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LOW AMPLITUDE INSULT PROJECT: STRUCTURAL ANALYSIS 
AND PREDICTION OF LOW ORDER REACTION' 

R. J. Scammon, R V. Browning, J. Middleditch, 
J. K. Dienes, K. S. Haberman and J. G. Bennett 

Los Alamos National Laboratory 
Los tuamos, NM 87545 

The low velocity impact sensitivity of PBX 9501 has been investigated through a 
series of experiments based on the Steven Test targets and a set of Shear Impact 
experiments. We describe calculations done using DYNAZD, SPRONTO and 
DYNA3D to support these, and other, low amplitude insult experiments. The 
calculations allow us to study pressure and strain rate variables, to investigate structural 
aspects of the experiment, and to predict velocities required for reaction. Structural 
analyses have played an active role in this project beginning with the original target 
design and continuing through analyses of the experimental resuhs. Alternative 
designs and various ideas for active instrumentation were examined as part of the 
experiment evolution process. Predictions of reaction are used to guide these design 
studies, even though we do not yet have enough experimental data to fully calibrate any 
of the models. 

INTRODUCTION 

The Steven Test target geometry was designed to 
evaluate the sensitivity of high explosive (HE) materials 
to low velocity impact. This target geometry is the basis 
for a continuing project investigating the low energy 
initiation of HE, both experimentally and analytically. 
The target consists of a disk of explosive enclosed in a 
heavy steel cup with a thin stainless steel cover plate. A 
large radius projectile, propelled by a powder gun, strikes 
the cover plate at velocities in the range of 30 to 100 d s .  
The violence of the reaction, if any, depends on the 
velocity, the type of explosive under test, and the target 
geometry. Calciilations and experimental results point to 
very long times to achieve reactions, generally 0.2 to 1.0 
ms or more. Details of the experiment geometry and the 
experimental results are covered in an associated paper.' 

The Shear Impact experiment' developed by Blaine 
h a y  at LANL uses a smaller volume of HE in a nearly 
two-dimensional geometry with transparent windows on 
the sides of the target holder. The window allows 
detailed studies of the deformation and temperature of the 
HE. The experiment is described in more detail in the 
section on visco-scram experimental verification. 

This work was performed under the auspices of the 
U.S. Department of Energy. 

We describe calculations done using DYNAZD, 
SPRONTO and DYNA3D. These computational models 
allow us to study pressure and strain, both as spatial 
distributions and time histories, to investigate structural 
aspects of the experiment, and to predict velocities 
required for reaction. Structural analyses have played an 
active role in the project starting with the original target 
design and continuing through the analyses of the 
experimental results. Alternative designs, such as glass 
backing plates and replacement structural steels were 
investigated as part of the experiment evolution process. 
Various active instrumentation ideas, such as embedded 
pressure transducers, were also examined. The different 
codes use different types of models for mechanical 
behavior and initiation of reaction. Predictions of 
reaction were used to guide these design studies, even 
though we do not yet have enough experimental data to 
fully calibrate any of the models. 

EXPERIMENTS 

The Steven Test geometry is based on an experiment 
design by S. Chidestd at LLNL. In its basic 
configuration at Los Alamos it consists of a disk of 
explosive about 25 mm thick, and a diameter of 140 mm, 
enclosed in a heavy steel cup with a 3 mm thick stainless 
steel cover plate. There is a gap between the outer edge 
of the HE disk and the inside of the steel cup. Figure 1 
presents a DYNA2D mesh of this geometry. Variations 
include changes in the steel used to fabricate the cup, the 



thickness of the cup back plate and the thickness of the 
explosive disk. Table I provides a summary of the 
primary target designs. 

FIGURE 1. DYNAZD MESH OF THE STEVEN TEST 
GEOMETRY, BASELINE DESIGN. 

TABLE I. TARGET DEFINITION 

Radial 
Gap Holder 

Between Holder Back 
HE& (Cup) Plate 

Target Thickness Holder Material Thick. 

See text for further details of design 4. 

Target geometry number one is the baseline design 
described in Reference 4. The principal change in design 
number 2 was the thickness of the HE, however the 
holder, or cup, material and dimensions were also 
changed. The thickness of the holder back plate was 
increased to minimize its deformation under impact. 
Target design 3 differs from target 2 only in the thickness 
of the HE disk with appropriate modifications to the 
holder geometry. Geometry number 5, also known as the 
"Not Half 3ad" target, included several foil pressure 
gages behind the HE. The gages were protected by a thin 
steel plate. Target designs 2, 3 and 5 all featured strain 
gages on the outside surface of the back plate and are 
describe in more detail in Reference 1. The projectile 
had a mass of 2 kg and a hemispherical nose radius of 38 
mm (1.5 inch). 

