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CONTAINMENT ANALYSIS FOR THE SIMULTANEOUS 
DETONATION OF TWO NUCLEAR EXPLOSIVES 

Abstract 

In this report, we examine the 
explosive phenomenology associated 
with the simultaneous detonation of 
two 2.2-kt nuclear explosives and 
present a comprehensive spatial-time 
pictorial of the resultant shock-wave 
phenomenology. The explosives were 
buried at depths of 200 m and 280 m, 
corresponding to a separation of 
approximately 4 final cavity radii. 
Constitutive relations for the sur
rounding medium were derived from the 
geophysical logs and core samples 
taken from an actual emplacement 
configuration at the Nevada Test Site. 
Past calculational studies indicate 
that successful containment may 

GENERAL REMARKS 

This report is part of a continu
ing effort by Lawrence Livermore 
Laboratory (LLL) to understand the 
effects of an underground nuclear 
explosion on the surrounding geology. 
The motivation for this effort was 
the requirement that radioactivity 
from any nuclear explosion must be 
contained below the earth surface and 
must not leak to the atmosphere. 
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depend upon the development of a 
strong tangential-stress field (or 
"containment cage") surrour'ing the 
cavity at late times. We present a 
series of conditions that must be met 
to insure formation of this cage. 
Our calculational results, based on 
one- and two-dimensional finite-
difference codes of continuum mechan
ics, describe how each condition has 
been fulfilled and illustrate the 
dynamic sequence of events important 
to the formation of the containment 
cage. They also indicate, at least 
for the geological site chosen, that 
two nuclear explosives do not combine 
to threaten containment. 

For these studies, we assumed that 
the emplacement borehole was adequately 
designed and sealed so that any 
leakage was due to a failure of the 
geologic structure as a containment 
vessel. 

Evaluations and judgments concern
ing the successful containment of a 
scheduled underground nuclear explo
sive have, in the past, been based 
principally on the supposition that 

Introduction 



the geophysical properties, scaled 
depth of burial (SDOB), a.nd empirical 
values of the explosive phenomenology 
(e.g., cavity radius, ROB*) would 
coincide with one's knowledge of 
previous events that were successfully 
contained. A few prominent short
comings of such an approach are; 

a) There is a lack of basic 
understanding of the explosive 
phenomenology in relation to a vari
ation of geophysical properties, 
reflections off the free surface, 
proximity of faults, water tables, 
and paleozoic surfaces, in addition 
to other factors that may influence 
containment. 

b) New testing procedures (e.g., 
multiple shots) may generate concerns 
not previously considered and that 
suffer from a lack of previous 
experience. 

c) The testing program may be 
forced into new areas of the Nevada 
Test Site where previous experience 
is sparse or essentially nonexistent. 

Nuaerical modeling, provided by 
finite differencr codes (item (a)), 
is. considered the primary method for 
developing a basic understanding of 
containment problems. An important 
concept to emerge from the calcula-
tional effort has been that of a 

*ROB"« Radii of burial- • depth of 
burial/cavity radius. 

containment cage — a strong, compres
sive tangential-stress field that 
surrounds the cavity and extends for 
approximately one or more cavity 
radii behind the cavity wall. A 
strong containment cage will effect
ively keep the gases bottled up in 
the cavity an. prevent gas fracing 
into the surrounding media. Success
ful containment of one or more under
ground nuclear explosions may depend 
upon the integrity of the containment 
cage that surrounds the cavities. 
We introduce criteria to evaluate the 
effectiveness of calculated residual 
stress as a containment cage until 
chimney collapse occurs. In regard to 
item (b), calculational results are 
presented for the simultaneous deto
nation of two nuclear explosives that 
are assumed to be about four cavity 
radii apart and buried on the same 
vertical axis. Explosive-generated 
stress components, particle velocities, 
pressures, fracture formations and 
orientations, and other explosive 
phenomenology associated with a 
simultaneous detonation are presented 
as a function of time — in regions 
between the shots, near the upper 
cavity and between the upper cavity 
and surface. We are also endeavor
ing to improve the numerical 
models so that we can address with 
greater confidence those problems 
expected to arise in connection with 
item (c). 
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PROBLEM DEFINITION 

He set up a hypothetical problem 
co examine the possible consequences 
to containment from the simultaneous 
detonation of two nuclear explosions. 
He imagined that two nuclear devices 
were emplaced below the surface of 
the ground, one above the other, with 
the simplifying assumption that the 
drill hole was indistinguishable from 
the surrounding medium. The top 
device was located at a depth of 200 m 
and the lower device was at a depth 
of 280 m. The nuclear energy (yield) 
of each device was assumed to be 
2.2 kt. The geology and geophysical 
properties were obtained from the 
U2e£ site in Area 2 of the Nevada 
Test Site. This area, the depth of 
burial, and the yield range were con
sistent with our past experience with 
single detonations. The only dis
tinction between this study and prior 
experience was the simultaneous 
detonation of two nuclear explosives. 

METHOD OF ANALYSIS 

For more than a decade, computer 
programs have been under development 
to simulate a nuclear detonation and 
the effects of the resulting shock 
waves that propagate through the 
earth media. Two computer models, 

2 3 
SOC and TENSOR, are used exclusively 
in this study. SOC (one-dimensional) 
and TENSOR (two-dimensional) are 

finite-difference Lagrangian codes 
that integrate the conservation equa
tions of continuum mechanics in both 
time and space. These codes model 
the elastic response, plastic flow, 
and brittle failure of earth media 
under stress loads. 

We present the containment criteria 
for a single detonation and compare 
TENSOR calculation results from the 
double detonation to these criteria. 
A series of three-dimensional plots, 
showing the stress field, velocity 
field and tensile failure region as 
a function of two spatial coordinates 
at 10-ms intervals, illustrate the 
complete explosion phenomenology in 
both time and space. 

CONTENTS 

In the Calculational Method 
section, we describe how we modeled 
the problem on SOC and TENSOR; we 
also discuss initial conditions, 
boundary conditions, zoning, and 
necessary assumptions. The EOS 
section presents the equation of 
state (EOS) and shows how we developed 
it from the geophysical data measured 
in hole U2ef. In the Comparison 
section, we compare a coarsely zoned 
TENSOR calculation to a finely zoned 
SOC calculation to establish confi
dence in the spatial resolution of 
the TENSOR results. The Containment 
section provides a brief overall 
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description of containment phenom
enology and the criteria we used to 
evaluate the calculations from a 
containment point'of view. And in 
the. Results section, we present the 
TENSOR results in terms of explosion 
phenomenology and containment fea
tures. Appendix A shows a series of 
graphic plots, illustrating the 
interaction of the stress waves 

betwer.i the cavities. Similar graphic 
plots in Appendix B concentrate on 
wave propagation to the surface and 
the resulting spall phenomena. Appen
dix C shows a time sequence of pres
sure contours and the region of ten
sile failure as a function of time, 
and Appendix D shows a series of 
pressure and particle velocity histor
ies at selected points in the grid. 

Calculations! Method 

Figure 1 shows the physical con
figuration of the two simultaneous 
nuclear explosions that were simulated 
using numerical methods. Both devices 
were assumed, to lie on the same 
vertical axis at burial depths of 
200 m and 280 m; each had a auclear 
yield of 2.2 kt. Two basic assump
tions about the site are already 
incorporated in Fig. 1. The first 
assumption is that the emplacement 
hole was stemmed with material that 
matched the surrounding media to the 
shock response. Consequently, we 
needed no specific zoning to map the 
stemmed emplacement' hole. The second 
assumption, which we discuss in the 
following section, states that the 
surrounding media can be described 
by a single set of material proper-
ties. 

TENSOR took advantage of the 
symmetry about the Z-axis (vertical) 

200 /" 
Free surface 

-I *- 300 

<r Rigid boundary 

Z-axis 

Oj — R-axis 

-40 

-80 

-Rigid boundary-
-*. v-

i 

Fig. 1. Calculational geometry used 
in the numerical model for the 
simultaneous detonation of two 
nuclear devices. 



to reduce the problem to a two-
dimensional cylindrical geometry. 
In this regard, the Z-axis was 
treated as a reflective boundary. We 
were able to further simplify the 
TENSOR calculations by placing a 
reflective boundary halfway between 
the two devices to give an equivalent 
image of an equal energy device at 
the lower location. This permitted 
us to make the calculation with more 
zones in the region of interest 
between the midplane and the free 
surface. Initial zoning and boundary 
conditions for the TENSOR calculation 
are shown in Fig. 2. The axis of 
cylindrical symmetry extended from 
the surface to 40 m below the origin 
at the center of the nuclear source; 
the R-axis extended 300 m horizcntally 
from the origin. We choose the max
imum radial extent of the grid to 
eliminate boundary effects over the 
duration of the calculations. And 
we zoned the problem to give fine 
geometric zoning out to 30 m so that 
we could accurately handle the early 
high stresses. The outer portions 
of the calculations were geometrically 
zoned on a coarser basis because 
little compression was expected in 
this area. We chose this zoning to 
balance accuracy (zoc? size), time 
step (At), and total calculations! 
time. The zoning configuration 
(Fig. 2) also facilitated the removal 
of K-lines near the cavity, allowing 

us to increase the calculational time 
step (At) at later times in the 
problem. 

