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Abstract. Th e explosio n seismi c sourc e functio n i s th e potentia l 
which satisfie s th e spherica l P-wav e equation . I t i s completel y de -
scribed b y fou r properties . The y ar e th e steady-stat e value , roll-off , 
overshoot, an d corne r frequency . I n on e approac h t o describin g th e 
potential, th e spectral roll-of f is specified and the other properties ar e 
determined b y fittin g th e dat a a t prescribe d times . I n a  variatio n o f 
this approach , th e roll-of f is specified by assumin g a  radial stres s o f a 
known for m i s applie d uniforml y over  a  spherica l surface , locate d a t 
a rang e wher e th e motio n i s assume d t o b e linear . I n thi s review , i t 
was foun d tha t o f th e fou r properties , les s uncertaint y exist s abou t 
the steady-stat e valu e an d th e corne r frequency than abou t th e othe r 
two. A  majo r proble m ha s bee n scalin g th e result s fro m on e yiel d 
to another . Ne w result s ar e presented tha t sho w that , whe n th e geo -
physical propertie s o f th e sho t poin t ar e take n i n account , cube-roo t 
scaling o f th e yiel d i s appropriat e fo r th e steady-stat e valu e an d th e 
corner frequency , i.e. , yiel d t o th e firs t an d one-thir d powers , respec -
tively. Th e ne w result s als o suggest tha t previou s assumption s abou t 
the for m o f th e applie d radia l stres s ar e probabl y no t appropriate . 
Finally, chemica l an d nuclea r explosion s appea r i n th e ne w result s 
to b e indistinguishable , suggestin g tha t experiment s usin g chemica l 
explosions coul d ai d i n reducin g th e remainin g uncertaint y i n th e 
seismic sourc e functio n properties . 

I. Introductio n 

In his review of seismic sourc e models for underground nuclea r ex -
plosions, Mass e [1981 ] list s fou r unanswered question s an d conclude s 
from these tha t th e seismi c sourc e for an underground nuclea r explo -
sion remain s poorl y define d afte r tw o decade s o f study . Th e thir d 
of Masse' s questions , "Wha t i s th e seismi c source-tim e functio n fo r 
an undergroun d nuclea r explosion? " i s th e subjec t o f thi s review . 
Rodean [1981 ] also found n o consensu s regardin g th e sourc e functio n 
among seve n paper s tha t h e reviewe d an d state d tha t ther e i s dis -
agreement abou t th e far-fiel d high-frequency displacemen t spectru m 
and abou t th e overshoo t i n th e sourc e function . Therefore , a s th e 
fourth decad e o f undergroun d nuclea r testin g begins , i t i s appropri -
ate t o re-visi t som e o f thi s earl y work , t o re-evaluat e th e conclusion s 
of a  decad e ago , an d t o discus s som e promisin g recen t result s tha t 
may lea d t o a  consensus . 

This review begins with a  discussion o f the analyti c model s for the 
seismic sourc e functio n o f a n undergroun d explosion ; considere d ar e 
those wit h a n instantaneous rise-time , wit h a  finite rise-time, wit h n o 
steady-state value , an d with a  steady-state value . Next , th e propose d 
scaling law s ar e discussed . I t conclude s wit h a  regressio n analysi s o f 
the relationship s o f the seismic momen t an d corner  frequenc y param -
eters t o th e cavit y size . 

II. Th e Vibratin g Spher e Problem : Assumption s an d Definition s 

In th e vibratin g spher e problem , a n explosio n i s modelle d a t an d 
beyond som e critica l distanc e wher e th e materia l behave s elasticall y 
by a  radia l stres s applie d uniforml y ove r a  spherica l surface . Th e 
spherical surfac e whic h separate s inelasti c fro m elasti c respons e ha s 
been calle d th e equivalen t cavit y b y Sharp e [1942 ] an d th e equiva -
lent radiato r b y O'Brie n [1960] , whil e th e rang e t o thi s surfac e ha s 
been calle d th e elasti c radiu s b y Tokso z e t al . [1964] . Th e solutio n 
of thi s proble m i s give n belo w i n term s o f a  potentia l whic h satis -
fies th e P-wav e equation . Th e descriptio n o f th e P-wav e potentia l 
is th e basi c goa l o f th e propose d explosio n sourc e model s (Tabl e 1) . 
Two approache s hav e bee n take n t o describ e thi s P-wav e potential . 
In one , th e potentia l i s describe d b y approximatin g it s tim e histor y 
with a  parametri c mode l evaluate d a t ke y times . I n th e other , th e 
form of th e radia l stres s i s assume d t o b e know n an d it s parameter s 
are determine d fro m ke y aspect s o f spectra l data . Whil e thes e ap -
proaches ar e equivalent , th e secon d require s a  more detaile d physica l 
knowledge. I t i s worthwhile , therefore , t o begi n wit h a  revie w o f th e 
vibrating spher e problem . 

The solutio n fo r thi s proble m ha s bee n give n b y severa l authors : 
Jeffreys [1931 , 1971 , 1976] ; Sharp e [1942] ; Blak e [1952] ; Latte r e t al . 
[1959]; Cagniar d (translate d b y Flin n an d Di x [1962]) ; an d Gran t 
and Wes t [1965] . Cagniard' s derivatio n usin g Laplac e transform s t o 
simplify th e notatio n wil l b e followe d here . I n spherica l coordinate s 
the radia l displacemen t an d stres s ar e give n b y 
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respectively, wher e A  and / i ar e th e Lame' s constants , a  i s th e com -
pressional wav e speed , an d <j > i s the potentia l tha t satisfie s the spher -
ical wav e equatio n 

1 8 ^ fo \ (3) 

The genera l solution o f the wav e equation for an expanding spher -
ically symmetri c disturbanc e i s give n b y 

i 
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TABLE 1. Propose d Source Models 

Reference Data sy 

High-
frequency Initia l Fina l 
asymptote motio n valu e 

Radial 
stress 

1. Toksoz , Regiona l 
Ben-Menaham, Rayleig h waves 
and Harkrider [1964] 

2. Haskel l [1967] 

3. Muelle r [1969] 

Free-field 

Near-regional 

sRP n 
" pC?2 +  2t|co e.s +  C0 2)(^ + Tl)2 

as +  b 5 ,,  N 

V - c J W ( 1 ) 

sRPn 

P (S' 2 +  2-^co e5 + co  £)(s + a) 

r3 

r4 

r2 

|Li(0) = 0 0  a rr = -P 0te-£V(t) 

= 0 Not specified (4) 

H(0) = 0 0  a rr = -P 0e-a in(t) 

^ ( J + ^ P c d ! ) 
4. Muelle r and 

Murphy [1971] ; 
Murphy [1977] 

5. vo n Seggern and 
Blandford [1972] 

6. Helmberge r and 
Harkrider [1972] 

7. Helmberge r and 
Hadley [1981] 

8. Denn y and 
Goodman [1990] 

Near-regional 

Teleseismic short-
period P-wave 

Long-period P- and 
Rayleigh waves 

Local P-wave 

Free-field 
and local 

p(j2 +  2 ^ g v +  w 2)(5 + 

as +  b 3 

( 2 ) 

jy 0 r (S +  1 ) 

( 3 ) 

— c — 1 
^ ( s 2 +  2'H(0 c5 +  C0 2)(5 + (Oj) 

r2 

r2 

j* 

R3 

r 3 

n(0 )  = 0 

n(0) = 0 

depends on £ 0 

jj(0) = 0 

|i(0) = 0 

[(P - P0)e-®it + />0]u(t) 

Not specified (4) 

Not specified (4) 

Not specified (4) 

Not specified (4) 

(1) a  = (24 B + l)k 4 and b = k in Haskell's notation. 
(2) a  = (1 - 2  B)k2 an d b = k in von Seggem and Blandford notation. 
(3) a  = (6B + l)k 3 and b = k in Helmberger and Hadley notation. 
(4) No t specified by reference but may be derived from equation (6). 

<t>(r,t) •• (4) 

where xJj i s determined once the radial stress, a r r , a t r  =  R  i s specified 
and T  is the reduced time , r  =  t  —  ( r —  R) /a, .  Accordin g t o Rodea n 
[1981], th e functio n ij>  wa s firs t calle d th e reduced  displacement  po-
tential o r RDP b y Wert h e t al . [1961 ] because i t i s dependent o n just 
the reduce d tim e variable . Substitutin g (4 ) int o (2) , an d takin g th e 
Laplace transfor m wit h respec t t o r , th e radia l stres s i s the n give n 
by 

p l r 2 4/? 2 4/J 2 

&rr =  +  —s  +  -V), (5) 

where p  i s th e densit y an d j3  is th e shea r wav e velocity . Wit h <7 n 

specified a t som e rang e R , th e RD P i s from (5 ) 

<j> = 
p(s2 +  2rjcj es +  w 2) (6) 

where th e ba r denote s th e Laplac e transformation , r j = /?/a , u e = 
2(3/r, an d R  i s greate r tha n o r equal t o th e elasti c radius . 

For a  step i n pressure , p(t)  =  P 0U(t) wher e P 0 i s th e amplitud e 
of th e pressur e applie d t o th e insid e o f a  spherica l surfac e a t r  =  R 
and U(t ) i s th e Heavisid e ste p function , i.e . U(t)  =  1  for t  >  0  an d 
U(t) =  0  otherwise , th e radia l stres s i s give n b y 

<rrr = -P 0/s. 

In thi s case , (6 ) become s 

4ps(s2 +  2rjuj es + u e
2)' 

(7) 

(8) 

where u) e =  2/3/R.  Th e initial - an d steady-stat e values , ipo  and V'oo 
respectively, o f th e invers e o f (8 ) ca n b e readil y evaluate d fro m th e 
initial- an d final-values theorems , Chen g [1959] . Th e final-valu e the -
orem states that lim{f}t^ OQ =  lim{sf} s^,o an d the initial-value the -
orem state s tha t lim{f} t^0 =  lim{sf} s^where /  i s an arbitrar y 
function. Thus , ip 0 and V'o o are 0 and P 0R3/4p, respectively . Th e in -
verse solution t o (8 ) ca n be found i n any table o f Laplace transforms , 
e.g., Batema n [1954] , an d i s 
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, P 0 R 3
n We _ Tsin(br +  9)), (9) 

where a  =  rjw e, b  = u ey/l —  rj 2, an d 0  =  tan~ l(b/a) an d th e initial -
and steady-stat e value s ar e a s expected . Rodea n [1971 ] illustrate s 
the result s fo r this an d thre e othe r case s o f radia l stress . 

Equations (8 ) an d (9 ) ar e wel l know n i n th e engineerin g fields . 
In mechanica l engineering , the y describ e a  simpl e mas s suspende d 
on a  spring: u; e i s th e undampe d circula r frequenc y (27r/ ) o f oscilla -
tion, 6  is the damped circula r frequency, an d r j i s the dampin g factor . 
Gurvich [1965 ] described (6) , (8 ) and (9) in terms of a resonance filter. 
In fac t i n electrical engineering , the y describ e a  low-pass filter whos e 
order i s determine d b y th e numbe r o f th e root s o f th e numerato r o r 
denominator o f the rationa l polynomia l (8) , whicheve r i s larger. Th e 
poles ar e th e root s o f th e denominato r an d th e zeroes  ar e th e root s 
of th e numerator . I n general , th e RD P (6 ) i s th e resul t o f applyin g 
a second-order low-pas s filte r to th e radia l stress . Thus , th e orde r o f 
(6) i s th e numbe r o f pole s o f th e radia l stres s plu s two . I n th e cas e 
of a  ste p i n radia l stres s (8) , fo r example , th e RD P i s a  third-orde r 
low-pass filte r with 3  poles an d n o zeroes . 

In th e seismi c sourc e problem , th e dampin g facto r i n term s o f 
Poisson's ratio , v , i s 

T] = 
1 - 2 1 / 

2 ( 1 - 0 ' 
(10) 

As Poisson' s ratio ranges between zero and one half , 77 ranges betwee n 
y/2/2 an d zero . Thi s rang e o f damping mean s tha t (9) , beginnin g a t 
zero, rise s t o a  pea k a t T — 7r/ 6 an d the n die s ou t t o a  stead y stat e 
value o f ipoo . I n othe r words , i t overshoot s th e fina l valu e an d the n 
oscillates wit h decreasin g amplitud e abou t it . Th e amoun t o f over-
shoot, i.e . th e ratio of the peak to the final value, i s determined by the 
damping and increases as 77 decreases. I n mechanical engineering, thi s 
response i s describe d a s under-dampe d and , i n electrica l engineerin g 
terms, a s a  good-to-poor oscillato r dependin g o n th e damping . 

The derivativ e o f t/>  i s calle d th e reduced  velocity  potential  (RVP ) 
and i s a  mor e convenien t functio n t o wor k wit h tha n i s th e RDP . 
This i s du e t o th e propertie s o f it s spectru m an d t o th e fac t tha t i t 
is proportiona l t o th e far-fiel d displacement . Thes e feature s ar e dis -
cussed below . I n spite o f these mor e convenien t feature s o f the RVP , 
the RD P i s commonl y calle d th e seismic  source  function. 

