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ENHANCED COUPLING AND DECOUPLING
OF UNDERGROUND NUCLEAR EXPLOSIONS

ABSTRACT

We studied the seismic coupling efficiency of nuclear explosions in granite by
means of computer caleutations as a function of scaled explosion source radivs. The scaled
source radii were varied from 0.1 m 'kt *(point source) to 20 m/kt! “(representing a nearly
full decoupling cavily). It was found that seismic coupling efficiency is at a maximum when
the scaled source radius is approximately 2 m/kt! & The primary cause of this maximum in
seismic wave source strength is the effect of initial source radius on peak particle velocity
and pulse duration of the outgoing clastic wave, A secondary cause is that rock vaporiza-
tion (an energy sink; does not occur for scaled source radit somewhat greater than
I m/kt"'% Therefore, for scaled source radit greater than | m/kt' 7 there is additional
energy available for seismic wave generations. Available data for some nuclear explosions
at the Nevada Test Site do not provide sufficient evidence to either support or negate the
erhanced coupling that is indicated by calculations at scaled source radii of 1-2 m/kt !}

INTRODUCTION

During an AFTAC Seismic Review  Panel
meeting on 1-2 June 1970, Trulio of Applied
Theory, Inc., reported some interesting results from
caleulations of the seismic coupling of underground
auclear explosions. He performed a series of
calculations for explosions in various sizes of
spherical cavities in grande. The energy yields of the
explosions and the masses of the explosive sources
were held constant as the cavity size wus varied.
Trulio Tound that, as cavity volume wus increased
from that for a “tamped™ explosion o that for o
*decoupled™ explosion, the strength of the seismic
source function first increased somewhat, then
decreased substantially al larger cavity volumes.
The maximum seismic signal resulted in a cavity
volume somewhat grezter than that of the explosive,
but much less than that of a full-decoupling cavity.
He proposed the following esplanation: Seismic
coupling reaches maximum efficiency when little or
no rock is melted and vaporized, leaving more
energy available for mechanical work on the rock.
Coupling efficiency declines for source sizes cither
smaller or larger than this optimum size. Trulio
referred to the effect as “enhanced scismic cou-
pling,” since an optimum cavity size for seismic

energy coupling from a given source is indicated. He
suggestied that independent caleulations be per-
formed to verify this effect. APRA informally asked
that the Licsrence Livermore Laboratory make
such an investigation. Our independent caleulations
are discussed in this report.

PREVIOUS WORK

In connection with the Gnome. Salmon, and
Sterling explosions, Patterson made a series of
calculations of tamped. partially decoupled. and
fully decoupled explosions in salt and in granite.’-
His calcuiations did not reveal any enhanced cou-
pling at small cavity radii, but they did indicate
decreased coupling with increased ratio of cavity
volume to explosion energy. This is because Patter-
son did not make any calculations for the small
cavity volumes al which Trulio noted coupling
enhuncement.

Patterson’s calculations concentrated en near
fully decoupled explosions where the scaled cavity
or source radius (Rg/W'H is approximately
30 m/kt! ¥ for salt and 20 m /kt! 2 for granite. The



caleulated normuhized redueed displacement poten-
tial (RDP) for the fully decoupled explosion is on
the order of 3.5 m3/kt. The scaled source radius
(Rg, W Y for the partially decoupled caleulations
exceeded 13 m/kt' Y, which is much larger than the
range of scaled source radi for which Trulio noted
enhanced seismic coupling.

Patterson compared the effect on the RDP of
the detailed esplosion phenomena in the cavity with
that of assuming the energy is initially distributed
uniformiy throughout the cavity. For large cavitizs
that would fully decouple an explosion, the detailed
cavity phenomena calewltions produced the sarae
results ol seismic frequencies as caleulations based
on a aniform initial distribution of energy.
However, for partiatly decoupled explosives, the
detailed cavity-phenomena caleulations gave RDP
values that ranged from one-tenth 1o three times
those or the uniformly distributed energy model,
dependding on the mass of the nuclear explosive and
the scided source radius. The larger the mass o! the
device, the greater the difference between the results
far the two models,

SCOPE OF THIS WORK

This report presents a series of nurmerical
cal :ulations performed with LLL's underground ex-
plosion computer code SOC.*® The calculations
ar: intended to simulate detonations of nuclear ex-
plasives in various sizes of cavities in granite ap-
p oximately 1000 m deep. The primary purpose of
the calcufutions was to determine how the seismic
source function (RDP) varies as the initial cavity
tize is increased from that of an almost point source

to that of u fully decoupled cavits. In addition, Jf
Trulio's “enhanced seismic coupling” was observed
in our calculutions, we would attempt to determine
the physical cause of that enhancement.

The source term that we used for the calcula-
tons is modeled by a sphere of vaporized iron in
which the energy and mass of a nuclear device ure
uniformly distributed throughout the cavity, This
resutts in a uniform pressure throughout the initial
cavily, which initiates the propagation of the shock.
wave into the surrounding granite medium. This
source model is an excellent approximation of
tamped nuclear detonation,’ but suffers from ob-
vious defects in simulating the source function fur
partially decoupled explosiuns. We have ignored the
detailed cavity phenomena studied by Pitterson (see
above) such as shock-wave propagation through the
air between the device and the cavity wall, stagna-
tion pressure ai the cavity wall, impalse of the
device debris impacting on the cavity wall, and sub-
seyquent reverberations caused by shock-wave reflee-
tions off the cavity wall. The average cavity pressure
during the subsequent cavity expansion, however, is
believed to be a reasonable approximation to
physical reality. Thus, this parametric study should
he viewed as an effects study where the energy den-
sity, muss density, and source size are varied rather
than as a definitive study of partially decoupled
detonations.