The zoning configuration shown in 
Fig. 2 took maximum advantage of the 
symmetry of the simultaneous detona
tion of two devices shown in Fig. 1. 
This permitted us to reduce the 
dimensions of the problem to the 
primary region of interest without 
any significant sacrifice of the 
shock wave interaction from the lower 
device; however, the dimensions of 
the problem were still large enough 
to require rather coarae zoning. To 
determine whether this coarser TENSOR 
zoning influences- shock propagation 
results, we performed a one-dimensional, 
SOC calculation for the upper device 
in a vertical direction toward the 
surface. The SOC calculation con
tained 800 zor.ss, compared to 175 
zones for TENSOR, between the working 
point (WP) at 200 m and the surface. 
The SOC results were compared with 
corresponding TENSOR results and the 
close agreement indicated that coarse 
TENSOR zoning does not appreciably 
affect cavity growth, shock propaga
tion, or spall depth. Both calcula
tions, initiated with 2.2 kt of 
energy deposited uniformly throughout 
a 2.65-m-diam sphere of vaporized 
rock (bubble), resulted in a cavity 
pressure of 108 GPa. The constitutive 
relations for the surrounding medium 
were identical. Because the practice 
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Fig. 2. Initial zoning and boundary 

of initiating calculations with a uni
form vaporized sphere has been shown 
to be accurate at distances greater 
than a few vaporization radii, we 

4 adopted, it for the present study. We 
compared, SOC and TENSOR calculations 
done in a vertical direction above the 

•0 20 40 60 80 100 120 140 
R-Axis - m 

R-Axis - m 

conditions for the TENSOR calculation. 

upper shot and prior to any arrivals 
from the lower nuclear explosion. 

The TENSOR calculation required 
3-1/2 h on a CDC 7600 computer to 
simulate 0.25 s of the explosion 
phenomenology. The SOC calculation 
required 20 mln of computer time. 



EOS for SOC and TENSOR Calculations 

The EOS input to the SOC and 
TENSOR calculations was obtained from 
averaged values of the physical 
properties for site U2ef using the 
Butkovich model. There was little 
variation in the physical properties 
for this site (Table 1) so we decided 
to use one.set of material properties 
to describe the medium from the 
lowest work point (280 m) to the 
surface. The averaged properties 
used for U2ef are shown on the last 
line of Table 1 and vibroseis meas
urements of the travel time vs depth 
are shown in Fig. 3. If we ignore 
the top 50 m of Fig. 3, the slope 
corresponds to a sonic velocity of 
approximately 1632.4 m/s. Using a 
single material-property model sim
plified the calculations and the 
associated analysis by eliminating 

1 0 0 -

3 0 0 -

400 

\ I V i i i i i 

v .^Slope = 
\ / 1632.4 m/s 

i 
i 

i 
V ^ - 2 8 0 m" 

, . 1 . 1 , 

Fig. 

0.08 0.16 0.24 
Travel time - sec 

3. Vibroseis record. 

0.32-

the complex interaction that may be 
induced by layering of the media. 

The average material properties 
(Table 1) and a 1632.4-m/s sonic 

3 velocity were sufficient input to 
the Butkovich model to generate 
pressure-compressibility (P-u) and 

Table 1. Measured and calculated physical properties for U2ef. 
represents the averaged values for this site. 

The last line 

Measured Computed 
Sample Bulk Grain Gas 
depth Water density density Porosity Saturation porosity 
(m) (wt %) (Mg/m3) (Mg/m3) (vol X) (vol %) (vol %) 

0-162 9.06 1.99 2.65 31.61 57.16 13.54 
162-177 8.37 2.03 2.65 29.91 56.78 12.93 
177-288 10.30 2.00 2.58 30.32 68.03 9.69 
288-328 11.48 1.87 2.55 35.07 61.19 13.61 

0-280 9.743 1.981 2.61 31.62 61.04 12.32 



•hear-strength-pressure (K-P) response 
to shock loading. The P-U results 
are shown In'Figs. 4 and 5. One ' 
important parameter that the Butkovich 
model provided was the elastic limit 
P„ » 10 MPa; however, this value may be 
in error by as much as 100Z since it 
was not substantiated with experi
mental measurements. The elastic 
limit parameter affected the timing 
of elastic and peak arrivals in the 
low stress ranges but had relatively 
little effect on the wave interaction 
near the cavity since the shock 
strength far.exceeded the elastic 
limit. The K-P response, shown in 
Fig. 6, was modified from the . 
Butkovich model to give shear failure 
at the elastic limit of 10 MPa. The ' 
elastic-constant values important to 
our calculations were an elastic 
strength (P„) of 10 MPa, an uncon-
fined compressive strength of 6 MPa, 
a maximum shear, strength (K) of 6 
MPa, a tensile strength (T ) of 

0.6 

toO.4 

aiO.2-

. 111 1 1 1 | 1 1 1 1 ' " 1 ' U 
„, ' /!-

' ,, / 1 -
/ i 

• • / • • ' i -

/ i 
-

. ) 
/ 1 -

/ i 
• • / • • ' i -

/ i 

-*• ' ! •+* j .i i i. L I - M . 

S i / 

I . / l I I' 
0.04 0.08 0.12 0.16 

;(p/P5 - u 

0.11 MPa, Poisson's ratio (v) of 0.25, 
and a sonic velocity (C ) of 1632.4 
m/s. And, we used the same material 
response to shock propagation for 
both the SOC and TENSOR calculations. 

Fig. 5. P-u curve to 200 GPa for 
U2ef medium. 

Fig. '4. P-U curves to 0.6 GPa for 
U2ef medium. . 

100 200 300 
Pressure - MPa 

Fig. 6. K-P loading and unloading 
curve for U2ef medium. , 
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TENSOR and SOC — A Comparison 

GENERAL REMARKS 

A comparison between SOC and 
TENSOR was desirable for two basic 
reasons. The first was to insure 
that small differences in the physics 
and nvuerical scheme between the two 
codes (t lide from one- to two-
dimensional effects) had a negligible 
effect on the results. The second 
specifically addressed whether the 
coarser zoning used for TENSOR played 
a major role in the TENSOR results. 

The general physics and equation-
of-state models were essentially the 
same in both SOC and TENSOR, the one 
exception being that SOC has a scheme 
for vaporizing the water in the rock 
and allowing the steam and crushed 
rock mixture to expand on release. 
The water in the rock is vaporized 
whenever the stress exceeds 10.0 GPa. 

The SOC calculation was designed 
to model the TENSOR calculation along 
the vertical axis of symmetry between 
the source and the free surface in a 
direction opposite from the image 
source because any two-dimensional 
effects from the image source in this 
region would be minimal and thus a 
direct comparison could be made. The 
overburden stress and body force 
(gravity) were included in both cal
culations. Gravity in TENSOR is 
correctly represented as a downward 

force while in SOC, it is a spherical 
force converging on the center of 
the source. The TENSOR calculations 
simulated a time span of 252 ms after 
detonation compared to 400 ms for the 
SOC calculations. 

INITIAL CONDITIONS AND ZONING 

This subsection is a brief synopsis 
of the initial conditions and zoning 
described in greater detail in the 
Calculational Method section. The 
initial source for both TENSOR and 
SOC was a sphere of vaporized rock 
(SiO ) at an initial density and 

^ 7 
uniform pressure of 1.08 Mbars. 
The sphere had an initial radius of 
2.65 m and a total internal energy 
of 2.2 kt. Identical adiabatlc 
release paths were used for the SiO. 
gas in both calculations. The SOC 
source had 13 zones of 0.2 m while 
the TENSOR source had 10 zones of 
0.25 m along any radii. The entire 
zoning of the TENSOR calculation was 
shown in Fig, 2. 

The region outside the source was 
geometrically zoned for both the SOC 
and TENSOR. That is, zones were small 
near the source but increased in size 
with distance at a constant ratio. 
Figure 7 shows tiie initia] zone size 
for both SOC and TENSOR in the region 
along the axis of symmetry between 
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0.1 _i i 

: (a) (b) M=ree -
surface-

.. 1... I.l U. 1 i_i_d—i i_u. 
10 100 
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1000 

Fig. 7. Zona aize vs range for SOC 
and TENSOR. The vaporized rock 
boundary (initial cavity) is 
indicated by (a); the vaporized 
water boi ndary (cavity of SOC only) 
is indicated by (b). 

the source and the free surface. SOC 
had 800 zones along this axis and 
TENSOR had 175 zones. TENSOR had a 
total of 8750 zones to cover the 
entire two-eJ'menaional region. 

interface, separating the vaporized 
rock (SiO, gas) and the rock-vaporized 
water, is denoted by (SiO./HjO). The 
second interface, that separates the 
rock-vaprrized water from the solid 
rock, is denoted by (H20/ROCK). 

Figure 8 shows the position of the 
above interfaces as a function of 
tine for both SOC and TENSOR. Two 
curves are shown for TENSOR. Cavity 
growth in the vertical direction 
toward the free surface (8 - 0°) and 
the horizontal direction (9 « 90°) 
were identical and are therefore 
represented by one curve. The second 
curve shows the cavity growth in the 
direction of the image source (6«180°); 
this will be discussed further in 
the Results section. The agreement 
between SOC and TENSOR (6 • 0, 90) 
was excellent and the small differ
ences were easily accounted for by 

CAVITY GROWTH 
To compare the cavity growth 

between the SOC and TENSOR calcula
tions, it is necessary to define the 
interface that forms the cavity 
surface. In TENSOR, the cavity is 
defined by the interface between the 
SiO, gas and tie solid rock. There 
exists in SOC, however, an additional 
interface caused by the shock 
vaporization of water in the rock 
out to a distance of 7.4 m from the' 
center of the source. The.first 

1 ' 1 ' 1 ' 1 
E 

y 
ra

di
us

 -

12 
/ SOC (HgO/rock) 
f -*- SOC (Si0 2/H 20) 

+> 
> 

_ - • - Tensor (e = 0, 90) 
o Tensor (e - 180) 

? . 1 . 1 . 1 . 1 
0 100 200 300 400 

Time — ms 

Fig. 8. Cavity radius vs time for 
SOC and TENSOR. 
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the water vaporization routine in 
SOC. The final cavity pressure for 
both SOC and TENSOR was 42 bars. 