For an RDP with a non-zero final value such as (8), the modulus of 
the spectrum of the transformed RDP ( | \j> |,=,2*/) i s infinite at /  =  0 
but tha t o f th e transforme d RV P (|sV>| a=,2ir/) finite  a t /  =  0  an d 
is equa l t o V\do - Th e modulu s o f th e transforme d RV P is , therefore , 
commonly plotte d instea d o f tha t o f th e RDP . Fro m suc h a  plo t 
four basi c sourc e functio n characteristic s ( seismic moment,  comer 
frequency, overshoot , an d roll-off)  can , i n principle , b e estimated . 
The seismi c momen t fo r explosions, introduce d b y Miille r [1973 ] an d 
Aki e t al . [1974] , i s 

Mo =  47T/0C* 2V'oo- (11) 

The corne r frequency , / c , i s th e frequenc y wher e th e transforme d 
RVP's low-frequenc y asymptot e intersect s it s high-frequenc y asymp -
tote. Fro m (6) , i t ca n b e see n tha t th e RD P alway s ha s a  corne r 
frequency, eve n in th e simple cas e of an impulse i n radial stress . Th e 
roll-off i s th e exponen t o f th e hig h frequenc y asymptot e (/—»-oo ) o f 
the transforme d RV P or , equivalently , o f th e far-fiel d displacemen t 
spectrum. Th e roll-of f i s equal t o th e differenc e between th e numbe r 
of zeroes and the numbe r o f poles . I n (8) , th e corner frequency i s th e 
same a s the boundary  condition  eigenfrequency , i.e . th e magnitude o f 
the complex pair of poles specified by the boundary condition divide d 
by 27r , / e =  w e/2ir. Th e roll-off , in thi s case , i s -2. 

It shoul d b e note d tha t th e boundar y conditio n eigenfrequenc y 

is, i n general , no t th e sam e a s th e corne r frequency . Fo r example , 
Denny an d Goodma n [1990 ] hav e show n tha t fo r th e nuclea r explo -
sion SALMON , (/ e) r_ft e <  / c , wher e R e i s the elasti c radius . I n thi s 
case, th e corne r frequenc y wa s determine d b y th e radia l stress . 

The fac t tha t th e displacemen t i s proportional t o th e RV P a t suf -
ficiently large ranges (calle d th e far-field)  i s readily show n a s follows. 
From (1 ) an d (4) , th e transforme d radia l displacement , u r, i s give n 
by 

Ur = ( « + - ) • a r r 
(12) 

The contributio n o f th e term , ( s +  i n (12 ) i s importan t onl y fo r 
ranges (calle d th e near-field)  wher e r  i s not muc h greate r tha n a/u c, 
where uj c =  2wf c. A s th e rang e increases , a/r  become s negligibl e 
compared t o u> c an d s - f a / r ~  s  s o tha t th e far-fiel d transforme d 
displacement, ujf , become s 

sip 
Uff ~  —. JJ ar 

(13) 

Thus, th e spectru m o f th e far-fiel d displacemen t i s proportiona l t o 
the transfor m of th e derivativ e o f th e sourc e function . 

Finally, th e far-fiel d transformed kineti c energ y radiate d pe r uni t 
surface area by th e vibratin g sphere , Ea , i s [Ak i an d Richards , 1980 , 
page 127 ] 

SEA =  ipm; 2 , (14 ) 

where v  i s th e transforme d particl e velocity . Th e tota l energ y radi -
ated, Et , i s then , b y Parseval' s theore m 

ET = p*  r 
2 w _ c 

v(iu>)v(iu)* df, (15) 

where the asterisk denotes the complex conjugate. Fo r a step function 
in radia l stres s (15 ) become s wit h th e us e o f (13) , (8) , an d (11 ) 

2rjpa5 (16) 

It can also be shown, in other cases where the transformed RVP's roll-
off is steepe r tha n -2 , tha t th e energ y i s stil l proportiona l t o / C

3M0
2. 

III. Th e RDP : Revie w o f Experimenta l Result s 

There ha s neve r bee n a  clea r relationshi p establishe d betwee n 
source function s determine d fro m th e close-in  ( < 1 0 km ) dat a an d 
the sourc e functio n fo r teleseismi c data . Th e concer n ha s bee n tha t 
the teleseismi c observation s depen d o n th e mediu m propertie s be -
low the sourc e volume an d within perhap s several wavelength s o f th e 
working point  (i.e. , th e detonatio n point) , whil e th e close-i n observa -
tions sometime s onl y sampl e a  very narro w apertur e abov e or to on e 
side o f th e workin g poin t an d withi n a  range comparabl e t o perhap s 
one teleseismi c wavelength . Effort s t o establis h suc h a  relationshi p 
will b e reviewe d i n thi s section . Thre e o f th e fou r sourc e functio n 
characteristics identifie d abov e wil l b e reviewe d i n thi s section ; th e 
fourth (corne r frequency ) wil l b e addresse d i n th e nex t section . Th e 
question o f the steady-state valu e o f the source function wil l b e deal t 
with first , followe d b y th e roll-of f an d th e overshoot . O f th e three , 
the steady-stat e issu e seem s t o b e th e bes t an d th e overshoo t th e 
least wel l understood . 

A. Steady-State  Value 

As pointe d ou t above , (6 ) show s tha t th e sourc e functio n i s a 
low-pass versio n o f th e applie d radia l stress . Therefore , i f th e radia l 
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stress ha s a  steady-stat e value , th e sourc e functio n als o ha s one . I n 
the followin g th e observation s recorde d i n the literatur e ar e summa -
rized. Som e author s refe r t o radia l stres s whil e other s writ e o f th e 
source function . 

Brune an d Pomero y [1963 ] wer e th e firs t t o infe r th e characte r 
of th e explosio n sourc e functio n fro m regional  seismi c dat a (10 0 t o 
1000 km) . The y studie d th e radiatio n pattern s an d th e phas e spec -
tra of Rayleigh waves . Explosion s i n alluvium an d tuff were found t o 
have a  characteristic explosio n radiatio n pattern an d to be consisten t 
with th e phas e o f a  ste p i n radia l stress . Unfortunately , a  different 
conclusion wa s reache d b y Tokso z e t al . [1964 ] wh o analyze d long -
period Rayleig h wav e dat a als o take n a t regiona l distances . Afte r 
removing fro m th e dat a th e contributio n o f th e pat h an d recordin g 
instrumentation, Tokso z e t al . conclude d tha t a  radia l stres s o f th e 
form <r rr =  —Pote'^U^t) , wher e £  i s a n arbitrar y parameter , fi t th e 
data bette r tha n di d a  step function . Thus , a  controversy began . 
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Fig. 1 . Reduce d displacemen t potentials . Th e dat a i n thi s figure 
are fro m Wert h an d Herbs t [1963] , Fig . 2 . Al l hav e a n overshoo t 
except tuff . Murph y [1979 ] show s th e result s fro m anothe r gage , 
where a surface reflection was not a  problem, o n the same experimen t 
(RAINIER) wit h a  significant overshoot . 

The firs t experimenta l data , i n the for m of RDP's , wer e reporte d 
by Werth an d Herbs t [1963] . Th e data , reproduce d i n Figure 1 , were 
taken i n th e free-field  fro m nuclea r explosion s i n tuf f (RAINIER) , 
alluvium (FISHER) , granit e (HARDHAT) , an d sal t (GNOME) . T o 
be i n th e free-field , th e gage s mus t b e burie d i n th e mediu m dee p 
enough s o tha t th e compressiona l wav e i s recorde d withou t interfer -
ence o f surface reflections . A s shown i n Figur e 1 , al l four RDP' s ris e 
to a  maximu m (overshoot ) an d the n deca y t o a  steady-stat e value . 
Berg an d Papageorg e [1964 ] fit th e RD P a t 398  m  on GNOM E wit h 
a ste p i n radia l stress , obtainin g onl y a  fair fi t t o th e data . Haskel l 
[1967] proposed a  general mode l (Tabl e 1 ) t o describ e th e overshoo t 
and steady-stat e valu e o f al l fou r RDP's . Unfortunately , th e dura -
tion o f th e free-fiel d dat a i s shor t a s see n i n Figur e 1  an d nois e i n 
the signa l make s computatio n o f th e steady-stat e valu e difficul t an d 
introduces uncertaint y i n th e result . Fo r thi s reaso n an d th e sourc e 

volume samplin g proble m describe d above , th e relationshi p o f free -
field estimate s o f th e sourc e function' s steady-stat e componen t t o 
teleseismic an d surface-wave signal s becam e a  cause fo r concern . 

Liebermann an d Pomero y [1969 ] and Molna r e t al . [1969] , study -
ing the Ms/mi , discriminant , conclude d tha t a  plausible explanatio n 
for the discriminant' s success i s that th e source function for an earth-
quake ha s a  steady-state valu e whil e tha t fo r a n explosio n doe s not , 
implying tha t th e radia l stres s for an explosion i s a  decaying pulse o f 
the form given b y Tokso z e t al . [1964] . Savin o et al . [1971] , studyin g 
Rayleigh wave s fro m earthquake s an d explosion s fro m th e Wester n 
US, th e Aleutians , Novay a Zemlya , an d Centra l Asia , cam e t o th e 
same conclusion . Muelle r [1969 ] modelled th e spectra of seismic dat a 
taken at near-regional  distance s (<20 0 km) from several explosions a t 
the Nevada Test Sit e (NTS ) usin g a simple exponentially decayin g ra-
dial stres s mode l wit h seemingl y satisfactor y results . Afte r studyin g 
both short - an d long-perio d data , Helmberge r an d Harkride r [1972 ] 
found that th e Haskel l mode l wa s adequate for short-period dat a but 
not fo r predictin g th e long-perio d observations . T o overcom e thi s 
deficiency, the y propose d a  mode l (Tabl e 1 ) wit h n o steady-stat e 
component. Thus , unti l 1972 , man y investigator s clearl y favore d n o 
steady-state value . 

Others wer e unsur e abou t th e natur e o f the long-perio d behavio r 
of the sourc e function . Molna r [1971] , thoug h finding  th e spectr a for 
teleseismic P- waves fro m the explosion s JORU M an d HANDLE Y t o 
decrease rapidl y wit h period (o c T~2) i n the range of 1  to 20 sec, con -
cluded tha t thi s coul d b e du e eithe r t o th e modulatin g effec t o f th e 
surface reflection , pP,  o r t o th e explosio n sourc e function . H e als o 
found tha t th e dat a wer e no t o f sufficient qualit y o r quantit y t o rul e 
out an y linea r combinatio n o f impulse an d step functio n component s 
in th e sourc e function , unles s othe r dat a demonstrat e tha t th e sur -
face reflection does not have a  major effect on the observed spectrum . 
If thi s wer e true , h e conclude d th e dat a woul d the n prov e tha t th e 
source function is primarily a n impulse. Wys s et al . [1971 ] undertook 
a study simila r t o that o f Molnar using teleseismic P- wave dat a from 
the Amchitka explosions, MILRO W an d LONGSHOT, an d four shal-
low earthquakes i n th e Aleutia n Island s an d came , essentially , t o th e 
same conclusions . Miille r [1973] , introducin g th e ide a o f th e seismi c 
moment fo r explosions, foun d that strai n measurements mad e o n th e 
explosion BENHA M a t loca l distance s (28-2 9 km ) wer e consisten t 
with a  step function, bu t h e was puzzled by the apparen t long-perio d 
P-wave explosio n spectra behavior tha t appear s to be consistent wit h 
an impulsiv e sourc e note d b y othe r investigators . 

While th e cas e agains t a  steady-stat e valu e becam e increasingl y 
clouded, th e argumen t fo r a  steady-stat e valu e slowl y becam e mor e 
convincing. Haskel l [1961 ] solve d th e quasi-stati c proble m o f a n 
expanding cavit y i n a  plasti c medium . Thi s solutio n showe d tha t 
the far-fiel d permanen t displacemen t and , hence , th e steady-stat e 
value o f th e sourc e functio n ar e dependen t o n th e final  cavit y size . 
Von Segger n and Lambert [1970] , studying spectral ratios of Rayleigh 
waves of both earthquake s an d explosions betwee n period s o f 1 0 and 
50 sec , foun d the m t o b e consisten t wit h Haskell' s model . Tsa i an d 
Aki [1971 ] studie d th e Rayleig h wave s fro m 1 0 smal l an d 3  larg e 
underground explosion s a t NT S recorde d a t far-regional  distance s 
(940 an d 240 5 km) . The y foun d th e result s t o b e i n excellen t agree -
ment wit h Haskell' s model . Muelle r an d Murph y [1971 ] use d th e 
quasi-static ide a o f computing th e final  displacement and , hence , th e 
RDP unde r th e assumptio n o f incompressibility fro m th e cavit y siz e 
in thei r propose d sourc e mode l (Tabl e 1) . Ak i e t al . [1974 ] als o en -
dorsed this line of reasoning and argued that a  nuclear explosion mus t 
have a  steady-state value . The y als o considered a  spherical shel l sur -
rounding th e non-elasti c zon e o f a n explosion , explainin g tha t thi s 
shell stretche s durin g th e passag e o f th e shoc k wave s an d remain s 
stretched becaus e par t o f th e strai n i s plastic . Th e sourc e functio n 
for explosion s mus t the n b e a  ste p functio n fo r lon g period s sinc e 
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the relaxatio n tim e fo r plasti c deformatio n i s muc h longe r tha n th e 
seismic periods ; indeed , sinc e explosion s creat e permanen t cavities , 
it i s infinite . Burdic k an d Helmberge r [1979] , i n modellin g teleseis -
mic short - an d long-perio d bod y waves , chos e no t t o us e th e mode l 
of Toksoz e t al . [1964] , Muelle r [1969] , o r Helmberge r an d Harkride r 
[1972] since thes e model s d o not hav e a  step componen t and , i n thei r 
words, "Som e dc componen t shoul d realistically b e expected i f a cav-
ity i s forme d b y th e explosion. " A s see n i n Tabl e 1 , thi s argumen t 
apparently wa s powerful enough fo r two investigators t o change thei r 
opinion; se e Muelle r [1969] , Muelle r an d Murph y [1971] , Helmberge r 
and Harkride r [1972] , an d Helmberge r an d Hadle y [1981] . And , fi -
nally, Patto n [1982 ] applie d th e metho d o f Brun e e t al . [1960 ] t o 
4 NT S explosion s an d showe d clearl y tha t th e spectra l phase s o f th e 
Rayleigh wave s ar e consisten t wit h a  step function . 

