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COMPARISON OF CHEMICAL AND NUCLEAR EXPLOSIONS:
NUMERICAL SIMULATIONS OF THE NON-PROLIFERATION

EXPERIMENT

by

James R. Kamm and Randy J. Bos

ABSTRACT

In this paper we discuss numerical simulations of the Non-Proliferation Ex-
periment (NPE), which was an underground explosion conducted in Septem-
ber 1993 in the volcanic tuff of the Nevada Test Site. The NPE source con-
sisted of 1.29 x 106 kg of AN FO-emulsion blasting agent, with the approximate
energy of 1.1 kt, emplaced 389 m beneath the surface of Rainier Mesa. We
compare detailed numerical simulations of the NPE with data collected from
that experiment, and with calculations of an equally energetic nuclear explo-
sion in identical geology. Calculated waveforms, at ranges out to approximately
1 km, agree moderately well in the time domain with free-field data, and are
in qualitative agreement with free-surface records. Comparison of computed
waveforms for equally energetic chemical and nuclear sources reveals relatively
minor differences beyond the immediate near-source region, with the chemical
source having an N25~0 greater seismic moment but otherwise indistinguishable
(close-in) seismic source properties.



1 Introduction

In this paper we discuss numerical simulations of buried, tamped chemical and
nuclear explosions. Specifically, we consider simulations of the Non-Proliferation
Experiment (NPE), in which 1.29 x 106 kg of AN FO-emulsion Masting agent,
with the approximate energy of 1.1 kt, was detonated at a nominal depth of
389 m. This experiment, performed in the volcanic tuff of N-Tunnel in Area 12
of the Nevada Teat Site in September 1993, was conducted with the intention of
quantifying the effects of an in situ chemical explosion of magnitude comparable
to that of nuclear explosions. Denny [1] provides a comprehensive review of all
aspects of this unique and well-instrumented experiment.

The purpose of the present investigation is to compare detailed numerical
simulations of the NPE with data collected from the experiment, and with
comparable calculations of an equally energetic nuclear explosion in identical
media. Specifically, we seek to determine what, if any, differences are present in
the computed signatures of these explosions.

Calculated waveforms for the NPE source are found to agree reasonably well
in the time domain with experimental free-field data at ranges out to N1 km;
free-surface vertical velocity waveforms agree moderately well at surface ground
zero (SGZ) and are in approximate qualitative agreement at greater rangea.
Comparison of computed waveforms for the equally energetic chemical and nu-
clear sources reveals only minor differences; primarily, the peak waveform ampli-
tudes for the chemical source are slightly greater than those of the nuclear source.
Computed close-in seismic source functions show that the chemical source has
an approximately 25% greater seismic moment but otherwise indistinguishable
properties. These calculational results suggest that equally energetic nuclear
and chemical (specifically, ANFO) sources are essentially identical up to a mul-
tiplicative factor of 1.25 in effective yield at scaled ranges up to N 1 km/kt 113.
This chemical-nuclear equivalency factor is 6omewhat smaller than the value of
1.5 suggested by Rimer et al. [2], who performed a series of 1-D simulations of
the NPE; our result, however, falls between the value of unity obtained by Kil-
lian et al. [3] from a series of 1-D calculations in various media, and the widely
espoused value of two, forwarded, e.g., by Burton et al. [4], who base their
conclusions on numerical simulations of cratering in shale. We also compare
computed results of the chemical source in both layered and uniform geologies.
For these calculations, computed close-in seismic source function properties are
very similar, with the exception of the RVP spectrum overshoot, which is sig-
nificantly greater in the layered case.

This report is structured as follows. In Section 2, we provide details of the
modeling assumptions made in the numerical simulations of the NPE and com-
parable nuclear explosion. The results of the calculations and the comparisons
with experimental data are presented in Section 3, which also contains a discus-
sion of the chemical-nuclear equivalency issue. We conclude in Section 4 with a
summary of our findings.
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2 Numerical Simulation of the NPE

The numerical simulation of the NPE was performed with the Los Alamos
National Laboratory SMC-123 code [5]. SMC-123 is a one-, two-, or three-
dimensional, Lagrangian, multimaterial stress-wave propagation code that is
designed to simulate the response of porous geologic materials to impulsive en-
ergy releases. In the present study, two-dimensional, cylindrically symmetric
calculations of the explosions were performed. In this section we discuss the
models of the local geology, the rock material response, and the chemical and
nuclear sources that were used in the numerical simulations.

Shown in Figure 1 is a tunnel-level map of the NPE area. As indicated in this
diagram, the NPE was located close to three previous nuclear events: MISTY
ECHO (ME), MINERAL QUARRY (MQ), and HUNTERS TROPHY (HT).
The model of the local stratigraphy was inferred from the geologic cross section
analysis compiled by Raytheon Services Nevada (RSN) and the Defense Nu-
clear Agency (DNA) [6] specifically for the NPE; the information contained in
that study is based largely on data from vertical drill hole UE12n#14 (located
-300 m south of the NPE working point ~P]), vertical drill hole UE12n#l (lo-
cated w260 m west of the NPE WP), and horizontal core hole UE12n.23 UG-1
(which passes within z20 m of the NPE WP). Although there is dip present
in the local rock strata, for modeling purposes we assume that the materials
are layered exactly horizontally. Figure 2 shows the “best guess” stratigraphic
model used in two-dimensional, cylindrically symmetric NPE simulation.

Previous numerical simulations of the aforementioned nuclear events [7] led
to the development of material response models for the rock in the vicinity of
the NPE, all of which are volcanic tuffs (with the exception of the Paleozoic
basement). The material in the vicinity of the blasting agent is porous, well-
saturated, zeolitized tuff. Table 1 contains the values ascribed to the material
properties of the media in the various layers near the NPE. There is significant
uncertainty in many of these values, given the scatter in the measured and
computed quantities from which they were inferred.