Part of this study is similar to that done hy
Trulio in that we used a constant energy source as
the eavity size was varied. In addition, we studied
the effects of keeping the cavity size constant and
varying the energy of the explosion. We correlated
the results hy applying the principles of similitude as
in Hopkinson Blast Scaling.®

ELEMENTS OF THIS STUDY

THE SOC CODE

Finite-Difference Calculations

Calculations discussed in this report were made
with SOC, a one-dimensional Lagrangian computer
code.-® Planar, cylindrical, ancd spherical
geometries are available; we used spherical
geometry in this study. SOC models material mo-
tion and stress-wave propagation within a grid of
discrete material zones. Motion is initiated by an
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energy source, stress, or velocity condition in-
troduced within the grid, or by an external force ap-
plied to the grid. Given the initial stress field, the
code solves the equation of motion to obtain the ac-
celeration at each node within the grid. Accelera-
ilons acting over a small time interval At produce
new velocities. The integrated velocities give dis-
placements, which in turn determine new strains.
Finally, these strains are used to calculate new
stresses for each zone. A general constitutive rela-
tion or stress-strain relation describing the behavior



of the material is necessary 10 caleulate these new
stresses (see below). Time is then increased by A1,
and the entire process is repeated. The caleulation
may be carried forward in this "nanner 1o examine
atress-wase propagation throughout the grid.

Aaterial Constitutive Relations

The physics of material behavior is modeled by
the constitetive relations used to calculate the
stresses an i function of the strains, Thus, the con-
stitutive models are of crucial importance with
respect to the physical validity and accuracy of
predictive calculations. The results of this study are
constrained by the constitutive models used.

The type of constitutive model used depends in
part upon the demands of the problem to be solved.
The nuclear-explosion problem involves a broad
range of peak stresses, and widely varving regimes
of material behavior. A nuclear explosion abruptly
releases furge amounts of energy within the small
volume of the explosive assembly. If the event oc-
curs in a tamped configuration (closely coupled to
the surrounding muaterial), a large stress discon-
tinuity forms and moves outward. This shock wave
compresses the material, distributing internal and
kinetic energy as it propagates. Close to the source,
material is vaporized and acts as a fluid. Peak
stresses decrease as 4 result of spherical divergence
of the wavefront and energy deposition in the
source vicinity. At greater ranges, a region of melted
material is formed, and the water component (if
any) may be vaporized. This is surrounded by a
region of completely crushed and shatiered
material. Fructured or ductilely distorted material
extends outward a considerable distance from the
source, Finally, gross inclastic effects cease to occur
and the wave propagation becomes almost elastic.
This series of events occurs at stresses ranging from
about 1000 GPa (vaporized rock) down t0 0.01 GPa
or less {elastic or quasi-elastic wave propagation).

Initial Conditions

The initial state or starting condition of the
compuiational grid must be specified. All of the
calculations discussed here use a grid consisting of
two concentric spherical regions: a gas material
region representing the energy source, and an ini-
tally solid region outside the source. The zone size
in the source region is constant, while the zone size
in the solid material may be either constant or in-
creasing in geometric progression away from the

source. The source region may be modeled as an
iron  gas sphere (representing ahe  explosive
assembls) or as a sphere of urilorm rock gas
simulating the entire volume of rock vaporized by
the detonation. In this study we used an iron gas
source. We assumed that the source region has uni-
form initial material density, energy density, and
pressure. The initial density and total energy are
chosen to medel the mass and energy release of the
nuclear explosive. The source radius is bused on the
size of the inital cavity volume for both *“tamped™
und “decoupled™ explosions.

An nitial stress distribution must also be
specified for the rock medium outside the cavity.
The overburden stress plays u rote in halting cavity
expansion for deeply buried events: it is particularly
important in the case of decoupled explecions
beciuse the final cavity pressure is approaimately
equal to the overburden pressure. Analvtic solu-
tions are available for certain cases of interest, such
as a spherical cavity in an externally pressurized
linear elustic medium.! No analytic soluticn exists
for the more general case of a spherical cavity in a
gravitationally  settling medium. However,
numerical techniques may be used to solve this
prablem. One convenient method developed by
Hancock? uses a finite-difference scheme to perform
mechanical-equilibrium calculations. The method
consists of adding a velocity-damping term to the
equation of motion in a finite-difference calcula-
tion. The equatien of motion is then integrated step-
by-step with respect to s time-like variable, called
“pseudo-time.” Proper choice of the damping con-
stant allows rapid convergence to mechanical
equilibrium. This mechanical-equilibrium solution
capability was added 1o the SOC code. and was used
to cstablish initial conditions for some of the
decoupling calculations.

MATERIAL PROPERTIES

Hardhat Granite

Material propertics needed for the calculations
include the initial density and elastic constants of
the medium, energy content required to liquefy and
vaporize, vapor equation of state.!® and the com-
pressibility and shear strength of solid material.
This information is normally obtained from
laboratory and field measurements, theoretical and
empirical models of rock behavior. studies of



previous tests in similar media, ete. Detailed in-
vestigations of the Hardhat and Piledriver cvents
huve resulted in the development of 4 constitutive
description intended to model dynamic effects of
large-scale nuclear detonations in a dense granitic
medium, =14 This previously derived deseription is
adopted for the current study. The granite s
assumed 1o be o low-porosity, weak. fully saturated
matertal. The low strength and wet condition are
meant to characterize the bulk properties of a
jointed and imperfeet rock mass. Small uncracked
laboratory spectmens show higher strengths, Since
somplete saturation is assumed, the material suffers
noirreversible compaction (air void removal) upon
foading.

The physical properties adopted for the granite
medium are listed in Table 1. These parameters are
generally representative of o dense, wet granite for-
mition, The values of some of these parameters are
comp: ed in Table 2 with those used by Trulio.

Gas Equations of State

The energy source region and surrounding
vaporized rock play a central role in estublishing
and maintaining the stress field of the explosion.
Thus. it is important to have an adequate deserip-
tion of the gas materials. Theoretical models
describe the behavior of atomic, molecular, und
tonic mixtures within certain regions of energy and
density. These models have been incorporated into
computer codes which caleulate equilibrium state
points within the approprime regions. Butkovich
hus used the theoretical equation-of-state codes. in
conjunction with experimental data, to establish gas
equations  of state for a  varicty of  natural
materials. ! The results are plotted as pressure vs in-
ternal energy for various isochores or curves of con-
stant density. The calculated equations of state in-
clude densitics from 1075 1o 10 Mg/m?, an interval
which encompasses the region of interest for most
explosion calculations. The SOC code accepls
corresponding tabular equations of state that give
pressure as a function of internal energy and den-
sity. A two-dimensional interpolation procedure is
used lo calculate points that lic between two
isochoric curves. We used equations of stale for iron
gas and for a mixture of 8i04 plus 1% by weight of
water vapor to represent the rock.

