSWC LSGT
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Pentolite JWL++ model was calibrated to NSWC
data.
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A Griineisen EOS was calibrated to data from
Marsh®® for cellulose acetate cards used in the
Pantex gap test. An unreacted EOS and material
model was parameterized for Explosive D using a
compaction model in ALE3D based on HMX
compaction data*’ and EOS data collected using
optical microscopy and interferometry on samples
of Explosive D at LLNL*. Scanning electron
microscopy of the Explosive D tested at LLNL is
shown in Figure 7. The method used to measure the
EOS of Explosive D is described in Reference 44.
How well the HMX compaction data correlates to
that for Explosive D is unknown as not data was
found and insufficient quantity of Explosive D
existed for testing.

Once the Pentolite, PMMA, cellulose acetate,
and Explosive D models were calibrated, analysis
of the Pantex test was performed into Explosive D
along with analysis of the NSWC LSGT into HMX-
and TATB-based explosives. Results for the Pantex

gap test are that the threshold for Explosive D is
152.4 cellulose acetate cards (3.81 cm) with a
pressure of 2.92 GPa, and for LX-17-0, 64 cellulose
acetate cards (1.75 cm) with a pressure of 7.02
GPa®. Reference 8 states 165 PMMA cards (4.19
cm) at a pressure of 3.18 GPa for Explosive D and
200 PMMA cards (5.08 cm) for an explosive with a
formulation similar to LX-10 (both 95% HMX) in
the NSWC LSGT.
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Signal A = SE2
Mag= 100X
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WD = 75mm

Figure 7. Scanning electron microscopy of
Explosive D used to determine EOS. Median
particle size of 236 um was measured on a
Micromeritics Saturn DigiSizer II 5205. It is
unknown if this material is representative of what
was tested in 1980s.

All simulations performed with ALE3D were
two-dimensional axisymmetric on an orthogonal
Eulerian mesh with an element size of 5 pum.
Sensitivity to gaps between cards, overall attenuator
thickness, and variation in Hugoniots were
evaluated and a convergence study was performed
with elements from 1 pm to 20 um in size. Figure
8 shows results of a simulation of the Pantex gap
test showing the difference in pressure and arrival
time of the shock wave with a 3.81-cm card gap into
1.59 g/cc Explosive D.

In order to compare Pop Plot data in Figure 4
to simulations of the gap test, the Pop Plot run-to-
detonation distance was scaled to initiation
threshold shock duration using a method presented
by James*. The results of this scaling are shown in
Figure 9. Short-pulse shock initiation data for
HMX-4*% and TATB-based® explosives was



compared to pressure shock duration data from the
Pop Plot. The time scaling factor for TATB-based
explosives was approximated to be 0.31 which is
equivalent to that given by James and 0.18 for
HMX-based explosives, which is less than 0.23
given for PBX 9404 (94% HMX).
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Figure 8. Pressure-time history predicted by
ALE3D at the centerline and the edge of cellulose
acetate card-Explosive D interface in the Pantex
gap test.
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initiation data.

Figure 10 shows the results of ALE3D
simulations of LX-17 (92.5% TATB) and
Explosive D in the Pantex gap test and LX-10 (95%
HMX) inthe NSWC LSGT. The traces in the figure
are the average pressure at the centerline (solid line)
and edge of the explosive (dashed line) calculated
using Equation 1.

1

Pavg (t) = fttof P(t)dt

(Eq. 1)

ty—to

Detonation of the explosive is assumed to occur
once sufficient time at pressure is reached or when
the average pressure-time trace intersects the
scaled-to-initiation threshold Pop Plot data. The
TATB-based explosives require longer shock
duration for initiation than the HMX-based
explosives which is consistent with short-pulse
shock initiation data.
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Figure 10. Results of ALE3D analysis on Pantex
gap test with Explosive D and LX-17 and NSWC
LSGT on LX-10. The solid lines are on the
centerline of the explosive and the dashed lines are
the pressure-time evolution at the edge of the
explosive.
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Figure 11 shows the same results presented in
Figure 10 for Explosive D, but varying the gap
thickness by 10%. Also shown are the proposed
two points at which to evaluate candidate explosive
materials for qualification as an IHE at ambient
temperature. The two points are consistent with the
legacy definition being defined by Explosive D
based on simulation results.