The corresponding mechanical properties of the materials used in the calcu-
lations are provided in Table 2. The numerical simulations were performed using
an elastic-plastic description of the geologic materials in which the material re-
sponse is assumed elastic (with prescribed constant Poisson’s ratio v) up to the
yield point, beyond which the standard Prandtl-Reuss plastic flow assumption
applies. The flow stress Y (i.e., the maximum deviatoric stress difference at
yielding) is assumed to obey an exponential pressure-induced reduction accord-
ing to the following relation:

Y = YO – YI exp(–P/Yz) , (1)

where Y., Y1, and Y2 all have the units of stress, and P is the mean stress.
The shear strength of the near-source material is assumed to decrease with

3
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Figure 1: Map of NTS Area 12 in the vicinity of the NPE. The NPE was sited
approximately 250 m from the location of MISTY ECHO, approximately 600 m
from the location of HUNTERS TROPHY, and approximately 700 m from the
location of MINERAL QUARRY.

accumulated inelastic shear strain; specifically, a damaged flow stress YD is
defined as

YD = Yo – Y~,D exp (–P/y..,D) . (2)

The value of the flow stress YUPused to update the stress deviators is taken
as the value that is linearly interpolated between Y and YD m a function of
accumulated inelastic shear strain between prescribed minimum and maximum
value5, i.e.,

{{ }}
&=y-(y-y D)02TIh 1,2225X 0, ‘p–Emi” .

&~i~ — E~i*
(3)

In this expression, the inelastic shear strain Ep is updated for each zone at each
time step as

‘+1 = 6; + ~ lJ;j/j — Jf,::w I 1&P 2p ‘
(4)

where J2 denotes the second invariant of the deviatoric stress tensor, and the
subscripts old and new indicate the values before and after returning the stress

4



Tmrl

95
Tmr2

130

Tp

Tbg
316-------

F
328~
352

Tt5

389 WP I

Tt4

482

I Tt2

I Tyf

704
I

Tot

774

,000 ‘~:
o 5000

HorizontalRange (m)

1.0 2.0 3.0 4.0
I I I

I
I m

1
c@l/s)

I
1

7

+

Figure 2: Layering model for the NPE simulations. Depicted are the strati-
graphic model (left) and velocity profile (right) used in the two-dimensional,
cylindrically symmetric NPE simulations. The material properties ascribed to
the media in the various layers are cataloged in Tables 1 and 2. In this figure,
distances are in m and velocities are in km/s. There are notable impedance mis-
matches around the thin Tbg layer, and at the zeolitization boundary between
the Tt4 and Tt5 units.
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Depth
(m)

o-95
95-130

130-316
316-328
328-352
352-482
482-542
542-614
614-704
704-774
7744

Selected Rock Properties Used in the NPE Simulations

Material PB w s ‘#
(kg/m’) (k/m’)

Tmrl 2360 2520 0.04 0.94 0.10
Tmr2 1700 2410 0.27 0.94 0.48

Tp 1700 2410 0.27 0.94 0.48
Tbg 2190 2480 0.07 0.86 0.18
Tt5 1700 2370 0.29 0.98 0.49
Tt4 1970 2510 0.18 0.98 0.35
Tt3 1850 2450 0.22 0.97 0.41
Tt2 1810 2390 0.22 0.97 0.41
Tyf 1850 2450 0.21 0.98 0.41
Tot 1850 2450 0.22 1.00 0.41
Ddl 2780 2800 4.0 X 10-3 1.00 1.1 X1 O-2

6.6x 10-9
0.029
0.029
0.025

9.8x 10-3
6.6 x 10-3

0.011
0.011

9.1 X1 O-3
0.0
0.0

Table 1: Listed are the material depth below the free surface, the material, the bulk
density (PD), the grain density (~G), the weight-fraction of water (W), the satura-
tion (S), the total porosity (4), and the gas-filled porosity (#) for the materials used
in the NPE simulations. These values are based on RSN/DNA data [6] and values
used in numerical simulations of the HEARTS [8] and MISTY ECHO [fl events.

state to the yield surface (if required). The values of the mechanical proper-
ties used in the specification of the materials used in the simulations are also
cataloged in Table 2.

The initial values of these properties were based on the aforementioned cal-
culations and RSN and DNA data [6]. Comparison of the waveforms computed
with these values with the close-in velocity and stress data, however, led to mod-
ification of the initial material properties to those tabulated above; we make no
claim that the ad hoc iterative process by which these values w’ere obtained led
us to a description of the material response that is unique (much less optimal)
within model constraints. The values we chose for the longitudinal elastic wave
speed (ct) and the Poisson’s ratio (v) of the working point material, which is the
best characterized of all units in the calculation, differ from those obtained in
the laboratory by RSN; we attribute this discrepancy, as well as the other mate-
rial property modifications, to inhomogeneities in the in situ rock masses as well
as to the limitations imposed by the computational material models. Table 2
contains three notable impedance mismatches above the working point: (1) the
boundary between the zeolitized (Tt4 and below) and vitric tuffs (Tt5 and
above), across which the ascribed differences may well be unphysically large,l
(2) on either side of the stiff albeit thin Tbg layer, and (3) between the upper
(densely welded) part of the Tmr layer and the lower (partially welded) portion.

I ~mer ~f ~l. p] ~~be ~ornewhat different values to the WP tfi propertiesin their
numericalsimulations,whichwereconducted6eforethe actualNPE shot.
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Selected Mechanical Properties Used in the NPE Simulations

Material pB
(kg/m’)

Trnrl 2360
Tmr2 1700

Tp 1700
Tbg 2190
Tt5 1700
Tt4 1970
Tt3 1850
Tt2 1810
Tyf 1850
Tot 1850
Ddl 2780

u

0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.33
0.33
0.33

(k:/s)

1.73
1.25
1.33
4.52
1.51
2.73
2.80
2.90
2.90
3.27
4.00

(G!a)

0.10
0.02
0.02
0.025
0.09
0.09
0.09
0.09
0.10
0.10
0.16

(G~a)

0.076
0.014
0.014
0.016
0.080
0.080
0.080
0.080
0.090
0.090
0.160

(G~a)

