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It's lateria Strength, Not a Negative Griineisen Gamma * 
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Lawrence Livermore National Laboratory, February 1993 

A B S T R A C T  

Hydrocode simulations of CORRTEX data (shock position as a function of 
time) require a model for the material properties of the medium in which the 
explosion occurs. Prior to the BULLION underground nuclear test, Furnish 
performed gun experiments on core samples that were taken from a satellite 
hole near the working point. We have analyzed some of these data and 
constructed a constitutive model that is consistent with the gun data. The 
model consists of a Mie-Griineisen equation of state that is parameterized 
using the Hugoniot, a Gruneisen gamma that is only volume dependent, and 
a pressure dependent strength model. Previous analyses of these particular 
experiments have ignored material strength, because of its lack of influence 
on numerical simulations of the CORRTEX data. However, if strength is 
excluded, negative gammas are required to fit Furnish's data, but these 
negative gammas give an extremely poor fit to the CORRTEX field data. 
Our simple model, which includes strength, has a positive volume 
dependent gamma. The model fits Furnish's laboratory data and the 
measured experimental CORRTEX data. What is remarkable about the model 
is that all of the parameters in it can be obtained from the gun data, indicating 
that laboratory experiments of this type (and perhaps others) on core samples 
are potentially more useful than believed previously. 

I N T R O D U C T I O N  

Typical simulations of field experiments such as Continuous Reflectometry 
of Radius versus Time Experiments (CORRTEX) require the material 
properties of the field geology. In this type of experiment the time dependence 
of the position of the shock due to an underground nuclear explosion is 
measured and this data is used to infer the magnitude, i.e. the yield, of the 
explosion. The ability to estimate yields is important for the verification of 
treaty imposed yield limits of underground nuclear tests. 

There frequently are concerns whether dynamic, one-dimensional, planar 
laboratory testing of local soil samples can provide enough constitutive 
information about the material to construct a model that can simulate the 
CORRTEX data. These concerns are justified because accurate simulations of 
CORRTEX data are essential for reliably estimating yields. 

*Work performed under the auspices of the U.S. Department of Energy by the Lawrence 
Livermore National Laboratory under contract number W-7405-ENG-48. 
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In the BULLION experiment, soil samples were taken prior to the nuclear 
event and tested in the laboratory by Furnish [l]. Past efforts to construct a 
material model from Furnish's data have focused on obtaining the Hugoniot, 
the effects of Griineisen gamma and possible phase transitions [2,3]. Models 
that use only the Hugoniot and the Griineisen gamma have been 
unsuccessful in consistently simulating both the laboratory and field 
experiments. Here we show that the addition of a strength model to a basic 
Mie-Griineisen description of the material can simulate both the laboratory 
data and the field data. 

F U R N I S H  D A T A  

Figure 1 shows Furnish's experimental set-up. The experimental assembly 
containing the sample to be tested is traveling at high velocity towards an 
aluminum buffer that is backed by a LiF window. The experimental data are 
the impact velocity of the sample assembly and the velocity time history data 
obtained by using a VISAR [4](velocity interferometer, at the interface 
between the aluminum buffer and the LiF window. We emphasize that this 
is not the particle velocity in the sample but we attempt to infer the properties 
of the sample from this data. Figure 2 shows a schematic sample of the 
interface velocity vs. time. While some of the detailed sensitivities indicated 
in this figure will be discussed later, the identity of the main features of this 
trace can be readily verified by following the signal paths shown in Figure 1. 
The short plateau level ending at time tA (Fig. 2) contains the Hugoniot 
information pertaining to the aluminum while the long extended plateau 
between times tA and tR contains the Hugoniot information of the sample. 
The main release of the shock into the backing foam results in the fall-off 
beginning at time tR in the velocity profile of the aluminum LiF interface. 

M A T E R I A L  M O D E L  

The material model combines the Mie-Griineisen model with a strength of 
materials model [SI. Griineisen gamma, the shear modulus and the yield 
strength are functions of the volume. No provision is made for pore crush or 
other hysteretical effects. 

The pressure is given by: 

where YH is the yield strength, OH is the Hugoniot stress, r is the Griineisen 

gamma and V is the specific volume. p is given by p = --1 where p is the 

density and po is the reference density. The Hugoniot stress, OH, is given by 
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where S is the slope of the Hugoniot in shock-velocity vs. particle-velocity 
space. co is the axis intercept in this space. The yield strength on the Hugoniot 
is assumed to be the same as off the Hugoniot. 

are related by 

S, = 2G(V)deii 

This completes 

The stress deviators, Sij , the shear modules, G, and the strain deviators, deij, 

the description of our material model. 
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Fig. 1 Sketch of Furnish's reverse ballistic experiment. The signal paths are 
shown and start with the shocks generated by the collision of the aluminum 
cup containing the sample with the stationary aluminum target plate. The 
release of the shock from the sample into the foam is indicated by two paths 
since it occurs over an extended period of time. A sample velocity trace 
obtained by interferometry along with the interpretation of the main features 
is shown in Figure 2. 
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Fig.2 Sketch showing the main sensitivities of velocity trace data to the 
components of the material model. These sensitivities are determined from 
numerical simulation of the laboratory shock data of Furnish. 

