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INFLUENCE OF MECHANICAL PROPERTIES
 ON NON-SHOCK IGNITION

Richard V. Browning & Richard J. Scammon

Los Alamos National Laboratory
Los Alamos, NM 87545

Modeling non-shock ignition as seen in safety related tests such as
the Steven, Susan and drop-skid tests is still a very difficult task.
Explosives formulations based on plastic bonded granular
materials (PBXs) display complex mechanical behaviors including
temperature and strain rate sensitivity, strain localization at several
different length scales and unusual fracture behavior.  Some recent
experiments done in the Steven test configuration involve small
changes in the geometry of the experiment and also small changes
in the PBX formulation providing a set of experiments that can be
used to evaluate various ignition models.  We began a study of
changes in the mechanical properties and ignition models using
several different constitutive models including SCRAM,
ViscoSCRAM and elastic-plastic models, their integrated
numerical heat transfer based ignition models, and a recently
developed linear operator based approximation.  The Steven
experiments provide a computationally tractable geometry,
reproducible ignition conditions, and additional information such
as measured back plate strain histories that provide checks on the
mechanical models.  The mechanical constitutive models can
influence ignition behavior if the models allow for strain
localization.  We compare the behavior of the different mechanical
and ignition models in the Steven and other experimental
configurations.

INTRODUCTION

Several mechanical constitutive models
specifically adapted for explosive
materials have recently been
incorporated into the Dyna3D finite
element computer program.  Frequently
elastic-plastic models, designed for
metals, are used to model explosives
even though they are known to lack
many characteristics exhibited by PBX
explosives such as viscoelastic behavior.
The more recent models, SCRAM and

ViscoSCRAM, are now available in
versions of the Dyna3D code and we
compare their features on a variety of
test problems.  Some of the problems are
idealized to bring out the inherent
differences. The Steven experiments are
used for their extensive ignition results.
Non-shock ignition is the specific goal
here so the mechanical models are
compared at fairly high strain rates and
strain levels.



CONSTITUTIVE AND IGNITION
MODELS

The SCRAM model was developed by
Dienes,1,2,3,4,5 and implemented in
DYNA3D6 by Middleditch7.  This model
is based on the concept of a statistical
distribution of cracks, and evolution
equations describing their growth,
intersection, and rate effects.  Most
development work was done in the
PRONTO8 code, and only recently has
the model been implemented in
DYNA3D.  This is a complex model,
requiring 96 parameters to define the
characteristics of a particular material.
We use parameters supplied by the
authors.  In addition to the mechanical
constitutive model SCRAM features an
embedded ignition model based on a
sub-scale one-dimensional reactive heat
transfer model with single term
Arrehenius kinetics.

ViscoSCRAM was originated by
Johnson and Bennett,9,10 with continued
development and implementation by
Bennett.11  This model uses a more
traditional viscoelastic formulation to
handle rate effects coupled with a
simplified version of SCRAM fracture
mechanics.  In SCRAM, the initial
distribution of fractures includes a
specified number of fracture orientations
in addition to a distribution of fracture
sizes.  In ViscoSCRAM the fracture
behavior is integrated over all
orientations reducing the complexity of
the model, but also reducing its accuracy
and flexibility.  An ignition model, based
on reactive heat transfer, is also under
development for ViscoSCRAM.

Traditional elastic-plastic models,
possibly with a JWL equation of state
for the bulk response is used as a

reference.  The authors have used this
type of model for all previous modeling
of Steven experiments.  There is no
explicit rate- dependence or coupling of
pressure and shear modulus in this
formulation. We select moduli for the
expected loading rate and pressure
conditions, and use EOS parameters
from shock loading experiments, giving
a model that captures the basic response
but lacks many details in the time
dependent response.  The Steven
experiment approximates a ramp loading
and unloading condition, without long
time dwells.  Viscoelastic models are
used to model creep or relaxation
response occurring during long loading
dwells, so using rate independent
plasticity is not a totally unreasonable
assumption.  DePiero also uses an
elastic-plastic model in his adaptation of
the Tarver Ignition and Growth shock
ignition model to non-shock conditions.
To evaluate pressure dependent models
we did some calculations with the Type
25 extended two invarient geologic cap
model in DYNA3D.12,13

LOCALIZATION AND FRACTURE

Localization is the essential feature of
initiation in explosives.  The linear
operator based ignition model14,15,16 that
we usually use is based on the
localization caused by inter-granular
friction between HE crystals.  The
embedded ignition models in SCRAM
and ViscoSCRAM take shear crack
sliding as the thermal source for the
ignition model.  In either case,
increasing the shear strain rate will
increase the dissipation rate and drive
ignition.  The gross mechanical behavior
of grain beds is known to exhibit shear
band like modes, resulting in strong
localization of the shear strain rate.