Most geological formations contain significant
amounts of naturally occurring water, Thus, water
vaporization effects may influence dynamic interac-

tions close 1o the detonatien. Since water vaporizes
at much lower stress fevels thun does the assoctated
rock materid, o means must be provided 1o take
into account the partial-pressure contnibution of
water vapor. The SOC code utilices a technique
developed by Butkovich '3

STUDY PARAMETERS

We made three series of explosion caleulations;
11 in the "tamped™ (T} series, 15 in the “decoupled™
{D) series. and 7 in the “decoupled and reluxed™
{DR) series. which are sunumarized in the tables in
Appendices A and B.

in the T series, vield (W) was varied from | to
1000 kt. the initial cavity radius (Ry) was varied
from 0.1 to 1.20:m, and the initial iron gas density
() was varied from 1.510 3.23 Mg/m?,

In the D series. W owas constant at 1 kt except
for two cualeulations with W = 1000 ki. where Ry,
was varied from 1.2 to 15 m, and gy was vaned from
418 X 10710 0.817 Mg/m?.

In the DR series. Wowas |kt in all cases: Ry
was varied from 2.5 to 23.62 m., and py was varied
from 247 X 107510 9.04 X 107 Mg/m?.

The principal difference between the D and DR
serics was in the initial rock stress distribution sur-
raunding the cavity. A uniform hydrostatic pressure
throughout the granite of 26 MPa was assumed in
both the T and DD sertes. In the DR series. the pre-
explosion stresses in the rock surrounding the eaviny
were relaxed to an equilibrium state corresponding
o zero cavity pressure and an overburden pressure
of 26 MPa. except in DR6 and DR7 where an over-
burden pressure of 18.1 MPa was used.

Our reference “*tamped™ explosive was
assumed to have u mass of 5.91 Mg, an equivalent
spherical radius of 0.98 m. and a corresponding
density of 1.5 Mg/m?. Unlike conventional ex-
plosives, the energy release from nuclear explosives
is almost independent of the mass and volume of the
explosive assembly. Two nuclear explosives can
have approximately the same mass and volume but
have yields thae differ by an order of magnitude
or more. Both explosives could be emplaced in a
“tumped™ configuration, but would have different
seismic source characteristics. Similarly, both ex-
plosives could be emplaced in a “decoupling™
cavity, but their seismic source characteristics
would differ. Therefore. we summarized our results
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TABLE 2. Material properties assumed for hardhat
granite (RT0O713SCN) compared with those used by
Trulio.

Trulin

Property This study study
Initial density at zero pressure
(og). glem3 267 2.7
Elastic Poisson’s ratio (v) 0.28 0.28
Total porosity (V) 0.0267 0
Saturation (S) 1.0 or 100% O
Grain density (), g/em3 2.7158 27
Water content by weight (Z) 0.1 0
Peak pressure to vaporize
water, GGPa 10.18 -
Encrgy to Viquefy gronite.
Mb-cm3/g 0.0493 0.035
Encrgy to vaporize granite,
Mb—cm3/g 0.1767 0.035
Initial zero-pressure bulk
maodujus, GPa 46.84 57.6
Initial zero-pressure sound
speed, cmfus 1.544 0.6
Intact tensile strength, GPa 0.005 ?
Intact unconfined strength, GPa 0.01 ?

in terms ol puramcters scaled to the energy release
with length and time referenced to the cube root of
the explosion yield. Our assumed uniform overbur-
den pressure conditions and zero gravity condition
are compaltible with such scaling. As shown below,
there are no clear-cut distinctions bhetween
“tamped” and “decoupled™ nuclear explosions.
Rather, these are variations within and a transition
between these two classes of explosions, which ure o
function of scaled source radius.

In Fig. 1, we show the initial iron gas or cavity
pressure as a function of scaled initial cavity radius
for all our calculations, The initial cavity press.res
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FIG. 1. Initial cavity pressure vs scaled cavity radius.

for Patterson’s!-? calculations are also given. It is
shown that Patterson considered cases that are near
or at the fully decoupled condition (scaled cavity
radii of approximately 10 to 30 m/kt' %), By full
decoupling, we mean that the explosion does not
cause any inclastic bebavior of the rock. In this
work, we have extended the work of Patterson to a
near-point (scaled  cavity
0.1 m/kt! 3y,

Appendix A gives the initial conditions for
each calculation,

source radius  of

RESULTS

OVERVIEW

Appendix B gives a summary of the scaled
results from each calculation of the parameter
study.

The effect, as reported by Trulio, of enhanced
seismic coupling for partially decoupled sources was

confirmed in this parametric study. Figure2 is a
plot of the final reduced displacement potential
(RDP) in the ela: tic region as a function of the ini-
tial cavity rudius ‘caled to the cube root of the
energy of the device within the cavity. The initial
scaled source radii are an inverse function of the ini-
tial energy density and vary from 0.1 m/kt! 1o
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about 20 m/kt"/3, which represents a variation be-
tween almost a poin: source tamped to an almost
fully decoupled cavity. The calculation with an ini-
tial scaled source radius of 1.8 m/ki!/3 gave the
maximum RDP, which was 47% greater than the
RDP abtained for a near-point source, The RDP
for an almost fully decoupled cavity is about 210 3%
of that obtained for a point source and is in ex-
cellent apreement with the results of Pa,:zrson.
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FIG. 3. Final energy balance vs scaled initial
source size.