F I T T I N G  T H E  D A T A  

We analyze four of Furnish's experiments. The labeling of these experiments 
follows Reference 1 and is BUL-2, BUL-3, BUL-4, and BUL-5. These data are 
shown in Figure 3. Peculiarities in the data traces shown in Figure 3 are easily 
visible. They include the deep "notch" between the aluminum feature and 
the long plateau. It has been suggested that this notch is caused by a 
preexisting gap in the sample assembly [ 6 ] .  We ignore this feature in our 
analysis. 

Several traces such as BUL-5 in Fig. 3 display a "bump" before the long "roll- 
off." Scoping calculations show that a layer of greater density between the 
sample and the backing foam could cause such a bump. Speculation as to the 
origin of such a layer might include a relationship to water which could be 
exuded from the sample during gun firing of the sample assembly. However, 
the detailed origin is unknown. For our purposes we ignore this "bump" 
feature in our analysis of the data. 

Furnish used a I-d hydrocode to extract one Hugoniot point for each rock 
sample by averaging the plateau data to a single value. The data structure in 
this region has been attributed to sample inhomogeneities [6] .  His results are 
shown in Figure4 along with the fit that we use to define the Hugoniot. The 
shock pressures associated with the experiments that we analyze in detail 
range from 22 kb to 460 kb. 

The main sensitivities of the model to the data traces are illustrated in 
Figure 2. We assume that we know the equation-of-state and the constitutive 
parameters for the LiF and the aluminum, so we look for changes in the 
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calculated traces as a function of variations in the parameters for our rock 
model. The simulations show that the timing of the initial release (roll-off) 
from the long plateau is dominated by the shear modulus. 

A small ledge, which is identifiable in several of the data traces, is most 
strongly affected by the yield strength. Too low a yield strength causes this 
ledge to be absorbed in the plateau while too high a yield strength causes it to 
disappear into the asymptotic release. The detailed path of getting from the 
onset of the release to this ledge depends mostly on the Griineisen gamma. 
The long-term release from the plateau is probably affected by the hysteretical 
properties of the shock-compacted material but is not discussed here. 

The Griineisen gamma which we obtain from fits to the data, is shown in 
Figure5. The lower end of the curve results from an estimate based on 
mixture theory [7] while the upper end is simply the asymptotic limit of 
gamma. Two curves are shown for compressions between 1 and 2.3. The 
dashed curve was obtained by fitting experiments BUL-3, BUL-4 and BUL-5 
with each experiment yielding one point as indicated. Linearly interpolating 
between these values results in a continuous curve. BUL-2 is not affected by 
Griineisen gamma. When using this set of values in the calculation of the 
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Velocity traces of four of Furnish's experiments: BUL-2, BUL-3, 
BUL-5. 
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Fig. 4 Hugoniot points for Furnish's experiments. The experiments which 
we analyze are shown as open circles. The lines are the fit that we use to 
represent the Hugoniot. 
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Fig. 5 Griineisen gamma vs. compression. The dotted curve represents the 
best fit to experiments BUL-3, BUL-4 and BUL-5. BUL-2 is insensitive to the 
value of Gruneisen gamma. The low end is obtained from mixture theory 
and the high end approaches the asymptotic value of gamma. The actual 
gamma used in our calculations is also shown and is explained in the test. 



field experiment, nearly all of equation-of-state space is accessed while for the 
calculation of Furnish data only a small slice of this space is relevant for each 
experiment. This caused numerical problems for the simulation of the field 
data, that are linked to the Griineisen equation of state and are known to us 
from past work [8]. The simplest way of dealing with these problems was to 
avoid them by using the solid curve for gamma instead. The latter curve 
joins the asymptotic region of the dashed curve by linear extrapolation. 
Figure 6 shows the strength parameters. At pressures corresponding to BUL-5 
strength effects cease to be important probably because of complete material 
failure. This is represented by letting the shear modulus and the yield 
strength vanish. BUL-3 serves as an example of the fit obtained with our 
model in Figure7 which also illustrates the sensitivity of the fit to the value 
of gamma. Both the experimental trace and the model fit are shown. The 
model value of gamma for this experiment (compression 1.5) is 1.3. Also 
shown are two curves which were obtained by turning strength off, i.e. the 
yield strength is set to zero. One curve uses the model value of gamma (1.3 
for this experiment) and the other curve uses gamma = 0. It is apparent that 
without strength the roll-off is late and that a negative gamma is required to 
match the timing of the roll-off. The match of the latter two, no-strength 
curves to the detailed shape of the experimental roll-off is poor. Figure8 
shows a close-up of the early roll-off. Figure9 shows another close-up of the 
early roll-off and illustrates the gamma sensitivity of our model when 
strength is employed. Differences in the value of gamma ranging from 1.0 to 
1.5 result in fits to the data of distinctly different quality with a value of 1.5 
being the preferred one. 
The same plot shows a step in the calculated traces during the very early roll- 
off from the plateau. There appears to be a corresponding step in the 
experimental trace. The calculated step is the result of the detailed elastic 
properties of the aluminum which are not represented in the simple 
aluminum model given by Furnish that we used. Use of a full aluminum 
model does, however, present us with the following beneficial possibility: this 
aluminum feature in the experimental traces could be used as an index to 
locate the plateau levels for the Hugoniot fits. Such a strategy could help to 
get around the problem of averaging the data which defines the main plateau 
to obtain a fit while enhancing the quality of the calculated fits. Irrespective of 
this possible improvement, we were able to obtain fits for the BUL-2, BUL-4, 
and BUL-5 experiments of a quality comparable to that illustrated for BUL-3. 