0.110
0.048
0.048
0.042
0.350
0.350
0.350
0.350
0.350
0.350
0.560

YI,D
(GPa)

—

0.09
0.09
0.09
0.09
0.10
0.10
0.16

Y2,D
(GPa)

—

1.40
1.40
1.40
1.40
1.40
1.40
1.18

Table 2: Listed are the material, the bulk density (p~), Poisson’s ratio (v), the longitu-
dinal elastic wave speed (ct), the maximum stress difference supported by the material
(i.e., the flow stress) (Yo), the flow stress decrement (YI), the pressure-softening expo-
nent (Yz), and the flow stress decrement (YI,D ) and pressure-softening exponent (Yz,D)
for the yield surface of the fully damaged material. There is a notable change in mate-
rial properties between the zeolitized and vitric tuffs, which we locate at the interface
between the Tt4 and Tt5 units. A simple damage model is incorporated into the
simulated material behavior, with shear failure governed by a value of the flow stress
interpolated between the yield surface of the undamaged and damaged material as a
linear function of the accumulated inelastic shear strain (see Eqs. 1-4 in the text).

In addition to the mechanical properties of these materials, equation of state
models are required. The equation of state data for the rock material are di-
vided into two regimes: (i) at pressures below 10 GPa, the Butkovich model [9]
was used to provide the pressure-volume response of the porous, water-bearing
material, while (ii) for pressures above 10 GPa, a Sesame table [1O] for tuff
was used (Sesame material 71243). (Sesame tables are EOS data available for a
wide range of materials; often, these data are more accurate at higher pressures.)
The Butkovich model is an analytic representation for the volumetric response
of a mixture of rock, water, and gas based upon comparison with experimen-
tal data; the input data prescribed are the grain density, the bulk density, the
mass-fraction of water, and two elastic constants. These low-pressure response
curves for the materials used in these simulations is shown in Figure 3. In these
simulations there is no modeling of the interaction between the shear response
(described by Eqs. 1-4 with the Prandtl-Reuss flow rule) and the volumetric
response (given the P-p curves of Fig. 3). Preliminary calculations with an ef-
fective stress treatment for the working point material suggest that the physics
afforded by that model, which includes shear-volume coupling, captures some

7



elements of the near-in waveforms lacking in the present total-stress model re-
sults.

The blasting agent used in the NPE is described by Souers et aL [11]. The
equation of state of this AN FO-emulsion mixture in the calculations is based on
the JWL approximation [12] using a programmed burn model for detonation.
The JWL EOS prescribe. the pressure of the detonation products aa a function
of the nondimensional specific volume V (- v/uo, v = specific volume) and
specific internal energy E of the chemical explosive aa

( 7%) ( a ‘Xp(-’zv)+$P(V, E)=A l– exp(–RIV) + B 1 –

(5)
The three addends in this expression characterize, respectively, the highly com-
pressed, moderately compressed to moderately expanded, and greatly expanded
statea of the material. The values of the parameters in this expression for the
ANFO-emulsion mixture used in the experiment were determined experimen-
tally [11, 13]. Post-shot examination of the CO RRTEX data collected within
the blasting agent [14] suggests that density stratification of the AN FO-emulsion
mixture had occurred between emplacement and detonation,2 aa discussed by
Souers et al. [11] and McKown [14], which may have induced to nonideal behav-
ior of the blasting agent. We follow the inferences of these researchers and model
the blasting agent as consisting of three layers, each of which has different JWL
coefficients; these values, aa well aa the corresponding detonation velocities, the
initial energy densities, and GJ parameters are given in Table 3.

In the actual experiment, the AN FO mixture was emplaced in a cylindri-
cal cavity of nominal height 5.2 m and diameter 15.2 m, corresponding to an
approximate volume of 940 m3; the center of the cavity, i.e., the NPE work-
ing point, was located 389 m below the free-surface and 1853 m above mean
sea level [6]. In the calculation the blasting agent chamber was assigned the
height of 5.2 m and radius 7.6 m for a volume of 944 ms, which provided a
computational yield of 1.05 kt. Following the experimental configuration [14],
in the calculation the Masting agent was initiated at three points along the axis
of symmetry of the initially cylindrical charge; the numerical simulation used
a programmed burn model in which the detonation proceeded according to the
detonation velocities given in Table 3. In the simulation of the comparable nu-
clear explosion, the total yield energy ia deposited at initial time into a spherical
volume of working point material corresponding to the mass that would be va-
porized by a device of the prescribed yield; with the assumption that 70 Mg of
material is vaporized per kt of device energy [15], the initial 1.05 kt source is
assigned to a vaporization radius of 2 m.

The size of the initial radial and axial computational zones in the neighbor-

~TWOpo~ible ~Ues Of the density stratification have been suggested: (1) gravitational

settling of the blasting agent, and (2) entrainment of air into the upper level of the blssting
agent, which was augered in the chamber.

8
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simulations. The upper curve in each plot depicts the crush-up response of
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JWL Parameters of the NPE Blasting Agent

Property Lower Middle

‘rein (m) –391.6 –389.9
Zm= (m) –389.9 –388.1

PO(Mg/m3) 1.384 1.308
A (GPa) 407.1 407.1
B (GPa) 5.625 5.625
w 0.450 0.450
RI 4.463 4.722
R2 1.001 1.060
D (m/s) 7.160 x103 6.850 X 103
EO (J/kg) 3.561x106 3.561 X 106
7CJ 3.043 3.043
~CJ (GPa) 17.55 15.18
VCJ (m3/kg) 0.535X 10-3 0.570 x 10-3

Upper

–388.1
–386.4

1.219
407.1
5.625
0.450
5.067
1.137

6.460 X 103
3.561X 106

3.043
12.58

0.617X 10-3

Table 3: Listed above are the layer location (z~i., z~n~), the initial density PO,
the JWL coefficients (see Eq. 5), the detonation velocity (D), the initial internal
energy (Eo), the ratio of specific heats at the CJ point (~cJ), the pressure at the CJ
point (P~J), and the volume at the CJ point (VCJ) for each of the assumed hYers of
the blasting agent used in NPE simulations [11, 13].

hood of the source was set to the value of Ar = Az = 0.1 m for the first few ms
of the calculation. The solution was subsequently remapped onto progressively
larger grids with bigger zones as the calculation progressed; at the latest times
of the calculation, the nominal zone size within -400 m (axially or radially)
of the working point was 5 m, which increased geometrically (at a 170 rate) to
a maximum of -40 m at the grid boundary, located at a depth and range of
N5 km. The final mesh admitted 2 s of simulated ground motion at ranges of
over 1 km from the source.

