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Wave Propagation Near Explosive Sources

Lane R. Johnson

Center for Computational Seismology, Lawrence Berkeley Laboratory,
and Seismographic Station, University of California,
Berkeley, California 94720

1. Introduction

The relationship between the energy of an explosive source and the amplitude of the seismic
waves which are radiated into the far ficld has been a primary interest of the verification program since
its beginning (Latter et al., 1959). The problem is made difficult by the fact that the seismic energy
represents only a small fraction of the total energy. Most of the energy of the explosion is deposited
within the elastic radius by a series of complicated non-linear processes. Given that the wave propaga-
tion problem beyond the elastic radius is essentially solved. the primary dit‘ﬁculty concerns the treat-
ment of the non-linear region surrounding the source. A number of computer codes have been
developed for modeling this region, but they are fairly complicated, involving hydrodynumnic effects,
shock waves, and non-linear equations of state. Because of the basic numerical approach which is fol-
lowed in these codes, they do not readily provide insight into questions about which parameters are
playing critical roles in determining the rmdiated elastic waves. This has motivated the investigation of
an alternative method of modeling this region immediately surrounding an explosive source.

The basic objective of the research descnibed in this report is to explain the L;ncrgy that is radi-
ated into the elastic region by an explosive source. The energy which is deposited within the elastic
radius is not of direct interest in the sense that it does not propagate as far as the elastic region.  How-
ever, it is necessary to obtain an estimate of the total amount of this energy which is deposited within
the elastic radius, as this must be subtracted from the energy of the explosion in order to deterinine the
energy that re:ichcs the elastic region.

The basic approach being investigated is to use an equivalent clastic teeatment for the region
between the original cavity radius and the elastic radius. This concept of an equivalent elastic medium
has been used quite successfully by carthquike engineers (o model the non-lincar behavior of soils dun
oceurs during strong ground motion. . An advintage of this approach is that it is possible to make wuse of

the analytical solutions which are available for the lincar problem. The centrid idea of the method is to
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make the material propertics a function of the stress in the outward propagating pressure pulse and
obtain the results in the form of a simple numerical propagation of analytical solutions. The present
tormulation relates density and bulk elastic properties 10 the peak pressure in the pressare pulse and
shear and anelastic properties to the maximum shear stress. The material properties are adjusted m an
iterative process so that appropriate values are present in the vicinity of the propagating pressure pulse.
While this approach is only an approximation to calculations with hydrodynamic equation-of-stae
codes, it has the advantage of providing simple analytic results in which the role of various model
parameters is easily investigated. This is important when one wants 10 coaduct a4 sensitivity analysis
over a wide range of explosion sizes and material parameters.

There are a number of lines of evidence which suggest that this type of approach could possibly
provide some useful results. The study of Denny and Johnson (1991) seemed to indicate that relatively
simple scaliug relationships could explain a wide variety of explosion dat. A single scaling relition-
ship was found to be reasonably successful in reconciling explosion data that spanned a broad range of
explosion yield and source medium. The data set Wso spanned different types of explosions, including
nuclear explosions, chemical explosions in the ficld. and small chemical explosions in the laborutory.
These results could be interpreted to mean that, if the explosion data can be explained by simple rela-
tionships, then a correspondingly simple treaunent of the physics of the problem might also be possible.
There are a number of examples in continuum mechanics where a general treaument of a problem which
lumps together a number physical mechanisms is possible.  Anclastic agtenuation of seismic waves i
one such example, as the basic physics of the process is not tully understood and it is hikely that a
number of different processes are responsible, and yet it is possible to describe all of these etfects with
a single parameter, the quality factor Q. Finally, if this problem is viewed in terms of energy, it
becomes a basic transport problem, with the primary task that of determining how much of the energy

is absorbed and how much is transported.

2, Equivalent Elastic Method

The region immediately surrounding ant explosive source expericnces stresses ol sufficieni magni-
tude so that, at least temporarily, the material properties are significantly difterent than in the normal
state of low stress. The busic idea of the cquivalent clastic method is o retain the assumption ol a
lincar elastic constitutive relationship, but o adjust the clistic constants according o the fevel ot the
stress, The process is different tor the bulk and shewr properties. It should be pointed out that the
material being considered here s actuadly o linear visco-clastic matenal, as the constitutive cquations

are assumed to have both clastic and viscous terms,




Consider first the bulk properties. Majtenyi and Foster (1992) have suggested anadytical expres-
sions for describing the changes in density and compressiondd velocity caused by the passage of & one-
dimensional pressure wave. These have been moditied below to make them more appropriate tor the
case of waves in three dimensions. Let p, be the ultimate or maximum density and £ be the pressure.