C A L C U L A T I O N  O F  F I E L D  E X P E R I M E N T  
A check of the drill logs [9] for the BULLION experiment showed that 
Furnish's test samples were taken from the proximal of two satellite holes 
which were drilled for the emplacement of CORRTEX cables. The model 
which was developed to fit Furnish's laboratory data as described above was 
used to calculate the R-t data obtained also from the proximal hole in the field 
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Fig.6 Shear modulus and yield strength for BULLION tuff vs. Hugoniot 
stress as obtained from our simulations. The values for BUL-2, BUL-3, and 
BUL-4 are represented by the dots from left to right respectively. For BUL-5 
the material appears to undergo complete failure and the values of Y = 0 and 
G = 0 are assigned. 
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Fig.7 Experimental trace and model fit for BUL-3. Fits that vary the 
Griineisen gamma in the absence of strength are also shown. A close-up of 
the early roll-off is shown in Figure 8. 
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Fig. 8 Close-up of early roll-off in Figure 7. 
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Fig. 9 Close-up of early roll-off for BUL-3. The solid line is the experimental 
trace. The calculated traces are obtained using the model values for the 
strength parameters but the values of Griineisen gamma are varied as 
indicated. 



experiment. The calculation was performed with an assumed yield and the 
resulting R-t curve was compared to field data. Using the method of 
simulated explosion scaling [lo] the yield of the BULLION experiment was 
inferred within 10%. The normalized yield is shown in Figure 10 as a 
function of time. A constant value of 1 would correspond to on exact fit. This 
result completes the bridging of the gap between laboratory data, which 
characterizes the medium and, the field data. It should be noted that the 
scaling algorithm depends on the cube of the radius so that a 10% error in the 
estimated yield requires the calculation of R to an accuracy within 3%. This fit 
was achieved without any consideration of differences in the strain paths 
between the laboratory and the field experiments. 

We found that the numerical simulation of the field data was in fact 
insensitive to the strength properties of the soil but it was very sensitive to 
the values of the Griineisen gamma. In the case of the laboratory experiment, 
however, we were unable to obtain a satisfactory fit to the Furnish data unless 
we also included a strength model. It was this fit which permitted the 
extraction from Furnish's laboratory data of positive values of Griineisen 
gamma which were used in the successful simulation of the field experiment. 

C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N  s 

We have shown that a single material model can be constructed which fits 
both Furnish's laboratory data as well as a CORRTEX field experiment. Our 
model consists of a basic, strength corrected Mie-Griineisen equation of state 
with a volume dependent gamma. It appears that the detailed features in the 
data traces which are associated with the release of the shock pressure in the 
sample are physically meaningful. A more complete analysis of Furnish data 
is warranted with a model that includes hysteretical behavior of the elastic 
properties of the samples. Such effects become evident during the time- 
asymptotic release from a shock-compacted state. It is likely that this type of 
approach would lead to a more detailed understanding of the behavior of soil 
in the dynamic high pressure regime and would reduce the remaining error 
in the calculated R-t data. 
This work further demonstrates that laboratory experiments such as the 
reverse ballistic experiments done by Furnish can be used to determine the 
Hugoniot, the Griineisen gamma and the strength parameters of a material in 
the dynamic, high-pressure regime. The quality of the laboratory data and the 
resulting constitutive information is sufficiently good to permit the accurate 
calculation of more general field experiments. It is, therefore, suggested that 
laboratory experiments may be far more valuable in the prediction of field 
experiments than previously believed. The main limitation in establishing 
this connection may, in fact, be the lack of a proper material model and the 
incomplete analysis of the laboratory data. In our study the laboratory data is 
the sole source of the parameters for the material model that successfully 
simulated the field data. 



0.5 1 1.5 2 

T (rn~/kt' '~)  

Fig. 10 Calculated normalized yield of field experiment (BULLION) vs. time. 
A normalized yield of one corresponds to the radiochemical yield. 
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