The same characteristics of the RDP curve in
Fig. 2 are evident in the seismic energy balance
curve shown in Fig. 3. Figure 3 is a plot of the
energy halance in three well-defined regions at the
1d of the calculations as a function of the scaled
source radii. These regir ns are the internal energy in
the cavity region, the internal energy dissipated in
the fructured rock, and the internal plus kinetic
energy in the clastic region, which has been
designated the seismic energy. At a scaled source
radius in the neighborhood of 2.0 m/kt'-3, both the
cenergy trapped in the fractured rock and the seismic
energy are nedr maximum, while the residual inter-
nal energy in the cavity is at « minimum. The energy
in the cavity includes the potential energy of cavity
gas due to its pressure. the energy required to
vaporize and melt the rock, and the energy required
1o vaporize the jn situ water. Vaporization of the
rock occurs only for scaled source radii less than
1.1 m/kt!3, with a significant reduction of the mass
of rock vaporized compared to that for a point
source for scaled source radii between 0.7 1o
L1 m/kt!3 Melting of the rock occurs only for
scaled source radii less than 2.0 m/kt'} and water
vaporization occurs for scaled source radii up to
3.0 m/ki}/3, Thus the internal energy of the cavity
reflects these various energy-loss mechunisms as the
scaled source size is varied from a point source to
larger radii. The coincidence of the scaled source
size for which melting ceases and the maximum at
which the RDP occurs, suggested to Trulio that the
enchanced coupling is due entirely to the additional
energy that is not being utilized o vaporize and
melt the rock. The parametsic study reported here
shows that another phenomenon in addition to the
energy disposition is involved in the enhanced
coupling effect. This will be discussed later.
Figure 4 sliows the scaled radii at which some
of the major chunges in the state of e rock oc-
carred us a function of scaled source radii. The
curves shown in Fig. 4 are the radius of rock
vaporization, the radius of in sine water vaporiza-
tion, the final ca ity radius, and the elastic radius or
the limiting distance to where fracture occurred.
The straight fine at 43° represents the initial source
size. The amount of rock vaporized is essentially
constant for scaled source radii from 0.1 m/kt!/3
(point source) to 0.8 m/kt! "} and is much larger
than the amount of iron gas over this range. Beyond
a source radius of 0.8 m /kt!"? the amount of rock
vaporized decreases rapidly and the iron gas
becomes the dominant cavity gas.
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The scaled distance 10 which the in site water is
vaporized is essentially constant {or sealed source
radii between 0.1 to 1O m/kt! >, then decreases to
zero at a scaled souree radius of 3.0 m/kU 3 The ef-
feet of the water vaporization wus deemed negligible
on the enhanced seismic coupling.

The elastic radius is shown to be essentially
constant over the range of sealed souree radii be-
tween 0.1 and 3.0 m/kt!' . The clastic radius varies
between 80-85 m/kt!/3 with a broad peuk at about
a scaled source size of 2.0 m/ki!/3, in agreement
with the RDP carve (Fig. 2). Beyond a scaled source
radius of 10 m/kt!/3, very litle of the rock is frac-
tured and the stress wave is essentially clastic
beyond the source cavity boundary.

Figure 5 shows a comparison of the final cavity
pressure with the nitial cavity pressure as a function
of scaled cavity radii. As the initial source cavity is
increased to larger values from a point source, the
final cavity pressure also increases until a peak is
reached at Rg= 6.0 m/kt!/3. These high cavity
pressures have interesting implications for the con-
tainment of the radioactive gas for partially

decoupled events.'®

RADITI OF VAPORIZATION

The plots of reduced displacement potentiad
and other physical quantities show an Lpparent dis-
continuity  near  a  sciled  source  radius of
0.98 m/kt!'3 The RDP, for example, increases by
about 11% betweer source radii of 0,686 and
098 m /KUY (Fig. 2). 1t then increases more slowly
and continuously at radii just above 098 m kit %
This atrupt chunge in behavior may be explained in
terms of rock vaporization by the nuclear event.
Those detonations with initial source radii less thun
about 0.98 m/kt'/3 vaporize very large masses of
surrounding rock. Events with initial radit near
0.98 m/kt!/3 fully vaporize a significantly smaller
amount of rock, correspunding to only a few zones
in the finite-difference grid. No vaporization occurs
for source radii greater than 1.1 to 1.2 m/kt! ¥in
these calculations; of course. some heating, lig-
uefaction, and waler vaporization may still tuke
place for lurger-radii sources. This transition from
vaporizing 10 non-vaporizing behavior occurs
rather abruptly because the initial pressure and
cnergy density drop off rapidly with increasing
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source radii. The transition radius at which rock
vaporization ceases to play a crucial role hes very
close to 0.98 m/kt! 3.

In order to investigate the relationship between
rock vaporization and energy coupling. we have
closely examined three typical | kt calculations, i.e.,
events T6, T9, and TI0, lor source radii Ry of
0.686 m, 0.98 m, and 1.2 m. The corresponding ini-
tial source pressures were 106 GPa (extensive rock
vaporization), 38 GPa (small amount of rock
vaporization), and 20 GPa (no rock vaporization).
The initial source aensities were 1.5 g/em? in all
cases. The zoning varied somewhat among the three
problems, but results were similar for other com-
parable calculations and were not critically influ-
enced by zone size. Figure 6 shows the iron gas
source mass, the mass of rock vaporized, and the
mass of material with th¢ water component
vaporized for the three events. Note that the mass of
rock vaporized is large for the 0.686 m event, but is
much smaller and hardly greater than the iron gas
source mass for the 0.98 m event. No rock was
vaporized in the 1.2 m event.

The influence of energy-source pressure and
shock-loading behavior of the surrounding rock on
energy coupling has previously been studied.!” The

peak pressure and the response of material to the
outwurd-going shock wave govern the amount of
energy lost te shock heating and thereby the close-
range coupling efficiency. Figure 7 schematically
shows the response of a dense solid material of ini-
tial specific volume Vy to shocks of varving am-
plitude. For low-pressure loading, the material
loads along a Rayleigh line and unloads close 1o the
initial Hugoniot line (litdle shock-heating effect).
The PdV expansion work available from the
material is approximated by the areca under the
Hugoniot line, while the waste heat or energy loss
that does no work on the surroundings is given by
the area between the Rayleigh line and the
Hugoniot line. The waste heat is seen 10 be
relatively small in this case. For high-pressure
loading, the material loads along a much steeper
Rayleigh line. The increased internal energy is suf-
ficient to cause vaporization. The hot vapor
material unlouds to expanded (larger) specific
volumes at low pressures. In spite of this increased
expansion, an enormous amaunt of energy is lost as
excess waste heat. Thus, much of the energy is
retained as internal heat and energy coupling to
greater runges is actually fess efficient for the high-
pressure loading case (vaporized material). Those
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events that vaporize a significant amount of rock
(Rg < 0.98 m/kt'/?) will suffer lurge shock-heating
energy losses of this type, resulting in less-efficient
coupling.