Geometry number 4 is a recent LLNL design' that 
uses 1 I O  mm diameter HE disks surrounded by a Teflon 

ring with a radial wall thickness of 18 mm. The LLNL 
projectile has a mass of 1.2 kg and hemispherical nose 
radius of 30 mm. 

DYNAZD ANALYSES 

The DYNA2D constitutive equation for PBX 9501 is 
based primarily on small-strain material property tests 
tuned slightly using the cover plate deformation and 
strain data fiom the experiments. Even at lower 
velocities, where little or no reaction is involved, the HE 
undergoes large deformations and strain as well as 
extensive fracture. A relatively simple DYNAZD 
fracture model is an important component of the PBX 
9501 material model. Figure 2 presents a DYNAZD 
prediction of a Steven Test mesh after projectile rebound. 

FIGURE 2. DYNAZD MESH OF STEVEN TEST 
TARGET AFTER PROJECTILE REBOUND. 
PROJECTILE VELOCITY = 66 WS. 

When targets did not undergo a violent reaction the 
cover plate deformation was measured after recovery of 
the target assembly. The measurements are plotted as a 
h c t i o n  of projectile velocity in Figure 3. The dashed 
line represents a linear fit to the dent data. The dent 
depths predicted by DYNAZD, for selected velocities, are 
plotted in the same figure. A comparison of the 
DYNA2D predicted strain with the measured strain from 
experiment K-2484, target geometry 3, is presented in 
Figure 4. The DYNAZD predictions of the mechanical 
response agree reasonably well with the experimental 
results. 

A low-level reaction, or ignition, criterion was 
incorporated into the DYNAZD post processor. Based on 
work by Browning6 this "power law" criterion 
incorporates the pressure, the maximum shear strain rate, 
and time: 



This power law form is based on a detailed thermo- 
mechanical model but assumes a constant shear strain 
rate and pressure loading history. Although this 
assumption is not true in the Steven Target experiments 
the application of the model in DYNAZD essentially 
maintains this assumption. Equation 1 is applied using 
the calculated pressure, shear strain rate and time at the 
time of interest. If the result is greater than a previously 
selected value the reaction is considered to have occured. 

FIGURE 3. PREDICTED AND MEASURED COVER 
PLATE DENT DEPTH FOR NO-GO EXPERIMENTS. 

FIGURE 4. COMPARISON OF MEASURED STRAIN 
WITH DYNAZD PREDICTION. 

The reaction-velocity data from the initial experiment 
series4 were used to derive a preliminary calibration for 
the criterion. There is not yet enough data to investigate 
the sensitivity of the calibration to the exponents in the 
equation. 

Figure 5 compares the DYNAZD predicted reaction 
velocity with the results from the various target designs. 
The horizontal bar extends from the maximum velocity at 
which there was no reaction to the minimum velocity at 
which a violent reaction occurred. The DYNAZD 
predictions for geometries 3 and 4 were run at 5 m/s 
intervals resulting in the wide range in the reaction- 
velocity prediction. The predictions for target designs 2 

and 3 were accomplished before the experiments were 
performed. In general the agreement is quite good. 

n w n  
w i  

FIGURE 5. COMPARISON OF DYNAZD REACTION 
VELOCITY PREDICTIONS WITH EXPERIMENT. 

The criterion has proven useful in predicting the 
ignition velocity for alternative designs. Comparisons of 
pressure distributions and histories in these experiments 
provide insights into the conditions needed for initiation 
of violent reactions. For example, all calculations show 
local pressures, over mm size regions in the range of a 
few kbars, with duration of hundreds of microseconds. 
Comparisons with experimental pressure measurements 
generally show rough agreement, but additional work on 
the constitutive models andor pressure transducers is 
clearly needed. 

In addition to supporting the present projecf the 
criterion has been used to examine the results from a 
number of other well known, safety oriented, 
experiments. These include LLNL Susan test data, 
LANL spigot data and more recent low velocity impact 
experiments. These comparisons indicate some 
similarities but also potential differences in initiation 
mechanism. The traditional experiments, such as Susan, 
spigot and large scale drop skid tests, are all very difficult 
to calculate because of changes in structural behavior, 
sharp comers in the ignition region, large deformation of 
the HE and boundary conditions that are difficult to 
model. 