Then the dependence of density upon pressure is expressed as
PP) = pu — (Pu-ps) ™’ .0

where

1P 22
k{.l pu”pn
and p, and k, are low pressure values of the density and bulk modulus, respectively. In werms of the

low pressure values of the P velocity and S velocity

4 .
— = VZ —_ _Vs; 23
Pa o3 =4

The compressional velocity as a function of pressure is given by

¥
[P + Al1n<~'-’—‘f—’)1 2.4

u [

2 2
Vo(P) = |V, + —

P
Next consider the shear properties. In this case the shear modulus and the shear quality factor are
adjusted according to the shear stress. However, it is convenient 1o express the relationships in terms of
shear strain rather than shear stress. Let Ty, be the shear suength, the maximum shear stress that the

material will sustain, and define the reference strain by

T
e, = —= (2.5)

Ko
Here p, is the low stress shear modulus, which can be obtained from the low suress shear velocity by
= p, V2 2.6)
Ko = PoViu (e

The apparent strain assoctated with the shear stress T 18 detined to be

Then the simple hyperbolic stress-strain relationship (Hardin and Dmevich, 1972h) yickds the ctlcctive
shear modulus

we) = g, 1 (2.7

L+ere,




Similarly, the effective damping ratio is

ele,
dle) = dy, m 2%

where d ;,, is the maximum damping ratio for the material.

A modified hyperbolic relationship can be obtained by defining a hyperbolic strain as

~hE

é e
e, = —|l+ae (2.9
r

where a and b are maierial dependent constants. Then

1

= 2
pie) Mo T+e (2.10)
and
die) = d A 21D
= mas l+e;, -

Note that the constants ¢ and » used in defining ¢, may be ditferent for the caleutation of 1 and d.

3. Linear Visco-Elastic Solid

An important aspect of the equivalent elastic treatment as it is being used in this problem is the
treatment of energy absorption.  This is achieved by treating the material as a linear visco-elastic solid.
Because the energy absomtion in this problem is quite significant, it is worth reviewing the basic
definitions of the quantities involved. The stanting point is to assume that the Boltzman principle of
superposition can be applied and that the material can be described by a lincar hereditary constitutive

equation. Then the stress-strain relationship can be writien as
!
T ) = | Coult-y) dey () 3.0

where Cyy, (1) are now the generidized visco-clastic moduli. In the frequency domain this becomes

i) = Cpl(w) eylw) (D)
where the following Fourter transform pair has been introduced

C,,'“((D) "‘F_" :—;:'C,lu(t) (3.3




In order to simplify the algebra, consider only one of the elastic moduli and then the basic heredi-

tary constitutive equation can be written as
4
W) = [Cu-yde (3.4)

In general C(w) will be a complex quantity so

C(w) = Re{C(w)) +i Im{C(w))
= 1C@) e (3.5)
where
@) = ‘mC@) (3.6)
Re{C(w))

This study follows a practice common in seismology and introduces the quality factor Q through the

equation (Aki and Richards, 1980).
Ctw) = Re{C@))A+i Q™H 3.7
so that the inverse quality factor is defined as

Im{C (w)}

Q' = = tan(B¢) (3.8

A critical difference between elastic and visco-elastic materials involves the the fact that energy is
not conserved for the latter. For a general deformation, the change in internal strain energy is

z

: d
PLew) ~ &(O)] = [ 27 em d (3.9)

0
Consider this result for the case of a simple harmonic stress field
) = Re{—i e Tpg) = Toax Sinwr) (3.1
where T, is a scalar constant giving the maximum stress. For the associated stran the correspondence
principle gives

et) = Re(-41 (11D

Clw)
In the course of a single cycle the clastic strain energy will increase and then decrease. It can be

shown that the maxitnum strain eacrgy is reached when

o = —— + 8, 312
3 C RNRS
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and the maximum value is

tg\ax 3 3r
max {pe] = 2 Re(C(m)](l+(~§—+Gc)mn(9c)) {3.13)

At the end of a single cycle (t = 2rw/@) there will be a net loss of energy given by
Alpe] = 1 15ux IM(C ()} | (3.14)

A quantity of interest is the ratio of the energy loss per radian to the maximum energy, which is often

used to define a quality factor directly related to energy.