The approximate late-time volumetric expan-
sion paths for the iron gas sources in the three sum-
ple problems are shown in Fig. 8. The source
regions unload to a prassure of ubout 0.1 GPa at a
time of 10 ms, the cutoff time for this plot. The
small-radius problem Ry = 0.686 m has the highest
expansion path and the greatest final volume expan-
sion, because it started at the highest initial pressure
and internal energy density. However, the final iron
gas radius R = 7.107m is smallest in this case
because of the smaller initial radius. The expanding
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compuonents, except i the vise of the iron gas

source, which possesses negligible kinetic enerpy.
Figure 10 that the cnergy
retained in the iron gas declines steadily with ume.
as the source expands and couples to the environ-
ment. The relative amount of energy in the source it

demonstrates

agiven time is greatest for the 1.2 m source (lirgest.
most massive source region), and is least for the
small 0.686 m source.

The energy contained in rock vipor presents a
different picture (Fig. 10). Both the internal and
kinetic energies are greatest for the 0.686 m event.
and decrease by a factor of four to six for the 0.98 m
event (which vaporized only a small amount of
rock). The 1.2 m event did not vaporize any rock
material. Note that the internal energy in rock
vapor is a very significant fraction of the total
energy for the 0.686 m source. This fact is closel
related to the waste-heat energy loss and the less-
efficient coupling for the 0.6861m event. Energy
deposition in rock vapor is small ur nonexistent for
the other two cases.
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The internal energy in the vaporized water
region shows a similar trend (Fig. 10): it is greatest
for the 0.686 m cevent (strong shock at close ranges),
slightly less for the 0.98 m event., und much less for
the 1.2 m event. The kinetic energy in the vaporized-
water region displays somewhat less consistent
behavior, with the highest value (at times after 1 ms)
for the 0.98 m event, a lower value for the 1.2 m
event, and the fowest value for the 0.686 m event.
This difference is due in part 10 the lower coupling
efficiency for the 0.686 m event, which tends to
decrease kinetic encrgies coupled everywhere oul-
side the rock-vapor region. The difference is also
partly attributable to the mass of material in the
vaporized-water region, which is greatest for the
0.98 m cvent and slightly less for the other two
events (Fig. 6).

Finally, the kinetic and internal energies in
solid rock are presented in Fig. |1. These energies
have not been plotted separately for fractured and
unfractured material, since rock failure is still oc-
curring at 14 ms and the wave propagation will not

hecome elastic until much later in the event history,
The internal-energy curves cross al umes ciarlier
thun § ms hecause of close-runge coupling effects.
However, after this time, the kinetic and internal
energies in rock are alwiys greatest for the 1.2 m
event. less for the 0.98 m event, and least for the
0.686 m event. This outcome is completely consis-
tent with the calculated displacements and reduced
displacement potentials at very late times, which
also show the most efficient overall coupling for the
1.2 m event and least-efficient coupling for the
0.686 m event. These energy results strongly sup-
port the proposed source-cou, “ng explanation, i.c..
the small-radius source generate very high pressure
loading, vaparization, and waste-he. t lasses at close
range. Thus, it couples less efficiently with the sur-
rounding medium than a somewhat larger effective
source of fower initial pressure.

It is of interest to closely examine kinetic-
energy transfer to the rock for these three calcula-
tions. The maximum percentage of the total source
energy transformed 1nto Kinetic energy s about 17%
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t1.2 m radius source), 13% (0.98 m radius source),
or 14% (0.686 m radius source), The kinetic energy

essentially the sume at this tme, even though cach
wave has traveled considerably diftferent distances
from the initial source. The magnitudes of the peak
stresses and their early time attenuation rates are
considerably different.
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The higher the initial energy density (the
smaller the initial scaled source radii), the greater
the stress magnitude and the greater the attenua-
tion. The greater attenuation is a consequence of the
larger amount of energy being deposited in the rock
as was just discussed.

For those calculations that modeled a
“tamped” detonation (R, < 0.98 m/kt'3), the
magnitude and attenuation rate of the peak of the
stress wave merged at ahout 4 m/kt':? from the
detonation center. Figure 13 shows the magniwude
of the peak of the stress wuve as a lunction of scaled
distance. Four caleulations ure shown where the
scaled souree size varies from 0.1 10 3.0 m/kt! 2.
The peak stresses for scaled sources of less than or
equal tol.8m/kt! 3merge atadistance of 20m/kt! 3
Thus over the range of scaled source radii where en-
hanced coupling is calculated. the magnitude of the
stress wave at far distunces from the sousce is in-

dependent of the scaled source size. This is in agree-
ment with previous studies.” Only after an increase
of the scaled source radii bevond 2.0 m 'kt * does
the peak of the stress wave begin 1o reflect the par-
tial decoupling effects.

ELASTIC RESPONSE

An examination of some of the caleulated
curth-motion  parameters in the elastic region
viclded greater insight into the causes of enhanced
seismic coupling effect. Figure 14 is a replot of the
information shown in Fig. 4. with an enlarged linear
scale so it can be compared with the following
figures. Figures 153-19 show the peak stress, peak
particle velocity, peak scaled displucement. scaled
final displacement, and scaled reduced displacement
potential in that order. These purameters were
evaluated in the clastic region at a scaled distance
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from the source of 100 m/kt! 3 for cach caleulation
with scaled source radii up o 4.0 mzkt' . This
covers the range of scaled source size over which
enhanced seismic coupling was calculated.

Three
Figs. [4-19:

observations can be made from

I. There is some scatter in the calculated
results because of small variations in zone size.

2, There is a definite discontinuity in all the
parameters in the elastic region for scaled source
size between 0.78 and 0.98 m/kt'/3, This corres-
ponds to the drastic change in the amount of rock
vaporized as the scaled radius is varied over this
source size interval.