PRESSURE AND VELOCITY HISTORIES 

A comparison of the pressure and 
velocity histories at various points 
in space was the critical test to 
determine if (a) the physics were 
essentially the same in both codes, 
outside of zoning differences and 
(b) the TENSOR was adequately zoned 
so that it could carry the frequency 
content of the wave. In regions 
where one-dimensional effects pre
dominated, the SOC calculation was 
considered to provide our best 
approximations to reality; thus, it 
was desirable that the TENSOR 

calculation compare closely with the 
SOC calculation. 

Figures 9-13 show the comparison 
between TENSOR and SOC in mean stress 
vs time at distances from the source 
of 25, 40, 68, 125, and 170 m, 
respectively. The TENSOR results 
were overplotted on the SOC computer 
plots (see App. D). The same radii 
were used for a comparison of the 
velocity histories shown in Figs. 14-
18. A comparison of the free-surface 
velocity directly above the source is 
shown in Fig. 19. And, Figs. 20-22 
show the pressure that existed along 
the vertical axis at 0.06, 0.1 and 
0.16 s, respectively. The TENSOR 
pressure field was taken along a 
radius about 10° from the vertical. 

120 , ' 1 ' 1 ' 1 ' 1 
SOC ~~ 

10 
a. 

TENSOR . 

E 
1 80 

at 
s-
3 

-

V) 
1> 

^ 40 -

v. r*»* -
• V* r 1^^! . J 

100 200 
Time -

300 400 200 300 
Time — ms 

Fig. 9. Pressure vs time for radius 
nearest r • 25 m. 

Fig. 10. Pressure vs time for radius 
nearest r = 40 m. 
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Fig. 11. Pressure vs time for radius Fig. 12. Pressure vs time for radius 
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Fig. 13. Pressure vs time for radius Fig. 14. Velocity vs time for radius 
nearest r « 170 m. nearest r « 25 m. 
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CONCLUSIONS 

The physics of SOC 2 and TENSOR 
were essentially the same. The one 
exception, water vaporization in 
SOC, had a minimal effect on the 
results, accounting for slightly 
larger cavities in the SOC calcula
tions. The zoning for TENSOR was 

sufficient to provide close agreement 
between wave forms and magnitudes of 
the outgoing shock compared with 
those obtained from the much finer 
zoned SOC calculation. This compari
son established a high degree of 
confidence with the cir rse zoning in 
the TENSOR calculation. 

Containment Phenomenology 

GENERAL REMARKS 

Detonation of a nuclear device 
deep below the earth's surface pro
duces a nearly spherical pressurized 
cavity that contains radioactive 
products from the nuclear explosion. 
If the radioactive products are not 
released to the atmosphere, then the 
explosion is said to be contained. 
A radioactive release may occur 
either through the geologic structure 
or through man-made openings such as 
an emplacement hole. However, we are 
concerned only with the effects of 
a nuclear explosion on the geologic 
structure and evaluating it as a 
containment vessel. 

We present a set of criteria for 
a containment model as -"'• working 
hypothesis. These criteria are com
bined with concepts of earth-motion 

14 15 phenomenology ' to establish a 
method for evaluating the containment 
prospects of a proposed nuclear 

event. As such, this method of 
evaluation is subject to change and 
modification as warranted by continued 
study of new and existing data. 

8,9 EXPLOSIVE PHENOMENOLOGY 

The following scenario of the 
earth motion following a nuclear 
detonation is based on numerical 
calculations and supporting evidence 
from measurements and observation of 
nuclear detonations. The processes 
that lead to chimney formation are 
primarily conjecture. 

A large stress discontinuity 
(shock wave) is created by the 
release of the internal energy of 
the nuclear device on detonation. As 
the shock wave propagates into the 
medium, it compresses the rock, 
distributing internal and kinetic 
energy as it moves outward. The 
energy of the wave decays with dis
tance from the source and the state 
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of the rock changes In proportion to 
the energy deposited. The rock is 
vaporized immediately around the 
source and this Is followed by a 
region of melt. Crushed and frac
tured rock extends outward a consid
erable distance beyond the region 
of melt. At greater distances, the 
shock propagates elastically without 
altering the state of the rock. The 
shock wave develops the conditions 
for formation of a large cavity 
around the source and Imparts momen
tum to the rock through which it 
travels. As the shock wave encounters 
impedance contrasts, inherent in the 
geologic structure, compressive, 
shear, and/or tensile waves are 
reflected back toward the source. A 
tensile wave is reflected when the 
shock wave reaches the ground surface, 
causing the rock to spall, and 
creating a fractured region that may 
extend to a considerable depth below 
the surface. 

After full cavity expansion has 
taken place, the surrounding rock 
rebounds back toward the cavity and 
produces a region around the cavity 
where the tangential stress is com
pressive and large compared to the 
cavity pressure. Due to wave 
reflections and stored elastic strain, 
the rock may go through a period 
of oscillations that are damped by 
internal friction. The final dynamic 
cavity pressure may vary between one 

third to twice the initial overburden 
pressure, depending on the mechanical 
properties of the surrounding rock. 
Several seconds after detonation, all 
dynamic motion ceases and the earth is 
reasonably quiet. This quiet period 
can last minutes to hours before the 
cavity collapses and the chimney is 
formed. 

Cavity collapse is poorly under
stood at the present time. Some 
cavities never collapse, some only 
partially collapse, and some collapse 
to the surface or until the bulked 
rock fills the available void volume 
created by the cavity. The time of 
collapse after detonation can vary 
from a few minutes to a few years. 

The conditions at the end of the 
dynamic motion phase are deduced from 
numerical calculations. A residual 
stress, existing in the rock sur
rounding the cavity, creates a 
relatively stable structure. With 
time, this residual stress is expected 
to relax due to creep and flow of the 
rock under the stress load. The 
greater the creep and flow character
istics of the rock, the faster the 
stress relaxes. Coincidental with 
the above changes, the cavity gases 
cool with a resultant pressure drop. 
If the cavity cools to a point where 
a significant amount of the gas con
denses, then the cavity pressure may 
drop rapidly. Variations in the 
relaxation time of the residual 



stress and the decay of the cavity 
pressure could account for the large 
variation in collapse time that have 
been observed. 

INTERVALS OF CONTAINMENT HAZARDS 

Three intervals of different 
containment hazards are proposed on 
the basis of the above scenario. 
These are; 

• The interval of dynamic motion 
• The precollapse interval 
• The postcollapse interval. 

The premise for our discussion of the 
above intervals is the assumption 
that the longer the gas remains in 
the cavity, the less threatening it 
is to containment. The interval of 
dynamic motion represents the period 
when the most severe radioactive 
releases occur since it is during 
this time that the cavitv gases are 
at their highest temperatures and 
pressures. Preferential cracks, 
through which the gas can pass, are 
also developed within this interval 
and may be kept open or enlarged by 
the gas pressure. The cavity gas 
may take several minutes to reach 
the surface, but will result in a 
dynamic vent with cavity gas and rock 
debris being ejected at high velocity. 

The precollapse interval is that 
time between the end of the dynamic 

motion and just before the cavity 
collapse. The severity of radio
active releases initiated during this 
interval may vary from the dynamic 
vent described above, to a slow re
lease of cavity gas through open 
fissures or spall fractures, depend
ing on whether the gas escapes the 
cavity region in seconds after the 
detonation or in tens of minutes. If 
the gas remains in the cavity for 
several hours, the threat to contain
ment is low and is reduced to a 
porous flow of noncondensable gases 
(like CO,) in the cavity. 

The postcollapse interval is pri
marily a porous flow problem of non-
condensable gases in the cavity. The 
collapse usually exposes a larger 
surface of cool rock on which con
densation is expected to occur. 
Unless significant amounts of non-
condensable gases exist, porous flow 
is not viewed as a serious contain
ment threat. 

In summary, the greatest hazard 
to containment is assumed to be the 
dynamic vent through singular open 
fractures or fissures caused either 
by earth motion or by a high cavity-
gas pressure. Gas escaping from the 
cavity that may lead to a vent can 
occur during the dynamic motion 
interval or a short time after motion 
ceases within the precollapse interval. 
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CONTAINMENT MODEL 

It is proposed that one could 
evaluate the quality of the cavity 
as a containment vessel on the basis 
of the residual-tangential stresses 
surrounding it. If a large, com
pressive, residual-tangential stress 
surrounds the cavity, the cavity 
gases could not create a fracture 
path toward the surface. And xong 
as the magnitude of the hoop stress 
exceeds the cavity pressure, the 
gases should be contained in the 
cavity. This concept led to the 
residual-tangential stress being 
named the containment cage. 

Some recent experimental evidence 
supports the containment-cage con
cept. Field experiments by Lynn 
Tyler of Sandia and laboratory 
experiments by Alex Florence of SRI 
demonstrated that a region of hoop 
stress exists for a relatively long 
period of time (minutes to days) 
around high-explosive-generated 
cavities. Florence hydraulically 
pressurized both explosion-produced 
and nonexplosion cavities under 
identical conditions and found that 
the cavities produced by an explosion 
required'approximately twice the 
pressure of nonexplosion cavities to 
create a hydrofracture. 

