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Modeling of Tamped and Decoupled Explosions in Salt
(Simulation Is Easy. Prediction Is Difficult!)

P. Goldstein and L.A. Glenn
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Abstract

We compare predictions of the strain hardening model of Glenn (1990), with and without
damage, to free field and seismic observations of SALMON, STERLING, and 64 kt
(tamped) and 8 kt (decoupled) explosions in an Azgir salt dome in the former Soviet
Union (FSU). We find good agreement between the model (without damage) and
observations of both SALMON and STERLING. In contrast, the average spectral ratio of
the tamped to decouple., Azgir explosions is systematically smaller than predicted by the
strain hardening model without damage. Much better agreement is obtained when
damage is included in the model of the decoupled Azgir explosion.

Introduction

Recent papers by Adushkin et al., (1992), Sykes (1992) and Glenn (1993) have pointed
out significant differences between the decoupling factors found from the
SALMON/STERLING experiment and a tamped/decoupled explosion experiment
performed in an Azgir salt dome in the former Soviet Union (FSU). In this paper, we
explain this discrepancy in terms of differences in strength of the medium for the
decoupled explosions. The explanation of discrepancies such as this ar_ important
because they help improve our understanding of explosion sources and increase
confidence in our predictive capabilities.

We compare both freefield and seismic recordings of nuclear explosions in salt with those
predicted by Glenn's (1990) strain hardening model for salt. This model was developed
in two steps. First, laboratory strength data and elastic properties measured in the field
were combined with thermodynamic properties of salt to obtain a first order model. In
this first order model, yield strength was assumed to be pressure and strain independent.
In this case it was not possible to simultaneously match the observed and predicted cavity
radii, peak displacements, and particle velocity waveforms of SALMON. Glenn (1990)
obtained much better agreement by implementing a linear strain hardening model, the
motivation for which was the fact that the observed plastic wave speed in SALMON
significantly exceeded the bulk wave speed. Hopkins (1960) showed that when the yield

strength takes the form Y = Yo + H' ep, where ep is the equivalent plastic strain and H'
the hardening modulus, the ratio of the plastic-to-bulk wave speeds is a unique function
of the ratio of hardening to bulk moduli. The hardening modulus thereby derived was
employed only for plastic strains below those measured in the laboratory; for

ep > 1.45 x 10-3, extrapolated experimental data wer_ used.



For gauges within 600 m of SALMON, predictions of Glenn's model are comparable to
those predicted by the model of Rimer and Cherry (1982), which assumes that strength is
a function of plastic work. However, at ranges beyond 600 m, the Rimer-Cherry model
had plastic wave speeds equal to the bulk wave speed, in disagreement with the
observations.

Following Wells (1969), damage was included in this model by modifying the stress field
in the vicinity of the cavity to account for plastic unloading. Yield strength at the cavity
wall was constrained by the Wells (1969) solution and was varied sigmoidally from this
value to the dynamic hardening value at the edge of the rrficrofracture zone (Glenn,
1993).

SALMON and STERLING

SALMON and STERLING were a pair of explosions, conducted in salt, that were
designed to study the potential for evading detection of a nuclear test by cavity
decoupling. SALMON was a 5.3 kt nuclear explosion conducted in the Tatum salt dome
near Hattiesburg, Mississippi (Figure 1). STERLING was a 0.38 kt nuclear explosion
detonated in the 17 m radius cavity generated by SALMON (Table 1). Free field
recordings of both explosions were obtained at distances ranging from 160 to 660 m
(Figure 1). SALMON and STERLING were also recorded at a variety of surface
locations (Figure 1). More detailed descriptions of these experiments can be found in
Springer, et. al. (196_), and Denn, and Goodman (1990).
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Figure 1. Surface (a) and freefield Co) instrumentation locations for SALMON and STERLING. Nagged
surface locations recorded both SALMON and STERLING. Freefield instrum,:ntation boreholes were at a

variety of azimuths but are shown in the same vertical cross-section. Freefield stations are labeled by their
slant range and name.