3. All parameters in the eclastic region
decrease rapidly for scaled source radii greater than
20m/kul/3,

The effect of the decrease in amount of rock
vaporized appears to increase all variables shown in
Figs. 15-19 by approximately 10%. There is also a
noticeable effect on the radius of water vaporization
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and final vty rudin caused by the amount of rock
vaponzed. as can be seen m Fag, 14

Figures 17 und 1% show the pesh scaled dis-
placement and hnai scaled displucement, respec-
tivels. The peak displacement 15 essentially the in-
tegration of the purticle veloaty over the first
posttive pulse and shows a suhstantially smaller in-
crease with inereased seiled sourve radii than does
the final displacement. The pesk particle velocits,
heing essentially constant over this interval of scaled
source radii, suggests that the duration of the stress
wave pulse is also sensitive to the scaled source size
and plays an important role in the enhanced seismic
coupling shown in Fig. 19,

Figure 20 1s a plot of the scaled wavelength or
tme of duration of the main pulse and rebound
pulse as the stress woave passes the point at a scaled
distance of 100 m kit 3 This scule wavelength is
plotted against the scaled source radii over the en-
tire range of the parametric study. The sculed time
duration of the first positive pulse »| increases
linearly with scaled source size up to values of
0m kit ? RS, = $0m (ki)' } and
10 m/kt! Y there is a sharp discontinuity in A, which
is probably because there is very littke displacement
at the cavity boundary for cavily source sizes
greater than 8.0 m/kt 3 (see Fig, 4).

The first negative pulse length is essentially
constant for u scaled source size, which varies from
a point source to RSy = 2.0 m“kt! *, then decrenses
linearly to RSy = 10m,kt! ¥ und remains essen-

Between

tially constant for scaled source sizes greater than
10 m/kt! 2.

Since the displacement is roughly proportional
to the product of particle velocity and the duration
interval, the reason for the enhanced seismic cou-
pling effect, apparent in Figs. 17-19, becomes clear
by comparing Figs. 16 and 20. The increase of the
scaled displacement or scaled reduced displacement
potential with scaled source size less than 2.0 is due
primarily to the product of a constant velocity and
an increasing pulse duration interval. The decrease
in the energy absorbed in vaporizing or melting the
rock with increasing source size occurs over a very
short range of scaled source size. The energy ab-
sorbed in vaporizing the rock is approximately 10%
for RSy< 08, 2% for RSy= 1.0, and 0% for
RSy 2 1.1. The contribution to the enhanced
seismic coupling effect caused by the decrease of
energy absorbed in vaporization results in an ap-
proximately 7% increase in the peuk particle
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velocity. The contribution of the increasing palse
duration interval to the enhanced seismic coupling
effect is approximately 38% at maximum over a
point source. Thus the major effect producing the
<nhanced seismic coupling in Fig. 19 is simply that
larger sources produce longer wavelengths.

For scaled sourcc radii greater than 2.0, there is
a lurge decrease in the peak velocity with inereasing
source size. Since the particle velocity decrease is
greater than the increase in wave pulse duration,
there is a net decrease in the displacement for in-
creasing source radii greater than 2.0. Thus the peak

19

in the RDP (Figs. 2 and 19), occurring at approx-
imately a scaled source size of 2.0 m/kt! 2, is fully
accounted for by the effect of the imual cavity size
on the peak particle velocity and pulse duration.
The net eaergy available by not vaporizing the rock
is only a secondary and relatively minor contribu-
tion to the enhanced RDP. Based on the simple ap-
proximation inherent in this parameter study. it ap-
pears that a detonation in a cavity with a radius of
15m/kt!'3 is essentially decoupled and little is
gained in going to larger cavities.
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DISCUSSION WITH RESPECT TO
SOME NTS NUCLEAR EVENTS

Table 3 presents scaled emplacement data for
12 recent nuclear tests in the Pahute Mesa, Yucca
Flat, and Rainier Mesa arcas at the Nevada Test
Site (NTS). The scaled mass (kg/kt) for the Pahute

TABLE 3. Explosion emplacement data.

Mesa and Yucca Flat explosions is based on the Area Event No.
total mass of the canister containing the explosive.

Rg (m/kt1/3) M (kg/kt)

For the explosions in Rainier Mesa, the scaled mass Pahute Mesa
is based on the mass of the steel wails of the shot

room plus the contents of the room. The scaled

radius (m/kl‘/3) for the explosions is that for a Yucca Flat
sphere of volume equal Lo that of the canister (ex-

plosions 1, 2, 5-8) or shot room (explosions 3, 4,

9-12). The canisters for explosions 3 and 4 in

Pahute Mesa and for explosion 9 in Yucca Flat were Rainier Mesa
rmplaced in larger, air-filled cavities that had been
mined at the botiom of the emplacement holes. The

-3 N N .

- —
N -

0.10 13.0
0.11 4.7
0.29 3.0
0.34 23
0.36 171
0.54 660
0.55 520
0.47 615
0.86 18.4
0.83 365
1.12 780
1.23 755
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space between the canister and the walls of the em-
plecement holes for the other explosions in Pahute
Mesa and Yucea Flat was filled with stemming
material (e.g., sand or pea gravel). The space be-
tween the shot-room walls and the surrounding rock
in Rainier Mesa was filled with grout.

The scaled radii and scaled masses for both the
NTS explosions and the caleulations are plotted in
Fig. 21, The NTS events fall within the sume range
assumed for the tumped caleulations (0.1 to
1.3 m/kt! ). It is also shown that the sealed radii «s
scaled mass relations for two of the Pahute Mesa ex-
plosions (events | and 2) and most Yucea Flat ex-
plosions (events 3-8) approximate those for the con-
stant mass that was assumed for most of the tamped
calculations. The scaled mass for the two Pahute
Mesa explosions (events 3 and 4), one Yucea Flat
explosion (event 9), and all the Rainier Mesu explo-
sions (events 10-12), which were in mined cavities
ur shot rooms is less, for a given scaled radius, than
that for the hypothetical explosions. We have
shown in the preceding sections that, for the ranges
of conditions considered, scaled radius has
significantly more effect than scaled mass on seismic
coupling.

Figure 19 shows the final value of scaled
reduced displacement potential (RDP) as a function
of the scaled energy source radius for the tamped
caleulations. If the calculational results are up-
plicable to the explosions listed in Table 3, we
would expect the emplacement conditions to
produce the weukest relative seismic coupling for
Pahute Mesa explosions (small scaled source radii),
and the strongest coupling for explosions in Rainier
Mesa (near-optimum scaled source radii).