Calculations for nuclear detona
tions indicate the development of 
similar hoop-stress regions 

surrounding nuclear cavities. If 
these regions remain stable, they are 
expected to be as resistant to frac
ture propagation by the cavity pres
sure as those of the laboratory 
experiments. Several hundred nuclear 
detonations have been performed at 
the Nevada Test Site; only five of 
these vented through the geologic 
structure. The containment-cage 
concept provides a physical explana
tion for both the good containment 
experience and the dynamic vents. 
Calculation of the most notorious 
dynamic vent, Baneberry, showed a 
complete loss of the containment cage 
and an open path between the cavity 
and the surface that was consistent 
with the actual vent path. Although 
the vent did not occur at the surface 
until 3.5 min after the detonation, 
the leak path and the loss of the 
containment cage were clearly evident 
in the calculations within the first 
second after detonation. 

All calculations are terminated 
near the end of the dynamic motion, 
spanning only a relatively short 
time of what is hypothesized as the 
danger interval to containment. Thus 
criteria are needed to evaluate the 
residual stress state in the rock and 
the cavity pressure at the end of 
the calculation in order to provide 
guidance on the threat to containment 
that might occur at late times. 
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CRITERIA FOR EVALUATING THE CONTAIN
MENT CAGE AT LATE TIMES 

The following calculational con
tainment criteria for single detona
tions have been proposed on the basis 
of the above discussion. It should 
be pointed out that a subtle change 
in the definition of containment as 
given in the general remarks has 
taken place in the preceding discus
sion. From a dynamic calculational 
point of view, containment is defined 
by conditions that would keep the 
gases in the cavity. 

• The rock surrounding the 

detonation point must have sufficient 

strength to support the compresaive-

hoop stress. This is important in 
evaluating the regions or layers 
within the containment cage area as 
to their creep or flow character
istics and their possible negative 
effects on the stability of the cage. 

• The hoop stress at all points 

around the cavity, to a distance of 

two oavity radii from the detonation 

point, must exceed the cavity 

pressure. This is a primary require
ment in order to classify the 
residual-stress state as a contain
ment cage. 

• The containment cage must 

develop before any significant ten

sile reflections arrive. This is to 
eliminate the possibility of gas 
escaping the cavity early in the 

dynamic-motion phase, creating a 
situation that is far different than 
the one being calculated and analyzed. 

• The radial stress must be less 

than the hoop stress and must have a 

stable configuration. Parameter 
18 

studies define a stable configura
tion as a formation having a radial 
stress of maximum compressive magni
tude at two or more cavity radii from 
the detonation point. The magnitude 
exceeds the cavity pressure and 
ensures a stress gradient that 
opposes the cavity pressure and 
locks in the hoop stress. 

• The containment cage must 

maintain its integrity until the 

velocity field in the containment-

cage region is near zero and has 

survived several damped oscillations 

without change. This will ensure 
that the calculation has covered all 
possible dynamic motion. 

If the calculation of a proposed 
event meets these five criteria, the 
event should be contained; if any one 
of these criteria is violated, contain
ment may be threatened as determined 
calculationally. The criteria for 
multiple detonations are essentially 
the same. The containment cage for 
a multiple detonation is, for a 
period in the calculation, more 
cylindrical than the near-spherical 
cage of a single event. Strong shock 
wave interaction between the charges 
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and the possible merging of 
stress waves above them may affect 
the timing, development and 
stability of the containment cage. 
There may be significant differ
ences in cavity growth between 
single and multiple detonations, 

tensile reflection may be stronger, 
and the depth of spall may be 
greater. In the following sections, 
we will investigate the effect of 
all these factors on a containment 
cage produced by a multiple nuclear 
explosion. 

of symmetry. The figures in Appendix 
A, used extensively for this discus
sion, show the magnitude of the prin
cipal stresses and the particle 
velocity as a third dimension on a 
two-dimensional coordinate grid. 
This resulted in a three-dimensional 
isometric plot of the stress and 
velocity field. We have combined 
two-dimensional vector plots of 
stress and particle velocity with 
these figures to aid in the analysis. 
Each set of figures Is shown at 
10-ms intervals, providing an almost/ 
movie-like pictorial of the sequence 
of events following the detonation. 
The topographical figures are shown 
at a point below the detonation point 
and off-axis and illustrate both the 
axis of symmetry and the midplane. 
This view emphasizes the cavity 
growth, the stress-wave interaction, 
the flow of material between the 
cavities, and the formation of the 
containment cage. One can also see 

Results of TENS) 

GENERAL REMARKS 

We will explain the phenomenology 
associated with the detonation of two 
nuclear explosives by use of two- and 
three-dimensional graphics". This is 
necessary since the dynamic effects 
needed to understand the phenomenology 
and its impact OP containment are 
occurring almost simultaneously in 
different regions of space. 

Our approach is to first present 
a brief description of the timing 
sequence for the shock-wave propaga
tion along the axis of symmetry. He 
will discuss the effects of material 
properties on shock-wave structure 
and the timing of important phenom
enology associated with shock-wave 
propagation and will follow this 
with a discussion of the near-cavity-
region phenomena. 

The region near the cavity 
extended from 40 m above the upper 
detonation point to the midplane and 
80 n radially outward from the axis 
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that the first three containment 
criteria have been satisfied. 

Our next topic of discussion (see 
figures in App. B) will cover a 
wider time scale and will entail 
looking at a larger region in space. 
This expanded region extended from 
the surface to the midplane and a 
distance of 240 m radially outward 
from the axis of symmetry. These 
figures show a view emphasizing wave 
propagation to the surface, develop
ment of the full containment cage, 
development of tensile fractures, 
spalling of the free surface, and 
tensile rarefaction from the free 
surface. One can also see that the 
fourth and fifth criteria of contain
ment have been satisfied. 

A discussion of spalling phenomena 
and tensile fracturing will be sup
plemented by the figures in Appendix 
C. These figures show a two-
dimensional pressure-contour map of 
the grid, isometric plots of the 
tensile-strain and pressure fields, 
and regions of tensile fracturing. 
The orientation and condition (open 
or closed) of the fractures can 
generally be determined as a function 
of time. These mappings provide a 
chronological picture of the explo
sive phenomenology, illustrate the 
development of the crucial contain
ment cage, and assist the reader in 
obtaining a dynamic perspective of 

events following the simultaneous 
detonations. 

WAVE PROPAGATION _JTO TIMING SEQUENCE 

The calculation (described in the 
Calculational Method section) concen
trated on the upper explosive and 
treated the lower explosive as an 
image source, using a reflective 
boundary on the midplane between the 
detonation points. Stress and par
ticle velocity histories, monitored 
at various points along the vertical 
axis of symmetry from the midplane 
between the sources to the free sur
face, are shown in Appendix D. The 
timing sequence of shock-wave propa
gation along the axis of symmetry was 
developed from this information and 
is shown in Fig. 23. The ordinate 
gives the distance in metres both 
above (positive) and below (negative) 
the upper source and the abcissa 
gives the time after detonation in 
milliseconds. 

After the nuclear explosive had 
been detonated, the surrounding medium 
was vaporized to a radius of 2.65 m. 
The spherical expansion of gas vapors 
propagated the shock into the medium. 
This spherically divergent shock wave 
can be roughly divided into three 
types: 

• Hydrodynamic 
• Elastic-plastic 
• Pure elastic. 
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Hydrodynamic shock propagation 
occurred in that region where pres
sures in the shock front exceeded 
500 MPa (5 kbars), which was far in 
excess of material strengths for the 
medium. The shock velocity also 
exceeded the elastic sound speed so 
that the rise time of. the shock front 
was. short and no precursor' occurred. 

Approximately 16 m fron the detona
tion point, the peak pressure in the 
shock front decayed below 500 MPa and 
a transition to elastic-plastic shock 
propagation occurred. At that dis
tance, the velocity of the shock 
front dropped below the elastic-
sound velocity and an elastic precur
sor with an amplitude of 10 MPa or 

less .preceded the main shock. The 
elastic precursor propagated the rest 
of the way to the surface with a sonic 
velocity characteristic of the medium. 
Pressures behind the precursor were 
still sufficient to cause plastic 
deformation of the medium. This 
elastic-plastic shock propagation., 
illustrated in Figs. Dl, D2, and D3 
of App. D, corresponded to points 
along the axis of symmetry (above 
the HP) at 25 m, 39 m, and 66 m, 
respectively. As these figures 
indicate, the pressure and velocity 
in the main shock continued to decay 
and the distance between the precur
sor and the peak of the main shock 
increased as the shock wave propa
gated toward the surface. 

The magnitude of the main shock 
attenuated to less than 10 MPa at 
about 90 m above the WP; then the 
entire wave propagated elastically 
to the surface. The wave took the 
form of a broad f-lat pulse, having a 
precursor and main shock wave of 
about the same amplitude, (Figures 
D4 and D5 show the elastic wave form 
in this region.) This broad compres
sive pulse impinged on the free 
surface from 110-140 ms, reflecting 
back as a tensile wave and spalling 
the medium to a 90-m depth or 110 m 
above the WP. The effect of a 
rarefaction (tensile) wave from the 
surface is readily seen in Fig. D6 
for a point a few metres below the 
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surface. Spalled regions near the 
surface trapped segments of the shock 
wave and significantly reduced its 

19 amplitude and duration. The spall 
process terminated 110 m from the UP 
and coincided with the 166-ms arrival 
of the first two elastic rebound 
waves. Elastic rebound waves (Fig, 
23), initiated near the expanded 
cavity surface between 100 and 120 
ins, corresponded to a relaxation of 
the highly compacted medium in this 
region. The velocity field was also 
undergoing reversal during this time 
interval, resulting in the initial 
development of a containment cage 
above the upper cavity. 