In addition to ambient temperature criteria, an
SDT criteria at elevated temperature to ensure the
explosive does not sensitize beyond a reasonable
level is prudent. Figure 12 presents Pop Plot data at
elevated temperatures for LX-1742050 PBX
9502205051 PBX 9501272, LX-04*26:5%34 " and at
ambient temperature for 1.72-g/cc PETN?"%,
Defining an IHE SDT criteria without addressed the
effect of temperature would be ignoring the safety
conveyed by an IHE. Note in Figure 12 that TATB-
based explosives at 250°C have a shock sensitivity
equivalent to ambient temperature HMX-based
explosives while HMX-based explosives at



elevated temperature do not sensitize an equivalent
amount to TATB.
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Figure 12. Pop Plot for elevated temperature HMX-
and TATB-based explosives, and ambient
temperature PETN.  All test on unconfined
explosive.

As shown in Figure 12, a pressure of 1.5 GPa is
chosen as it bounds HMX data at elevated
temperature. A shock duration of greater than or
equal to 3.0 us is chosen as it is of sufficient length
and equivalent to the longer-pulse duration for the
ambient test. The elevated temperature test is to be
conducted at 10°C below the explosive’s cook-off
temperature. The cook-off temperature is defined
as the temperature at which the material
decomposes in the gun test configuration.

Discussion and Conclusions

The proposed new criteria for defining an IHE
material with respect to SDT is no reaction at 20°C
with pressure >3.5 GPa for a duration >3.0 ps,

pressure >5.3 GPa for a duration of >0.5 us, and at
10°C  below cook-off temperature, pressure
>1.5GPa for a duration >3.0 pus. The shock
pressures and durations above are for a one-
dimensional, planar shock such that there is no
effect from release waves from the edges of the
explosive.

Arguments could be made that this new criteria
is arbitrary, but it has been shown to be consistent
to the existing criteria and has a basis beyond stating
being half-way between HMX- and TATB-based
explosives. It is fortuitous that the proposed
threshold happens to fall roughly at this half-way
point.

Adopting this new SDT criteria allows for the
assessment of margin that a candidate energetic
material has to the IHE shock threshold and
provides data that can be used to parameterize high
explosive models such as Ignition and Growth*® and
CREST®"-38, This new threshold also eliminates an
ill-defined high explosive as a standard and
provides a simple pressure and shock duration as
the SDT requirement for an IHE. Embedded gauge
gun tests using this criteria along with newly
defined DDT, Bullet, and Skid tests provide a firm
basis for defining an IHE.

Acknowledgements

The author would like to thank Dr. Jon
Maienschein and Dr. Craig Tarver for many
valuable discussions regarding this work. This
work was performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore
National Laboratory (LLNL) under contract DE-
ACS52-07NA27344.

References

1. Department of Defense Test Method Standard
MIL-STD-2105D, “Hazard Assessment Tests for
Non-Nuclear Munitions”, April 19, 2011.

2. Department of Energy Standard DOE-STD-
1212-2012, “Explosives Safety”, June 2012.

3. Sheffield, S.A., Gustavsen, R.L., and Alcon,
R.R., “In-situ magnetic gauging technique used at
LANL - method and shock information obtained”,



APS  Proceedings, Shock Compression of
Condensed Matter, pp. 1043-1048, Snowbird, Utah,
2000.

4. Forbes, J.W., Tarver, C.M., Urtiew, P.A., and
Garcia, F., “The effects of confinement and
temperature on the shock sensitivity of solid
explosives”, Proceedings of the 11th International
Detonation Symposium, pp. 145-152, Snowmass
Village, Colorado, 1998.

5. Sheffield, S.A., Gustavsen, R.L., Hill, L.G., and
Alcon, R.R, “Electromagnetic gauge
measurements of shock initiating PBX 9501 and
PBX 9502 explosives”, Proceedings of the 11th
International Detonation Symposium, Snowmass
Village, Colorado, 1998, pp. 451-458.

6. Ramsay, B., and Popolato, A., “Analysis of shock
wave and initiation data for solid explosives”,
Proceedings  of the  Fourth  Symposium
(International) on Detonation, White Oak,
Maryland, 1965, pp. 233-238.