2 o Alpel (3.15)

¢ 2 max{pe]
Using the results derived above, this becomes

4 Im(C (@)}

e = 3t (3.16)
Re(C(@))(1 + (5-+8c)an(8c)
I€ the viscous effects are small compared to the elastic effects, then 07! <« 1 and
ooz ! G.IN

and the ditterence in the two definitions of Q is noi important.  However, when viscous etfects are
appreciable the difference between the two defisitions must be taken into account, and the exact sela-
tionship is

. g~ (3.1%)
1+ (%"—mm“((_)*»g-'

In experimental work it is common to define the damping ratio as

d = Alpel (3.1

2r max(z(t)] max[e (1Y

and this leads to
1.
d = 5sm(9(;) (3.20

In terms of the seismic definition of @', the relationship for the damping ratio is

2
) =
¢ Vi—ad?

[§)
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Figure 1.

A hysteresis curve and the parameters which can be used to describe it.

ellipse is a measure of Afpe] and the slope of a line through the end points of the curve is

Sh

tan(¢). The maximum values of stress and strain are also shown,




A convenient method of analyzing the energy relationships of visco-elastic materials is in tenms
of hysteresis curves. A cyclic loading of the material results in a stress-strain curve such as that shown
in Figure 1. For a linear visco-elastic material this curve is an ellipse. The area enclosed by the curve
is a measure of the energy loss per cycle A{pe] and the maximum stress and maximum strain are also
easily measured from the curve, so equation (3.19) can be used {0 estimate the damping ratio of the

material. Ther. equation (3.21) leads to an estimate of the seismic quality factor.

+* ¢ slope of a straight line through the end points of the hysteresis curve can be used to provide
an estimate of the modulus of the elastic constant 1€ (w)). If §, is the slope of this line, then it can be
shown that

[(SF+1) =48, 07% + 8,71
25, (14077

322

1€ (!

Figure 1 illustrates how an estimate of the elastic modulus can be obtained from a hysleresis
curve. The four quantties max[e], max{t], ¢. and Alpe] can be measured directly from the curve.
Then equation 3.22 yields an estimate of the absolute value of the elastic modulus and equations 3,19,
3.21, and 3.8 yield an estimate of its phase. Hence, the complete complex elastic modulus can be
obtained from the hysteresis curve. This estimate of the elastic modulus will in general be a function
of the level of stress and strain.

Hysteresis curves such ax shown in Figure 1 provide a convenicnt method for the experimentad
determination of the elastic properties of carth materials. Both stress and strain are measured as a
cyclic stress is applied and the result is a direct determination of the hysteresis curve,  In general the
resulting curve for actual earth materials will not be an ellipse, but the quantities max{e J, max{z]. ¢.
and Alpe] can still be extracted from the curve and convened 1o an equivalent linear clastic moduius
(see for example Idriss and Seed (1968) and Hardin and Dmevich (1972a)).

Figure 2 shows hysteresis loops that were calculated for three difterent stress levels i a maerial
having the propertics of wet wif. These properties were taken to be p, = 2.58 gmiem™, ¢, = 107, and
dmy = 0.30. The equivalent elastic treaunent of section 2 was used to adjust the material propertics as
the peak stress and strain were changed. In the case of compressional stress, there is a slight mcrcase
in the real part of the modulus as the stress increases and the imaginary part adso increases. In the case
of shear stress, there is a marked decrease in the real pact of the modulus and an ncrease in the ima-
ginary part as the level of the suress increases. The numcrical vadues corresponding o these hvaicresis
curves are listed in Table 1. Tn this table case (Fis the low stress situation, and cases [ through 3 e

e situations shown i Figure 2 as the sieess level i increased,




Table 1. Equivalent elastic constants for the hysteresis curves of Figure 2.