Having given a  very persuasive argumen t fo r a steady-state value , 
Aki e t al . [1974 ] the n argue d tha t th e seismi c momen t a s estimate d 
from free-fiel d dat a i s hig h b y a  facto r o f 3  a s show n i n Figur e 2a , 
the underlyin g assumptio n bein g tha t th e seismi c momen t shoul d b e 
independent o f th e sourc e media . However , thi s assumptio n i s no t 
necessarily tru e an d th e apparen t discrepanc y ma y no t b e a s ba d a s 
Figure 2 a shows . Murph y [1974 ] explaine d som e o f th e varianc e a s 
being du e t o difference s in th e sourc e properties . Assumin g tha t th e 
higher yiel d explosion s ar e generally a t Pahut e Mes a while th e lowe r 
yield one s ar e a t Yucc a Valley , h e derive d a  moment-magnitud e re -
lationship, Figur e 2b , for each region base d o n typica l P-wav e soun d 
speeds an d densities , usin g th e incompressibilit y relationshi p 

*l>oo =  R 3c/i, (17 ) 

where R c i s th e cavit y radius . I n addition , Denn y an d Goodma n 
[1990] have shown tha t th e SALMO N momen t (th e large r magnitud e 
of the tw o sal t dat a points ) shoul d b e lowe r b y 40% , bringin g i t rea -
sonably clos e t o th e surfac e wav e lin e i n Figur e 2a . Th e SALMO N 
datum was over-estimated becaus e th e estimate wa s made from dat a 
taken i n th e non-linea r zon e whic h i s easily identifie d by a  peak par -
ticle velocit y spatia l rat e o f deca y exceedin g tha t expecte d fro m (13 ) 
for linea r motion , i.e. , r - 1 . A s show n b y Denn y an d Goodman , es -
timates mad e i n thi s regio n ar e to o larg e du e t o larg e permanen t 
displacements associate d wit h plasti c yielding . Thi s i s probabl y th e 
case for the other explosions in hard-rock (e.g . granite , salt , dolomite , 
shale, etc. ) a s well . Thi s sam e conclusio n wa s als o reached b y Bach e 
[1982]. Furthermore , Wert h and Herbst [1963 ] do not provide an y ev-
idence tha t th e measurement s fo r th e fou r explosion s the y reporte d 
are i n th e linea r region . A  cursor y perusa l o f th e pea k particl e ve -
locity dat a give n b y Perre t an d Bas s [1975 ] suggests , tha t o f th e ex -
plosions i n Aki' s table , th e measurement s fo r GNOME, HARDHAT , 
HANDCAR, an d GASBUGG Y wer e probably i n the non-linear zone , 
while th e RAINIE R an d FISHE R measurement s ma y hav e bee n i n 
the linea r zone . 

From th e foregoin g i t seem s possibl e tha t difference s betwee n 
close-in an d regiona l surfac e wav e observations ca n b e resolved . An -
other indication tha t thi s might b e true is given b y Murphy (thi s vol -
ume; se e Figur e 5. ) I n Murphy' s Figur e 5,  th e rati o o f th e regiona l 
surface wav e moment s o f Ak i e t al . [1974 ] t o th e momen t compute d 
from (17) i s shown. Th e explosion s i n Yucca Valley see m to b e mor e 
consistent tha n thos e a t Pahut e Mesa . A s suggeste d b y Patto n (thi s 
volume), thi s apparent discrepanc y may be due to a systematic differ-
ence i n th e releas e o f tectoni c energ y b y th e highe r yiel d explosions , 
typically locate d a t Pahut e Mesa . 

B. Roll-off 

The asymptoti c behavio r o f the RV P a t hig h frequencie s depend s 
on th e for m o f th e radia l stress . Fro m (6) , i t ca n b e see n tha t th e 
roll-off wil l b e steepe r tha n - 2 i f th e transfor m o f th e derivativ e o f 
the radia l stres s ha s mor e pole s tha n zeroes . 
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Fig. 2 . Seismi c moment s v s magnitude , (a ) Thi s i s Fig . 1  o f Ak i 
et al . Th e moment s o n th e left-han d sid e wer e compute d fro m free-
field dat a whil e thos e o n th e right-han d sid e wer e compute d fro m 
long-period surface wave data. Base d on this figure Aki et al . though t 
that th e free-fiel d dat a wer e hig h b y a  factor o f 3 . (b ) Thi s i s Fig . 1 
of Murphy [1974] . Som e o f the varianc e ca n b e accounte d fo r by dif -
ferences in th e sourc e media . Th e uppe r lin e i s for Pahute Mes a an d 
the lower one i s for Yucca Flats . Som e o f the discrepanc y i s probably 
also du e t o dat a take n i n th e inelasti c region . Suc h estimate s fro m 
these dat a ar e expecte d t o b e high . 



6 EXPLOSIO N SEISMIC SOURCE FUNCTION 

In th e relativel y simpl e cas e o f a  ste p functio n radia l stress , th e 
order o f the mode l give n b y (8 ) i s 2  and th e roll-of f i s -2 since i t ha s 
no zeroes . Mor e complicate d radia l stresses , requirin g highe r orde r 
models, ca n als o hav e a  roll-of f of-2 . Model s 3  and 4  i n Tabl e 1  are 
examples o f third orde r model s wit h -2 roll-offs . I n model 3 , Muelle r 
[1969] assume d a n exponentiall y decayin g radia l stress , 

crrr =  -P 0e-aTU(r), (18) 

while i n model 4 , Muelle r an d Murph y [1971 ] assumed that th e radia l 
stress i s a  combination o f a  Heaviside ste p functio n an d a n exponen -
tially decayin g term , 

<rrr = -(P 0 +  Pie- u*T)U(r). (19) 

The transforme d derivative s o f the radia l stresse s o f (18) an d o f (19 ) 
are 

-Po-

and 
s<yrr =  -P 0 

s +  a ' 

(l +  P 1/P0)8 +  LJ1 

S + U) 1 

(20) 

(21) 

respectively. Bot h (20 ) an d (21 ) hav e on e pol e an d on e zero . There -
fore, eve n thoug h th e orde r fo r bot h RVP' s i s three , th e roll-of f i s 
-2. Thi s i s true since th e high-frequenc y asymptote s o f the modul i o f 
(20) an d (21 ) ar e constants , P Q an d P Q +  Pi , respectively . 

Haskell's mode l (2 , Tabl e 1 ) i s a n exampl e o f a  model where  th e 
implied radia l stres s ha s mor e pole s tha n zeroes . Thi s mode l wa s 
derived b y requirin g acceleratio n t o b e continuou s a t r  =  0 . Ap -
plication o f (13 ) an d th e initial-valu e theore m t o thi s mode l show s 
that i t is , i n fact, continuou s t o acceleratio n an d that it s roll-of f is -4. 
Similarly, model s wit h roll-off s of - 3 an d - 2 ar e continuou s a t r  =  0 
to velocit y an d displacement , respectively . 

Von Segger n an d Blandfor d [1972 ] note d tha t Haskell' s model , 
when scale d u p i n yield , faile d t o satisfy th e spectra l ratio s o f short -
period teleseismic data from the three nuclear explosions at Amchitka . 
They were able to obtain a  better fit of the spectral ratios using model 
5 (Table 1 ) with a  roll-off of -2. Thi s model was obtained by reducin g 
the orde r o f Haskell' s mode l b y two . 

Peppin [1976 ] computed 14 0 P- wave spectr a of explosions , earth -
quakes, an d explosion-induce d aftershocks , al l withi n th e NT S an d 
all fro m wide-band seismi c dat a a t loca l (<3 0 km ) an d near-regiona l 
distances (20 0 to 300 km). Fro m these he concluded tha t th e far-field 
source spectr a deca y a t leas t a s fas t a s frequency cubed ; a  roll-off o f 
-3 o r steeper . 

Helmberger an d Hadle y [1981 ) showe d tha t a  mode l continuou s 
only t o displacemen t produce s a n unrealisti c discontinuit y i n syn -
thetic seismogram s and , therefore , i s unsatisfactory . Thei r mode l (7 , 
Table 1 ) i s continuou s t o particl e velocit y an d wa s obtaine d b y re -
ducing th e orde r o f Haskell' s b y one , fo r a  roll-of f o f -3 . Usin g thi s 
model, La y e t al . [1984 ] satisfactoril y modelle d th e teleseismi c dat a 
from the Amchitk a nuclea r explosions . Th e model' s roll-of f of -3 di d 
not caus e an y problem s i n th e 0.5 - t o 3-H z rang e a s foun d b y vo n 
Seggern an d Blandfor d [1972 ] with Haskell' s origina l model . Th e dif -
ference wa s no t i n th e chang e o f the roll-off , but i n the fac t tha t La y 
et al . use d th e empiricall y obtaine d corne r frequencies of Helmberge r 
and Hadle y [1981] ; whereas, vo n Seggern and Blandford simply cube -
root scale d thos e obtaine d b y Haskel l fo r granite . 

Denny an d Goodma n [1990] , borrowin g electrica l engineering sys -
tem identificatio n techniques , modelle d th e free-fiel d dat a an d th e 
spectral ratio s o f local  (10 t o 11 1 km ) seismi c dat a fro m th e nuclea r 
explosions, SALMO N an d STERLING , i n sal t wit h a  rationa l poly -
nomial. The y foun d tha t a  third-order mode l (Tabl e 1 ) was require d 
to adequatel y describ e th e rise-tim e observe d i n th e free-fiel d dat a 
and th e high-frequenc y roll-of f of -3 observed i n the spectra l ratio s o f 
the tw o explosions . 

Of th e model s o f Tabl e 1 , fou r o f th e si x earlies t one s (1 , 3 , 4 , 
and 6) wer e obtained b y specifying the radia l stress. Th e others wer e 
determined b y approximatin g th e shap e o f eithe r th e reduce d dis -
placement potentia l (model s 2,  5,  an d 7 ) o r the reduce d acceleratio n 
potential (mode l 8) . Th e radia l stress implied by these models can be 
determined from (5) fo r any specified range. Th e range of most inter -
est, o f course , i s the on e wher e th e motio n firs t becomes linear ; thus , 
equating (6 ) t o mode l 8  (Tabl e 1) , th e radia l stres s fo r SALMON a t 
the elasti c radiu s ca n b e estimate d b y 

= 
p(s2 +  2rj eujes i 

R E ( S 2 + 2TJCLJCS +  w | ) ( a +  w i ) ' 
(22) 

where Vo o =  220 0 m 3, rj e =  0.55 , tj c =  0.6 , p  =  220 0 kg/m 3, an d 
u>c, lji, an d tje ar e 36.4 , 29. 4 6. 3 rad/sec , respectively , a s determine d 
by Denn y an d Goodma n [1990] . T o estimate th e elasti c radiu s som e 
independent informatio n mus t b e used . Fo r th e SALMO N explo -
sion, Denn y an d Goodma n estimate d th e locatio n o f th e elasti c ra -
dius b y extrapolatin g th e pea k particl e velocit y dat a fo r bot h th e 
SALMON an d th e STERLIN G explosion s t o th e rang e wher e th e 
linearity threshol d i s crossed . I n thi s case , threshol d i s base d o n th e 
amplitude o f the elastic  precursor.  (Th e elasti c precurso r i s thought , 
Glenn [1990] , t o b e th e resul t o f strai n hardenin g an d i t propagates , 
in thi s case , i n th e inelasti c regio n wit h a n amplitud e equa l t o th e 
threshold valu e o f abou t 0. 3 m/ s an d a t P-wav e speed , ahea d o f a 
larger, slower plastic wave. Th e elastic precursor and the plastic wave 
ultimately becom e a  single wav e travelling a t P-wav e speed when th e 
particle velocit y fall s below th e threshold. ) Usin g thi s procedure , a n 
elastic radiu s o f abou t 80 0 m  wa s found . Th e correspondin g radia l 
stress compute d fro m (22 ) i s a s show n i n Figur e 3  an d look s lik e a 
damped sine-wav e superimpose d o n a  small ste p function . 
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Fig. 3 . Radia l stress . Thi s i s Fig . 2 2 fro m Denn y an d 
Goodman [1990 ] showin g th e estimate d radia l stres s a t th e elasti c 
radius for SALMON. Not e tha t th e fina l steady stat e valu e o f abou t 
2 bars occurs outsid e th e tim e fram e shown an d from (6) the RD P i s 
a low-pas s versio n ( / c ~ lHz) o f thi s signal . 

An interesting , worthwhil e exercis e woul d b e t o deriv e th e equiv -
alent radia l stress for those few explosions where  free-field radial par -
ticle velocit y measurement s wer e mad e a t severa l ranges . Fo r thos e 
explosions whos e dat a ar e onl y i n th e non-linea r zone , th e result s 
would obviousl y b e fictitiou s bu t thei r progressiv e chang e i n shap e 
with rang e shoul d b e enlightening . 

C. Overshoot 

The free-fiel d dat a o f Wert h an d Herbs t [1963] , Figur e 1 , sho w 
a significan t overshoo t fo r bot h hard-rocks , granit e an d salt ; how -
ever, fo r th e porou s rock s th e dat a sho w a  significant overshoo t fo r 
alluvium bu t no t fo r tuff . Subsequen t studie s hav e produce d con -
tradictory result s wit h th e onl y poin t o f agreemen t bein g th e resul t 
for alluvium . Th e alluviu m dat a o f Wert h an d Herbs t i s consisten t 
with tha t o f Perre t [1971 ] fo r th e MERLI N explosio n an d o f Mur -
phy an d Bennet t [1979 ] fo r th e FISHE R an d th e MERLI N explo -
sions. Murph y an d Bennet t als o studie d free-fiel d dat a fo r th e ex -
plosions RAINIER , MUDPACK , an d DISCU S THROWE R i n tuff . 
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The DISCUS THROWER dat a were taken clos e to the tuff/paleozoic 
interface makin g the signal s too comple x t o use . Fo r RAINIER, the y 
found, fo r a  gag e mos t likel y i n th e linea r zon e an d als o les s likel y 
to b e affecte d b y a  surfac e reflectio n tha n th e on e use d b y Wert h 
and Herbst , a n overshoot o f about 2  to 1 . MUDPAC K als o showed a 
significant overshoot . Finally , Denn y an d Goodma n [1990 ] studyin g 
SALMON foun d n o significan t overshoo t fo r salt . Therefore , i f th e 
salt an d granit e data , give n b y Wert h an d Herbst , ar e i n erro r an d 
this i s a  stron g possibilit y becaus e th e dat a i n questio n wer e take n 
in th e non-linea r region , the n on e migh t conclud e tha t porou s medi a 
have a  significan t overshoo t whil e non-porou s medi a d o not . Th e 
conclusion fo r th e porou s medi a seem s wel l establishe d bu t th e on e 
for hard-roc k i s more speculative . 