7. Slape, R.J., “IHE material qualification tests
description and criteria”, Pantex Plant report
MHSMP-84-22, Revision 1, July 1985.

8. Montesi, L.J., Burrows, K., and Beyard, M.,
“Insensitive High Explosive (IHE) Gap Test data
compilation”, Indian Head Division Naval Surface
Warfare Center report IHTR 2343, May 7, 2001.

9. Liddiard, T.P. and Price, D., “Recalibration of
standard card-gap test”, NOL Report NOLTR 65-43,
1965.

10. Nichols III, A.L. and Dawson, D.M. (co-
editors), “ALE3D User’s Manual”, Version 4.28.6,
LLNL Report LLNL-SM-726137, 2017.

11. “Department of Defense Ammunition and
Explosives Hazard Classification Procedures”,
Joint Technical Bulletin TB 700-2, 2012.

12. Bigg-Wither, H., “Notes on Detonators”, in The
Mining Engineer - Transactions of the Institution of
Mining Engineers, edited by M.W. Brown, Vol.
XXI, pp. 442, Andrew Reid & Co., Newcastle-
upon-Tyne, 1903.

13. Hall, C., Howell, S.P., “Test for determining
directly the strength of P.T.S.S. electric
detonators”, Investigations of Detonators and

Electric Detonators - Bulletin 59 of the Department
of the Interior Bureau of Mines, pp. 18, 1913.

14. Cheetah 8.0 Revision: 2874, LLNL-CODE-
677327, 2015.

15. Specification Sheet for Teledyne RISI RP-81
detonator, http://www.teledynerisi.com/products-
services/ebw-detonators/rp-81-ebw-detonator,
viewed June 22, 2018.

16. May, C., Hodgin, R., Phillips, D., “FY2014 LX-
21 Blasting Cap Testing”, LLNL Report LLNL-TR-
667207, 2014.

17. Jackson, R.K., Green, L.G., Barlett, R.H.,
Hofer, W.W., Kramer, P.E., Lee, R.S., Nidick, E.J.,
Shaw, L.L., and Weingart, R.C., “Initiation and
detonation characteristics of TATB”, Sixth
Symposium (International) on Detonation, pp. 755-
765, Coronado, California, 1976.

18. K. Bahl, G. Bloom, L. Erickson, R. Lee, C.
Tarver, W. Von Holle, and R. Weingart, “Initiation
studies on LX-17 explosive”, Eighth Symposium
(International) on Detonation, Albuquerque, New
Mexico, Office of Naval Research NSWC MP 86-
194, pp. 1045-1056 (1985).

19. Gustavsen, R.L., Sheffield, S.A., Alcon, R.R.,
Forbes, J.W., Tarver, C.M., and Garcia, F.,
“Embedded electromagnetic gauge measurements
and modeling of shock initiation in the TATB based
explosives LX-17 and PBX 95027, APS
Proceedings, Shock Compression of Condensed
Matter, pp. 1019-1022, Atlanta, Georgia, 2002.

20. Dallman, J.C., and Wackerle, J., “Temperature-
dependent shock initiation of TATB-based high
explosives”, Tenth International Detonation
Symposium, pp. 130-138, Boston, Massachusetts,
1993.

21. Dick, J.J., Forest, C.A., Ramsay, J.B., and Seitz,
W.L., “The Hugoniot and shock sensitivity of a
plastic-bonded TATB explosive PBX 95027, J.
Appl. Physics, Vol. 63(10), pp. 4881-4888, 1988.

22. Gustavsen, R.L., Sheffield, S.A., and Alcon,
R.R., “Measurements of shock initiation in the tri-
amino-tri-nitro-benzene based explosive PBX
9502: Wave forms from embedded gauges and
comparison of four different material lots”, J. Appl.
Physics, Vol. 99, pp. 114907, 2006.



23. Gustavsen, R.L., Sheffield, S.A., and Alcon,
R.R., “Extended run distance measurements of
shock initiation in PBX 95027, APS Proceedings,
Shock Compression of Condensed Matter, pp. 915-
918, Waikoloa, Hawaii, 2007.