Case 0 Casel Cae2 Case3d

Peuk pressure (MPA) O 5 10 30
Peak shear stress (MPA) O 1 3 10
Density (gm/cc) 210 210 210 211
P velocity (km/sec) 2.85 2.85 2.85 2.86
S velocity (km/sec) 145 0.94 0.69 0.41
Q! 0.01 0.18 023 0.26
o 002 048 0.63 0.72

9
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tuff. The equivalent elastic treatment was used for both the real and imaginary parts of the clastic
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4. Elastic Wave Propagator Selution

The use of the equivalent elastic method requires that the clastodyniunic equations of mation be
solved for an explosive source in an inhomogeneous medium. Stundard propagator mcethods can be

used to solve this problem.

Consider an explosive source ceatered at the origin and assume complete sphericil syminetry <o
that all displacements will be in the radial direction and only compressiond waves wlb be gencrated.
Adopting a spherical coordinate system and assuming a harmonic time dependence ol dic torm ¢ '™, the

displacement can be written as
u = u(rot “.b

where § is the unit vector in the radial direction. In a region where the equations of linear clasticity e

obeyed the displacement must satisfy
A+240)V%u - VxVu + po’u = 0 (4.2)

where p is the density and A , u are the Lame elastic constants. In a region where these elastic parun-

eters are independent of the spatial coordinates, a general solution 1o the above cquation s
u(r.@) = aPaP&,r)E + aPr{P, e (4.3)

Here A" and h,¥ are spherical Hankel functions of the first and second Kind, respectively, and

k, = T/O:_ (4.4
where
l‘l*’ZE i

)

It is easily demonstrated that the function f,'"’ represents inward traveling compressiond wives, while

h? represents outward traveling waves. The terms a'' and @' are arbitrzuy constanis at this point.

The radial traction on any surface of constant radius has the form
. ) " .
t, = AVur + 2u—u + uixVxu = 1,.(r.0)Ff (4.0)

ar

Corresponding to the solution for u given above, this stress is

1, (r.@ = zz“‘l:(k+2u)k,,h(‘.”(k,,r) - %l:{"(k,,r)

+ a‘z’{()w?.p)k,,h.‘-,z’(k,,r) - i'rih;?‘ th,r) <+

11




The tan. .ual stresses are

Too(r @) = Tyy(r.0) = a“’{uphé”(k,rw —z-fihf”(k,,r)]

+ am[u,hé” (kor) + %h{” (k,,r)] (4.8)

Now consider the region around the source to be divided into a number of spherical shells, with
the material properties constant within each shell but possibly changing at the boundagries hetween
shells. Shell n will be bounded by radii r, and r,,, and will have material properties p,,, A, f,. We
also have X, = w/V,,. Using the results developed above, the displacement and radial stress within the

n-th shell can be written in matrix form as

n an“)
0| = A, a® 4.9)

where the shell matrix A is defined as

BV, r) B2k, r)
A (ro) = | an i (1.10)
[+ 20 D 13D Ky 1) = = {0 (k1)) [ #2480 W 7 (1) = =0 (k, )]
It is easily shown that the inverse of this matrix exists and is given by
. B (D) 4”" [ T3 2 ¢
. [, +2u, 0k, kD (k, ) - — {0} =Y (k)
ADNr) = ‘ .10

4,
20 2D | {0y 2 ey RO ) = 006,00

The boundary conditions for this problem are that 4 and f, should be everywhere continuous.

This means that at the radius 7, where shells n and n-1 are in contact the following cquition must hold.

u a8 0
t = An—](rn rm) a ('2)l = An (ru ,(D) a 2) . (4!2)
r L n
It follows that
s ah
al? = A, ) An—l(rn-m) a@i (4.13)
" . -1

It is convenient 10 define an interface matrix as

B, (@) = A'(r,.0) A, (r,.0) ' 41




Letting 2z, = &,r, and z,_; = k,,_,r,,, the individual elements of B, are

=i @yt _y)
Z,,e ~n)(' &n l)
B = o (A4 20 ) (R 420, u)——~——~—— (4.152)
e T WG [kn )77 An-1+20 Moo 5 }
~i(T,+z, ) . .
“Z,, [4 " . (‘ —Zn )(‘ —s-n-l)
By = —/—————— (A, +2}, —(k +2 ,_) +4:( My i) ———~——1(4.15b)
12 200 +2L) l:(xn Ha) T ¥, 3 Hn =Hn-i PEIEN }
pe oty i+2,. (i+2, 0042, )
By = 20uy A, +2u,) mz R {1 “Ha- 1)"'—':5';‘2:—“ (4.15¢)
i(ty~2py)
_.z”e (l+~n)(' A-n l)
By = ———— (A, 2, 5 ~(7L,, +2,,) +4(,,-,,)—~——-—~—-—(415d)
2 22 [( H ) ) 1+2H, - FERAN S — ) }
This process of matching boundary conditions at an interface can be repeated at successive boundaries,