The initial stress state for the material was assigned in compliance with
the Poisson effect and with no overburden-induced compression. Due to the
presence of the cavity, the initial stress state was not an exact equilibrium
solution; however, the outgoing pulse from the blasting agent quickly overtakes
and dominates the elastic stress wave emanating from the cavity edge.
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3 Results of the NPE Simulations

In this section, we compare experimental data with results of the chemical explo-
sive (CE) and analogous nuclear explosive (NE) simulations. We also examine
other characteristics of the computations, and draw some general inferences on
the relationship between chemical and nuclear explosions.

As previously mentioned, the NPE was a very well instrumented experiment.
Table 4 is a list of the near-shot-point gage locations at which data were col-
lected and computed results were compiled. The organizations fielding these
gages are Sandia National Laboratories-Albuquerque (S NLA), Lawrence Liver-
more National Laboratory (LLN L), and two groups from Los Alamos National
Laboratory: the Geophysics Group (LANL EES-3) and the Explosion Effects
Physics Project (LANL P-15). A more extensive rundown of institutions and
the experiments they fielded on the NPE is given in Denny [1]. Figure 4 shows
a plan view of the locations of the gages listed in Table 4; the distances in this
figure are relative to the NPE SGZ. The depths for the LANL P-15 free-field
gages (stations 14 and 20-41) were assigned in the simulations by using the
surveyed invert depth and collar location and assuming the gage was grouted
in 6 m below the invert; the horizontal locations for these gages were obtained
from information contained in the LANL NTS Ground Motion Database [16] for
the NPE. The locations of the LLNL surface gages were obtained from data in
the SAC files3 made available by LLNL. The ranges of the LANL surface gages
were computed from information contained in the LAN L NTS Ground Motion
Database [16] for the NPE. The variation in elevation of the surface gages was
not accounted for in the calculations, in which the surface gages were located
in the topmost computational zone.

3.1 Free-Field Characteristics

The close-in free-field data collected on the NPE allow preliminary “ground
truthing” of the calculations. For the NPE, the experimental records nearest
the source are the CORRTEX data collected within the blasting agent and out
into the surrounding rock; the furthest free-field gage was located approximately
1 km from the working point.

One measure of the effect of the blasting agent in the immediate vicinity of
the chamber is shown in Figure 5, which depicts the shock range (in m) from the
cavity centerline as a function of arrival time (in ma). The computational results
are shown as the solid line, which gives the first-arrival time of the 1 kb pressure
at a given location; these computed values are valid only out to a range of N45 m.
The dashed line in this figure represents the data from LANL CORRTEX cable
K-3 [14], emplaced in drill hole KH-1 in the WP medium; this drill hole exited
the NPE chamber radially in a direction roughly perpendicular to the access

3SAC (SeismicAnslysisCode) is a generalpurposeinteractivedata analysisprogramde-
velopedby LLNLand widelyusedin the seismologycommunity.
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in the NPE Simulations

Station Range

#

11
12
13
14
15
18
20

;;
67

::
24
25
28
29
30
31
32
34
35
36
38
39
40
42
44
45
46
64
65
66
48
47
49
50
51
52
53
54
56
55
57
58
59
60
61
62
63

(In)
15.3
21.5
40.3
54.2
55.1
69.8
84.6
98.3

114
191
201
228
392
384
406
438
451
460
475
504
512
676
724
758

1099
0

171
261
294
337
356
409
442
458
502
558
663
671
689
728
789
800
821
868
920

1045
1265
1237
1475

Gage Locations Used

Azimuth

351
344
336
321
332
330
321
321
320
314
316

2
27

315
34J.

36
348
327
351

30,354
328

38
51
15
74
45

101
168,289

341
9

64
23
90

285
117
104
199
168
171
310
156
217
359
‘Z48

67
254
268
185
275

Elevation
(m)

1853
1853
1853
1846
1853
1853
1846
1846
1846
1841
1841
1842
1842
1843
1846
1835
1846
1846
1846

1840,1846
1841
1848
1847
1849
1843

Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface

Organization

SNLA
SNLA
SNLA
LANL P-15
SNLA
SNLA
LANL P-15 .
LANL P-15
LANL P-15
SNLA
SNLA
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LANL P-15
LLNL
LLNL
LLNL
LLNL
LLNL
LLNL
LLNL
LANL EES-3
LLNL
LANL EES-3
LLNL
LANL EES-3
LLNL
LANL EES-3
LLNL
LANL EES-3
LANL EES-3
LLNL
LANL EES-3
LANL EES-3
LANL EES-3
LANL EES-3
LANL EES-3
LANL EES-3