The seismic magnitude (my) data’® for NTS ex-
plosions indicate that the scismic signals (nor-
malized to a2 common yield, assuming a common
slope for the my, vs log;y yield relations) from

Ruinier Mesa explosions are, on the average, o fruc-
tion of a magnitude unit greater than those from ex-
plosions below the water table in Yueca Flut and
Puahute Mesa. This result s consistent with the
scaded source rudius vy scaled RDP results shown n
the figure. However, the qualitative agreement of
these results does not prove that the differences in
scaled responsible for the
somewhat stronger signals from Rainier Mesa ex-
plosions. Other emplecement and geological factors
(depth, shot-point rock properties, local geological
structure) that affect signal generation und propaga-
tion could be responsible for all or part of the ob-

rudius alone are

served seismic magritude difference.

Two of the Pahute Mesa explosions (1 and 2)
have a scaled radius of about 0.1 m/kt"? and the
other two (3 and 4) have a scaled radius of about
0.3 m/kt!'} The results of our calculations shown
in Figs. 2 und 19 indicate that the seismic coupling
of the latter explosions should be somewhat
stronger. However, the magnitude residuals from
the magnitude vs log g yvield relation for Puhute
Mesa, when plotted s a function of scaled radius,
show no such trend for these four explosions. The
scatter of the magnitude residuals for Pahute Mesa
is probably determined by other vuriations in
seismie signal generation and transmission, not by
variations in scaled radius.

Simtilurly, the coupling of explosions Sund 9 in
Yucca Flat might be different because of the dif-
ference in scaled radius. However, the observed
coupling for these two explosions is almost exactly
cqual to the mean coupling observed below the
water table in Yucca Flat.

We conclude that the above ficld data do not
provide sufficient evidence to either support or
negate the enhanced coupling that is indicated by
our calculations for scaled cavity radii of 1 to
2m/ki!3,
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APPENDIX A
INITIAL CONDITIONS

Abbreviations used in Tables A-1- A-3

W Yield, ki

Ry, Initial cavity radivs, m

RM Radius of grid houndary, m

NC Number of zones 1n source cavity
NT Number of zones in caleulation
ZA  Initial zone size at cavity houndary, m
ZL  Zone size at range of 100m, m
Mg Mass of iron for source, Mg

po Iniual density of source, Mg/’m3

Py Teitial pressure of source

Ey  Initial energy density

RS, Scaled source radius, m/kt! 3

ZAS Scaled zone size ZA, m/kt'/?

ZLS Scaled zonesize 7L, m/le(\l 3

TABLE A-1. Initial conditions for tamped (T) calculations.

Parameters

w Rp RM NC NT ZA ZL Mg 80 Eg Py ZAS ZLs RSp

(kt) (m) (m) m) (m) (Mg Mg/m3) TPy (TP ikt mkd /3y (mml/3)
TI 1000 098 3000 10 1000 ©.10 52 591 1.5 1143 4242 001 0.52 0.1
T2 1000 098 3000 25 1015 0.035 64 591 1.5 1143 4242 00035 0.64 0.1
T3 1.0 0.1 600 10 710 0011 089 0014 323 1.I+3 44+2 0011 0.89 0.1
T4 125 098 1500 10 1000 0.106 22 591 1.5 1.5+2 5641 002 0.44 0.2
TS 80 098 850 25 805 004 14 591 1.5 8.5 3.0 0.02 0.07 0.5
T6 10 0686 600 7 788 0.0 052 203 1.5 3.4 (R 0.10 0.52 0.7
L] 20 098 600 10 1000 0.10 040 591 15 2.1 0.74  0.08 0.32 08
T8 10 098 600 25 1015 0.04 045 591 1.5 1.1 038  0.04 045 1.0
T9 10 098 600 10 1090 0.10 033 59 15 1.1 0.38  0.10 0.33 10
TI0 10 12 600 12 793 0.0 0.51 109 1.5 058 0.21 010 051 1.2
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TABLE A-2.

Initial conditions for decoupled (D) calculations.

Parameters
w Rg RM NC NT ZA ZL My s Eg Py ZAS /LS RSy
k) m) (m) m)  (my Mgy (Mg/m3) TPy (TPa) m/ked /3y k) kil /3)
DY 1000 4.9 3000 1 780 05 5.0 5.91 1.2-2 8.5 39 0.03 0.5 .5
D2 1000 9.8 3000 10 780 1.0 4.0 5.9 1.5-3 1.1 0.35 0.1 04 (K3
D3 1.0 1.2 600 30 830 004 071 59 0.82 .58 0.19 .04 0.71 1.2
D4 1.0 i3 600 13 813 009 0359 5.9 .64 046 0.15 0.9 .59 13
D5 i.0 1.5 600 15 715 0.9 059 59 042 0.30 9.5-2 (09 0.59 1.5
D6 1.0 1.8 600 i8 718 0.09 059 5.9 0.24 0.17 54-2 0.09 0.59 I.8
D7 1.0 2.0 600 15 1015 0.12 0.38 5.9 0.18 0.13 3.8-2 0.12 0.38 2.0
D8 1.0 25 600 25 725 049 (058 59 9.0-2 64-2 149-2 0.09 058 0.25
D9 i.0 3.0 600 12 712 0.22 054 59 5.2-2 3.7-2 1.1-2 0.22 .54 3.0
D10 1.0 4.0 600 15 715 024 0.60 59 2.2-2 1.6-2  4.3-2 0.24 0.60 4.0
DIl 1.0 6.0 600 15 715 0.25 0.53 5.9 6.5-2  4.63 1.2 .25 .60 6.0
D12 1.0 8.0 600 22 658 010 0.62 5.9 2.8-3 1.95 045 0.10 0.53 8.0
D13 1.0 10 600 100 700 0.10 062 5.9 14-3 1.0 0.22 0.10 0.62 10
D4 1.0 15 600 136 736 0.10  0.61 5.9 4.24 03 6.0-2 0.10 0.61 15
TABLE A-3. Initial conditions for decoupled relaxation (DR) calculations.
Parameters
W Rgp RM NC NI ZA ZL My 20 Eg Py ZAS FAR RSy
k) (m) (m) (m) (m) Mg) Mg/m3) (GPa) (GPa) (m/ktl/3) (m/ktl/3)y (m/kel/3)
DR1 1.0 2.5 450 5 309 147 147 591 9.0-2 64 19.0 147 1.47 25
DR2 1.0 80 450 10 310 147 147 591 2.8-3 1.95 045 147 147 80
DR3 10 10,0 450 12 395 150 1,50 591 14-3 1.0 0.22 1.50 1.50 10
DR4 1.0 150 450 1s 305 150 150 591 4.24 0.296 0.060 1.50 1.50 15
DRS 1.0 200 450 20 307 150 150 5091 1.84 0.125 0.025 1.50 1.50 20
DR6? 10 1381 450 15 306 1.50 150 1.82 1.6-4 0.38 007 1.50 1.50 13.81
DR7? 1.0 2362 450 25 309 150 1.50 1.36 2,5-5 0.076 0013 1.50 1.50 2362

Anitial overburden stress of 18 MPa.