24. Urtiew, P.A., Forbes, J.W., Garcia, F., and
Tarver, C.M., “Shock initiation of UF-TATB at
250°C”, APS Proceedings, Shock Compression of
Condensed Matter, pp. 1039-1042, Atlanta,
Georgia, 2002.

25. Vandersall, K.S., Tarver, C.M., Garcia, F.,
Chidester, S.K., Urtiew, P.A., and Forbes, J.W.,
“Low amplitude single and multiple shock intiation
experiments and modeling of LX-04", Proceedings
of the 13" International Detonation Symposium, pp.
904-913, Norfolk, Virginia, 2006.

26. Urtiew, P.A., Tarver, C.M., Forbes, J.W., and
Garcia, F., “Shock sensitivity of LX-04 at elevated
temperatures”,  APS  Proceedings,  Shock
Compression of Condensed Matter, pp. 727-730,
Ambherst, Massachusetts, 1998.

27. Gibbs, T.R. and Popolato, A. (ed.), “LANL
Explosive Property Data”, University of California
Press, pp. 311, 354, and 370, 1980.

28. Vandersall, K.S., Tarver, C.M., Garcia, F., and
Chidester, S.K., “On the low pressure shock
initiation of octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine based plastic bonded explosives”, J.
Appl. Physics, Vol. 107, pp. 094906, 2010.

29. Green, L.G., Wasley, R.J., Kramer, P.E.,
“Shock initiation of LX-07-2 and LX-10-0", LLNL
Report UCRL-50851, 1970.

30. Vandersall, K.S., Tarver, C.M, Garcia, F.,
Urtiew, P.A., and Chidester, S.K., “Shock initiation
experiments on the HMX based explosive LX-10
with associated ignition and growth modeling”,
APS  Proceedings, Shock Compression of
Condensed Matter, pp. 1010-1013, Waikoloa,
Hawaii, 2007.

31. Chidester, S.K., Thompson, D.G., Vandersall,
K.S., Idar, D.J., Tarver, C.M., Garcia, F., and
Urtiew, P.A., “Shock initiation experiments on
PBX 9501 explosive at pressures below 3 GPa and
associated ignition and growth modeling”, 4APS

Proceedings, Shock Compression of Condensed
Matter, pp. 903-906, Waikoloa, Hawaii, 2007.

32. Gustavsen, R.L., Sheffield, S.A., Alcon, R.R.,
and Hill, L.G., “Shock initiation of new and aged
PBX 95017, Proceedings of the 12" International
Detonation Symposium, pp. 530-537, San Diego,
California, 2002.

33. Tarver, C.M., Forbes, J.W., Garcia, F., and
Urtiew, P.A., “Manganin gauge and reactive flow
modeling study of the shock initiation of PBX
95017, APS Proceedings, Shock Compression of
Condensed Matter, pp. 1043-1046, Atlanta,
Georgia, 2002.

34. Tasker, D.G. and Baker Jr., R.N., “Experimental
calibration of the NSWC expanded large scale gap
test”, NSWC Report NSWCDD/TR-92/54, 1992.

35. Sutherland, G.T., “Modeling of Large Scale and
Expalnded Large Scale Gap Tests using the CTH
Hydrocode”, Proceedings of the 14" International
Detonation Symposium, pp. 685-694, Coeur
d’Alene, Idaho, 2010.

36. Souers, P.C. and Vitello, P., “Initiation pressure
thresholds from three sources”, Propellants,
Explosives, Pyrotechnics, Vol. 32(4), pp. 288-295,
2007.

37. Aubert, S.A., Parsons, G.H., and Glenn, J.G.,
“Calibration and correlation of a modified
expanded large scale gap test with the large scale
gap test and the 8-inch gap test”, Report AFATL-
TR-89-46, 1989.

38. Marsh, S.P., “LASL Shock Hugoniot data”,
University of California Press, pp. 446, 1980.

39. Tipton, R., “EOS coefficients for the CALE
code for some materials”, Internal LLNL report,
1997.

40. Chen, E., Hall, B.M., Hill, EIM., Neely, J.R.,
Slone, M., and Sterne, P.A., “LEOS User Manual”,
Version 7.27.5, LLNL Report LLNL-SM-517311,
model leos 5070, 2017.