Gage Ill

IYR
2n
3YR,3YT,3AR,3AT
TM31
4YR,4YT,4AR
5YR)5YT,5AR,5AT,5AV
TM32
TM33
TM34
IH6

%7
TM9
TM5
TFC?6
TM8
TM25
TM13
TM24
TM14,TM23
TM 1
TM1O
TM12
TMI1
:;15

E4
El, H8
Q4
H7
H6

?:1 P
H9A, H9B
S1lA
E1o
S6A
E6
S1OP
Q5
S1OA
S6P
Q3
S4A
S12P
S4P
S2A
S8A
S2P

Table 4: Listed are the calculation station number, the horizontal range (m) from
the working point, the source-to-station azimuth (degrees East of North), g~e- elev-
tion (m above mean sea level), the fielding organization, and that organization’s gage
ID for the gage locations used in the NPE simulations.
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Figure 4: Plan view of the NPE gage locations. The gage locations shown are
listed in Table 4 for the NPE shot and simulations. Distances are given in
m relative to the NPE SGZ. The dashed circles surrounding SGZ have radii
increasing in 100 m increments.
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Figure 5: Shock arrival time near the NPE WP. The shock range (m) from
the center of the cavity in and around the NPE blasting agent is plotted as a
function of arrival time (ma). The solid line denotea the CE calculation 1 kb
locus; the dashed line represents the data from LANL CORRTEX cable K-3 [14],
emplaced in drill hole KH- 1 in the WP medium, which exited the NPE chamber
roughly perpendicular to the access drift; the dotted line (see inset) represents
the data from LANL CORRTEX cable K-2 [14], located horizontally along the
centerline in the NPE chamber; TOA data from LANL ASM gages [11’1are
denoted 8. The inset shows the early-time, close-in response. This figure shows
that the blasting agent burn was modeled well, while the shock speed in the
experiment was somewhat higher than in the calculation.
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drift. The dotted line (see inset) represents the data from LANL CORRTEX
cable K-2 [14], which was emplaced horizontally in the NPE chamber, approx-
imately halfway between the back and invert. Denoted by @ are the time of
arrival (TOA) data according to axisymmetric magnetic (ASM) gages [17] that
were sited in CORRTEX drill holes. The slight “knee” in the curves at -8 m
(see inset) corresponds to the edge of the NPE chamber, demonstrating the dif-
ference in shock velocity between the blasting agent and the surrounding tuff.
The degradation of the CORRTEX cable data at ranges greater than w40 m
reflects the decreased sensitivity of that cable to the lower peak pressures at
those ranges. The inset shows the nonzero initiation time for the blasting agent
in the data and in the calculation. McKown [14] suggests that this offset in
the data may be related to finite distance between the CORRTEX cables and
the detonation boosters (which were not located exactly on the chamber center-
line). In the calculation, the initiation times of the three detonation points were
adjusted so that the computed shock arrival times at the edge of the chamber
approximated the data at the three vertical CORRTEX levels; the final val-
ues determined for these delays were: At~~~tOm= 0.3 ma, At~~~dle = 0.2 ma,
At~~~ = 0.15 ms. This figure shows that the simulated burn within the chamber
was reasonably well modeled, while the shock propagation into the surrounding
rock was somewhat slower in the calculation than the experiment, suggesting
that the equation of state for the working point tuff was not entirely accurate.

The material response of close-in free-field gages is shown in Figs. 6-10,
in which the data collected by C. W. Smith of SNLA [18] are compared with
calculations. In these figures, only the first 100 ma of the waveforms are shown,
and the termination of the experimental data is associated with the time of gage
failure. At the two closest stations (Figs. 6 and 7) only radial stress data were
collected, while at the more distant stations the experimental data consisted
of radial (w) and tangential (ZZ) stresses and radial (r) and tangential (z)
accelerations; the other quantities are derived from these data, e.g., velocities
are integrated accelerations, and pressure is mean stress (p = – 1/3(urr + 2UZZ)).
Figures 6-10 contain plots of radial acceleration (m/s2) vs. time (s), radial
velocity (m/s) vs. time (s), tangential acceleration (m/sz) vs. time (s), tangential
velocity (m/s) vs. time (s), pressure (GPa) vs. time (s), stress difference (GPa)
(i.e., la,. - a.. 1) vs. pressure (GPa) for the CE simulation (solid line), the NE
simulation (long dashed line), and the SNLA data (short dashed line). The
experimental stress curves in these plots have been vertically offset to match
the undisturbed stress level in the simulations. At the ranges of stations 13
(40 m), 15 (55 m), and 18 (70 m) two sets of gages were sited: one set in drill
holes in the rock, the other in the grouted access drift (see Fig. 4); in Figs. 8-
10 we compare calculated results with the former, as the waveforms from the
latter exhibited somewhat different characteristics that are likely related to the
material response of the grout [19]. This SNLA data set is exceptionally valuable
in that both radial and tangential stress data were collected at several locations;
the stress differences constructed from these data are particularly illuminating
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insofar as they reveal shear failure behavior of the material.
Comparing the computed and experimental radial stress at 15 m and 21 m

(Figs. 6 and 7), the most notable aspects are the slightly sooner arrival of the
shock and the somewhat greater peak in the experimental data. These data also
appear to contain some structure in the unload that is qualitatively captured
in the calculations, but the early gage failure time (-10 MS) precludes any
meaningful comparison.4 The CE calculations at these stations exhibit peak
radial velocity and stress higher than the NE calculations, which, at these close
ranges, is probably related to the greater initial cavity extent in the CE case
(i.e., these stations are closer to the edge of the source in the CE simulation
than in the NE calculation). By 40 m range (Fig. 8), the apparently higher
sound speed of the in situ rock is still evident in the experimental records.

The computed pressure and velocity waveforms at 55 m and 70 m (Figs. 9
and 10) exhibit a distinct “knee “ in the initial wavefront at w20 MPa; this
feature, which occurs at a pressure somewhat higher than that of incipient
shear faiIure (as inferred from the stress difference vs. pressure plots), appears
to be related to a contemporaneous trough in acceleration. Similarly, the slight
knees in the experimental radial velocity data at these stations are temporally
coincident with troughs in the radial acceleration records. The slight knee at
-95 MPa in the 55 m experimental axial stress plot (Fig. 9), and reflected in the
pressure plot, does not appear to be attributable to shear failure phenomena.
The knee at -40 MPa in the 70 m experimental pressure plot (Fig. 10) occurs
simultaneously with similar features in the radial velocity, radial stress, and axial
stress records (the last two are not depicted); although the features in the radial
velocity and radial stress may be suggestive of, e.g., pore crush phenomena, the
slope discontinuity exhibited in the axial stress is possibly suggestive of a gage
inclusion effect [19]. Despite the differences between specific features of the
computed pressure and velocity profiles and those of the experimental data in
this highly inelastic region, key waveform characteristics (peak, unload, width)
are reasonably well matched.

