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INIRODUCTLICH

Since the advent of nuclear weapons, the investigution of
the ground shock eoffects from thesc devices has been the subject of
much research. Roliable methods for estimating the stresses and the
ground motions transmitted from a postulated nuclear detonation
through earth matericls arve necesaary for the cost effective design
of hardened strategic systoms.

Methods currently enployed for the evaluztion of ground
shock eficcls are generally incdsgquate from the standpoint of the
system designer. Couputer code sinulabions arce designed to predict
the history ol ground motion {rom the initial moment of the explo-
sion, thus requiring an elaborste description oif the characteriwslics
of the material wnider high pressuve and temperature. Because of
their complexily, the extension of a numcrical calculation into the
rangc beyond the closc-in {ield is costly and of ten unreliable due
to the accunulating errors of the spproximation. Empirically deter-
mined formulae, derived from scaled high explosive and past nuclear
test cvents, are nore genorally used to provide quantitalive de-

“seription for specific weupons cffects conditions; hovicver, these

formulae often cannot be extended to account for varying gecometry of
bursts and changes in the earth propertics.

This situation is further coumplicated by the fact that the
shock wave from a surface burst preserves the close-in characteris-
tics of the individual explosion throughout the entire range of in-
terest. Thus, slignt devialions in the input values from the ideal-
ization of the real envivonuent can resull in secnmingly unrealistic
results. The sensitivity of the solution to variations in the source
description can be mathemalically related to a singularily of the
solution at the origin.

This paper describes an atlempl to improve thie situation by
utilizing a simple model vhich is adequale to describe the salient
features of the ground motion history outside the c¢lose-in range. Tt
is essential, to this purposn, to recognize the facl thal the elastic
{ 1l
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solution cannot account for ihe behavior near the explosion source
and that the close-in effects are ltaken inlo account by an appropri-
ate fit of the singularity of the solution. This approach is justi-
fied when these effects are confined Lo a small region in space and
thus provides the key to the analysis.

SOLUTION FOR THE CONTAINED BURST

Ground shock effecls reccarch has centered around the fully
contained vnderground weapons testing because of limitalions on test-
ing in the atmosphere. The analytical solution for ithe contained ex-
plosion is studied to provide a simple check case for verification
of the elastic model and to determine the experimental scale Tactors
required for fitting the close-in elfects. Since the particle motion
is most frequenily measurcd in underground experiments, the particle
velocity parameter will be used in thigs study.

The general. solution for spherically diverging waves in an
elu?Lic medium expressed in terms of the particle wvelocity u.r,t)
is (13

B ) - i% [F(x - ct) - rF'(r - ct)] (1]
.

where r 1is the distance from the origin, t is time, and ¢ is the
dilatational wave velocity. F(r - ct) is an arbitrary function of the
argument (r - ct). A prime denotes a derivative with respect to the
argument and a dot denoves a derivative with respect to time.

Applications of this solution to waves generated by explo-
sions were studied by a variety of authors (1,2). The explosion is
commonly modeled by applying a pressure to the surface of a spherical
cavity. The results are generally found o be inadequate for de-
scribing weapons effects btecause the far field solution predicts
spatizl peak attenuations of nearly r-1 whereas measurements show
rates of about r-2

A close examination of BEquation 1 shows that by simply
specifying the arbitrary function ¥(r - ct) in a proper form, the

first term (r-2 term) of the solution can be mzde to dominate and

thus provide an expression that al least describes the pcak values
of an expcriment correctly. The funclion F(r - ct) was chosen as

4 S
F;(r - ct) = Ae-[% (t-lé.):]

(2}
because of its siwple foma and it to the measurements. The final
expression for particle velocity is then

22
. Ac 20 Tr - T r
= — {1 - == =t -=2 3
a(r,t) = ] 3 e e ) e (3)

wvhere A and o are quantities {o be determined that are charac-
teristic of the source. The peak particle velocity ocecurs at 7 =0
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and attenuntes as -2 which ia consintent with measurements. The
wave form is an exponential wihich arreces with the typilcul pulse de-
termined by weupons testing. :

Conventional cube root scaling is inbroduced into Iqua-
tion 3 withoul changing ils dimeonsions in order to delerinine the
variation with the wcapon yiedd W . Equation 3 becomes

Sl 2 2y
Aoc Raoforo ~& %
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The wespon paramcters A ond o arc easily determined
from the scaled field measuremenis by noting

J
2
Ynex ao ©
ax A d
5 - DX a = —S— (5)
28 T
o0

where  Umay  1s the maxinuan particle velocity and ™ is the posi-
tive durelion of u mecasured wave al the scaled rzmg;:) Yo = 4o .
Evalustions of A; and oy show Lhul they ave constants nol de-
pending on test material or weapon yietd.