Other contradictor y observation s hav e bee n made . Ak i e t al . 
[1974] compare d loca l dat a take n a t NT S wit h long-perio d Rayleig h 
wave dat a an d conclude d tha t a  larg e overshoo t i n th e sourc e func -
tion, 4  or 5  times th e residua l value , i s require d t o explai n bot h set s 
of data . Peppi n [1976 ] conclude d fro m hi s stud y o f 14 0 explosion s 
and earthquakes tha t source spectra of explosions in tuff are flat from 
0.2 t o 1. 0 H z (n o overshoot) . 

Burdick an d Helmberge r [1979 ] modelle d teleseismi c short - an d 
long-period bod y wave s usin g syntheti c seismogram s an d conclude d 
that th e sourc e functio n mus t hav e a  substantia l overshoot . 
Helmberger an d Hadle y [1981 ] tried t o deduc e th e overshoo t param -
eter (controlle d b y th e zer o in the RDP ) i n their mode l from close-i n 
data recorde d a t 8  k m o n JORUM . Th e frequenc y paramete r ( k i n 
ref. 7 , Table 1 ) was readily determined b y the dominant perio d of the 
data, bu t th e overshoo t parameter , B , coul d no t b e uniquel y deter -
mined fo r tw o reasons . First , th e arriva l time s o f pP  and/o r relate d 
slapdown phenomena are such that they arrive during the later half of 
the direc t P-wav e an d are superimposed o n it ; and second, th e band -
width o f th e dat a i s suc h tha t th e zer o i n th e Helmberger-Hadle y 
model make s a n importan t contributio n an d canno t b e separate d 
from ipoo • 

Douglas an d Hudso n [1983 ] demonstrate d tha t th e mai n feature s 
of the WWSSN seismograms shown by Burdick and Helmberger [1979 ] 
and Helmberger and Hadley [1981 ] can be accounted for , with a  source 
with n o significan t overshoot . Reverberation s i n th e crus t a t th e 
source an d th e receive r ca n accoun t fo r most o f the variation s i n th e 
observed Novaya Zemlya WWSSN L P seismograms shown by Burdick 
and Helmberge r [1979] , makin g i t impossibl e t o dra w an y fir m con -
clusions about th e overshoot . Burdic k e t al . [1984 ] did essentially th e 
same analysi s a s Helmberger an d Hadley [1981 ] but o n the Amchitk a 
explosions, MILRO W an d CANNIKIN , usin g local dat a (recorde d a t 
7 t o 2 0 km) . Th e Helmberger-Hadle y [1981 ] mode l parameter s wer e 
evaluated fo r bot h explosions . The y found , a s other s had , tha t th e 
overshoot paramete r coul d no t b e resolved . 

In th e Mueller-Murph y mode l th e zer o i s yiel d dependent , mak -
ing th e overshoo t als o dependen t o n yield . I n th e previou s section , 
the low - an d high-frequenc y asymptote s fo r thi s mode l wer e show n 
to b e Po  an d P Q +  P\,  respectively . Th e rati o o f high - t o th e low -
frequency asymptot e control s the overshoot; th e higher the ratio , th e 
larger th e overshoot . I n th e Mueller-Murph y mode l thi s rati o i s a 
proportional t o h°  07W°13 wher e h  i s th e dept h o f buria l an d W  i s 
the yield . Thi s featur e i s contrar y t o tha t foun d b y La y e t al . [1984 ] 
who determine d tha t th e Helmberger-Hadle y [1981 ] sourc e mode l i s 
best fi t i f the amoun t o f overshoot decrease s wit h increasin g yiel d o r 
depth o f burial . 

These contradictor y result s ope n th e fiel d fo r othe r interpreta -
tions. On e possibilit y i s tha t th e overshoo t i s controlle d b y neithe r 
the dept h no r the yield . Dept h o f burial i n al l thes e model s coul d b e 
just a  surrogat e variabl e fo r som e workin g poin t materia l property . 
Then th e overshoo t coul d b e independen t o f yield an d depth an d de-
pendent onl y o n th e workin g point' s materia l properties . Also , th e 

effect of spall coul d mimi c overshoot i n far-field spectral observation s 
(c.f. Taylo r an d Randal l [1989]) . 

IV. Scaling : Theor y an d Observation s 

A. Theory 

Cube-root scalin g come s fro m a  simpl e energy , volum e relation -
ship. Fo r a  give n chemica l explosive , it s specific  energy , i.e. , energ y 
per uni t mas s o f an explosion, i s a  constant s o that it s energy releas e 
is simpl y dependen t o n th e mass , o r volume , o f th e explosive . Fo r a 
nuclear explosion , th e volum e o f th e firebal l i n ai r o r o f th e vapor -
ized zon e i n th e eart h i s proportiona l t o th e energy . Th e energ y re -
leased by a  nuclear explosion i s called its yield and is given in kilotons 
(1 kt =  4. 2 x 10 12J) whil e th e energ y o r yield of a  chemical explosio n 
is usuall y quote d i n kilograms  eve n thoug h al l chemica l explosion s 
do no t hav e th e sam e specifi c energy . Sinc e th e unit s o f volum e ar e 
length cubed , th e yield i s proportional t o length cubed, o r conversely , 
length (/ ) i s proportiona l t o th e cube-roo t o f th e yiel d ( / o c W 1^3). 
Specific energ y ha s th e unit s o f lengt h divide d b y time , al l square d 
((l/t)2). Therefore , i n orde r fo r th e unit s o f th e specifi c energ y t o 
be consistent , tim e mus t als o be proportional t o the cube-roo t o f th e 
yield ( t o c W1 /3) , wher e time refers to fireball or cavity growth. Fro m 
(8), th e RD P i s see n t o hav e th e unit s o f volum e whil e thos e o f th e 
seismic momen t ar e th e sam e a s energy . Therefore , bot h quantitie s 
should scale  as  (i.e. , b e proportiona l to ) th e yiel d t o th e firs t power . 
Frequency, obviously , shoul d b e inversel y proportiona l t o th e cube -
root o f the yield . 

Care must b e take n whe n scalin g data . Amplitude s fro m narrow-
and wide-ban d dat a d o no t scal e i n th e sam e way s an d tim e ca n 
not b e scale d whe n recorde d o n narrow-ban d systems . Onl y tim e i n 
the sourc e functio n ca n b e scaled . Arriva l time s obviousl y ca n no t 
be scaled . Therefore , onl y reduce d tim e fro m signal s recorde d b y 
wide-band instrumentation , i.e. , bandwidt h greate r tha n th e corne r 
frequency o f th e signal , an d i n th e free-fiel d can b e scaled . 

Insight int o ho w groun d motio n scale s wit h yiel d ca n b e gaine d 
from th e proble m o f th e vibratin g sphere . Fo r a  ste p i n applie d 
pressure, th e far-fiel d transforme d displacemen t i s obtaine d b y sub -
stituting (8 ) int o (13) , 

! S "  ar(s 2 - f 2r)u es +  w e
2) {Z6) 

At a  fixed range , th e onl y quantitie s i n (23 ) tha t scal e ar e V'o o an d 
uje. Therefore , fo r lo w frequencie s ( / <  u e/27t), th e groun d motio n 
in al l o f it s form s (displacement , velocity , an d acceleration ) i s the n 
proportional t o V'o o whil e fo r hig h frequencie s ( / >  o; e/27r) the y ar e 
proportional t o ipoo^e - Thus , fo r low frequencie s th e groun d motio n 
scales a s th e first-powe r o f th e yiel d whil e fo r hig h frequencies , i t 
scales a s th e cube-roo t o f th e yield . Thi s resul t ha s bee n derive d b y 
several investigators , e.g. , O'Brie n [1957,1960] , Latte r e t al . [1959] , 
and Carpente r e t al . [1962] . 

Broadband displacement s an d velocities , however , d o not scal e i n 
the sam e way . Fro m (9 ) an d (13) , th e broadban d far-fiel d displace -
ment i s 

V'oô e -o r •  / » \  /o>i \ 

and th e velocit y i s 

^ a K ^ V ' ' ' " " ' ™ ^ ' ' ' ^ ( 2 5 ) 

where 0  =  tan~ 1(a/b). Fro m (24 ) an d (25) , i t ca n b e see n tha t a t 
a fixe d rang e displacement s woul d b e expecte d t o scal e a s th e two -
thirds powe r o f yiel d an d velocitie s a s th e one-thir d powe r o f yield . 
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This may seem like a contradiction, sinc e the units of particle velocit y 
and displacemen t woul d indicat e tha t th e former should b e indepen -
dent o f yiel d an d th e latte r shoul d b e proportiona l t o th e cube-roo t 
of th e yield . Whe n viewe d i n term s o f th e scaled  range,  R/W 1^3, 
however, ther e i s n o contradiction . Particl e velocit y i s the n see n t o 
be independen t o f yiel d an d displacemen t i s see n t o b e proportiona l 
to yiel d t o th e one-thir d powe r whil e bot h ar e inversely proportiona l 
to th e scale d range . Free-fiel d dat a ar e typicall y presente d i n thi s 
form, e.g. , Perre t an d Bas s [1975] . 

Carpenter e t al . [1962 ] use d cube-roo t scalin g o f free-fiel d dat a 
from th e RAINIE R explosio n t o stud y th e amplitude-yiel d scalin g 
question. The y conclude d that for most practica l application s (mean -
ing narrowband recordings ) i t appear s tha t a  power la w ca n be used , 
although fo r ver y larg e charge s (o r hig h frequencies ) th e amplitud e 
will increas e les s rapidl y tha n charg e siz e an d ma y eve n decrease . 
This effec t i s du e t o th e bandwidt h o f the recordin g instrument . Fo r 
small explosion s th e corne r frequenc y woul d b e abov e th e frequenc y 
of the peak response of the seismograph, bu t for larger ones the corner 
would mov e close r unti l finall y i t woul d b e belo w th e pea k response . 
Similar result s wer e obtaine d b y Wert h an d Herbs t [1963 ] an d b y 
Berg an d Papageorg e [1964] . Thus , th e amplitud e measure d o n a 
narrowband seismograp h coul d b e expecte d t o b e A  o c Wb, wher e 6 
ranges fro m 1. 0 t o 1/3 . Sinc e th e seismi c magnitud e i s proportiona l 
to th e lo g o f th e amplitude , m  o c log A, the n th e seismi c magnitud e 
is proportiona l t o th e lo g o f th e yield , m  o c 6  lo g W. I f th e corne r 
frequency o f th e signal s ar e alway s greate r tha n th e frequenc y o f th e 
peak response of the seismograph, a s it is for the long-period WWSS N 
seismograph, the n th e slop e o r exponen t 6  would b e expecte d t o b e 
unity. 

Mueller [1969 ] assume d tha t th e mediu m "o n th e large " ha s lo w 
tensile strengt h an d tha t th e limitin g pressur e i s therefor e i n th e 
neighborhood o f the overburden pressure in order to keep the mediu m 
from going into tension an d propagating cracks . Muelle r and Murphy 
[1971, Tabl e 1 ] used thi s logi c t o infe r from analysis o f near-regiona l 
and free-field data that the peak pressure, P p, i s 1.5 times overburden , 
i.e., P p =  P Q + P I =  1.5 pgh, where P o an d P\  ar e the same a s in (19) , 
h i s th e dept h o f buria l an d g  i s gravity . The y als o assume d tha t 
the pea k pressur e follow s a  powe r la w i n th e inelasti c region , P p o c 
{r/W1f3)~n. Equatin g thes e tw o relationships fo r the pea k pressure , 
they determine d th e elasti c radiu s t o b e relate d t o overburden  a s 
follows ^  ^ 

W»73 a  (pghy/"'  (26) 

Invoking th e incompressibilit y argument , the y foun d 

p ° = T ( f ) 3 ' ( 2 7 ) 

where th e cavit y radius , R c, fro m empirical studie s i s give n b y R c = 
cW°-29h~011. A t lo w frequencie s th e Mueller-Murph y mode l pre -
dicts tha t V'o o and, therefore , amplitude s shoul d scale as W°  87 /h0 33 , 
while a t hig h frequencie s the y scal e a s W l^3h0 f>S3 . Assumin g tha t 
the dept h o f burial  scale s a s th e cube-roo t o f the yield , thes e scalin g 
laws becom e W°  7 6 an d W°  527 , respectively . 