Figure 11 depicts the stress difference vs. mean stress inferred from the data
at 40, 55, and 70 m together with the shear failure curve used in the calculations.
This diagram, together with the plots of stress difference vs. pressure shown in
Figures 9-10, illustrate clearIy our assumption that the working point material
is significantly weaker in shear failure than the data suggest, i.e., we assume that
inelrtstic processes in the material commence at a lower shear strength. We, as
well as other investigators [20], found such an assumption necessary to obtain
the heuristically acceptable correspondence between computed waveforms and
experimental stress and velocity data (using the experimental data as a starting
point). The reason for this is unclear: on similar calculations for nearby nuclear
events, similar (low) shear strength values are required for reuionable waveform

4Indeed,sinceonly early-timeradialstressdata wereavailableat thesetwo stations,these
waveforms were not used in the ad hoc iterative waveform matching process by which material

properties were modified.
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Figure 6: Experimental and computational free-field results at 15 m. Shown
are the radial acceleration (m/s2 ), radial velocity (m/s), tangential accelera-
tion (m/s2), tangential velocity (m/s), and radial stress (GPa) vs. time (s),
and stress difference (GPa) (i.e., absolute value of radial stress minus tangential
stress) vs. pressure (GPa) at shot depth and 15 m range from the NPE WP.
Only the first 100 ms of the calculated results are depicted. The solid lines
denote the CE simulations; the long dashed lines represent the NE simulations;
the short dashed line (radial pressure only) represents the NPE data collected
by SNLA [18], gage lYR (see Table 4).

17



titlom 11 ,..,.81 m

IML J

-1

4

a -

-a -

-1

●,M —

=

$
am —

0.s u u u
Mm

Figure 7: Experimental and computational free-field results at 21 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), tangential accelera-
tion (m/sz), tangential velocity (m/s), and radial stress (G Pa) vs. time (s),
and stress difference (G Pa) (i.e., absolute value of radial stress minus tangential
stress) vs. pressure (GPa) at shot depth and 21 m range from the NPE WP.
Only the first 100 ma of the calculated results are depicted. The solid lines
denote the CE simulations; the long dashed lines represent the NE simulations;
the short dashed line (radial pressure only) represents the NPE data collected
by SNLA [18], gage 2YR. (see Table 4).
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Figure 8: Experimental and computational free-field results at 40 m. Shown
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tion (m/s2), tangential velocity (m/s), and pressure (GPa) vs. time (s), and
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Only the first 100 ma of the calculated results are depicted. The solid lines de-
note the CE simulations; the long dashed lines represent the NE simulations; the
short dashed line represents the NPE data collected by SNLA [18], gages 3YR,
3YT, 3AR, 3AT (see Table 4).
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note the CE simulations; the long dsshed lines represent the NE simulations; the
short dashed line represents the NPE data collected by SNLA [18], gage 4YR,
4YT, 4AR (see Table 4). There are no z-acceleration or z-velocity data at this
station.
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Figure 10: Experimental and computational free-field results at 70 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), tangential accelera-
tion (m/s2), tangential velocity (m/s), and pressure (G Pa) vs. time (s), and
stress difference (GPa) (i.e., absolute value of radial stress minus tangential
stress) vs. pressure (GPa) at shot depth and 70 m range from the NPE WP.
Only the first 100 ms of the calculated results are depicted. The solid lines de-
note the CE simulations; the long dashed lines represent the NE simulations; the
short dashed line represents the NPE data collected by SNLA [18], gage 5YR,
5YT, 5AR, 5AT (see Table 4).
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Figure 11: Experimental and computational stress difference vs. pressure. The
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stress) is plotted against the mean stress (GPa) from experimental data and
corresponding shear failure surface used in the numerical simulations. As dis-
cussed in the text, the discrepancy between the experimental data and the
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the experimental stress paths. The NPE data were collected at shoblevel gages
by SNLA [18] at stations 3YR and 3YT (40 m), 4YR and 4YT (55 m), and 5YR
and 5YT (70 m) (see Table 4).
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matches. One explanation could be that a rate-hardening mechanism, which
results in high shear strength at these very-near-source locations, causes this
response. Alternatively, preliminary calculations with an effective stress model
(as previously mentioned) for the working point material, using a somewhat
higher shear strength, provide good waveform matches with experimental data
at close-in stations, suggesting that the physics cent ained in that model may
more accurately reflect reality. Finally, one could posit that there are (unknown)
irregularities with the experimental data; given the high quality of that data
set [19], however, we are disinclined to believe this to be the case.

The material response of more distant free-field gages is shown in Figures 12-
28, which present comparisons of calculated values with the data collected by
K. Olsen and A. Peratt of LANL P-15 [21] and H. D. Garbin of SNLA [22].
These figures contain plots of radial acceleration (m/s2) vs. time (s), radial
velocity (m/s) vs. time (s), vertical acceleration (m/s2) vs. time (s), vertical
velocity (m/s) vs. time (s), reduced velocity potential (RVP) (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) for the CE simulation (solid
line), and the NE simulation (long dashed line) and 2 s of the actual data
(short dashed line). The data collected are accelerometer records that have
been demeaned and integrated to obtain velocities. (Unfortunately, the three
closest gage packages fielded by Olsen & Peratt, at ranges of 54, 84, and 98 m,
failed during the shot.) To better display the wave structure, the first 1 s of
waveforms is shown at ranges out to N400 m (Figs. 12-18), while the full 2 s of
the calculation is provided at ranges greater than z400 m (Figs. 19-28).

We first discuss the features of the waveforms shown in these figures. The
calculated first arrivals are somewhat earlier than those of the experimental
data, indicating that the sound speed assigned to the working point material
(cl = 2730 m/s) maybe somewhat too high. With the exception of station 25
(384 m range, gage TM5, Fig. 16), the experimental data for which appear
questionable, the computed peak and pulse width of the initial wave train are
in reasonably good agreement with the experimental data. Not unexpectedly,
features of the subsequent wave structure are in somewhat poorer agreement.