Table 1. Source Parameters of SALMON, STERLING, and the Azgir explosions.

Event Date Depth (m) Yield (kt) RoW- 1/3(m/ktl/3) *

SALMON 10/22/64 828 5.3 "' ,4).2.......

STERHNG 12/3/(,6 828 0 38 23.7

A-III (_,zgir) 12/22/71 987 64 -43.2
A-III/2 (Azgir) 3/29/76 987 8 18.1
Ro= the initial cavity radius and W is the yield.



We compare both free field and seismic observations of SALMON and STERLING with
predictions of Glenn's (1990) strain hardening model. We begin by comparing calculated
and observed, flee-field reduced-velocity-potential spectra of SALMON at two stations at
distances of approximately 6C.9 m (Figure 2). Agreement between the model and data is
reasonably good, given the scatter in the data.
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Figure 2. Comparison of calculated yield-scaled reduced velocity potential spectrum for SALMON with
observed free-field data in the nonlinear zone.

In contrast to SALMON, ali the free field data from STERLING are in the linear elastic

zone (e.g., Glenn 1990). Since ali the gauges are in the elastic zone, reduced-
displacement-potentials, their derivatives, and corresponding spectra should be
independent of distance. Although there is some scatter, this appears to be a good first
approximation. Based on this approximation, we computed a mean reduced velocity
potential spectrum from ali the gauges in the free field and found good agreement with
the prediction of the model (Figure 3).
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Figure 3. Comparison of calculated reduced velocity potential spectrum for STERLING with the mean of
free-field data in the range: 160ro<R< 660m. The dashed iines represent _+1 standard deviation from the
observed mean.

SALMON and STERLING were also recorded by the U. S. Geological Survey and U.S.
Coast and Geodetic Survey at a number of surface sensors, at distances ranging from 10
to 110 km (Figure 1). We used spectral ratios to assess the agreement between the strain
hardening model and the data recorded in the far field. Spectral ratios were used because,
in principle, they are insensitive to geologic heterogeneities between the source and
receiver; once the signals have reached the linear elastic regime. The seismic
displacement amplitude spectrum U(O)) can be.written as U(o)) = S(O))H(O)) where,
S(o)) is the source spectrum and H(O)) describes path effects. Then the spectral ratio
SR(o)) is,

SR(o)) = Ur(o)) = -Sr(o)) H(ro) (1)
Uv(o)) So(o)) H(o))

where the subscript T is for tamped and D is for decoupled.

As indicated in Equation 1, the contribution to the far field spectral ratio d_e to the path
cancels out of the numerator and denominator. Effects of recording system responses can
also be eliminated in a similar way provided the instrument responses were identical in
the frequency band of interest.

Comparison of the calculated spectral ratio with those from far field recordings of
SALMON and STERLING are shown in Figure 4 There is excellent agreement between
the observed and predicted spectral ratio from 0 to 20 HZ. Spectral ratios for SALMON
and STERLING are not accurate above 20 HZ because of low signal to noise levels in the
SALMON data (Blandford and Woolson, 1979).
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Figure 4. Comparison of the calculated spectral ratio with the average obtained from seismic observations
of SALMON/STERLING in the range: 10<R<ll0 km.

Spectral ratios are also of interest because they are directly proportional to the amplitude
decoupling factor,

f(o)) = Wr(O))/WT SR(o))
Wo(o))/Wo = Wr/W D , (2)

where W is the spectral representation of the reduced displacement potential and W is the
yield. The static value (o) = 0) is the conventional seismic decoupling factor, and is
approximately 70; in good agreement with previous studies (e.g., Denny and
Goodman,1991, and Springer et al., 1968).