It i s worth notin g tha t groun d motio n scalin g a t hig h frequencie s 
(/ >  f c) proportiona l t o th e cube-roo t o f th e yiel d applie s onl y t o 
a mode l whos e roll-of f i s -2 . Whe n applyin g cube-roo t scalin g t o a 
model whos e roll-of f is -3, the spectral amplitude s a t high frequencie s 
are found to b e independen t o f yield; while for a model whos e roll-of f 
is -4 suc h a s Haskell's , the y decreas e wit h yield . Fo r a  model wit h a 
roll-off of -3 or -4 t o hav e high-frequenc y amplitude s increasin g wit h 
yield th e corne r frequency mus t someho w b e modified either throug h 
some inheren t dept h dependenc e o r throug h som e materia l propert y 
which change s uniforml y wit h dept h s o tha t th e corne r frequenc y 
would ultimatel y depen d inversel y o n yiel d t o som e powe r les s tha n 

1/3 o r 1/4 , respectively . 
Yield i s not th e onl y importan t propert y tha t determine s th e cor -

ner frequency . I f th e energ y deposite d b y a n explosio n int o th e sur -
rounding materia l i s a  given fraction of the yield fo r a given materia l 
then, b y (16 ) 

f3 o c pa*E/M2. (28 ) 

As discusse d above , Muelle r an d Murph y [1971 ] hypothesize d tha t 
the elasti c radius , whic h b y thei r definition s i s proportiona l t o a / f c , 
is inversel y dependen t o n th e overburde n a s i n (26) . Thus , th e cor -
ner frequenc y woul d b e expecte d t o b e directl y dependen t o n th e 
overburden an d inversel y dependen t o n th e cube-roo t o f th e yiel d 

/,3 ( X a
3(pghfl"/W. (29 ) 

In the rea l eart h bot h densit y an d wav e spee d ten d t o increas e wit h 
depth. Furthermore , th e dept h o f burial o f a  given devic e i s dictate d 
by containmen t requirement s t o b e proportiona l t o th e cube-roo t o f 
the expecte d yield . Thus , bot h (28 ) an d (29 ) predic t tha t th e cor -
ner frequenc y wil l decreas e les s rapidl y wit h yiel d tha n predicte d b y 
simple cube-roo t scaling . 

B. Observations 

1. Amplitude  Scaling.  Earl y experimenta l result s seeme d t o sup -
port simpl e cube-roo t scaling . Gaskel l [1956 ] performe d severa l ex -
periments i n cla y usin g smal l chemica l explosives . Th e cavit y siz e 
was foun d t o b e consisten t wit h cube-roo t scaling , an d th e ampli -
tudes o f refracted wave s were found t o be proportiona l t o the weigh t 
of th e charge . O'Brie n [1957 , 1960 ] performe d a  regressio n analysi s 
on three sets o f data taken on small chemica l explosions t o determin e 
the scalin g exponent . Th e rang e o f result s wa s 0.8 8 t o 1.1 2 wit h th e 
mean valu e o f 0.99±.18 . Latte r e t al . [1959 ] found tha t a t a  Caltec h 
seismic statio n locate d 18 0 k m fro m NT S th e recorde d amplitude s 
were proportiona l t o th e first-powe r o f yield . 

Then th e pictur e bega n t o get clouded . O'Brie n [1969 ] performed 
many experiment s i n sandston e an d cla y usin g chemica l explosive s 
with charg e weight s o f 0.0 8 t o 9. 5 kg . Broadban d measurement s o f 
radial stres s wer e foun d t o b e dependen t o n yiel d t o th e 0.5 5 powe r 
in bot h materials , an d a  significan t dependenc e o n dept h wa s als o 
found. I n cla y th e pea k stres s wa s foun d t o deca y a s h~°  38  an d 
the half-perio d a s h~ 0 8 . I n sandstone , pea k displacement s wer e 
found t o deca y a s / i - 0 5 1 an d half-period s a s /i~ 0 61 . Basha m an d 
Horner [1973 ] studyin g abou t 6 0 explosions , foun d Rayleig h wave s 
to b e proportiona l t o th e 1.2-powe r o f yiel d fro m lo w yield s t o ove r 
3 megatons . Springe r an d Hanno n [1973 ] foun d th e slop e i n th e 
magnitude-yield relationshi p fo r bod y wave s t o b e slightl y greate r 
than 0. 6 a t regiona l distance s bu t t o b e almos t 1. 0 a t teleseismi c 
distances, whil e fo r Rayleigh-wav e dat a the y foun d th e slop e t o b e 
about 1.1 . Murph y [1977 ] showe d tha t th e Mueller-Murph y mode l 
with it s dept h dependencie s i s consistent with : 1 ) th e observe d yiel d 
scaling exponent s fo r large sample s o f NTS explosion s belo w th e wa -
ter tabl e usin g near-regiona l broadban d spectra , 2 ) th e broadban d 
Rulison/Gasbuggy spectra l rati o representative o f explosions a t ver y 
different scale d depth s i n hard-rock , 3 ) regional  P n amplitude s fro m 
NTS explosion s an d 4 ) bot h short-perio d an d long-perio d teleseis -
mic P  wav e spectr a observe d fro m a  larg e sampl e o f Pahut e Mes a 
explosions coverin g th e yiel d rang e fro m 15 5 t o 130 0 kt . Murph y 
also note d tha t th e observe d long-perio d surfac e wav e dat a ar e in -
consistent wit h th e Mueller-Murph y mode l an d suggeste d tha t ther e 
are factors contributin g t o th e long-period , teleseismi c surfac e wave s 
which ar e no t accounte d fo r b y th e simpl e sphericall y symmetri c 
source (o r isotropic)  models . 

Marshall e t al . [1979 ] studie d a  tota l o f 4 6 explosion s an d foun d 
the slop e fo r rag,  a  teleseismi c body-wav e magnitude , t o b e abou t 
0.8 for US explosion s belo w th e wate r tabl e i n porous , saturate d me -
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dia an d t o b e abou t 1. 0 fo r U S an d USS R explosion s i n hard-rock . 
The slope fo r the sur f ace-wave magnitud e wa s found to be abou t 1.0 . 
Larson [1982 ] found tha t th e pea k particl e velocitie s measure d i n th e 
laboratory fro m smal l chemica l explosion s i n sal t model s coul d b e 
cube-root scale d ove r 1 0 orders o f magnitud e o f energ y t o thos e ob -
tained fro m the SALMO N experiment . 

Lay e t al . [1984 ] studie d th e Amchitk a explosions , whic h wer e 
thought t o hav e littl e tectoni c release , s o tha t long-perio d Rayleig h 
waves coul d b e use d withou t bias . The y foun d tha t th e Helmberger -
Hadley [1981 ] sourc e mode l i s bes t fi t i f th e long-perio d leve l o f th e 
explosion potential , ^oo , increase s wit h yield , W , b y V'o o oc W° 90, o r 
with yiel d an d dept h b y V>o o oc W/h 1/3. 

Nuttli [1986 ] foun d tha t th e magnitude-yiel d relationshi p ha d a 
plope o f abou t 0. 7 fo r L g waves . Patto n [1988] , applyin g Nuttli' s 
method t o a  differen t dat a set , foun d tha t th e slop e wa s 0.95±0.0 3 
for explosion s i n dry , porou s materia l an d 0.80±0.0 2 i n saturated , 
porous material . Vergin o [1989 ] found the slope t o b e 0.7 1 fo r 1 9 an-
nounced Sovie t explosions . Vergin o an d Mensin g [1990 ] found, afte r 
correcting for gas porosity , th e slope i n the magnitude-yield relation -
ship to be 0. 9 for a very large set of regional data for NTS explosions . 

Finally, Patto n (thi s volume ) attempte d t o explai n som e o f th e 
differences i n th e scaling . H e studie d tw o classe s o f non-isotropic 
sources fo r NT S explosions : tectoni c releas e an d explosion-drive n 
block motion . A  non-isotropi c sourc e i s on e du e t o som e non -
spherically symmetri c explosion-induce d phenomenon . Th e mai n 
characteristic of tectonic release i s that of strike-slip motions on faults 
at sho t leve l o r deepe r whil e tha t o f block-drive n motio n i s mainl y 
of vertica l motio n abov e th e sho t level , ofte n i n direction s opposit e 
to th e naturall y occurrin g faultin g i n th e Basi n an d Range . I n thi s 
analysis, h e use d fundamenta l an d higher-mod e surface-wav e dat a 
recorded a t regional distance s an d estimates o f the spal l source to in-
vert th e dat a into isotropi c an d non-isotropi c components . Fro m th e 
estimates o f the non-isotropi c components , h e tentativel y concluded , 
pending furthe r study, tha t ther e ar e two "fields " of explosions char -
acterized b y differen t non-isotropi c mechanism s s o tha t ther e i s a 
reason fo r difference s i n scaling . Fo r explosion s abov e 30 0 kt , tec -
tonic releas e wit h strike-sli p faulting i s a  major contributo r whil e for 
explosions belo w 30 0 k t block-drive n faultin g wit h revers e dip-sli p 
motions i s the majo r contributor . Th e resul t o f the inversio n proces s 

for th e isotropi c componen t gav e reduce d varianc e i n th e momen t 
versus yield plots over those mad e without removin g th e spal l contri -
bution. I n addition , th e yiel d scalin g exponen t fo r explosions belo w 
the wate r tabl e wa s reduce d fro m about 1  to 0.84 , i.e. , close r t o tha t 
expected fro m Mueller-Murphy model . 

From the foregoing, ther e seems to be some reaso n t o believe tha t 
the sam e scalin g shoul d appl y t o bot h long - an d short-perio d data . 
There als o seem s t o b e a  consensu s buildin g tha t simpl e cube-roo t 
scaling is not adequate in the real earth, though in the idealized world 
of laborator y models , i t probabl y applies . Thus , som e dept h depen -
dence suc h a s i n th e Mueller-Murph y mode l i s needed , bu t i t i s no t 
clear whethe r som e sourc e materia l propert y o r propertie s coul d b e 
used to replace depth . An d lastly , ther e seems to be a  consensus tha t 
there is no curvature in the magnitude-yiel d relationshi p a s predicte d 
by Carpenter e t al . an d others. Non e of the investigations mentione d 
above foun d a  need fo r anythin g bu t a  straight line . 

2. Corner  frequency  scaling.  T o ai d i n characterizatio n o f th e 
source, Wys s e t al . [1971 ] introduce d th e ide a o f source  dimension 
(source radius ) t o explosions , r s =  cv/f c wher e c  i s a  constan t ex -
pected t o be near unity an d v  i s one of the elastic wav e velocities. B y 
introducing a  constant o f proportionality betwee n the decay constan t 
(u>i i n (19) ) an d th e boundar y conditio n eigenfrequency , Muelle r 
and Murph y [1971 ] obtained estimate s o f the elasti c radiu s show n i n 
Figure 4a . I n th e cas e o f SALMON , th e Mueller-Murph y estimat e 
differs b y abou t a  facto r o f tw o fro m a  recen t estimat e b y a  differ -
ent procedure . Th e elasti c radiu s estimated b y Denn y an d Goodma n 
[1990] i s 460-52 0 m/kt 1 / 3 whil e th e Mueller-Murph y valu e i s abou t 
270 m/kt1 /3 . I n contrast, th e Denny-Goodman estimate of the source 
radius ( c =  1  an d v  =  a ) compare s wel l wit h th e Mueller-Murph y 
estimate a s show n i n Figur e 4b . Thes e result s wer e obtaine d b y 
removing th e Mueller-Murph y constant s o f proportionalit y fo r tuff , 
rhyolite, shal e an d sal t (1.5 , 2.0 , 2.4 , an d 4.5 , respectively) . Th e 
variance i n th e Mueller-Murph y scale d elasti c radiu s plo t i s see n t o 
be considerabl y greate r tha n tha t i n th e scale d sourc e radiu s plot . 
The scale d sourc e radiu s plo t als o show s remarkabl e agreemen t be -
tween differen t materials . Th e significanc e o f thi s ma y b e tha t th e 
mechanism tha t control s th e generatio n o f th e corne r frequenc y i s 
nearly material-independen t bu t tha t th e on e tha t control s th e elas -
tic radiu s i s highl y material-dependent . I n either case , however , i t i s 
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apparent tha t dept h o r som e depth-relate d propert y play s a  signifi -
cant role . 

As suggeste d above , th e apparen t dept h dependenc e see n i n 
Figure 4 a an d 4 b ma y b e du e t o som e othe r paramete r an d dept h 
is jus t a  surrogate . Larso n [1984 ] foun d i n Nugge t sandston e tha t 
the particl e motio n wa s alway s outwar d an d di d no t retur n whe n 
the sampl e wa s unconfine d bu t tha t i t di d retur n whe n confined . I n 
other words , i n th e unconfine d cas e th e particl e velocit y wa s alway s 
positive an d neve r negativ e a s expecte d fro m (25) . I n salt , o n th e 
other hand , no difference was observed; th e motion behave d basicall y 
as expected unde r both conditions . Clearl y th e corner frequency, one 
of th e parameter s whic h control s th e respons e i n (25) , i s dependen t 
on the confining pressure for explosions i n sandstone but no t for salt . 
Figure 5 a show s tha t th e shear  strength  (i.e. , hal f th e differenc e i n 
principal stresses ) o f sal t i s virtuall y independen t o f confinin g pres -
sure while that of Nugget sandstone (Figur e 5b ) varies nearly linearly 
with confinin g pressure, suggestin g tha t shea r strength , no t th e con -
fining pressure , i s the rea l controllin g parameter . On e can , therefore , 
see tha t th e corne r frequenc y an d th e correspondin g sourc e radiu s 
could appea r t o b e depth-dependen t fo r some materials . 

The sourc e radiu s i s als o dependen t o n th e wave-spee d which , 
in general , increase s wit h depth . Therefore , som e o f th e trend , an d 
perhaps som e o f th e varianc e i n Figur e 4 a an d 4b , ma y b e du e t o 
the wav e speed . Thes e observation s ar e no t t o sa y tha t dept h de-
pendence i s no t important . I n fact , La y e t al . [1984 ] found tha t th e 
Helmberger an d Hadle y [1981 ] sourc e mode l i s bes t fit  i f th e corne r 
frequency parameter , K , scale s a s predicte d b y th e Mueller-Murph y 
[1971] model. Clearly , th e factors which contro l th e corne r frequency 
are not wel l understoo d an d mor e wor k i s needed . 