Have propagation between the 
sources is illustrated in Figs. D7, 
D8, and D9. The precursor first 
arrived at the midplane between the 
sources at 18 ms; the peak of the 
precursor arrived at approximately 
23 ms (Fig. D9). The reflected pre
cursor (i.e., from the image source) 
traveled only about 5 m from the 
midplane, where it was masked by the 
arrival of the main shock wave from 
the upper source. At 40 ms, the main 
shock wave arrived at the midplane 
with a peak stress of 35 MPa, which 
doubled to 70 MPa. Since much of the 
porosity between the detonation 
points had been removed, the shock-
propagation velocity of the reflected 
wave now increased. The reflected 
main shock wave (representing the 

image source) arrived at the lower 
hemisphere of the upper cavity 
between 50-58 ms. Figure 8 (cavity 
radius vs time) shows no asymmetrical 
effects occurred during this time 
interval due to the reflected shock 
wave. The lower hemisphere of the 
upper cavity had an 18-m radius at 
60 ms, which corresponded to approxi
mately 90% of its final size. 

PHENOMENOLOGY AROUND AND BETWEEN 
THE SOURCES 

Our discussion of phenomenology 
covers the stress wave interaction 
between the sources, the flow of 
material along the midplane between 
the sources, the possible flow of 
cavity gas from one cavity to the 
other, and the initial formation and 
development of the containment cage. 
As the topographic mapping of the 
stress and velocity fields in Appen
dix A will be used extensively in 
this discussion, the reader should 
review it at this time. 

A simulated detonation, described 
in the Calculational Method section, 
creates a high intensity shock wave 
that propagates spherically outward, 
attenuating rapidly with distance. 
The precursor, shown in its develop
ment stage in Figs. A2-3 (at 10 and 
20 ms respectively), is most evident 
in hoop stresses T.. and T-. Radial 
stress, T„, was the most compressive. 
The scale of the figures_is such that 
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the peak of the main stress wave is 
not shown. The full interaction of 
the precursor at the midplane 
occurred at 30 ms (Fig. A4), result
ing in a radial outward flow of mate
rial parallel to the midplane (Fig. 
A4(c)). The principal stress orien
tation (Fig. A4(a)) shows that the 
most compressive stress was radial 
around the detonation point, except 
in a region near the midplane extend
ing out to about 30 m from the axis 
of symmetry. Here, the most compres
sive stress (T„) was normal to the 
midplane. 

At 40 ms (Fig. AS), the main shock 
reached the midplane, increasing the 
outward flow tangent to the midplane. 
The peak of the precursor along the 
midplane axis is clearly evident at 
R - 55 m In Figs. A5(d) and (f). At 
this time, the hoop stress, T,, was 
about half the most compressive 
stress, T_. We can follow the effect 
of the stress wave from the image 
source in time, by observing the 
orientation of the velocity vectors 
In section (c) of each figure set. 

Velocity vectors below the horizon of 
the upper shot point are rotated with 
time from the downward direction to 
the horizontal and then to a slightly 
upward direction. 

A careful examination of the 
stress-orientation plot at 50 ma 

(Fig. A6(a)), in the region of space 

bounded by Z » -30 to -40 and R « 0 
to 20 m, reveals the position of the 
main stress wave from the image source. 
The TA plot (Fig. A7(a)) clearly 
shows the image shock arriving at the 
lower surface of the upper cavity at 
60 ms. 

The material between the cavity 
and the midplane, along the axis of 
symmetry, was in the process of 
unloading at 60-80 ms. Most of the 
pore space initially in the rock in 
this region had been squeezed out and 
the highly compacted crushed rock 
was assumed (in the model) to be 
incapable of supporting any tensile 
stress. Once the rock in this region 
had unloaded, it lost much of its 
capability to expand by elastic re
bound. Continued radial flow near 
the midplane then opened up cracks 
that may have established communica
tion between the two cavities. 
Figure A8 (70 ms) shows this fracture 
process beginning and increasing in 
Figs. A8-10. Two orientations of 
open fractures were possible (Fig. 24) 
on the basis of the principal stress 
state shown in the above figures. 
In the R—Z—<p coordinate system, a 
series of fractures concentric to the 
Z-axis extended from the cavity to 
the midplane and opened in the R 
direction. This formed a series of 
cylindrical fracture surfaces out to 
10 a from the axis of symmetry. 
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Fig. 24. Fracture orientation 
between cavities. 

Using the same coordinate system, we 
found another set of vertical frac
tures in planes extending from the 
Z-axis radially outward to a distance 
of 50 m; these fractures opened in 
the <f) direction. Our analysis of the 
stress state only enabled us to infer 
orientation of the fracture and not 
the connectivity of the individual 
fractures. The calculation did not 
predict the number, width, or length 
of the fractures. These open frac
tures began to close at approximately 
120 ms and will be discussed later. 

At 100 as, some interesting phe
nomena began to appear in other 
regions of the grid. If we refer to 

Figs. All(c) and All(e), we can see 
a region near the cavity boundary at 
Z = 0 where material began to rebound 
in toward the cavity. The velocity 
vectors in the region above the upper 
hemisphere of the cavity were essen
tially points indicating zero velo
city. The velocity field in these 
two regions was the first indication 
that a containment cage was about to 
form. If we compare Figs. All(a) 
(100 ms) and A-12(a) (110 ms), we 
can see a 90° rotation occurred in 
the principal stress orientation around 
the upper hemisphere of the cavity 
during this time interval. The least 
compressive principal stress, T 1, 
which was tangential to the cavity 
surface at 100 ms, became normal to 
the cavity surface at 110 ms. The 
maximum compressive stress, T_, changed 
its orientation in a corresponding 
manner. Thus, T„ became the tangen
tial stress around the spherical 
cavity while T became the radial 
stress in the spherical geometry of 
the cavity. The containment cage 
developed rapidly and the containment 
criteria given in the Containment 
section were fulfilled. 

The velocity-vector plot at 100 ms 
has two other interesting features 
that one can follow in time. If we 
refer to Fig. All(c), we can see that 
the region near R « 60 m and Z, 
varying between 0 and -40 m, had a 
number of velocity vectors rotated 

-25-



toward the free surface. This rota
tion was caused by the main shock 
wave from the image source. In Fig. 
A12(c) (110 ms), we can see that 
the rotation occurred at approximately 
R » 72 m and we can follow the sequen
tial figures that show the shock waves 
propagating outward with time. The 
peak stress that caused this rotation 
of the velocity vectors was small 
compared to the main shock from the 
upper source and was essentially 
riding on the back part of the wave. 

The other interesting feature of 
the velocity-vector plot was the curl 
or circular orientation of velocity 
vectors just below the cavity at R « 
20 m in Figs. All(c) and A12(c). The 
physical origin for this curl effect 
was the interaction between the out
ward flow of material between the 
sources and the rebound of material 
occurring elsewhere around the cavity 
region. He attached no special sig
nificance to this behavior, except 
as a transient condition leading to 
the flow in Fig. A13(c) at 120 ms. 

The general flow of material, first 
observed at 120 ms in Fig. A13(c) and 
continuing until 140 ms, was benefi
cial to containment for several rea
sons. First, the flow toward the 
cavity strengthened and broadened 
the containment cage' surrounding the 
detonation point. The flow was caused 
mainly by the elastic rebound of the 
medium and partly by the gravitational 

body forces in the region above the 
upper cavity. The spherical conver
gence of the flow tended to lock in 
and increase the hoop stresses. 

A second benefit to containment 
was the flow toward the axis of 
symmetry below the cavity. The two 
fracture systems between the cavities 
discussed earlier were closed by this 
flow and the stresses built up again 
in this region. At 140 ms (Figs. 
A15(b), (d) and (f)), stresses built 
up along the axis of symmetry below 
the cavity; the two fracture systems 
in this region should have already 
closed. The fractures could have 
been open a total of 60 ms. If we 
assume that the fracture system were 
a single, straight open fracture 
capable of accepting any flow rate of 
cavity gases to the midplane, then a 
flow rate in excess of 600 m/s would 
be necessary for the cavity gas to 
reach the midplane between the 
sources. We view this scenario for 
connectivity between the cavities as 
unlikely, but we cannot completely 
rule it out. 

Figure A16 (at 160 ms) shows that 
all the containment criteria defined 
in the Containment section had been 
fulfilled. All TA's (Fig. A16(a)) 
were radial to the cavity, indicating 
tangential stress was the most com
pressive stress. The magnitude of 
the 200-bar tangential stress greatly 
exceeded the cavity pressure of 43 
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bars and the overburden stress of 
~40 bars. The velocity field around 
the source region was near zero and 
was flowing inward toward the cavity. 

The containment cage was relatively 
thick and continuous around the detona
tion points with no apparent region 
of weakness. We continued the prob
lem for another 90 ms to a total time 
of 252 ms in order to examine the 
stability of the containment cage. 