AFPENDIX B
SCALED RESULTS

Abbreviaticns used in Tables B-1-B-3

w Yield, kt

RSy  Suurcesize, m/kt!/3

RRV Radius of rock vaperization, m/kt} 3

RWYV Radius of water vaporization, m/kt

RFL Radius of rock fracture limit on loading, m/kt!:3
RFU  Radius of maximum rock fracture, m/kt! 3
RC  Final cavity radius, m/kt!/3

PC Final cavity pressure, MPa

ECR Ratio of final cavity energy to yield

ERR Ratio of energy in fracturc rock to yield
ESR  Ratio ol seismic energy to yield

RDP  Scaled reduced displacement potential, m3/kt
A Scaled positive pulse duration, ms/kt!/?

A 5 + a Scaled total pulse duration, ms/kt'73

TABLE B-1. Scaled results for tamped (T) calculations.

Parameters

w RSq RRVY RWV RFL REV RC PC ECR ERR ESR RDP Ay Agthy

&ty (m/ktl/3) (mpkd/3) onfke) (m/ked/3) (miketi3) mikil/3) ovpg) (m3/kt)
T1 1000 0.1 2.03 9.5 S51.6 77.8 11.2 4R5 0.534 9419 6.0-2 850 6.8 236
T2 1000 0.1 2.12 9.2 514 78.0 110 59.0 0.520 04249 6.2-2 87.0 - -
T3 i.0 0.1 2.23 8.86 51.1 77.2 109 48.9 0.533 0420 5.7-2 850 7.2 240
T4 125 0.2 2.01 8.16 520 77.8 11.1 48.7 0.537 0415 6.1-2 85.2 - -
TS 8.0 0.5 1.93 9.0 525 794 11.0 61.4 0.510 0449 6.2-2 92.5 — -
T6 1.0 0.7 2.31 8.28 530 79.85 103 73.8 0.495 0.456 6.4-2 94.0 - -
T7 2.0 [X:] 1.90 8.50 53.7 0.2 106 74.2 0481 0458 6.7-2 96.0 - -
T8 1.0 1.0 1.62 8.8 539 82.7 11.06 75.9 0.443 0489 7.3-2 105 - -
9 1.0 1.0 1.68 8.4 55.u 82.0 104 75.0 0426 0.504 7.7-2 107 - -
T10 1.0 1.2 - 79 53.7 83.2 10.2 87.2 0.416 0514 7.2-2 1075 — -
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TABLE B-2. Scaled results for decoupled (D) calculations.

Parameters

w RSg RRY RWV  RFL RFV RC PC  ECR ERR ESR RDP Ap Ap+)g

ko) (mked3) m/ked3) mkey (mikt!3) (miked /3y (mpkdd 13y Mra) (m3/kn)
D1 1000 0.5 1.96 9.11 54.0 79.2 1110 59.5 0.507 0437 6.4-2 910 7.0 238
D2 1000 1.0 1.6 8.4 54,0 834 10.5 73.6 0.418 0.506 7.9-2 1070 78 244
D3 1.0 1.2 - 8.3 535 843 10.8 83.3 0402 0.525 74-2 1110 82 252
D4 1.0 13 — 7.7 55.0 83.8 10.6 89.6 0.392 0.535 7.2-2 1115 8.4 23.2
D5 1.0 1.5 - 7.2 54.0 82.0 9.9 97.0 0.374 0.554 7.5-2 1160 B84 250
Dé 1.0 1.8 - 6.9 53.0 84.7 10.2 113 0353 0.573 7.5-2 1175 8.8 254
D7 1.0 2.0 - 6.12 530 82.0 9.3 125 0.357 0.569 7.5-2 1150 90 25.2
D8 10 25 - 4.78 51.0 81.9 9.1 168 (.396 0.541 6.3-2 1065 8.8 248
D9 1.0 3.0 ~ 3.22 42.0 78.5 8.1 215 0463 0490 19-2 97.0 9.2 248
D10 1.0 4.0 - - 39.0 725 7.85 300 0.597 0.375 3.0-2 83.0 10.8 258
D11 1.0 6.0 — - 20 57.0 7.7 420 0.831 0.159 L.1-2 49.5 - -
D12 1.0 8.0 - - 18 40.6 8.6 362 0962 3.5-2 3.6-3 194 — -
D13 10 10.0 - - 136 27.9 10.2 210 0994 4.6-3 1.2-3 6.2 - -
D14 1.0 15 - - - 16.4 15.1 60.3 09998 1.8-5 2.14 1.2 - -

TABLE B-3. Scaled results for decoupled relaxed (DR) calculations.

Parameters

W RSy RRV  RWY  RFL RFV RC PC ECR EFR ESR RDP ) Ay+)y

&t (m/kel/3) m/kil/3) (mikt) kel 3y mkel/3) @fki!3) (MPa) (m3/kt)
DRI 10 25 - 5.44 51 83.5 97 157 0405 0.559 4.8-2 1110 110 276
DR2 1.0 80 - - 18 434 98 355 0959 4.0-2 34-2 212 128 260
PR3 10 10 - - 19.0 31.0 116 208 0993 62-3 1.3-3 7.5 88 204
DR4 10 15 - - - 19.5 165  60.2 0.9995 5.3-5 8.9-5 24 64 162
DR5 10 20 - - - 23.0 215 247 1.0 - - 207 7.8 20.2
DR6? 1.0 13.81 - - - 24.3 153 69.0 09993 3.1-4 27~ 27 68 17.2
DR72 1.0 23.62 - - - - 25.1 13.1 1.0 - - 1.8 84 230

3Injtial overburden stress of 18 MFa.
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