MODELING HOT SPOTS AND IGNITION WITH 
SPRONTO 

We have used the Los Alamos-based SCRAM' 
algorithm embedded in the Sandia-based finite-element 
program, PRONTO (SPRONTO), to model the 
experiments described above. Statistical crack mechanics 
(SCRAM), as used in this model, is a physically based 
micromechanical description for the large deformation 
and shear cracking of brittle materials. During the 
process of deformation it is assumed that the crack 
distribution remains random and the size distribution of 
the cracks is exponential. 



Once it was realized that LX-10 had an extremely 
limited range of plastic behavior (-0.1 kbar), the code 
correctly located the annular and nearly superficial 
source(s) of ignition which occurred3 in LX-10 contained 
in such experiments. It also correctly accounted for the 
typical 2120 ps time of ignition. In these calculations, 
the elastic moduli of the LX-10 were softened with an e- 
folding scale of 38 C for temperatures above 300 K. 

The code was calibrated for PBX 9501 by matching a 
series of spigot gun4 experiments (target design 1). 
Using DYNAZD, it was found, and subsequently verified 
by SPRONTO, that, in order to match the displacement 
of the back of the stainless steel holder, the yield strength 
had to be set at 4.4 kbar. For all calculations of PBX 
9501, the elastic moduli were softened with an e-folding 
scale of 76 C, consistent with the trend* derived from 
measurements. 9 

Ignition of the samples was found by SPRONTO to 
occur inside the HE sample under the impact point. The 
most critical (penny-shaped) cracks had orientations such 
that they projected as ellipses when viewed &om the (cut 
away) side of the sample disk as well as along the 
axisymmetric axis of symmetry. These cracks are also 
the dominant ignition mechanism for the LX-10 
samp~es .~  

SPRONTO also did a good job of matching the strain 
gauge data recorded at the center of the back of the 
holder assembly (see Figure 6), including peak strain and 
time of peak strain, for two more series of similar tests. 
These experiments used target designs 2 and 3 in which 
12.7 mm and 25.4 mm thick disks of PBX 9501 were 
tested. Unlike the original4 experiments, A36 steel was 
used in the holder assemblies and its yield strength set to 
6.625 kbar to achieve the match in strain magnitude (both 
DYNA2D calculations and subsequent experiments - see 
below -- confirmed the need for this revision). 

As a consequence of the decrease in HE thickness by 
12.7 mm for the target design 2 experiments, along with 
an increase by nearly 6 mm in the thickness of the back 
plate, the effect of the impactor on the PBX 9501 was 
expected to be much more severe. Indeed, SPRONTO 
predicted the observed formation of a melted shear-band 
layer’’ in the shallow experiments (Figure 7), a 
phenomenon which was found to be lacking for the 
impacts on the deep samples. For almost any non-Zero 
coefficient of friction between the cover plate and the 
HE, this layer forms slightly below and nearly parallel to 
the surface of the HE beneath the impact point for 
velocities above 4 5  d s .  

However, in spite of the increased severity of the 
impact on the shallow samples, significant reaction 
occurred at or above 55 m/s, which coincided with 
“pinch-off of the HE, well above the 20 m / s  threshold 
velocity predicted by calculations. The predicted 
threshold of 45 m/s for the deep experiments was also 
lower, but nowhere near as drastically, than the observed 
59.4 d s .  Finally, SPRONTO predicted a 35 m/s 

threshold velocity for the reaction of samples of PBX 
9501, contained radially by a Teflon ring (target design 
4), whereas the actual threshold fell between 43 and 53 
m/s (and between 39 and 43 m/s for denser samples). 
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FIGURE 6. THE BACK PLATE STRAIN FOR SHOT 

36.9WS IMPACT IS COMPARED WITH THE 
STRAM CALCULATED BY SPRONTO. 
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In the light of these results, it is likely that knowledge 
of the stress and strain histories of the HE during the 
impact is not sufficient to predict its chemical response. 
Other physical characteristic(s), such as initial density 
andor the closure of previously open cracks, or the need 
for more than one “burning” crack, etc., may play an 
important role. Alternately, it has recently been 
observed” that other phases of HMX form during 
impacts (delta, gamma, alpha), and this is a possible 
source of increased sensitivity. Calculations with 
SPRONTO verify the hypothesis, simultaneously 
advanced by us and others,’ that the factor which may 
most readily determine the ignition is the deformation of 
a certain volume of PBX 9501 by the hemispherical 
impactor. As an example, a disk of PBX 9501 impacted 
at 103.1 m/s and contained in the target design 5 
geometry ignites at 180 ps, much sooner than the -500 
ps time for the original4 experiments at the 75 m/s 
threshold. Nevertheless, SPRONTO predicts the sume 
amount of volume deformation for both the target design 
5 experiment at the time of its ignition, and the (correct) 
limiting value derived &om the observed sub-threshold 
impact velocities of the earlier experiments. 