Tamped and Decoupled Azgir Explosions

In this section we compare predictions of the strain hardening model of Glenn (1990),
with and without damage, to seismic observations of a tamped and decoupled explosion
pair that was detonated in an Azgir salt dome (Adushkin, et al. 1992). A-III had a yield
of 64 kt, was detonated on December 22, 1971 (Sykes, 1992), and created a cavity with
equivalent radius of 36.2m. Approximately five years later an 8 kt device (A-III/2) was
detonated inside the cavity generated by A-III. Additional source parameters are listed in
Table 1. Digitized 3-component seismic recordings of these explosions, at distances
ranging between 1 and 154 km were made available to us by Ivan Kitov of the Russian
Academy of Sciences.

As in the previous section, we focus on spectral ratios of recordings at approximately co-
located stations because they are fairly insensitive to path and site effects. In Figure 5 we



compare the spectral ratios predicted by the strain hardening model, with and without
damage, to the average spectral ratio observed at 7 of the 10 co-located seismic stations.
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Figure 5 Amplitude spectral ratio for Azgir explosions A-III and A-III/2. The black solid line is the mean
from 7 co-located seismic stations in the range 2 < R < 113 km. The dashed lines show + 1 standard
deviation. The heavy black line is the simulation (without damage) and the heavy gray line is the
simulation (with damage). The horizontal line derives from Sykes' (1992) estimate based on teleseismic
data.

Three stations were excluded from our spectral ratio estimates because of significant
differences in the waveforms of the tamped and decoupled explosions below both of their
corner frequm_cies. At these low frequencies, and at the distances in question (2, 18.2,
and 40 km) it is unlikely that these differences are source related. Alternative
explanations are that these stations were not really co-located and/or their instrumentation
malfunctioned or differed between these events. Including the 3 stations in question in

our analysis does not change the mean spectral ratio significantly, but it does increase the
variance in the 1 to 5 Hz frequency band.

As indicated in Figure 5, the strain hardening model without damage predicts a greater
low frequency spectral ratio (or equivalently decoupling factor) than is observed.
Although there are significant uncertainties in this spectral ratio estimate, its mean value
is consistent with the amplitude ratio obtained by Sykes (1992) who used time domain

amplitude ratios (rtb,(P,)) and teleseismic data. When damage was :ncluded in the strain

hardening model for A-III/2, much better agreement was obtained. The most notable

discrepancy that remains is near 2 ttZ close to the corner frequency of the larger shot.



Based on the mean low frequency spectral ratio and a yield ratio of 8 the conventional
seismic decoupling factor is approximately 12, much lower than expected, based on the
strain hardening model and our experience with SALMON and STERLING (Glenn,
1993).

Additional observations that are consistent with damage as an explanation for the smaller
than expected spectral ratios and decoupling factor include: 1) first motion amplitudes of
the decoupled explosion's waveforms that are much larger than predicted, 2) Yield-scaled
final cavity radii of SALMON and A-III that are consistent with the strain hardening
model without damage, and 3) thermal diffusion calculations that indicate that the

temperature of A-III/2's cavity walls was high (> 100 °C) just prior to the explosion.
Such high temperatures are expected to reduce the strength of the salt (Glenn, 1993).

• Glenn (1993) also points out that decoupling factors estimated from the COWBOY
chemical explosion experiments are consistent with the Russian datum from A-Ill/A-
III/2.

Conclusions

Based on comparisons of observed and predicted, free-field and seismic waveforms and

spectra, Glenn's (1990) strain hardening model, without damage, provides good estimates
of the ground motions and decoupling factor corresponding to SALMON and
STERLING. However, the average spectral ratio (or decoupling factor) of a
tamped/decoupled explosion pair in an Azgir salt dome is systematically lower than
predicted by this model. Much better agreement is obtained when the model is modified

to account for damage (induced by the tamped explosion) to the walls of the decoupled
explosion's cavity.
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Addendum

On April 27, 1993 we learned from V. B. Adamskii of the All Union Scientific Research
Institute of Experimental Physics (Arzamas-16) that the yield of the decoupled explosion
(AIII-2) may have bee,_ 11.5 kt, not 8 kt as reported by Adushkin et al., (1992). This is
being investigated.