Examination of the radial velocities (upper right plot) reveals a distinct
secondary peak along the unload from the initial pulse that is present at some
stations (e.g., Fig. 13, 191 m range), but not in others (e.g., Fig 17, 392 m
range); comparing gages at similar ranges but different azimuths suggests that
this feature varies ss follows: gages located NNW of the source exhibit this
secondary pulse, while those NE of the source have smooth primary unload
behavior. For example, contrast the first-pulse behavior in the experimental
radial velocity traces (short dashed line) in Figs. 18 (406 m range) and 17 (392 m
range), Figs. 21 (460 m range) and 19 (438 m range), Figs. 24 (512 m range) and
23 (504 m range); the first cited figure in each of these pairs is located NNW
of the source and exhibits the secondary radial velocity peak, while the second
is located ENE at approximately the same range yet shows smooth unload
behavior. Similar features were found by App & Brunish [7] in comparisons
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Figure 12: Experimental and computational free-field results at 114 m, Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (mS/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 114 m
range from the NPE WP. Only the first 1 s of the calculated results are depicted.
The solid lines denote the CE simulations; the long dashed lines represent the
NE simulations; the short dashed line represents the NPE data coHectcd by
LANL P-15 [21], gage TM34. There was insufficient gage data (only NO.2 s) at
this location to compute the RVP and RVP spectrum.
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Figure 13: Experimental and computational free-field results at 191 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 191 m
range from the NPE WP. Only the first 1 s of the calculated results are depicted.
The solid lines denote the CE simulations; the long dashed lines represent the
NE simulations; the short dashed line represents the NPE data collected by
H. D. Garbin of SNLA [22], gage IH6.
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Figure 14: Experimental and computational free-field results at 201 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (mS/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 201 m
range from the NPE WP. Only the first 1 s of the calculated results are depicted.
The solid lines denote the CE simulations; the long dashed lines represent the
NE simulations; the short dashed line represents the NPE data collected by
H. D. Garbin of SNLA [22], gage IH7.
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Figure 15: Experimental and computational free-field results at 228 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 228 m
range from the NPE WP. Only the first 1 s of the calculated results are depicted.
The solid lines denote the CE simulations; the long dashed lines represent the
NE simulations; the short dashed line represents the NPE data collected by
LANL P-15 [21], gage TM7.
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Figure 16: Experimental and computational free-field results at 384 m. Shown
are the radial acceleration (m/s2 ), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (mS/s) vs. reduced
time (s), and RVP spectrum (m3) VS.frequency (Hz) at shot dePth ad 384 m
range from the NPE WP. Only the first 1 s of the calculated results are depicted.
The solid lines denote the CE simulations; the long dashed lines represent the
NE simulations; the short dashed line represents the NPE data collected by
LANL P-15 [21], gage TM5. The validity of the experimental radial data at this
station appears questionable.
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Figure 17: Experimental and computational free-field results at 392 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/sz), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 392 m
range from the NPE WP. Only the first 1 s of the calculated results are depicted.
The solid lines denote the CE simulations; the long dashed lines represent the
NE simulations; the short dashed line represents the NPE data collected by
LANL P-15 [21], gage TM9.
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of calculated results with experimental waveforms for MISTY ECHO, located
approximately 250 m due south of the NPE. Comparing six different gages,
these authors noted the same azimuthal dependence that we see in the NPE
waveforms, and suggested that the bedding of the stratigraphic units may be
responsible for this behavior. Specifically, App & Brunish suggest that the more
complex release features of waveforms from gages downdip (roughly NW) are
due to reflected waves from the vitric unit (Tt5 in Fig. 2), the boundary of
which is considerably closer to gage level along this azimuth; correspondingly,
along strike (roughly NE) the stratigraphy is more nearly uniformly horizontal,
so the waveforms more closely match the waveforms App & Brunish computed
with the horizontal layering they assumed. Our findings are consistent with this
hypothesis; moreover, at closer-in locations (e.g., Fig. 13), the small plateau in
the computed radial velocity upon unloading from the first peak is similar to
the secondary peak seen in the data.

Vertical velocity traces (middle right plot) display somewhat leas agree-
ment between data and calculation than the radial velocity. As shown in Fig-
ures 13 (191 m range), 14 (201 m range), and 15 (228 m range), the vertical
velocity exhibits an initial downward pulse in both data and calculation; at
all subsequent gage locations (range 384 m and beyond), however, the initial
vertical pulse is upward. At all stations, the amplitude of the computed initial
vertical velocity is lower than the corresponding datrq the width of the initial
pulse, however, is approximately correct. Much of the structure evident in the

first WI s of the vertical velocity waveforms ia related to the layering, with the
impedence mismatch between the Tt4 (working point) and Tt5 (above) units
presumed to be the significant contributor; these effects are evident when com-
pared with the uniform material calculation, which we discuss later.

As observed by Olsen & Peratt [23], the magnitude of the axial and trans-
verse tunnel-level motion captured in the LAN L P-15 data set is nearly com-
parable to that of the radial motions, which suggests a si~nificant departure
from spherical symmetry. Although our cylindrically symmetric calculations do
not admit transverse motions, the axial motions we compute are of essentially
the same amplitude aa the experimental axial data. Olsen & Peratt [23] specu-
late that scattering processes due to medium inhomogeneities contribute to this
effect, which is observed to increase with propagation distance.