PHENOMENOLOGY BETWEEN THE UPPER 
SOURCE AND THE FREE SURFACE 

Our discussion of phenomenology 
between the upper source and the 
free surface covers the stress state 
of the full grid as the wave propagates 
to the free surface. We also cover 
various types of fracture regions 
created by the detonation and discuss 
spalling of the free surface. The 
calculation is analyzed to its time 
of completion at 252 ms and the con
tainment cage is shown to be stable. 
The time sequential figures in App. 
B and C will be used extensively in 
this discussion. 

Although the coordinate system 
for the calculation was cylindrical, 
the coordinate system for the princi
pal stress system associated with 
the shock wave was spherical. 
Figures Bl(b), (d), and (f) through 
B10(b), (d), and (f) show the iso
metric mapping of the principal 

stresses as the shock wave propagated 
toward the free surface. The minimum 
compressive stress in the R-Z plane 
(T1) and the hoop stress normal to 
the R-Z plane (T,) were essentially 
identical and formed the two hoop 
stresses of a spherical wave. The 
maximum compressive stross in the 
R-Z plane, T, (part (d) of the above 
figures), was the radial stress of 
the spherical wave and was generally 
greater in magnitude and different 
in form than the two hoop stresses for 
the first 100 ms. The peak of the 
radial stress wave, T , was at 86 m 
(Fig. 23) at 100 ms. In Fig. B10(d), 
the peak of the radial stress wave is 
discernible only as a slight inflec
tion in the slope of the stress vs 
distance along the Z-axis. The cor
responding hoop stresses (Fig. B10(b) 
and (f)) were less than the initial 
overburden stress. These low hoop 
stresses were a result of the diver
gent radial displacement caused by 
the precursor. 

Isometric mapping for the pressure 
and volumetric strain (DVO) for the 
first 100 ms are presented in Figs. 
CI through C10. Peak stress values 
far exceeded the material strengths 
over the first 40 ms and there was 
little relative variation in values 
for the three principal stresses. 
The pressure during that time was a 
fair representation of any given 
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principal stress. After 40 as, the 
•aterial strengths began to differ
entiate between the principal stress 
components and the pressure topo
graphic contour took on its own 
characteristic fora. The region 
between the cavities underwent the 
greatest volumetric strain during 
the first 100 as. This was also a 
region of significant fracturing, as 
was discussed earlier. 

Figures Bll-14 (110 to 140 ms, 
respectively) show the hoop stresses 
are zero in back of the main shock 
wave, indicating that spherically 
radial tensile fractures were open
ing up in this region. The maximum 
volunetric strain resulting from the 
opening of these tensile fractures 
between 110-140 ms is shown in Figs. 
Cll(c)-14(c). (fe could not determine 
the width, length, and number of 
fractures from the calculation, 
however, we could obtain the volu
metric increase due to the fractures 
from the maximum volumetric strain 
parameter (DVO) (see the (c) sections 
of the figures App. C). Figure 25 
provide, a selective summary of DVO 
changes over the first 200 as from 
App. C as an aid to discussion. The 
maximum volume increase due to these 
radial fractures was less than 0.001 
of the initial volume during the first 
140 ms. 

Spalling of the free surface was 
initiated at 130 ms by the arrival of 

the peak of the precursor at the 
surface. The spalling process in the 
calculation differed significantly 
from a simple analytical solution of 
a plane triangular pulse reflecting 
from a free surface. With the small 
tensile strength of 0.11 MPa assumed 
in the calculation, the analytical 
solution for spall formation should 
have predicted a series of thin 
horizontal spall layers to a depth of 

half the wave length of the imping-
19 ing shock wave. However, the 

TENSOR calculation showed that the 
first fractures to form at the 
surface were oriented normal to the 
surface. Figure B14(b) and (f) shows 
the hoop stresses (T. and T,) were 
zero near the surface, while the 
radial stress (T.) was still compres
sive. The radial fracture system 
that developed behind the shock wave 
is shown about to link up with the 
radial fracture system induced by 
reflections from the surface at 
140 ms. 

The first fracture tangential to 
the free surface developed at 152 ms 
and spall proceeded both upward and 
downward from this point (see Fig. 
23). Figure B15 shows the two 
radial fracture systems joined at 
160 ms; by 180 ms (Fig. B16), the 
entire spall process was complete 
along the axis of symmetry. 

The pressure contour plots in 
App. C, starting with C15 at 160 ms 
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Fig. 25. Regions of tensile failure (DVO) at selected times. (Axes are 

calibrated in units of 10 metres.) 
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through C21 at 252 ms, graphically 
show the extent of spall in both 
space and time. The peak spall 
velocity was 1.5 m/s at SGZ. Between 
180 ms (Fig. B16) to 252 ms (Fig. 
B21), the stress field at depth slowly 
stabilized to overburden stresses 
with some recompaction of the spalled 
region. The containment cage 
remained stable and relatively un
changed during this interval. 

. The calculation was terminated at 
252 ms when reflections from the 
outer boundaries at 300 m appeared in 
the region of interest. Figure B21 
shows the velocity field subsurface 
at essentially zero and a strong 
stable containment cage completely 
surrounding the detonation points. 
The containment cage extended to >2 
cavity radii with a peak stress if 
150 bars. Comparing this stress o 
ttu cavity pressure of 43 bars shows 
that containment of the cavity gases 
in the cavity was assured. 

CALCULATION SUMMARY 

We have tried to provide a complete 
spatial and time-dependent picture of 
the dynamics following the simultane
ous detonation of two nuclear explo
sives and we will review and 
emphasize the important aspects of 
those calculations with respect to 
containment for the upper nuclear 
explosive. Interaction from the 
lower explosive has only a minor 

influence on containment and thus 
will be omitted from the discussion. 
We refer the reader to Fig. 25, which 
provides a selective overview from 
Appendix C of the DVO changes for 
the first 200 ros, and to Fig. 26, 
which is a schematic of the fracture 
system. 

Cavity growth and associated 
spherical ground shock (from expansion 
of the nuclear explosive energy) 
produce three general fracture 
regions: 

• A region of shear fractures 
extending from the cavity to about 3 
cavity radii. Although highly frac
tured, this region experiences 

iv 
Spall 
fractures 

Radial tensile 
fractures outer 
boundary 

Shear 
fractures 
outer boundary 

Fig. 26. An open and connected 
fracture may lead to containment 
failure. 
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significant compaction from the large 
shock amplitudes and consequently 
registers little tensile volumetric 
strain (<10~ 4). This region corres
ponds to the unshaded area outside 
the cavity region in the 200-ms 
picture of Fig. 25. 

• A region of radial tensile 
fractures existing 3-6 cavity radii 
from the working point (WP). These 
cracks originate via hoop stresses 
or spherical divergence. 

• A spall fracture region extend
ing from the surface and overlapping 
the radial-fracture region. Reflec
tion from the surface of the radial 
shock wave produces the horizontal 
fractures and spherical divergence 
from mound growth accounts for the 
vertical or radial fractures. 

One might incorrectly conclude, 
based just on the results shown in 
Figs. 25 and 26, that an open but 
tenuous leakage path existed between 
the cavity and the surface. An 
important element missing in Fig. 26 
is the fact that calculations 
indicated a residual stress field or 
containment cage surrounding the 
cavity at late times that tended to 
close up the fractures. Figure 27 

illustrates the stress history of a 
point within the region of the con
tainment cage. The point was initially 
in a state of stress determined by 
the overburden. Arrival of the nuclear 
driven shock wave severely compressed 
the medium and caused large radial 
displacements. At later times, the 
medium began to rebound and resulted 
in a residual tangential stress field 
that compressed the shear fractures 
produced earlier. Figure 28 indicates 
the final stress state as a function 
of range prior to cavity collapse. 
The large tangential stresses outside 
the cavity region constituted the 
containment cage that prevented 
leakage of radioactive gases from 
the cavity. 

Overburden 
Time -

Fig. 27. Stress history of a point 
within the containment-cage region. 
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Fig. 28. The containment cage is a region of high residual hoop stress 
surrounding the cavity. 

Summary and Conclusions 

This report summarizes our cal-
culational effort to describe the 
explosive phenomenology associated 
with the simultaneous detonation of 
two nuclear explosives. The motiva
tion for this study was to examine 
the possible consequences; if any, 
to containment of a multiple shot. 

Both nuclear explosives were 
located on the same vertical axis 

with the upper one centered at a 
200-m DOB and the lower one at a 
280-m DOB. We made maximum use of 
symmetries in the cylindrical geometry 
with rigid boundaries along the Z-axis 
and in a horizontal plane midway 
between the two shots. With the mid-
plane treated as a rigid boundary, 
the lower source became an image 
source for the explosion at a 200-m 
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DOB. This allowed us to concentrate, 
for better resolution, all the zones 
between the midplane and the surface 
and between the axis of symmetry 
(Z-axis) out to a radial distance of 
300 m. The boundary at 300 m was far 
enough removed that reflections from 
it were not a problem in the region 
between the explosive sources and the 
surface for the duration of the 
calculations. The medium throughout 
the above calculational region was 
assumed to be homogeneous and was 
modeled on the averaged geophysical 
properties for U2ef of the Nevada 
Test Site. Because the properties 
for the U2ef site -were fairly homo
geneous, the above assumption is a 
reasonable one in the numerical 
model. 

We assumed that containment for 
one (or more) underground nuclear 
explosion(s) depended upon the 
integrity of a containment cage 
surrounding the explosion(s). And, 
we presented a set of conditions that 
must be satisfied to ensure successful 
development of the cage. The dis
cussion of calculational results 
following the set of containment 
criteria identifies how each condi
tion has been met. 

CONTAINMENT CRITERIA 

• The medium surrounding the 
detonation point must have sufficient 
strength to support the hoop stress. 