Materials that exhibit this behavior can
exhibit highly non-linear behavior if the
deformation mode changes as a function
of impact velocity in a given structural
configuration.  Plasticity models with
small or zero amounts of strain
hardening, or cap models, easily
generate this localization behavior.  It is
not clear from the formulation of
SCRAM and ViscoSCRAM if they will
exhibit this behavior.

Gross fracture is also an important
structural behavior.  In the Steven tests
recovered explosive discs show
extensive fracturing both near the
projectile and at the outer rim of the
explosive disc as a result of radial flow.
Both SCRAM and ViscoSCRAM use a
statistical distribution of Griffith cracks
as part of the underlying theory, but it is
not obvious how well these will
approximate discrete cracks.

TEST PROBLEMS

A series of test problems were defined
when we began this study.  Simple
tension and compression tests, as used in
the basic calibration process, provide a
first check.  A series of punch problems
are used to investigate the strain
localization behavior of the different
constitutive equations.  Taylor impact
test simulations are also done.  A Brazil
test configuration is used to evaluate
fracture characteristics with transverse
compressive stresses as a comparison to
the ordinary tension test.  Finally Steven
tests include several precisely defined
similar configurations with ignition data
available.

Originally this was envisioned as a direct
comparison between the models under a
variety of test configurations.  A few

problems arose in trying to carry out this
program.  The models are implemented
with some material constants embedded
in the code.  Thus the models force a set
of units on the problem. Although there
is some flexibility in choice of units
there was no single set of units that
could be used for all the models. Our
solution was to generate problem
definitions in each of the preferred units,
then convert the output variables back to
a common set of units.  We note that
using embedded material constants in
this manner makes it difficult to use
these models for materials other than
PBX 9501.  In addition we had minor
but time consuming problems with the
pre- and post-processing tools for
DYNA3D. The result is that only a
subset of the problems are analyzed and
summarized in this paper.

Most of the test problems have very
simple geometric configurations.  The
tension and compression tests were done
with one-element cubes, of 1 mm size,
although the size should not matter.  The
punch problems were done with
100x100x1 element blocks of explosive
supported with non-frictional boundary
conditions, that is symmetry-planes, at
the sides and bottom, effectively creating
a two-dimensional problem.  Punches of
various sizes were used, narrower, equal
and wider than the explosive block.  The
Taylor impact problem is a right circular
cylinder with diameter 16 mm and
length 76 mm, impacting a cylindrical
steel target with 50 mm diameter and
length.  The Brazil test is a cylinder of
25 mm diameter, loaded laterally
between two rigid flat platens.

The Steven experiments come in a
variety of configurations as done at Los
Alamos by Idar17,18 and co-workers and



at LLNL by Chidester,19,20 Vandersal21

and their co-workers. In this report we
primarily discuss the original LANL
design with 25 mm thick explosive, and
a modified design with 12.5 mm thick
explosive. We have also analyzed Steven
configurations with a Teflon ring
surrounding the HE cylinder and several
shapes of projectiles as done by
Chidester.  Note that in the Taylor and
Steven experiments interfacial friction
can be an important variable.  The cover
plate in the Steven experiment is
believed to play an important role in the
results and is always made from 304 SS,
a well controlled alloy.  The other parts
are made from 304 SS in some cases and
A36 or 4330 steel alloys in other cases.
These changes might influence the back
plate strain histories used as a check on
the calculations.  Modeling of the
Sylgard layer and the Teflon ring was
consistent in all our calculations, but not
necessarily accurate.  The Sylgard was
taken as a DYNA3D type 7 Blatz -Ko
rubber22 with a shear modulus of 800
MPa, a very high value but chosen to
give a reasonable bulk modulus.  The
Teflon ring is modeled as a DYNA3D
type 10 elastic-plastic-hydro material.

COMPUTATIONAL RESULTS

We began the constitutive tests with one-
element problems in uniaxial stress,
tension and compression. Some uniaxial
strain problems in tension and
compression using 100x100 blocks were
also done.  The single element problems
should replicate the calibration data and
in the case of ViscoSCRAM and the
elastic-plastic models did so.  SCRAM
needed at least 100 elements to work
correctly so this check problem was
passed.  ViscoSCRAM shows a
remarkable ability to capture the long

unloading tail observed in compression
tests on PBX 9501, even in a one-
element test problem.  This is usually a
highly unstable material behavior and
might lead to strong localization in
problems with refined meshing.
FIGURE 1. CAP MODEL
SHOWS STRONG
LOCALIZATION IN THIS
PUNCH PROBLEM.
The punch problems, done with fixed
punch velocities of 20 m/s, showed some
of the most interesting differences in
behavior among the models.  The results
of some punch problems are shown in
Figures 1 and 2.  Figure 1 shows a
problem run with a cap type constitutive
equation displaying the effects of
localization that occurs in this type of
model. The localization with SCRAM is
much less pronounced, as seen in Fig. 2.
SCRAM has rate dependent terms in the
crack growth model that can affect
stability and evidently suppress
localization.  The shape of the
deformation region resembles results
seen in cylindrical samples.  A similar
study by Dey and Kamm23 using a
constitutive model similar to SCRAM,
but without rate dependent fracture,
show shear band like behavior.