Finally, inter-surface friction between contained 
samples of HE and the containing vessel, initially 
postulated as the cause of violent reactions from low 
velocity impacts, was found to move the source of  
ignition away from the surface due to the decreased 
shearing involved. The net response due to frictionless 
surfaces was found to be lower than that occurring for 
surfaces with friction. although the location of maximum 
chemical response moved toward the frictionless surface. 
These effects are a result of generally lower fictional 
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forces due to the lower pressures near the frictionless 
surface, which, in tun, result from the increased 
shearing, while the tangential component of the traction 
force on the cracks remains nearly constant. These 
results reduce the size at which the cracks near the 
frictionless surface become unstable to growth and severe 
grinding motions, allowing, in consequence, the 
generation of more chemical response at the near surface 
locations at earlier times. 

THE VISCO-SCRAM MATERIAL MODEL 

The mechanical theory for the Visco-SCRAM model 
has been developed by Addessio and Johnson”, and 
combines Maxwell visco-elasticity with statistical crack 
mechanics as developed by Dienes’. The result is an 
isotropic constitutive model that describes the behavior of 
a viscohrittle material. The Visco-SCRAM approach 
provides a continuum-based constitutive model that has 
been implemented into a finite-element code and 
exercised on a variety of three-dimensional problems. 
The non-shock ignition response of the material is based 
on a frictional hot-spot and bulk thermal model 
developed by D i e n e ~ ’ ~  and by Bennett et aI.l4 

VISCO-SCRAM EXPERIMENTAL VERIFICATION 

Sets of dynamic Shear Impact experiments are being 
conducted at LANL in the DX division for which a 
projectile is fired at the nominal velocity of 185 d s ,  
which moves “pushers” of various geometries. The in- 
plane displacement field on the surface of the explosive is 
measured using laser-induced fluorescence speckle 
photograph$. The measured displacement field can be 
directly compared with the displacement field predicted 
using the DYNA3D simulation. Measured surface 
temperature fields and ignition data are also being 
obtained Constitutive model validation and modification 
is based on the ability of the constitutive model to 
reproduce the experimental displacement field, surface 
temperature field and ignition response for the various 
geometry pushers. As an example, Figure 8 shows the 
impact test geometry. Figure 9 shows the DYNA3D 
finite element model that faithfully reproduces the 
geometry of the impact experiment. 

Figure 10, shows the experimental displacement field 
in the PBX-9501 specimen located below the reference 
window, 15 microseconds after the projectile has 
impacted the pusher. Figure 11 shows the predicted 
displacement field using DYNA3D with the Visco- 



SCRAM constitutive model at the same point in time. 
The comparison is both qualitatively and quantitatively 
good. 

Explosive 
FIGURE 8. IMPACT TEST GEOMETRY. 

I 
Top Plate Gas Gun Projectile / 

Reference Window 

FIGURE 9. DYNA3D FINITE ELEMENT MODEL OF 
THE IMPACT TEST. 

CONCLUSIONS 

The experiments have demonstrated a clean go/no-go 
velocity threshold and structural analysis has played a 
substantial role in the program from the initial target 
design through data analyses. The relatively simple and 
straightforward power-law ignition criterion shows 
promise of being a useful tool for quick assessment 
purposes, although additional data are required for 
calibration and verification over a wider range of 
conditions and geometry. The SCRAM model 
incorporates many detailed processes associated with 
distribution of cracks and provides more insight into the 
ignition and bum mechanisms. Visco-SCRAM simplifies 
some details of the SCRAM model and builds in time 
dependent behavior by an explicit viscoelastic model 
rather than rate dependent crack velocities. 

Improvements in the constitutive models are needed, 
as indicated by the experimental measurements. Density 
measurements from recovered HE in non-reactive 
experiments reveals deficiencies in the commonly used 
HE constitutive models. Also the explosive materials 
investigated are plastic bonded granular materials that 
dilate when subjected to large strains. Unfortunately, the 

form of the constitutive equation must be developed from 
other types of experiments and numerical models. As 
additional experimental results from large, and small, 
scale tests come in, on a variety of materials and with 
differing geometries, we anticipate substantial 
improvements in calibrating the mechanical constitutive 
models and the reaction models. 
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FIGURE 10. EXPERIMENTAL DISPLACEMENT 
FIELD. 

FIGURE 11. PREDICTED DISPLACEMENT FIELD, 
OBTAINED USING DYNA3D AND THE VISCO- 
SCRAM CONSTITUTIVE MODEL. 
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