and thus the solution can be propagated through an arbitrary number of shells. Assuming the process to

have started in shell 1, the solution in shell n is
aV 10
@ = Ba(@) Byo(@ - Bo@) | o *-16)
[# 9% ay

The next step is to assume that shell O consists of a gas having pressure P and adiabatic gas con-
stant ¥. Then, allowing approximately for the change in pressure caused by the expansion of the shell.

the displacement-stress vector at the radius r; will he

u u ay
i T |-PQ-3yury)| T Ay(ry,0) af® 417

Two independent trial solutions can be obtained for this system. First assume that af> = 0 and then it

is possible to solve for

alV = _P (.18

o2k oD g1y - _‘(Fll + —‘”—)" k)

The second solution is obtained by assuming that a (' = 0 and then

a® = —P > (4.18b)
Ot ki = 2a + I i)

The general solution is obtained by intraducing the paruncter £, and then the sum of € times the finst

trial solution and (1-€) times the second tral solution will satisty the boundary conditions i ry.




The parameter £ is determined by the radiation condition. Assume that shell N oextends © infinity

so that there are only outward propagating waves in this region, and thus ¢y’ = 0. This means that

L 4

eaf) + Q1-0)af) =0 (4.19)
where ay, and ay; are the two solutions that are obtained in shell N when the two ditferent trind solu-
tions from r, are propagated independently to ry. It follows that

ay

..} S (4.20)
a,fl} —ar$‘1’

€

Having determined ¢, the two trial solutions can be summed with the proper weighting Gaclors at any

radius to yield the total solution.

The case of an explosion in a medium where a hydrostatic pressure is present is obtained trom
the above solution by letting the pressure on the cavity wall be P — P;, where P is tie lithostitic pres-
sure at the shot point. Then all of the pressures and stresses that are calculated will be depantures (rom
the initial hydrostatic case. With this approach the initial stress 1, = —F; I is homogencous so Vo, =0
and there is no change is the basic equations. However, if the initiid pressure is not homogencous, such
as when the depth effect of pressure is included, the solution loses its sphercal symmcetry and becomes

more complicated.

The possibility that elastic waves will be attenuated as they propagiie is included by introducing
anelasticity into the problem. This is achieved by using the correspondence principle 10 generalize the

previous results. This consists of inraducing the complex elastic constants

A+2n > A+ 200 +iQh (.21
and

p - p(l+iQ™ (4.21
The wave number k, will now be complex also and can be written

k, — ky(1~id) 4.22)

The requirement that the elastodynamic equations be satistied leads to

. o 1 1+ ]

= 423
=0 A2u 140, 2 (3230

1

S (4,230
G, (1 + [1+Q,71

14




A similar set of equations can be derived for the wavenumber k,. Note that in general (J, and @, w..l
be functions of frequency.
With attenuation present, the velocities will in general be dispersive.  Assuming that 0, and (J,

are not functions of frequency in the band of interest, causality is maintained by requiring that

1

V() = V(|1 + —&—Q;-ln[}{— ) (4.242)
- 1L

V.(f) = V(|1 + o i (4.24b)

where f, is some reference frequency.

5. Method of Calculation

The basic steps of the computational scheme are oudined in Figure 3. The first step is to initiad-
ize the model of the material properties surrounding the explosion. This consists of dividing the region
into an appropriate number of spherical shells and specifying the initial material properties tor these
shells. The material properties are assumed o be constant within each shell. The paruncters associ-
ated with the equivalent elastic treatment, such as the ultunate density, the reference shear strain, and
the maximum damping must also be specitied at this time. The outside radius of the last shell should
be large enough so that the material properties at this and greater distances can be safely assumed ta be
linear visco-elastic.