C. Inferences  from  Dimensional  Analysis  and  Other  Considerations 

As indicate d above , th e cavit y volum e shoul d b e a n importan t 
scaling consideration . Th e sam e consideration s tha t appl y t o cavit y 
size shoul d als o appl y t o crate r volume . Therefore , th e dimensiona l 
analysis result s o f Chaba i [1965 ] an d other s ar e wort h reviewing . 
Chabai identifie d fou r differen t set s o f scalin g laws . I f th e gravita -
tional field  strength i s not include d i n the dimensiona l analyses , the n 
cube-root scalin g i s obtaine d whe n a n explosio n i s characterize d b y 
either a  mass dimensio n o r b y a n energ y dimension . I f gravity i s in -
cluded in the dimensiona l analysis , the n cube-roo t scalin g i s obtained 
for crate r dimension s i f the explosio n i s describe d b y a  mass dimen -
sion, bu t fourth-roo t scalin g i s obtaine d i f th e explosio n i s describe d 
by an energy dimension . Thus , i n the las t case , ground motion a t low 

frequencies would be expected t o be proportional t o the three-fourths 
power o f yiel d an d a t hig h frequencie s woul d b e proportiona l t o th e 
one-fourth power . 

It was found experimentally tha t neithe r scalin g law fit  the crate r 
data. Chaba i di d a  regressio n analysi s o n chemica l explosion s rang -
ing fro m 10 0 t o 1,000,00 0 l b o f TNT . H e foun d tha t th e dat a wer e 
fit bes t whe n scaled b y 0.3±0.0 2 powe r o f energy. Bake r e t al . [1973 ; 
chapter 11 ] studie d Chabai' s dat a b y combinin g th e tw o basi c di -
mensionless terms , W 1 / 3 /^ 1 / 3 ^ an d W 1^4/I<llAd wher e W  i s a n en -
ergy dimension , d  i s th e depth , K  represent s th e dea d weigh t o f 
the material , bes t measure d b y pg,  an d a  represent s th e materia l 
strength. The y foun d tha t th e crater-radius , R c, dat a wer e fit  ver y 
well b y 

d Vi/ 3d '  W 

They sugges t tha t th e materia l strengt h i s bes t measure d b y pc 2, a n 
easily determine d quantity , bu t i t coul d jus t a s wel l b e som e othe r 
measure. Fro m thi s analysis , th e author s conclude d tha t neithe r th e 
gravitational effect s no r th e constitutiv e effect s ca n b e ignored . Fo r 
the seismi c sourc e function , thi s i s a n interestin g result . I t ca n b e 
seen fro m (30 ) tha t dept h cancel s ou t an d tha t th e volum e scale s a s 
yield t o th e 7/ 8 power . Thus , th e volum e ha s n o explici t dept h de-
pendence an d the yield scalin g i s remarkably clos e to that commonl y 
observed fo r seismic amplitudes ! 

Working with smal l models i n the laboratory, Larso n [1984 ] found 
that cavit y volumes produce d b y explosions vary inversely with shea r 
strength an d ar e dependen t o n confinin g pressure onl y t o th e exten t 
that th e shear strength depend s o n confining pressure. I n salt, for ex-
ample, th e shear strength i s independent o f confining pressure, bu t i n 
Nugget sandston e i t i s nearl y linearl y dependen t o n i t a s shown pre -
viously i n Figure 5 . Thus , instea d o f pc2 fo r a  i n (27) , Larson' s wor k 
would sugges t tha t shea r strength b e used. Larso n further conclude d 
that relationship s suc h a s tha t o f Orpha l [1970 ] whic h ar e explicitl y 
dependent upo n dept h o f burial may work wel l in certain medi a (e.g. , 
very wea k fluidlik e medi a o r in media where  shea r strength increase s 
proportional t o depth) ; bu t extrapolatio n o f such a  relation t o othe r 
materials, an d i n particula r t o salt , woul d b e extremel y dangerous . 

It i s also worth notin g tha t accordin g to Crowley [1970 ] cube-root 
scaling only applie s if , in additio n to gravity , radiatio n effect s are no t 
an importan t consideration . I f eithe r i s a  significan t consideration , 
then accordin g t o Crowle y scalin g i s no longe r possible . I n addition , 
Glenn [1990 ] show s tha t cube-roo t scalin g i s strictl y vali d onl y i f a 
point sourc e explosio n i s considered . Fo r a  finite  source , tw o addi -
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Fig. 5 . Shea r strengt h versu s confinin g pressur e [Larson , 1984] : (a ) sal t an d (b ) Nugge t 
sandstone. I n sal t th e shea r strengt h i s independen t o f confinin g pressur e whil e i n Nugge t 
sandstone shea r strengt h i s nearly linearl y dependen t o n it . 
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tional parameters , th e mas s an d energ y pe r uni t volume , ente r th e 
problem vi a th e initia l conditions . Glen n the n point s ou t tha t wit h 
nuclear explosives , th e experimental emplacemen t canniste r generall y 
bears littl e relatio n t o th e yiel d an d show s ho w thi s manifest s itsel f 
in th e amoun t o f interna l energ y deposite d i n a  material . Holdin g 
the source volum e fixed , while varying the yield , Glenn' s calculation s 
showed tha t cube-roo t scalin g i s onl y a  crud e approximation . Thus , 
there ar e reason s wh y cube-roo t scalin g ma y no t b e appropriat e t o 
the seismi c sourc e function . 

V. Ne w Directions : Chemical/Nuclea r Equivalenc e 

There ha s lon g bee n a  concer n tha t chemica l an d nuclea r explo -
sions can not be scaled t o each other and that free-field measurements 
are als o someho w differen t fro m measurement s mad e a t greate r dis -
tances. Thes e concern s ar e addresse d i n this section . Ne w regressio n 
analysis results ar e reported fo r cavity size , seismic moment , an d cor-
ner frequency . Th e compilatio n o f dat a includ e previousl y publishe d 
and unpublished dat a from both nuclear and chemica l explosion s an d 
from al l measuremen t regimes . Th e data , whethe r measure d i n th e 
free-field o r a t teleseismi c distances , di d no t revea l an y difference s 
between chemica l an d nuclea r explosive s fo r th e basi c sourc e func -
tion parameters . 

A. New  Regression  Results 

As described above , Mueller and Murphy [1971] and Murphy [197 4 
and thi s volume ] hav e presente d a  theoretica l relationshi p o f seismi c 
moment t o cavit y siz e an d hav e demonstrate d som e experimenta l 
evidence i n suppor t o f it . The y hav e als o shown tha t th e scale d cor -
ner frequency i s depth-dependent . I n th e following , th e relationshi p 
of cavit y siz e t o seismi c momen t i s expande d t o includ e corne r fre -
quency. Th e analysi s consist s o f tw o phases . Initially , a n empirica l 
model i s fi t t o th e dat a (cavit y radius , seismi c moment , an d sourc e 
radius) t o determin e i f th e dat a ar e consisten t wit h th e theoretica l 
yield scaling. Sinc e the data do not contradic t th e theoretical scaling , 
the yiel d exponen t (coefficien t in log space) i s fixed at th e theoretica l 
value. Ha d th e empirica l coefficien t bee n significantl y differen t from 
the theoretica l value , th e empirica l valu e woul d hav e bee n adopted . 

The second phase of the analysis is to select the most parsimoniou s 
model whic h include s th e effect s o f parameters , othe r tha n yield , 
which explain th e variatio n i n the observed data . Coefficient s for th e 
parameters include d i n th e mode l ar e estimate d usin g th e standar d 
regression techniqu e o f minimizing th e sum of squared difference s be-
tween the observed dat a and the model. I n addition to estimating th e 
coefficients, two other outputs of the regression analyse s wer e used t o 
compare alternate models . One , the estimated standar d deviation , a , 
of the measure d variable s wa s use d t o compar e tw o model s wit h th e 
same numbe r o f parameters . Th e mode l wit h th e lowes t valu e o f <r 
is preferred . Th e secon d output , th e significanc e level , p , associate d 
with each parameter, wa s used to test th e importance o f each param -
eter. I f the significance leve l i s low, e.g. , p  <  0.05 , th e paramete r wa s 
considered t o explai n a  significant amoun t o f th e observe d variatio n 
in th e measure d variabl e an d i s retaine d i n th e model . O n th e othe r 
hand, i f the significance leve l i s large, e.g. , p  >  0.05 , th e paramete r i s 
not considere d t o explain a  significant amount o f variation abov e tha t 
explained b y th e othe r parameter s i n the mode l an d i s dropped from 
the model . Th e fina l mode l consist s onl y o f statisticall y significan t 
parameters. 

All o f th e model s considere d belo w consis t o f product s o f param -
eters raise d t o som e power . Whe n writte n i n logarithmi c form , al l 
but on e o f thes e model s becom e linea r wit h th e origina l exponent s 
as coefficients . Th e rando m variatio n associate d wit h th e measure d 
variables, afte r fittin g th e mode l i n lo g space , i s expressed , i n it s 

original units , i n term s o f a n F-value  correspondin g th e 2< r level o f 
variation i n lo g space , i.e. , 

F2a =  10 1 96<7 , (31 ) 

where cr  is th e standar d deviatio n derive d fro m th e regressio n anal -
ysis. Th e F-valu e coul d jus t a s wel l b e define d a t th e lc r leve l b y 
omitting th e 1.9 6 facto r i n (31) . Th e F-valu e i s frequentl y use d t o 
construct confidenc e interva l estimate s o f th e 'true ' valu e o f th e re -
sponse (e.g. , cavit y radius , seismi c moment , o r sourc e radius ) give n 
a fixe d yiel d an d fixe d value s o f th e othe r parameter s i n th e model . 
For example , i f F 2a =  1. 3 an d x  i s th e predicte d valu e o f th e cavit y 
radius, the n th e tru e cavit y radiu s ca n b e expecte d wit h 95 % confi -
dence t o b e betwee n 1.3a r and x/ 1.3. 

la. Cavity  Size—Theory.  Unde r th e assumptio n tha t th e mate -
rial's shea r strengt h i s negligible , Nuckoll s [1959 ] derive d a  solutio n 
for th e cavit y radiu s 

Rc =  CW ll3/Pl
0

l3\ (32) 

where 7 i s th e adiabati c expansio n coefficien t o f th e cavit y gas , P o 
is th e overburde n pressur e (P o =  pgh),  an d C  i s a  functio n o f 7, 
the vaporizatio n pressure , an d o f a  proportionality constan t relatin g 
energy t o th e produc t o f cavit y ga s pressur e an d volum e ( P V ~ E ) . 
Each of these parameters i s material-dependent. Haskel l [1961 ] found 
an implicit , quasi-stati c solutio n t o th e cavit y proble m fo r a n elas -
tic, plasti c materia l whic h behave s accordin g t o th e Coulomb-Moh r 
criterion, i.e. , th e shea r strengt h i s a  linear functio n o f the confinin g 
pressure plu s a  constant . Th e parameter s i n thi s solutio n ar e initia l 
cavity radius , elasti c radius , Lam e constants , overburden , 7, yield , 
and shea r strengt h quantities . I n bot h cases , dept h enter s th e prob -
lem b y wa y o f th e overburde n pressure . 

Boardman e t al . [1964 ] an d Higgin s an d Butkovic h [1967 ] esti -
mated th e materia l dependen t constant , C , i n (32 ) fo r several mate -
rials. Boardma n e t al . assume d tha t 7 =  4/ 3 an d ha d dat a fro m 3 5 
explosions availabl e whil e Higgin s an d Butkovic h evaluate d 7 a s wel l 
as C  fo r several material s usin g 4 6 explosions . Bot h group s reporte d 
excellent result s fo r these smal l dat a sets ; Boardma n e t al . ha d a  2(7 
F-value o f abou t 1.1 5 t o 1.4 7 dependin g o n materia l whil e Higgin s 
and Butkovich ha d less than 1.22 , with 7 rangin g from 1.01 3 to 1.14 2 
depending on source material . Higgin s and Butkovich conclude d tha t 
cavity siz e i s independen t o f th e material' s shea r strength . 

Closmann [1969 ] performe d a  regressio n analysi s o n th e sam e 4 6 
nuclear explosions an d estimated th e coefficients in the empirical cav -
ity radius , yield , an d materia l propertie s relationship , 

l o g ( R c / h ) =  z 0 +  \og(W l/3/h*1/3) +  z 2 log( H/K) + z 3 log(/i/Po) , 
(33) 

to b e 0.131 , 0.918±0.037 , -0.820±0.674 , an d 0.244±0.03 7 fo r x 0 

through a? 3, respectively , wher e n  i s Young' s modulus . Afte r col -
lecting term s (33 ) become s R c o c W°  306 /h°161. H e di d no t repor t 
on th e statistica l significanc e o f thes e coefficient s bu t di d recogniz e 
that th e larg e standar d deviatio n o n x 2 di d indicat e a  larg e uncer -
tainty i n its use . Ha d h e droppe d thi s pai r o f terms an d recalculate d 
the remainin g coefficients , h e ma y hav e foun d somewha t differen t 
yield an d dept h exponents . H e neithe r di d thi s no r di d h e offe r an y 
justification fo r retainin g thi s term . 

Other investigator s [Michaud , 1968 , Orphal , 1970 , Terhun e an d 
Glenn, 197 7 an d Glenn , 1991 ] hav e attempte d t o includ e th e mate -
rial's shea r strength . Michau d simpl y modifie d (32) , 

Ftc 
52 C 

( P o +  C s ) 1 / 3 T (34) 
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where C  refer s t o th e emplacemen t geometr y ( C =  1  for a  tampe d 
explosion) an d Cs  i s a  strengt h term . Orpha l derive d th e cavit y 
size fo r a n elastic , plasti c materia l usin g th e Coulomb-Moh r yiel d 
criterion an d a  simplifie d cavit y pressur e assumptio n t o obtai n a n 
explicit solutio n fo r the cavit y radius , 

Rc = 
Ci 

((C2 + P 0 ) " - C 2 ) 1 / : * 
w 1/3 1 (35) 

where C\  i s a  function o f vaporization radiu s an d pressure , whil e C2 
and n  ar e differen t function s o f th e shea r strengt h parameter s an d 
Young's modulus . 