Only a few Brazil test calculations are
done.  One interesting comparison is
shown in Figs. 3 and 4 of a calculation
using ViscoSCRAM as implemented in
a user material for ABAQUS24.  The
agreement with the measured load
history is quite good, much better than a
calculation with our elastic-plastic
model.  However the strain distribution
shown in Figure 4 does not resemble the
observed fracture that should run
between the loading points, but not go
all the way to the loading points.  The
wedge at the loading point is accurate
though.

Our experience to date in Steven
experiments revolves around the elastic-
plastic and ViscoSCRAM models,
primarily because of the large number of
elements needed in 3-D models to obtain
reasonable spatial resolution.
ViscoSCRAM problems take about
twice as long as an equivalent elastic-
plastic run.  Scram was not usable with
the number of elements in our coarsest
mesh.
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FIGURE 3.  LOAD DEFLECTION
IN THE BRAZIL TEST SHOWS
ViscoSCRAM FOLLOWING POST
PEAK UNLOADING WHILE THE
ELASTIC PLASTIC MODEL
SIMPLY DIES.

FIGURE 2. THIS PUNCH
PROBLEM DONE WITH
SCRAM SHOWS LESS
LOCALIZATION THAN IN FIG.
1.
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CENTER REGION EVEN THOUGH
LOAD DEFLECTION IS
MATCHED.



mesh is done with cubic elements, then
most are in the Sylgard, rather than the
HE unless 0.25 mm elements are used in
the HE as well.  This leads to millions of
elements in the HE, and impractical run
times even with large parallel systems.
When the Sylgard layer is modeled, we
compromised by using 4:1 aspect ratio
non-cubic elements in the Sylgard. We
hope to do a few calculations with better
modeling of the Sylgard layer
eventually.  We did try a mesh using
about 150000 elements.  It required 18
days to run on a single processor system.
After it finished, we noticed a problem
with the slide line arrangement that
made the results useless.  Exploration of
sensitivity is not yet practical with these
large problems.

Figure 5 illustrates a localization mode
that occurred with the elastic plastic
model in a medium resolution 3-D
simulation.  The lines show irregular
regions where the elements have
fractured relieving the hoop stress at the
FIGURE 5.  STRAIN
LOCALIZATION FROM
FRACTURE BEHAVIOR IN
THE ELASTIC-PLASTIC
EXPLOSIVE MODEL
RESULTS IN BANDS VERY
SIMILAR TO THOSE
OBSERVED IN RECOVERED
UNREACTED CHARGES.
In doing the elastic-plastic calculations
we observed some differences between
our previous 2-D models and the 3-D
models we are trying to use for
comparison purposes.  In some cases the
time and location of ignition moved
around in a previously unobserved
manner.  We currently believe this is
partly due to differences in the mesh
density, but we also found a sensitivity
to the coefficient of friction values used
in the models.

The original calculations were all done
with a coefficient of friction of 0.2
between metal parts, 0.3 between the
Sylgard and metal, and 0.5 on any
explosive surface.  Some of the 3-D
models omitted the Sylgard layer
because it is thin, only 0.5 mm.  If the

outer boundary and the radial stress near
the projectile caused lip.  This type of
localization can not occur in 2-D
simulations because of the assumed axi-
symmetry.  The localization is strikingly
similar to the fracture pattern observed
post-test in non-reacted charges from
Steven experiments that have been
disassembled.  The resolution of the
pattern is clearly limited by the mesh
density.

Most of our Steven calculations to date
were done with elements in the
explosive of about 2 mm on edge.  This
results in about 15000 elements in the
entire problem.  Figure 6 shows a
comparison of predicted and
experimental ignition times, using the
linear operator ignition model.  The