Figure 29 is a record section plot of the free-field radial velocity vs. time, in
which the ordinate for each trace haa been normalized (so that, e.g., only gross
structure should be compared), with the solid lines representing computed wave-
forms and the dotted lines denoting the experimental data. In this figure, the
arrival of the calculated front is early relative to the data at ranges greater
than z 100 m (indicating that the ascribed sound speed of the WP material is
too high). Greater decorrelation is evidenced in the experimental data, which
include stations at varying azimuths, as opposed to the calculated waveforms,
which admit identification of related structures induced by both imposed cylin-
drical symmetry and horizontal layering. Figure 30 contains the same data at
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Figure 18: Experimental and computational free-field results at 406 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 406 m
range from the NPE WP. Only the first 1 s of the calculated results are depicted.
The solid lines denote the CE simulations; the long dsshed lines represent the
NE simulations; the short dashed line represents the NPE data collected by
LANL P-15 [21], gage TM26.
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Figure 19: Experimental and computational free-field results at 438 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (m9/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 438 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dashed lines represent the NE simulations; the short dashed line represents the
NPE data collected by LANL P-15 [21], gage TM8.
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Figure 20: Experimental and computational free-field results at 451 m. Shown
are the radial acceleration (m/sz ), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 451 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dashed lines represent the NE simulations; the short dashed line represents the
NPE data collected by LANL P-15 [21], gage TM25.
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Figure 21: Experimental and computational free-field results at 460 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 460 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dashed lines represent the NE simulations; the short dashed line represents the
NPE data collected by LANL P-15 [21], gage TM13.
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Figure 22: Experimental and computational free-field results at 475 m. Shown
are the radial acceleration (m/sz ), radial velocity (m/s), vertical accelera-
tion (m/sz), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 475 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dashed lines represent the NE simulations; the short dashed line represents the
NPE data collected by LANL P-15 [21], gage TM24.
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Figure 23: Experimental and computational free-field results at 504 m. Shown
are the radial acceleration (m/sz), radial velocity (m/s), vertical accelera-
tion (m/sz), and vertical velocity (m/s) vs. time (s), RVP (mg/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 504 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dashed lines represent the NE simulations; the short dashed line represents the
NPE data collected by LANL P-15 [21], gage TM14.
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Figure 24: Experimental and computational free-field results at 512 m. Shown
are the radial acceleration (m/sz), radial velocity (m/s), vertical accelera-
tion (m/sz), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 512 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dsshed lines represent the NE simulations; the short dashed line represents the
NPE data collected by LANL P-15 [21], gage TM1.
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Figure 25: Experimental and computational free-field results at 676 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 676 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dashed lines represent the NE simulations; the short dashed line represents the
NPE data collected by LANL P-15 [21], gage TM1O.
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Figure 26: Experimental and computational free-field results at 724 m. Shown
are the radial acceleration (m/sz), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 724 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dashed lines represent the NE simulations; the short dsshed line represents the
NPE data collected by LANL P-15 [21], gage TM12.



Figure 27: Experiment al and computational free-field results at 758 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical acceler&
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (mS/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 758 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dashed lines represent the NE simulations; the short dashed line represents the
NPE data collected by LANL P-15 [21], gage TM1l. Although the data at this
station appear irreparably damaged, we include them for completeness.
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Figure 28: Experimental and computational free-field results at 1099 m. Shown
are the radial acceleration (m/s2), radial velocity (m/s), vertical accelera-
tion (m/s2), and vertical velocity (m/s) vs. time (s), RVP (m3/s) vs. reduced
time (s), and RVP spectrum (m3) vs. frequency (Hz) at shot depth and 1099 m
range from the NPE WP. The solid lines denote the CE simulations; the long
dashed lines represent the NE simulations; the short dashed line represents the
NPE data collected by LANL P-15 [21], gage TM15.
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stations greater than 100 m from the WP, but the traces have not been normal-
ized (demonstrating primarily the geometric divergence effect on amplitudes).

Comparisons of these waveforms with those of a CE calculation in which
the layering was omitted and the WP Tt4 unit assumed throughout the entire
geologic medium, sugge@, as expected, that material layering haa a relatively
small effect on the radial signal near the source, while cert tin waveform feat urea
vertically near the source and both radially and vertically at greater ranges are
probably related to the layered lithology. Shown in Figs. 31 and 32 are plots of
the radial (left) and vertical (right) velocity (m/s) vs. time (s) for the layered
geology CE simulation (solid lines), the uniform geology CE simulation (long
dashed lines), and the experimental data (short dashed line) at selected free-field
stations between 70 m and 724 m range. The radial velocity plots in Fig. 31
show negligible differences between the uniform and layered CX<S at 70 m, but
a small yet significant difference at 191 m and 228 m: the post-initial-peak
“plateau” evident in the data and the layered calculation is not present in the
uniform calculation, suggesting that this feature is related to wave reflection
(probably from the nearby dissimilar Tt5 unit above). The ;ertical velocity
plots in Fig. 31 exhibit, as expected, little structure in the uniform calculation
when compared to either the layered calculation or the experimental data. The
stations farther out, shown in Fig. 32 show that the peak radial velocity values
for the uniform calculation are z25$Z0greater than those of either the layered
calculation or data, i.e., that layering acts (in this case) to attenuate the radial
signal. Furthermore, this figure demonstrates that layering has significant effects
out to the latest time of the simulations (and, presumably, to later times): both
radial and vertical velocity in the uniform calculation are relatively flat beyond
N 1 s, beyond which the experimental data and layered calculation continue to
exhibit significant structure.

As shown in Figs. 12-28, we have used the experimental data and computed
results to compute the seismic source function. As derived and discussed by,
e.g., Denny and Johnson [24] and examined, via numerical simulation of vari-
ous materials, by App [25] and Cherry et aL [26], the seismic source function
provides a low-dimensional model characterization of elastic wave propagation
from explosion sources. Assuming perfectly elastic material r~ponse, the re-
duced displacement potential (R.DP), denoted @, satisfies the spherical P-wave
equation, and can be computed from the radial displacement values as a func-
tion of the reduced time T ~ t– (r – Rc)/c~ >0, where R. is a location beyond
the elaatic radius and Ct is the longitudinal elastic wave speed. The reduced
velocity potential (RVP), denoted ~, is the reduced-time derivative of the RDP
and can be computed from the radial velocity data; following the work of many
others, we also consider the Fourier spectrum of the RVP.

The characteristics of the RVP we consider are: the zero-frequency RVP
spectrum value, which equals the final (i.e., r - co) value of the RDP and is
denoted ~m ([L3]); the RVP spectrum overshoot, 6~ ([L3]); the RVP spectrum
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