Terhune an d Glen n [1977 ] performe d a  paramete r stud y usin g 1 -
and 2-dimensiona l finit e difference s code s t o determin e a  functiona l 
relationship o f cavit y siz e t o overburden , shea r strength , an d yield . 
They assume d tha t th e material' s shear strengt h ca n b e modelle d b y 
a combination of the Coulomb-Mohr an d the von Mise's yield criteria , 
i.e., th e shea r strengt h i s linearl y proportiona l t o confinin g pressur e 
(Coulomb-Mohr) u p t o som e poin t bu t beyon d tha t i t i s constan t 
(von Mise's) . Th e result s indicate d tha t cavit y radiu s i s determine d 
by 

63 W7/24 

where Y  i s the shear strength. Th e yield exponent o f 7/24 wa s deter -
mined b y plottin g th e differenc e betwee n th e fina l an d initia l cavit y 
sizes versu s yield . Fro m this , the y conclude d tha t th e yiel d scalin g 
(7/24) o f Baker e t al . [1973 ] applies . 

Following Haskel l [1961] , Glen n [1991 ] foun d a  quasi-stati c solu -
tion usin g von Mise' s yiel d criterion . Thi s solutio n i s also an implici t 
one. However , a n explici t solutio n i s possibl e i n th e cas e wher e th e 
cavity's fina l siz e i s muc h large r tha n it s initia l size , a s i n a  nuclea r 
explosion. Th e cavit y radiu s i s the n 

Rc —  C 
L47r(p0 + f y F ) J 

where 
F =  1  +  In [1KB)]. 

(37a) 

(376) 

and C  depend s o n th e initia l cavit y size . 
Using (35) , Orpha l [1970 ] analyze d 17 2 explosion s bu t h e ha d 

estimates o f th e require d materia l properties , includin g 7, onl y fo r 
broad categorie s o f materials . H e foun d tha t cube-roo t scalin g wa s 
not significantl y differen t from the 0.2 9 obtaine d b y Hear d [reporte d 
and used b y Muelle r an d Murphy , 1971 ] and that th e depth exponen t 
ranged fro m 0.0 8 t o 0.1 4 dependin g o n media . 

Yield an d depth exponents ar e important quantitie s in the seismic 
moment versu s yiel d (o r cavit y size ) relationshi p an d th e differenc e 
between 0.2 9 o r 0.30 6 an d 1/ 3 ca n b e important . Fo r example , th e 
use o f Heard' s cavit y radiu s yiel d exponen t b y Muelle r an d Mur -
phy [1971 ] result s i n a n amplitude , yiel d scalin g exponen t o f 0.87 , 
considerably les s tha n th e theoretica l valu e o f 1 . Therefore , thes e 
exponents shoul d b e a s wel l determine d a s possible . Sinc e Orphal' s 
work wa s published , cavit y dat a an d som e correspondin g materia l 
properties dat a (bu t unfortunatel y no t shea r strength ) hav e becom e 
available o n nearly twic e a s many explosions , therefore , the empirica l 
cavity siz e versu s yiel d relationshi p wa s re-evaluated , incorporatin g 
available materia l properties . 

lb. Cavity  Size—Regression  Analysis.  Th e theoretica l relation -
ships (32) , (34) , (35) , an d (37a ) al l predic t a  cube-roo t yiel d depen -
dency. Onl y th e finit e differenc e paramete r stud y o f Terhun e an d 
Glenn [1977 ] predict s a  differen t yiel d dependency . O f thos e tha t 
incorporate shea r strength , onl y (36 ) ha s i t a s a  stand-alon e term ; 
the other s al l hav e i t combine d wit h overburden . I f 7 i s significantly 

different for eac h materia l the n (32) , (34) , an d (35 ) predic t differen t 
depth dependencies . Therefore , on e issu e t o b e addressed , i n addi -
tion t o whethe r th e dat a suppor t cube-roo t scaling , i s th e correc t 
functional for m t o includ e shea r strength . Anothe r i s whethe r th e 
data suppor t differen t dept h dependencie s fo r eac h material . T o ad -
dress thes e issues , th e U S cavit y dat a an d geophysica l parameter s i n 
the LLN L Nuclea r Tes t databas e [Howard , 1983 ] wer e used , supple -
mented wit h dat a from 4 French test s i n granit e an d 1  USSR tes t i n 
salt [Lin , 1978 ] an d wit h dat a fro m laborator y experiment s i n sal t 
and sandston e [Larson , 1984] . 

As shea r strengt h i s no t on e o f th e parameter s i n th e database , 
the secon d o f th e abov e question s canno t b e full y addressed . How -
ever, relationship s o f th e quasi-stati c for m (34 , 35 , an d 37a ) ca n 
probably b e rule d out . Th e parameter s 7 an d Y  o f (37a ) wer e 
found by non-linea r regressio n analysis . Whil e th e valu e found for Y 
(10 MPa ) wa s reasonable , th e on e fo r 7 (0.2 ) wa s not . Thi s shoul d 
not b e to o surprisin g sinc e Glen n [1991 ] als o foun d tha t th e quasi -

TABLE 2. Cavit y Radius 

2.1 a =  0.0734 
N =  358 
F 2 a = 1393 

2.2 a =  0.0742 
N = 358 
F 2a = 1-393 

2.3 a =  0.115 1 
N =  358 
F 2 a = 1.67 9 

2.4 a =  0.0741 
N = 358 
F 2 a = 1.39 7 

Parameter 
Intercept 

P 
P0 
GP 

Coeff. 
4.1667 

-0.3848 
-0.2625 
-0.0025 

Std. error 
0.1793 
0.0467 
0.0292 
0.0008 

Parameter Coeff. Std. error P 
Intercept 3.9906 0.3819 0.0000 

W 0.3397 0.0021 0.0000 
P 0.2433 0.1395 0.0820 
H -0.1807 0.0273 0.0000 
PO -0.2787 0.0295 0.0000 
GP -0.0020 0.0008 0.0188 

Parameter Coeff. Std. error P 
Intercept 4.1028 0.3843 0.0000 

P 0.2185 0.1408 0.1216 
H -0.1950 0.0272 0.0000 
Po -0.2621 0.0293 0.0000 
GP -0.0024 0.0008 0.0041 

Parameter Coeff. Std. error P 
Intercept 4.8407 0.5959 0.0000 

P 0.0554 0.2183 0.7998 
H -0.2890 0.0422 0.0000 
PO -0.1527 0.0455 0.0009 
GP -0.0053 0.0013 0.0001 

0.0000 
0.0000 
0.0009 
0.0016 
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Fig. 6 . Cavit y radiu s residual s versu s overburden . Th e sandston e an d th e unflagge d sal t dat a are from very small 
laboratory chemica l explosion s [Larson , 1984] . N o clear evidence i s seen to support a  different depth dependenc e for each 
material an d n o clea r evidence i s see n tha t chemica l explosion s ar e differen t tha n nuclea r ones . A shea r strengt h and a 
tamping facto r ar e probably require d t o explai n th e remainin g variance . 

static solutio n approximate d th e dynami c one only when th e cavity' s 
final radius was not muc h larger than its initial radius . Thi s i s clearl y 
not the case for a fully tamped nuclear explosion and , therefore , (37a ) 
does not apply . A  relationship incorporatin g shear strength as in (36 ) 
is mor e likel y t o b e appropriate . 

To addres s th e yiel d scalin g issue , a  log-linea r mode l simila r t o 
(30) an d (33 ) wa s used : 

log Rc =  x 0 +  xi  lo g W +  x 2 lo g p + x 3 lo g fi + x 4 log Po 4- x*GP, (38 ) 

where GP i s the gas-filled porosity, i.e. , that portion, given in percent, 
of th e tota l volum e fille d wit h gas . Th e ga s porosit y wa s include d 
because Butkovic h [1976 ] found , whe n investigatin g th e dispositio n 
of the forme r cavity material , tha t eve n 1 % gas porosity ca n accoun t 
for th e tota l cavit y volum e i n jus t a  fe w cavit y radi i i f th e pore s 
are completel y crushed . Th e densit y an d shea r modulu s wer e in -
cluded becaus e a  preliminary investigatio n o f cube-root scale d cavit y 
radii showed tha t bot h i t an d ga s porosity coul d explai n muc h o f th e 
variance. 

The intercept , an d coefficients , o f (38 ) wer e found an d ar e 
given i n Tabl e 2  a s mode l 2.1 . Base d o n th e criteri a give n i n th e in -

troduction t o thi s section , th e significanc e level s indicat e tha t al l th e 
variables excep t densit y mak e a  significan t contribution . Th e esti -
mated yiel d coefficien t clearly suggest s cube-roo t a s opposed t o 7/2 4 
scaling o f Bake r e t al . Nevertheles s bot h scalin g law s wer e teste d b y 
running tw o additiona l models . Th e yiel d coefficien t wa s se t t o 1/ 3 
and 7/24 i n model 2. 2 and 2.3, respectively , an d the other coefficients 
were re-evaluated. Th e results are shown in Table 2 . O f the two mod-
els. 2. 2 ha s a  muc h smalle r standar d deviatio n an d correspondin g 
F-value. Therefore , th e dat a do support cube-roo t rathe r tha n Bake r 
et al . scaling . 

While th e significanc e leve l i n mode l 2. 2 suggest s tha t th e den -
sity doe s no t mak e a s significant contributio n t o the reductio n o f the 
variance ove r tha t o f th e othe r variables , it s coefficien t an d tha t o f 
the shea r modulu s ar e nearl y th e sam e valu e bu t o f opposit e sign , 
suggesting tha t bot h o f the m coul d b e replace d wit h shea r wav e 
velocity. Thi s possibilit y wa s teste d i n mode l 2. 4 an d wa s foun d 
to fi t th e dat a equall y well . Sinc e 2. 4 i s a  smalle r model , i t i s pre -
ferred ove r 2.2 . 

The residual s o f model 2.4 , show n i n Figur e 6  versus overburden , 
address the depth dependenc e an d chemical versu s nuclear questions . 
If th e variou s material s hav e differen t dept h dependencie s i t i s no t 
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Fig. 7 . Estimate d yiel d fro m (39 ) v s actua l yield . Th e ver y smal l chemica l explosion s (W  <  l x l O - 7 kt) are as well 
estimated a s th e nuclea r ones . Th e reductio n i n th e varianc e du e t o (39 ) i s larg e a t nuclea r yield s greate r tha n about 
1 k t bu t no t a t lowe r ones . Thi s i s probabl y du e t o measuremen t error . Th e hard-roc k explosion s randoml y overla y the 
ones i n porou s roc k a s seen i n th e offse t wher e th e highl y porou s rock s ar e no t differentiated . 

clearly evident . Th e hard-roc k material s exhibi t a s muc h varianc e 
as th e porou s ones . No r i s i t clea r tha t chemica l explosion s ar e dif -
ferent fro m nuclear one s since th e chemica l explosion s i n sal t appea r 
to merg e wit h th e nuclea r one s a t hig h overburde n (take n t o b e th e 
same a s confinin g pressure i n thi s figure).  Apparentl y t o explain th e 
remaining varianc e i n Figur e 6,  shea r strength , an d possibl y initia l 
cavity size , mus t b e take n int o account . A s Glen n [1990 ] points out , 
the emplacemen t canniste r siz e bear s littl e relatio n t o yield . There -
fore, a  tampin g facto r a s wel l a s a  shea r strengt h ter m ma y b e re -
quired i n (38) . I f suc h informatio n coul d b e mad e available , (38 ) 
should b e appropriatel y modifie d an d re-evaluated . 

Given mode l 2.4 , th e cavit y radius , yiel d relatio n i s 

o -  1.47x10- ' W l " 
^ ~  ^0 .384 8 p 0 . 2 6 2 5 ^Q0.0025G P ' 

Several interesting result s o f (39 ) ca n be seen in Figure 7 . Th e yield s 
of the laboratory chemica l explosions ar e as well estimated a s those of 
the nuclea r ones . Als o see n i s tha t th e varianc e abou t (39 ) i s larges t 
for the lo w nuclea r explosions . Thi s ma y b e du e to th e measuremen t 
error, estimated t o be abou t 1. 5 meters (N . R . Burkhard , LLNL , per . 

comm.). Th e most significan t aspec t o f Figure 7 , however, i s that th e 
hard-rock explosion s randoml y overla y th e porou s ones . 

2. Seismic  Moments.  I n Figur e 8  seismi c moment s ar e plotte d 
against yield . Th e measurement s wer e mad e i n al l distanc e regimes , 
for both types o f explosions, an d in many differen t types of materials . 
No distinction is made between the different types of data and it is not 
clear that the y ar e consistent wit h each othe r or with yiel d scaling t o 
the first  power. T o unify the data , th e rati o of the measured momen t 
to th e theoretica l momen t wa s modelle d wit h 

\og(Mo/Mt) =  x 0 +  xi  lo g W +  x 2 \ogfi  +  x 3 lo g P0 +  x AGP, (40 ) 

where M t =  |7r pa2R%. Th e coefficient s in (40 ) wer e evaluate d wit h 
and withou t th e dat a o f Ak i e t al . Thi s wa s don e becaus e o f th e 
concerns state d abov e tha t th e free-fiel d moment s ma y hav e bee n 
estimated fro m dat a take n i n th e non-linea r regio n an d tha t th e 
other moment s ma y include effect s due t o non-isotropic mechanisms , 
e.g., tectoni c releas e o r drive n bloc k motions . Usin g th e sam e pro -
cedure outline d above , virtuall y identica l result s wer e foun d fo r th e 
two cases . Th e shea r modulu s wa s no t foun d t o contribut e t o th e 
reduction i n varianc e whil e overburde n an d ga s porosit y were . I t 
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Fig. 8 . Momen t v s yield . Th e smal l explosion s ( W <  0.00 1 kt ) ar e chemica l an d th e other s ar e nuclear . Th e dat a o f 
Aki e t al . [1974 ] an d Patto n (thi s volume ) wer e previousl y described . Th e dat a o f Johnso n ar e fro m momen t tenso r 
inversions o f surfac e dat a take n close-i n o n (1 ) th e smal l chemica l explosion s a t NT S [Johnso n an d McEvilly , 1990] , 
(2) chemica l explosion s fire d b y th e USG S i n a  limeston e quarr y [McEvill y an d Johnson , 1989] , an d (3 ) tw o nuclea r 
explosions a t NT S [Johnson , 1988] . McGar r an d Bicknel l [1990 ] too k thei r dat a bot h i n th e free-fiel d an d close-i n o n 
the surfac e fro m chemica l explosion s i n tw o Sout h Africa n gol d mines . Th e dat a o f Denn y [1990 ] includ e SALMO N an d 
free-field measurements o f chemica l explosion s a t NT S (unpublished) . Th e dat a o f Steven s [1986 ] ar e from measurement s 
of teleseismi c surfac e waves . 

was als o foun d tha t n o additiona l yiel d ter m i s required . Th e yiel d 
dependency containe d i n M t, firs t powe r fro m (39) , i s sufficient . Th e 
model obtaine d fo r th e seismi c momen t i s 

1 
M o =  M M T P T 

0.3490 j Q—0.0269G P (41) 

The reductio n i n variance du e t o (41 ) ove r a  simple moment , yiel d 
relationship ca n b e see n b y comparin g Figur e 9  wit h Figur e 8 . Thi s 
comparison show s a  ver y larg e reduction , especiall y a t th e ver y lo w 
yields wher e th e rang e i n ga s porosit y i s th e greatest . A  larg e reduc -
tion i s als o seen in Aki' s dat a set . Figur e 9  demonstrates tha t ther e i s 
probably n o nee d t o trea t th e differen t kind s o f material s separately , 
as th e hard-roc k explosion s overla y th e porou s ones . 