• The hoop stress must exceed 
the cavity pressure. 

• The containment cage must 
develop before the arrival of any 
significant tensile reflections. 

• The hoop stress must exceed 
the radial stress. 

• The containment cage must 
maintain its integrity until the 
velocity field is near zero. 

The shear strength of the surround
ing medium was conservatively esti
mated as 6.0 MPa. This value 
exceeded the 2-3-MPa strength neces
sary to support the hoop stress, 
satisfying the first criterion. 
Calculational results at 160 ms were 
essentially sufficient to show that 
the remaining containment criteria 
were met. At that time, all the T, 
stress orientations were radial to 
the cavity, indicating the hoop stress 
was the most compressive stress, 
which satisfies the fourth criterion. 
The magnitudes for the hoop stress 
of 200 bars greatly exceeded the 
cavity pressure of 43 bars or the 
overburden stress of =40 bars, thus 
satisfying the second criterion. The 
tensile reflection wave from the 
surface at =200 ms arrived in the 
cavity region well after development 
of the containment cage and satisfied 
the third criterion. Finally, the 
velocity field around the source 
region was near zero and flowing 



toward the cavity, which satisfied 
the fifth criterion. 

If there were any break in the 
containment cage, it would have been 
between the two cavity regions. At 
approximately 80 ms, we observed two 
sets of fractures with different 
orientations between the two cavity 
regions. One series of fractures, 
concentric with the Z-axis, extended 
from the cavity to the midplane in 
the R-directlon; this formed a series 
of cylindrical fracture surfaces 
observed out to a distance of 10 m 
from the Z-axis. The other set of 
vertical fractures, open in the if 

direction, were observed in planes 
extending from the Z-axis radially 
outward to a distance of 50 m. 
Our calculation, however, did not 
predict the size or length of 
the fractures. These fractures 
began to close at approximately 120 
ms, but a remnant of their presence 
could still be seen at 160 ms by 
the low values for the principal 
stresses between the cavity and 
midplane near the axis of symmetry. 
Some brief communication could have 
occurred between the cavities but 
would have had a negligible 
consequence for containment. 
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-Appendix A: Time Sequence of Stress-Wave Interaction Between the Sources 

This appendix concentrates on the 
region in the vicinity of the cavity 
including the region between the 
cavity and the midplane. A series 
of "snapshots" of the calculational 
grid at specific times illustrate 
the stress and velocity field as a 
function of time and space. 

The stress tensor acting on a 
small incremental volume in a cylin
drical coordinate system has nine 
components. Symmetry arguments for 
the stress tensor reduce these to the., 
six components in Fig. Al: T , T , 
T.j- and T , T . and T ,. Since the <P9 . rz rep z<j> 
problem under consideration is 
axiaily symmetric, no displacement 
occurs in the <)> direction. Under 
these conditions T , and T , are 

rep zcj) 
always zero, leaving only four com
ponents of the stress tensor — three in the r-z plane (T , T and T ) r rr zz rz 
and one normal to the r-z plane 
(T..). The three components in the. 
r-z plane are reduced to two com
ponents by a coordinate transforma
tion to yield principal stresses T 1 

and T_. This transformation to 

principal stress coordinates is given 
by 

T + T 
If r r

2
 Z Z + Q 

where Q 
/ T 2 - T \ 2 

/ rr zz I 
\ 2 / 

1/2 

Since Q is positive definite and the 
sign convention taken for compressive 
stress is negative, T„ is always more 
compressive than T . This leads to 
the following definition 

• T 1 is the most tensile stress 
in the r-z plane. 

• T„ is the most compressive 
stress in the r-z plane. 

• T. is the hoop stress acting 
normal to the r-z plane. 

The direction of t 1 with respect 
to the r axis is given by 6, where 

The particle velocity is represented 
by 

u » (u,v) 

where 
u « component of u in the r 

direction 
v =• component of u in the z 

direction 

T + T rr zz and the magnitude of the particle 
velocity is given by 
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SP , 2 . 2,1/2 (u + v ) 

This appendix contains 15 sets of 
six figures representing a specific 
time after detonation from 10-140 ms 
in 10-ms intervals and one set at a 
time of 160 ms. Each set of six 
figures (a), (b), (c), (d), (e), and 
(f) corresponds to the six variables 
(6, T 1 > u, T 2, SP, and T 3 > respec
tively). Figure A2 illustrates the 
first set 10 ms after detonation. 

The corresponding figures in each 
of the 15 sets in this appendix have 
identical coordinate axes. The 
TENSOR cycle and time in seconds are 
shown at the top of each figure in 

each set. Figures (a) and (c) show 
vertical planes extending from the 
Z-axis to a radial distance of 140 m 
and from the midplane (at -40 m) to 
a height of 100 m above the upper 
shot point. Figures (b), (d), (e) 
and (f) represent a shorter version 
of the same vertical plane, but have 
a third axis indicating the variable 
identified earlier. Please NOTE, 
the variable in these four figures 
has been truncated in relation to the 
extent of the third axis. The view 
for these four figures is from below 
the midplane. Table Al summarizes 
the pertinent variable and axial 
dimensions for each figure as an aid 
in correlating the results. 

Table Al. A summary of pertinent variable and axial dimensions for figures 
shown in Appendix A. 

r-axis z-axis 
Figure Variable (m) (m) Third axis 

(a) e 0 to 140 -40 to 100 
(b) 

u 
0 to 80 -40 to 40 0-16 MPa a 

(c) u 0 to 140 -40 to 100 b 
(d) T2 0 to 80 -40 to 40 0-20 MPa 
(e) SP 0 to 80 -40 to 40 0-lt) m/s 
(f) T3 0 to 80 -40 to 40 0-10 MPa 

1.0 MPa - 10 bars. 

Unit - m/s. 
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Fig. Al. Physical diagrams showing 
stress tensor nomenclature and 
relationships. 
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Fig. A2. Views of the calculational grid at 10 ms after detonation. 
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Fig; A3. Views of the calculational grid at 20 ms after detonation. 
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Fig. A4. Views of the calculational grid at 30 ms after detonation. 
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Fig. A5. Views of the calculational grid at 40 ms after detonation. 
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Fig. A6. Views of the ca lcu la t lona l grid a t 50 ms a f t e r detonat ion. 
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Fig. A7. Views of the calculational grid at 60 ms after detonation. 
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Fig. A8. Views of the calculatlonal grid at 70 ms after detonation. 
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Fig. A9. Views of the calculational grid at 80 ms after detonation. 

-46-



(a) 
Opening 

T I K a.oo-oa 

t i u i i t i t t i r t t / 
\ \ i t i n t u i t u * 

Wi't'MV////////.: Ill t-ff//////ssssss. /If fff///SSSSSSSS*. 
tltf//f///s/s,-.— '' ' fff/s/s.- • • -

(c) (d) 

Opening 

(e) (f) 

Fig. AlO. Views of the calculational grid at 90 ms after detonation. 
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Fig. All. Views of the calculational grid at 100 ms after detonation. 
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Fig. A12. Views of the calculational grid at 110 ms after detonation. 
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Fig. A13. Views of' the calculational grid at 120 ms after detonation. 
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Fig. A14. Views of the palculational grid at 130 ras after detonation. 
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Fig. A15. Views of the calculational grid at 140 ms after detonation. 
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Fig. A16. Views of the calculational grid at 160 ms after detonation. 
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Appendix B: Time Sequence of Stress-Wave Interaction Between the 
Midplane and the Surface 

This appendix covers the history 
of shock phenomenology from the mid-
plane between the two explosions to 
the surface and out to a radial 
distance of 240 tti from the axis of 
symmetry. Although the calculational 
grid extends to 300 ra in the radial 
direction, the region between 240 m 
and 300 m will be omitted for better 
definition in the above region of 
interest. 

This appendix contains 21 sets of 
six figures representing specific 
times from 10-252 ms. The 252 ms 
corresponds to the time at which the 
problem was terminated. Each set of 
six figures, (a), (b), (c), (d), (e), 
and (f), corresponds to the six 
variables (6, T , u, T.,, SP, and T , 
respectively). The reader is 
referred to App. A for the definition 
of these six variables. Figure Bl 
illustrates the first set at 10 ms 
after detonation. 

The corresponding figures in each 
of the 20 sets in this appendix have 
similar coordinate axes. The TENSOR 
cycle and time in seconds are shown 
at the top of each figure in each 
set. Figures (a) and (c) show vertical 
planes extending from the Z-axis to a 
radial distance of 240 ra and from the 
midplane (at -40 m) to the surface 
(at 200 m) above the upper shot point. 
Figures (b), (d), (e), and (f) repre
sent the same vertical plane, but have 
a third axis indicating the corres
ponding variable. Please NOTE, at 
early times, the variable in these 
four figures has been truncated in a 
relation to the extent of the third 
axis. The view for Figs, (b), (d), 
and (f) is from above the surface and 
the view for Fig. (e) is from below 
the midplane. Table Bl summarizes the 
pertinent variable and axial dimen
sions for each figure as an aid in 
correlating the results. 