A compurison between the wave form calculated by Fguation b
and a wave Torm Trom the Salmon (5 kt) (3) event in a selt medium is
shovmn in Figure 1. The elastic cualcvlation necessarily has an abrupt
rise on the initial portion because of the nced to make F(r - ct)
dominate ils derivative in the neightorhoud of the peak value. The
peak particle velocity calculated using constant Ay, is compared
with several nuclecar bursts in a voriety of carth materials in
Fipure 2.

SOLUT10N FOR THE SUKFACE BURST

The objecl of {this seclion is to ulilize the classical
linear clastic model for the prediction of the characteristiics of
the ground shock waves generated by explosions at the swrface of lhe
earth. The use of this model for this purpose has not been fully
explored bhecnuse of the lock of an adequate analyticul solution Lo be
utilized. Oince thie mathameilical prollem of the erplicit solution of
the surface bursl explosion is very ddfficull, even for the simplest
model of linear ciasticity, the existing analytical solutions to this
problom are either incomplete or wivealistic for all practical pur-
poses; thus, a more realistic and explicit solution had to be devel-
oped. 1t is essential, to this purpose, to recognize the fact that
the solution of the surfacc burst probvlem is very sensitive to the
input conditions. HMathemalically, tihis sensitivity is related to
the singularity oi the solution at {he explosicn source, and the
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solution, to be uselful, should ve constructed such that the singu-
larity proporly represents the chuarvacteristics of the cource.

Censider the displacement potentials ¢ and ¢ determined
from the wave equations

? n ?. ,'
d 2. Fag (. Ci‘/‘\'@ (6)
ot ot
with propagation velocities ¢ and ¢z of the compressional and
2
) 1 @ ) : 5 e e s
shear waves and A = ——z + = <~ {r ==} using the cylindricel coor-
822 5 {0 or

dinate system r and 2z with axisal syvimetry. The formsl solution
of Equatiori & to the surface burst problem can be obltained in the
form of the double integral of the laplace-Hankel transforms, The
direct derivation of the explicit expression of ¢ andl ¢ from
this forwald solutlion is difficult for the general region of r >o ,
but it can be obtained on the axis r = o in the follewing asymp-
totic cxpuneion form:

a & b b
A 2 1 2
Qp~°—z—+—2-"i'... 5 l'r'~—£-+—~2*+... (7)
Z 2 '

. : 7, zZ
where 2y and bi (L = 1,2,...) are functions of t - & and t - "5
s

respectively and are determined from the characteristiecs of an indi-~
vidual input source condition. Fquation 7 exhibits the natuwre of the
singularities on the input sowrce.

Approximale expressions for ¢ and ¢ for r > o arc
constructed {from the sum of the elementary solutions of the wave
equation which have singularities abt the origin that are matched to
the solution (Equation 7) above are

R
3. q’3(*‘ 3 "c')

R R
ol -8 o2l -3)
(p g S —— -ttt

2 ), 13
R Y32 R T o T R 92 s
(8)
R R R
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where ¢ and 4¢3 (i = 1,2,...) are determined from a; and by
(i = 1,2,...) by comparing the terms with the same powers in 2z at
r = o with those in Equation 7. The horizontal and vertical dis-
placements u and v are then detecrmined by
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_, e pa 22 1 04 Tb
YEarterar 0 VT % T rasll ar> (9)

The accuracy of the approximation depends upon how many
terms are retained in Equation 8. The result of the application of
this method to the imller case of the liquid half-space with only
one wave shows good agreements with experimental data is atiained
with two terms of the approxiW*bJon formula (k). A cursory exanina-
tion of the elastic case with two terms of the approximation ig being
made and comparcd with test data for rock environmenis. The results
of this correlation are shown in Figure 3, where the norizortal ac-
celerations U near the surface are compired with the MINE Op= (5}
high explosive tesl data.

CORCIUBIONS

General formulae or the ground motions from an ex
gource were derived wnd thieir results Lom(_\ws,u with high explosive
and nuclear weapens Lest data. The comparisons show reasonably good
agreement may be oblained by using a oxmnle eldstlc description for
the earth as long as tlie CkplOSlon is properly modeled.

plosion

5
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Fig. 1. Comparison of calculated particle velocity-time history
with test data from Event SAIMON at r = 166 meters
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Fig. 2. Comparison of calculzied peak particle velocity with
test date from nuclear evenis in rock
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