41. Souers, P.C., Anderson, S., McGuire, E., and
Vitello, P., “JWL++: A simple reactive flow model
code package for detonation”, Propellants,
Explosives, Pyrotechnics, Vol. 25, pp. 54-58, 2000.



42. Elban, W.L. and Chiarito, M. A., “Quasi-static
compaction study of coarse HMX explosive”,
Powder Technology, Vol. 46, pp. 181-193, 1986.

43. Stavrou, E. and Zaug, J.M., “The equation of
state of Dunnite (ammonium picrate) determined
via in-situ optical microscopy and interferometry
measurements”, Internal LLNL report, 2016.

44. Stavrou, E., Zaug, J.M., Bastea, S., and
Crowhurst, J., “The equation of state of 5-nitro-2,4-
dihydro-1,2,4-triazol-3-one (-NTO) determined via
in-situ optical microscopy and interferometry
measurements”, J. Appl. Physics, Vol. 119, pp.
135904, 2016.

45. Slape, R.J., “IHE qualification test results for
compacted PBX 9502, LX-17-0 and ultrafine
TATB”, Pantex Report MHSMP-85-21 Rev. I, May
1985.

46. James, H.R., “Links between macroscopic
behaviour and explosive morphology in shock to
detonation transitions”, Proceedings of the 13"
International Detonation Symposium, pp. 952-961,
Norfolk, Virginia, 2006.

47. Cheung, H., Weston, A., Green, L., and James,
E., “Explosive Initiation”, LLNL Report UCRL-
76578, 1975.

48. Walker, F.E. and Wasley, R.J., “Critical energy
for shock initiation of heterogeneous explosives”,
LLNL Report UCRL-70891 Revision 1, 1972.

49. Christensen, J.S., Gresshoff, M., McMullen,
K.S., “Probabilistic shock threshold development
for LX-17”, Proceedings of the 15" International
Detonation  Symposium, pp. 639-646, San
Francisco, California, 2014.

50. Urtiew, P.A., Cook, T.M., Maienschein, J.L.,
and Tarver, C.M., “Shock sensitivity of IHE at
elevated temperatures”, Proceedings of the 10"
International Detonation Symposium, pp. 139-147,
Boston, Massachusetts, 1993.

51. Vandersall, K.M, “Heat 9502 gun experiments
at 120, 150, and 190C”, Internal LLNL Report -PBX
9502 Heated Gun Shot Summary, 2005.

52. Vandersall, K.S., Tarver, C.M., Garcia, F., and
Urtiew, P.A., “Shock initiation experiments on
PBX 9501 explosive at 150°C for ignition and

growth modeling”, APS Proceedings, Shock
Compression of Condensed Matter, pp. 1127-1130,
Baltimore, Maryland, 2006.

53. Tarver, C.M., Forbes, J.W., Urtiew, P.A., and
Garcia, F., APS Proceedings, Shock Compression of
Condensed Matter, pp. 891-894, Snowbird, Utah,
2000.

54. Urtiew, P.A., Forbes, J.W., Tarver, C.M.,
Vandersall, K.S., Garcia. F., Greenwood, D.W.,
Hsu, P.C., and Maienschein, J.L., APS Proceedings,
Shock Compression of Condensed Matter, pp.
1053-1056, Portland, Oregon, 2004.

55. Stirpe D., Johnson, J.O., and Wackerle, J.,
“Shock initiation of XTX-8003 and pressed
PETN”, J. Appl. Physics, Vol. 41, pp. 3884-3893,
1970.

56. Tarver, C.M., Hallquist, J.O., and Erickson,
L.M., “Modeling short-pulse duration shock
initiation of solid explosives”, Proceedings of the
8th International Detonation Symposium, pp. 951-
961, Albuquerque, New Mexico, 1985.

57. Handley, C.A., “The CREST reactive burn
model”, APS Proceedings, Shock Compression of
Condensed Matter, pp. 373-376, Waikoloa, Hawaii,
2007.

58. Handley, C.A., “The CREST reactive-burn
model for explosives”, EPJ Web of Conferences,
Vol. 10, 00004, 2010.