-54-



Table Bl. A summary of pertinent variable and axial dimensions for figures 
shown in Appendix B. 

r-axis z-axis Third axis 
Figure Variable (m) (m) (m) 

(a) 6 0 to 240 -40 to 200 
(b) T1 0 to 240 -40 to 200 0-25 MPa a 

0 to 240 -40 to 200 0-20 MPa b 

_ c 
(c) u 0 to 240 -40 to 200 
(d) T 2 0 to 240 -40 to 200 0-25 MPa a 

0 to 240 -40 to 200 0-20 MPa b 

(e) SP 0 to 240 -40 to 200 0.1-100° 
(f) T 3 0 to 240 -40 to 200 0-25 MPa a 

0-20 MPa b 

Figs. B.'.-14. 
bFigs. B14-20. 
Units in m/s. 
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(c) 

(b) 

(e) (f) 

Fig. Bl. Time sequence of stress-wave interaction between midplane and free 
surface at 10 ms. 
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Crcic I30E. Tire g.DD' 

CCLC I10S. 

(d) 

Fig. B2. Time sequence of stress-wave interaction between midplane and free 
surface at 20 ms. 
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e s • • 10 12 iu is le eo 

(c) 

(e) 

(d) 

.ME J.oo-w 

( f ) 

Fig. B3. Time sequence of stress-wave Interaction between mldplane and free 
surface at 30 ms. 
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(b) 

(d) 

(e) 

Fig. B4. Time sequence of stress-wave interaction between midplane and free 
surface at 40 ms. 
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(e) 

Fig. B5. Time sequence of stress-wave interaction between midplane and free 
surface at 50 ms. 
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Fig. B6. Time sequence of stress-wave interaction between midplane and free 
surface at 60 ms. 
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(a) (b) 

CYCLE ? 7 W 

(c) 

CrClE 279B. 

(e) (f) 

Fig. B7. Time sequence of stress-wave interaction between midplane and free 
surface at 70 ms. 
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e ?a se en 

(b) 

I f f S DC-3, 

(c) (d) 

(e) 

Fig. B8. Time sequence of stress-wave interaction between midplane and free 
surface at 80 ms. 
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(f) 

Fig. B9. Tine sequence of stress-wave interaction between midplane and free 
surface at 90 ms. 
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(e) 

Fig. BIO. Time sequence of stress-wave interaction between midplane and free 
surface at 100 ms. 
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Fig, Bll. Time sequence of stress-wave interaction between midplane and free 
surface at 110 ins.' 
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Fig. B12. Time sequence of stress-wave interaction between midplane and free 
surface at 120 ms. 
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Fig. B13. Time sequence of stress-wave interaction between midplane and free 
surface at 130 ras. 
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Fig. B14. Time sequence of stress-wave Interaction between mldplane and free 
surface at 140 ms. 
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Fig. B15. Views of mapping at 160 ms showing the joining of the two fracture 
systems. 
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Fig. B16. Views of mapping at 180 ms showing the entire spall process complete 
along the axis of symmetry. 
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Fig. B17. Views of mapping at 200 ms showing the stress field at depth 
stabilizing to overburden stresses with recompaction of the spalled region. 
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Fig. B18. Views of mapping at 225 ms showing the stress field at depth 
stabilizing to overburden stresses with recompaction of the spalled region. 
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Fig. B19. Views of mapping at 230 ms showing the stress field at depth 
stabilizing to overburden stresses with recompaction of the spalled region. 
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Fig. B20. Views of mapping at 240 ms showing the stress field at depth 
stabilizing to overburden stresses with recompaction of the spalled region. 
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Fig. B21. Views of mapping at 252 ms showing the stress field at depth 
stabilizing to overburden stresses with recompactlon of the spalled region. 
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Appendix C: Time Sequence Showing Pressure-Wave and Volumetric-Strain 
Effects 

This appendix represents a sup
plement to App. B, since it presents 
the pressure history and maximum 
volumetric strain (DVO) over the same 
time span (10-252 ms) and spatial 
region given in App. B. We feel that 
this appendix is particularly effec
tive in illustrating the spalling 
induced by the tensile wave, gener
ated when the radial stress wave is 
reflected from the free surface. 

The value of pressure is obtained 
for each time step (or TENSOR cycle) 
and each zone from the relation 

P = - — (T + T + T ) 3 v 1 2 y 

where T., T-, and T, are the three 
principal stresses. Pressure is a 
scalar quantity representing a mean 
for the trace of the tensor matrix 
and is invariant with respect to 
coordinate transformation. 

The quantity DVO is termed the 
"maximum volumetric strain due to 
tensile failure" and is primarily 
useful as a dimensionless figure of 
merit indicating the extent of ten
sile damage. The incremental strains 
within each zone are calculated at 
each time step and converted to 
incremental stresses via a general
ized HooKe's Law. The resulting 
principal stresses are then compared 
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with the tensile strength of the 
material. If one or more of the 
principal stresses exceed the tensile 
strength, they are relaxed toward a 
state of zero stress, thereby model
ing the opening of a fracture normal 
to the respective principal stress 
direction. The corresponding relaxa
tion of the mean stress is simply 
the average of the changes in the 
three principal stresses. The change 
in mean stress is converted to a 
volumetric strain by dividing by the 
bulk modulus of the matrix material. 
DVO is the sum of these volumetric 
strains and is a monotonically 
increasing function of time. 

This appendix contains 21 sets of 
three figures representing specific 
times from 10-252 ms. Reference to 
Fig. CI will aid in the following 
discussion. The dimensions of the r 
coordinate are identical in each 
figure; the same is true for the 
z coordinate. The first two figures 
of each set portray the pressure as 
a function of radial and vertical 
distances. Different shadings in 
the first figure indicate the pressure 
(isobar) contour boundaries for the 
two-dimensional r-z grid. This 
figure also shows the coarse zoning 
at large radial distances when the 
overburden pressure exceeds 2.5 MPa. 



The second figure has the same two-
dimensional r-z coordinates, but a 
third axis is used to indicate the 
pressure. The third figure of each 
set illustrates the parameter DVO as 
the third axis as a function of the 
r-z coordinates. 

The TENSOR cycle and time in 
seconds are shown at the top of each 
figure in each set. The last two 
figures in each set are views from 
above the surface; to provide a 
change of perspective, the SVO plots 
at 0.225 and 0.230 s are views from 
below the midplane. 

(a) 

Overburden h 

(b) 

(c) 

r 

Fig. CI. Pressure and DVO contour 
plots at 10 ms. 
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C'CIE 16-J. '!"£ 

(a) (a) 

(b) (b) 

(O 

Fig. C2. Pressure and DVO contour 
plots at 20 ms. 

Fig. C3. Pressure and DVO contour 
plots at 30 ms. 
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(c) W 

(e) ( f ) 

Fig. C4. Pressure and DVO contour 
plots at 40 ms: 

Fig. C5. Pressure and DVO contour 
plots at 50 ms. 
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(a) (b) 

(c) (d) 

(e) ( f ) 

Fig. C6. Pressure and DVO contour 
plots at 60 ms. 

Fig. C7. Pressure and DVO contour 
plots at 70 ms. 
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Fig. C8. Pressure and DVO contour 
plots at 80 ms. 

Fig. C9. Pressure and DVO contour 
plots at 90 ms. 
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(a) (b) 

(c) w 

(e) (f) 

Fig. CIO. Pressure and DVO contour 
plots at IOC TQS. 

Fig. Cll. Pressure and DVO contour 
plots at 110 ms. 
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(a) (b) 

(c) (d) 

(e) (f) 
Fig. Ci2. Pressure and DVO contour 
plots at 120 ms. 

Fig. C13. Pressure and DVO contour 
plots at 130 ms. 
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(a) (b) 

Fig. C14. Prr.ssure aud DVO contour 
plots at 140 ms. 

Fig. C15. Pressure and DVO contour 
plots at 160 ms showing the extent 
of spall in time and space. 
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Fig. C16. Pressure and DVO contc •>. 
plots at 180 ms showing the extent 
of spall in time and space. 

Fig. C17. Pressure and DVO contour 
plots at 200 ms showing the extent 
of spall in time and space. 

-86-



a* 
(a) 
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Fig. C18. Pressure and DVO contour 
plots at 225 ms showing the extent 
of spall in time and space. 

Fig. C19. Pressure and DVO contour 
plots at 230 ms showing the extent 
of spall in time and space. 
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Fig. C20. Pressure and DVO contour 
plots at 240 ms showing the extent 
of spall In time and space. 

Fig. C21. Pressure and DVO contour 
plots at 252 ms showing the extent 
of spall in time and space. 
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Appendix D: Pressure and Velocity Histories at Selected Points 

This appendix presents calculated 
pressure and velocity histories at 
specific points in the grid. The r 
and z coordinates for each point are 
given in Table Dl. 

Table Dl. A summary of r and z 
coordinates for pressure 
and velocity histories. 

Figure r coord. z coord 

Dl 3.175 24.85 
D2 4.593 39.23 
D3 6.817 65.91 
D4 10.74 123.8 
D5 13.42 170.5 
D6 14.87 195.9 
D7 1.82 -14.80 
D8 2.64 -21.47 
D9* (a) 3.51 -28.55 
D9* (b) 4.44 -36.08 

*Pressure only 
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Fig. Dl. r = 3.175 m and z = 24.85 m. Fig. D2. r = 4.593 m and z = 39.23 m. 
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Fig. D3. r = 6.817 m and z = 65.91 m. Fig. D4. r = 10.74 m and z = 123.8 
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Fig. D5. 13.42 m and z = 170.5 m. Fig. D6. 

0.08 0.16 0.24 
Time - s 
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Fig. D7. r = 1.826 m and z =-14.80 m. Fig. D8. r = 2.644 m and z = -21.47 m. 
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Fig. D9. (a) r = 3.514 • and z « 
-28.55 • ; (b) r - 4.439 • and z 
-36.08 a. 
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