results agree for the original design
because it is used for calibration.  The
other results are for different thickness
explosive charges, with different sizes
and weights of projectiles for the LLNL
experiments.  The agreement is generally
worse than in our15 2-D calculations. We
attribute the poor results to the reduced
spatial resolution used here, compared
with the 2-D models.
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FIGURE 6. CRITICAL
VELOCITIES FOR STEVEN
EXPERIMENTS CALCULATED
WITH ELASTIC -PLASTIC (EPF)
AND ViscoSCRAM (VS) MODELS
AND NOMINAL FRICTION
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Several different friction models were
tried with these models.  Using zero
friction values resulted in substantial
changes in ignition behavior, but this
was too low to be a realistic value.
Friction values much higher than our
nominal values of 0.2 and 0.5 resulted in
small changes.  The major difference
was between the results for the elastic-
plastic model and the ViscoSCRAM
model.  As seen in Fig. 6, the
mechanical behavior results in large
shifts in critical velocity.  ViscoSCRAM
gave much stiffer behavior than the E-P
model in these calculations, giving
earlier ignition times, lower
deformations in the HE, and larger back

plate strains.  The ViscoSCRAM model
shows almost complete recovery to
initial dimensions for the HE, not in
accord with the experimental results
where substantial permanent set is
observed in the recovered charges.

The shape and mass of the projectiles
changes the critical velocity.  One puzzle
concerns the thin surveillance results.
The geometry of the surveillance target
is very similar to the LLNL targets, but a
2 kg projectile of 38 mm radius is used,
compared to a 1.2 kg 30 mm radius
projectile for LLNL #1.  The models
predict similar or more sensitive
behavior for the thin surveillance
experiment, but the test results indicate
the reverse sensitivity order.

In most calculations ignition is predicted
between 75 and 105 µs, however one
configuration gave a prediction of 16 µs.
It seems that multiple local peaks occur
in the ignition variable so that relatively
small changes in boundary conditions
can shift the position of the global peak
by a large factor.

CONCLUSIONS

Our comparison of SCRAM and
ViscoSCRAM is influenced heavily by
implementation details that are not
inherent in the models.  Our experience
with SCRAM is limited to date, but we
believe the model has capabilities that
need exploration and usage.  We hope to
continue using the model as less
restrictive implementations are released.
We believe ViscoSCRAM is easier than
SCRAM to calibrate for a new material,
but appears to have some inherent
problems with large-scale fracture
behavior.  The tension-compression
shear failure mode is not in agreement



with experiments, and is important in
applications without an obvious work-
around.   The tensile stress cutoff option
in the elastic-plastic model gives only a
very rough approximation of gross
fracturing but frequently this rough
approximation is adequate.  More
accurate models of gross fracture
behavior are needed.

The lack of localization behavior in both
SCRAM and ViscoSCRAM may be the
result of fitting the models primarily to
low pressure data.  Wiegand25 reported
some very interesting results on
compressive strength as a function of
pressure.  At relatively modest pressures
the behavior of PBX 9501 changed from
viscoelastic roll off to something closely
resembling traditional elastic-plastic
behavior.  We only noticed this paper
recently and hope to investigate this
behavior further.

We were surprised by the sensitivity of
some calculated Steven test results to
assumed friction values between the
explosive, Sylgard, and metal layers.
This one example emphasizes the
influence that mechanical properties can
have on non-shock ignition problems.
The actual experiments are very
reproducible, implying that the frictional
behavior is also reproducible.  Our
problem is finding the correct model.
Experiments to study dynamic friction
characteristics of these materials would
be very helpful.
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DISCUSSION

John Dienes
Los Alamos National Laboratory
Los Alamos, New Mexico

Comment:  The complexity of SCRAM
is often exaggerated.  Rather than 96
parameters I estimate there are 17, but
these cover 4 classes of phenomena,
elasticity, fracture, ignition and burn.
The parameters are available in
handbooks, in most cases, for many
materials.  We do have complications,
though because many parameters are
temperature and pressure dependent.

Author's Reply

We agree with this comment.  Using
SCRAM for a previously
uncharacterized material involves
finding far more information than is
typical for a simple elastic-plastic model.
This is the price for modeling a wider
range of physical behavior.

Yehuda Parton
Haifa, Israel

You mentioned that strain localization in
adiabatic shear bands can be an
important mechanism in impact ignition,
and you've shown us an example of a
computer simulation in which such a
shear band occurs, but it is well
established that adiabatic shear band
thickness is of the order of 1 µm. So
how can you model such shear bands in
a regular simulation where the cell size
is of the order of 10-100 µm.

Author's Reply

Indeed shear bands in metals or other
polycrystalline materials are very narrow
and not resolvable in a macroscopic
calculation.  However PBX 9501, and
other plastic bonded explosives, are
granular materials with a plastic binder.
These granular materials can show shear
band like behavior at the size scale of the
particles, which is resolvable in refined
simulations.  Our real interest though is
whether the constitutive model can
exhibit shear banding like behavior.  The
study by Dey and Kamm, using a
constitutive model similar to SCRAM,
but without rate dependence, shows
evidence of shear band like behavior.
Our calculations do not show this
behavior so we conclude that the rate
dependence introduced in SCRAM, and
ViscoSCRAM, suppresses the expected
localization behavior.
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