The second step is to initialize the properties of the explosive source. The size of the explosion
is specified by giving its chemical energy E,. The initial radius of the cavity r, is also specitied.

which leads to the initial volume
V, = 2} (5.

The explosion is assumed (0 take place instantancously so that at ¢ = 0 the initial pressure within the

cavily increases by an amount

E,(yv-1)
= 52
P, v (5.0

7]

where v is the gas constant for the explosive gasses. This initiad pressure s the radial stress wr =7,

which is onc of the boundary conditions for the clastic wave solution.
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Figure 3. Flow chart for the calculation of the outward propagating waves from an explosive source

using the equivalent elastic method.
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The third step is to obtin the elastic wave solution for the entire region surrounding the source
using the propagator solutions of section 4. Given this solution, the stresses and strains at all distces
from the source can be “calculated. In general the stresses associated with this solution will be
sufficiently large so that the initial material properties are not appropriate.  Thus the material propenties
are adjusted on the basis of the calculated stresses and the equivalent elastic treatment outlined in sec-
tion 2. For the purposes of this adjustment the pressure is

T, + Toy + Too

P =-
3

and the shear stress is

Ton — Ty
= —2—~ (5.4

Having adjusted the material properties in all of the shells, the elastic wave solution can he obtained for
the adjusted model and the entire process repeated.  This iterative process of solving for the stresses and
adjusting the material properties is repeated until a solution is obtained in which the stresses are compa-
tible with the material propertics at all distances. Generally, only three or four iterations are required.
After convergence of the process of adjusting the material properties, the source radius is also

adjusted to allow for the inelastic growth of the cavity. The cavity radius r, is increased by succes-
sively eliminating shells until the static pressure is less than some factor tunes the lithostatic pressure

P(r,i—e) < N P, (5.5)
Here the lithostatic pressure P s just that due to the overburden and is given by

P = p, g {5.6)
where g is the acceleration of gravity and 2, is the source depth. Recall that the caleulaied pressure is
in excess of the lithostatic pressure, so this condition actually corresponds to the static cavity pressure
being 14M times the lithostatic pressure. For the calculations in it the tactor 1 was assumed 0 have
a value of 0.5,

After the adjustument of the cavity radius, @ final iteration is performed on the adjusuncat ot the
material properties o insure that the stresses and material propertics at all distances from the source are

compatible. At the completion of this siep the final solution is availabic,




6. Experimental Check of the Method

This method of calculating fields of an explosive source is illustrated by some mitiad caleulations
in Figure a. The upper panel shows the first 10 msee of measured particke velocity within a few meters
of a buried chemical explosion, while the lower panel shows the results of simulating these measure-
ments with the code that employs equivalent elastic material properties. The data were obtained during

the OSSY2 experiments of 1991.

The OSSY2 (On Site Seismic Yield) experiments were performed in 1991 in Yucca Valley at the
Nevada Test Site. They were a cooperative effort between scientists at Lawrence Livermore National
Laboratory, Lawrence Berkeley Laboratory, the Seismographic Sttion at UC Berkeley, and Southern
Methodist University. The data shown in Figure 4 were obtained from a chemical explosion thal was
detonated at a depth of 534 meters in hole UBdav. The source size was 100 pounds of C4 explosive.
The source medivm was a bedded wtt immediatety above the Grouse Canyon member. The source

properties which were used in the calculation are
o = 210 gmiem? |, V,, = 285 kmisec . V,, = 145 kmisec
P ! s

As mentioned in section 2, the cquivalent clastic parameters used in he  calcubtions  were
p. = 2.58gm/cm’, e, = 107, and dmax = .30. These estimates of material properties were based on
the results of a VSP survey (Leonard et af, 1992) and luboratory measurements (Emerick, 1966).

Starting with the material properties listed above as initial vidues, the elastic witve solutions were
obtained out to a distance of 40 meters from the source point. Using the stresses that resalied from this
solution, the material properties were adjusted according to the method described in section 2. Then a
new wave solution was obtained using the modified material propertics, This process was repeated until
there was essentially no change in material propertics between itertions,

The equivalent clastic modification of the material propesties was most pronouiiced in rcgmn.
that extended out 1o about 2 meters from the shot point. In this region the density and compressional
velocity were increased by up 10 5% while the shear velocity and shears quadity factor were decreised
by over 90%. At larger distances there was lictle moditication in the density and compressionad velo-
city, although there were sigpiticant but decreasing eftects upon the shewr veloctty and shear guality

factor out to distances of about 10 meters.

1%
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Figure 4. Recorded and calculated free field measurements of velocities from a chemical explosion.
The explosion consisted of 100 pounds of C4 explosive which was detonated at a depth of 534 meters
in Yucca Valley. The upper panel shows velocities that were recorded by a linear array of instruments
directly above the explosion. The number on the left of each trace is the radial distance of the instry-
ment from the center of the explosion in meters and the number on the right is the maximum velocity

in cm/sec. The traces have been multiplicd by distance from the explosion for the purposes of plotting.
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The next step was to calculate a new effective cavity radius for the source. The criterion used
was that the static cavity pressure should equal 1.5 times the lithostatic pressure.  This resulted in the
cavity radius increasing from 9 cm to 20 cm.  Another iteration of the equivalent elastic adjustment of
material properties was then perfonned, with the main resulr being a turther reduction in the shear velo-
city in the immediate vicinity of the new cavity radius. Finally, using the effective material propenties
and the effective cavity radius, a final wave solution was obliined to yield the results shown in the

lower panel of Figure 4.

The agreement between the observed and calculated velocities in Figure 4 indicates some promise
for this type of an approach. The recordings at the two closest distances of 1.5 and 7.2 meters are
somewhat suspect, so the comparison here may not be valid. The acceleration at the first gage was in
excess of 8000 g and there is a suggestion on the acceleration record that the gage may have broken
loose and gone inte ballistic motion.  The acceleration at the second gage was greater than 2500 g and
the maximum acceleration occurs during the second pulse that is delayed by about 3 msec, which is
difficult to explain in terms of an outgoing pressure wave, Note that both of these gages were in the
range of strongly nonlinear material behavior in the sense that the equivalent elastic treaunent resuited
in signiticant modifications. At the three outer gages the observed records seem more reasonable. indi-
cating an outward propagating wave that changes slowly with distance. The simulated records agree
quite well in amplitude and penod in this range. although the asymenetry in the wavelorms in somewhat
different for the observed and calculated results. One possible explanation for this diflerence is that the
dispersion associated with the anelastic properties ot the medium has not been properly modeled in the
simulations.  This, along with many other aspects of the simulition calculations, need considerably

more investigation.

7. Conclusions

The approach described here is not a substituie tor complete equation-of-state codes. but it
appears to provide an etfective method of investigating some of the basic elements of wave propagation
near an explosive source. The computer codes are quite efficient, so that it is possible 0 perform
extensive simulation studies in which the role of various parameters is investigated. Thus (he method is
quite usclul in helping to isolate the model paraneters which are controlling same particular feature of
the observational data.

Considerable more (esting must be pertormed in order to establish that this method produces eli-

able quantitative estimates of the scisimic wavetorms which are transmitied o the linear clastic region.
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So far most of the comparisons with observational data have involved chemical explosions, because
such data were conveniently available, but such comparisons must be extended 10 nuclear explosions. Tt

would also be helpful to extend the comparisons to other types of source media.

One characteristic of the equivalent elastic method is that it requires a relationship between
material properties and the level of strain. Further development and use of this method will require the
assembly of a data base of emirical relationships for equivalent elastic reauments that covers all of the
different types of materials which might serve as source media for explosions. The literature contains
considerable data of this type for various soils, but comparable data pertaining to hard rocks has not yet
been located. However, a complete search of the literature with respect to this type of information hus
not been completed.

While the feasibility of the method investigated in this study has not yet been timmly established.
the exercise has been successful in demonstrating the need for approaches of this type which produce
simple analytic results. One ot the advantages ot such an approach is that it allows various features of
the observational data to be explored with respect to their cause and unigueness.  The relative role of
the material inside and outside the elastic radius in determining the frequency content of the radiated
seismic energy is one such area of interest.  Another is the relationship between the comer frequency of
the spectrum and the source sadius. For instance. the initial caleulations suggest thie the effective
source radius may be a rather vaguely defined quantity. [t is also possible to explore the role of the
energy density within the cavity, which relates 1o the differences between chemical and nuclear explo-

sions and methods of decoupling explosions in an enlarged cavity.
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