That th e differen t type s o f data , i.e. , chemical , nuclear , free-field , 
close-in, regional , an d teleseismic , appea r t o be consisten t ca n be see n 
in Figure s 9  an d 10 . I f ther e wer e a n importan t differenc e betwee n 

the differen t types , i t i s no t eviden t i n thes e figures . I n Figur e 9 , 
the chemica l explosion s ar e a s evenl y distribute d abou t th e simpl e 
moment, yiel d regressio n lin e a s th e nuclea r ones , an d i n Figur e 1 0 
the measuremen t regimes , likewise , see m t o b e compatibl e wit h eac h 
other. 

It i s important t o bea r i n mind that , althoug h th e tota l numbe r o f 
measurements i s 86 , th e dat a se t i s no t larg e considerin g it s diversity . 
It i s wel l know n tha t statistica l result s o n smal l dat a set s ca n b e mis -
leading an d th e F-value , i n thi s case , i s no t small . Therefore , thes e 
results shoul d no t b e take n a s a n unequivoca l demonstratio n o f th e 
compatibility o f th e differen t dat a types . Mor e dat a ma y chang e th e 
picture. Nevertheless , ther e i s n o indicatio n o f a  differenc e betwee n 
the variou s type s o f data . Effort s should b e mad e t o enlarg e th e dat a 
set and , especially , t o fil l i n th e hug e ga p nea r 1  kt . 

3. Corner  Frequency/Source  Radius.  Th e dat a use d i n th e corne r 
frequency analysi s ar e show n i n Figur e 11 , wher e instea d o f corne r 
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Fig. 9 . Yiel d estimate d fro m (41 ) versu s actua l yiel d b y material . A s wit h th e cavit y radiu s results , th e hard-roc k 
moments randoml y overla y thos e fo r porou s rocks . Als o th e chemica l explosion s ar e see n t o b e consisten t wit h th e 
nuclear ones . Th e reductio n o f varianc e du e t o (41 ) ove r a  simpl e moment , yiel d relationshi p ca n b e see n b y comparin g 
this figur e wit h Fig . 8 . Th e 95 % confidenc e leve l F-valu e i s 6.3 4 fo r Fig . 8  whil e i n thi s figur e i t i s 2.34 . 

with th e momen t data , th e fe w hard-roc k (Figur e 12 ) explosions ran -
domly overla y th e porou s one s wit h th e exceptio n o f th e on e i n sal t 
(SALMON). Also , a s wit h th e momen t dat a th e differen t dat a type s 
(Figure 13 ) appea r t o b e consistent . Finally , ther e ha s bee n con -
cern tha t corne r frequenc y estimate s fro m dat a take n outsid e o f th e 
free-field are contaminate d b y spal l [Vergin o e t al. , 1988] . Whil e thi s 
phenomenon undoubtedl y occurs , i t doe s no t appea r t o b e a  seriou s 
problem, give n th e varianc e i n th e data . 

This dat a se t i s hal f agai n large r tha n th e seismi c momen t se t 
and, therefore , i t ma y provid e somewha t greate r confidenc e tha t n o 
significant difference s betwee n th e variou s type s o f dat a exist . How -
ever, effort s should stil l b e mad e t o enlarg e th e dat a se t an d t o fil l i n 
the hug e ga p nea r 1  kt . 

B. Conclusions 

Of the sourc e mode l parameters , th e seismi c momen t an d th e cor -
ner frequenc y ar e bette r know n tha n th e roll-of f o r th e overshoot . 

The empirica l cavit y radiu s formula , (39) , foun d i n thi s stud y i s 
significantly differen t fro m tha t use d i n th e Mueller-Murph y sourc e 
model an d lead s t o differen t yiel d scaling . Th e sourc e function' s mo -

frequency, sourc e radius , R s =  /3/irf c, ha s bee n plotted . Thi s figur e 
shows tha t th e differen t type s o f dat a appea r t o b e consisten t wit h 
each othe r an d wit h cube-roo t scaling . Thi s woul d no t b e th e cas e i f 
attenuation ha d a n importan t effec t o n th e data . T o confir m cube -
root scaling , th e rati o o f th e measure d sourc e radiu s t o th e cavit y 
radius wa s modelle d wit h 

\og(Rs/Rc) =  xo  + x 1\ogW +  x 2\ogp +  x 3fi +  x 4\ogPo +  x 5GP (42 ) 

where R c i s give n b y (39) . N o additiona l yiel d ter m wa s foun d t o 
be required . Th e yiel d dependenc y containe d i n R c, cube-root , i s 
sufficient. Bot h th e shea r modulu s an d th e overburde n wer e foun d t o 
make significan t contribution s t o (42 ) bu t densit y an d ga s porosit y 
were not . Th e mode l fo r sourc e radiu s i s 

k ' =  ^ ^ 0 7 2 4 5 P„-° 2 8 9 7 . (43 ) 

The reductio n i n varianc e du e t o (43 ) ove r a  simpl e sourc e ra -
dius, yiel d relationshi p ca n b e see n b y comparin g Figur e 1 2 wit h 
Figure 11 . Thi s compariso n show s tha t (43 ) reduce s th e varianc e 
considerably bu t no t a s dramaticall y a s i n th e momen t case . A s 



DENNY AND JOHNSON 1 7 

e-6 e-5 e-4 e-3 e-2 e-1 eO e1 e2 e3 ©4 

Yield (kt) 

Fig. 10 . Yiel d estimate d fro m (41) versu s actua l yield b y measurement regime . Th e variou s regimes are indistinguishable 
as they ar e randoml y interspersed . 

ment an d corne r frequency ar e both dependen t o n th e cavit y radius , 
but i n differen t ways , an d ar e consistent wit h cube-roo t scalin g whe n 
the materia l propertie s ar e take n int o account . Al l thre e o f thes e 
source propertie s ar e see n fro m (39) , (41 ) an d (43 ) t o b e dependen t 
on dept h o f burial . Unfortunatel y th e questio n o f whethe r dept h i s 
a surrogat e fo r shear strength , a s suggested b y Larson' s [1984 ] work, 
could no t b e addresse d a s shea r strengt h dat a i s no t availabl e o n 
a cas e b y cas e basis . However , Schoc k [1981 ] ha s presente d dat a 
that sho w a  rough correlatio n betwee n yiel d strength an d shear wav e 
speed, suggestin g tha t perhap s shea r wav e spee d i s a  surrogat e an d 
depth i s not . 

No evidenc e wa s foun d i n thi s stud y t o sugges t tha t chemica l 
and nuclea r explosion s ar e significantl y different . I n fact , th e dat a 
support th e conclusio n o f Killian e t al . [1987 ] who found from a com-
prehensive finit e differenc e study o f nuclea r an d chemica l explosion s 
in a  variety o f geologic material s tha t n o difference s between th e tw o 
sources exist s beyon d a  rang e equa l t o twic e th e origina l siz e o f th e 
chemical explosive . 

C. Implications 

Assuming tha t (39) , (41) , an d (43 ) ar e a  perfect representatio n o f 

reality, then some interesting consequences ca n be derived. I f the ma-
terial propertie s ar e independen t o f dept h an d th e containmen t rule 
requires that dept h be proportional t o the cube-root o f the yield, the n 
cavity radius , moment , an d corne r frequenc y woul d scal e a s W°  246 , 
W0 8 4 9 , an d W - 0 148 , respectively . A  mor e realisti c pictur e fo r NT S 
can b e forme d b y calculatin g th e sourc e functio n propertie s fo r al l 
the explosion s havin g th e require d materia l properties . Th e result s 
of this samplin g o f NTS sugges t that , give n onl y th e yield , cavit y ra -
dius ca n b e estimate d t o withi n a  factor o f 1. 6 wit h 95 % confidence . 
Similarly, seismi c moment , corne r frequency , an d energy ca n be esti -
mated withi n a  facto r o f 4.9 , 1.7 , an d 6.4 , respectively . T o obtai n a 
smaller F-value , th e materia l propertie s mus t b e tightl y controlled . 

The result s o f th e abov e calculatio n ar e show n fo r seismi c mo -
ment an d corne r frequenc y i n Figure s 1 4 an d 15 , respectively . Th e 
slope i s seen t o chang e significantl y wit h increasin g yiel d i n bot h fig -
ures. Thi s i s due to the material property changes with depth (yield) . 
Given thi s larg e varianc e an d characte r o f the momen t plot , i t i s no t 
difficult t o se e ho w repeate d rando m sampling s o f thes e result s fo r 
a smal l numbe r o f explosion s coul d produc e greatl y differen t slopes . 
The man y differen t observations , documente d above , ar e the n no t 
surprising. 
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Fig. 11 . Sourc e radiu s versu s yield . Th e smal l explosion s ar e chemica l one s whil e th e remainde r ar e fro m nuclea r 
explosions. Th e dat a o f Bocharo v e t al . [1989 ] ar e fro m a  singl e broadband , teleseismi c statio n an d wer e estimate d 
from th e pea k o f th e particl e velocit y spectra . Th e dat a o f Denn y ar e fro m (1 ) free-fiel d an d close-i n measurement s o f 
chemical explosion s a t NT S (unpublished ) an d (2 ) fro m peak s o f statio n average d particl e velocit y spectr a o f regiona l 
measurements (unpublished) . Th e dat a o f Dowl a (per . comm. ) ar e fro m regional measurement s mad e b y fittin g th e P g 

displacement spectr a wit h a  second orde r model . McGar r an d Bicknel l [1990 ] estimated th e corne r frequencie s fro m the 
particle velocit y spectr a fro m free-fiel d an d close-i n surfac e measurement s describe d above . Thei r surfac e datu m wa s 
omitted becaus e i t apparentl y suffere d a  grea t dea l o f attenuatio n travelin g upwar d i n th e crust . Th e dat a o f Vergin o 
et al . [1988 ] wer e from regional measurement s reduce d b y th e transfe r function technique , e.g . se e Denn y an d Goodma n 
[1990]. 

VI. Summar y an d Recommendation s 

The vibratin g spher e proble m provide s a  good startin g poin t fo r 
building a  model fo r the seismi c sourc e functio n o f undergroun d ex -
plosions. However , littl e i s know n abou t th e basi c propertie s o f th e 
radial stres s an d elasti c radius . Instead , th e parameter s o f moment , 
corner frequency, overshoot, an d roll-off are estimated t o describe th e 
source function . A  sourc e radiu s ter m ca n b e define d fro m th e cor -
ner frequenc y bu t i t ha s n o know n relationshi p t o th e elasti c radiu s 
except that , i n a  fully tamped explosion , i t i s greater tha n th e elasti c 
radius, whil e i n a  fully decouple d explosion , i t i s equal t o th e elasti c 

radius. 
An interesting , worthwhil e exercis e woul d b e t o deriv e th e equiv -

alent radia l stress for those few explosions wher e free-field radial par -
ticle velocit y measurement s wer e mad e a t severa l ranges . Fo r thos e 
explosions whos e dat a ar e onl y i n th e non-linea r zone , th e result s 
would obviousl y b e fictitiou s bu t thei r progressiv e change  i n shap e 
with rang e ma y b e enlightening . 

In this study i t was found that th e seismic momen t an d the corner 
frequency ar e better know n tha n th e other source properties , thoug h 
not s o well known that additiona l dat a would not increas e confidence 
in th e empirica l formulas . O n th e contrary , additiona l dat a shoul d 
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Fig. 12 . Yiel d estimate d fro m (43) versu s actua l yiel d b y material . A s wit h th e cavit y radiu s and moment results, the 
hard-rock sourc e radi i randoml y overla y thos e fo r porou s rocks . Als o th e chemica l explosion s ( W < l x l O - 4 kt) are 
seen t o b e consisten t wit h th e nuclea r ones . Th e reductio n o f varianc e du e t o (43) ove r a simpl e source radius, yield 
relationship ca n be seen b y comparing thi s figure with Fig . 11 . Th e 95 % confidence level F-valu e is 1.93 for Fig. 11 while 
in thi s figur e i t i s 1.65 . 

be acquire d t o improve confidence . A n effor t should als o be mad e t o 
better understan d ho w shea r strengt h shoul d b e factore d int o thes e 
empirical relationships , t o understan d th e trade-off s betwee n shea r 
strength an d depth, an d to acquire shear strength information . Som e 
of th e varianc e i n eac h o f th e empirica l relationship s could , also , b e 
due t o th e initia l sourc e volum e a s suggeste d b y Glen n [1990 ] an d 
information o n i t shoul d b e collecte d t o determin e it s impact . 

What wa s no t foun d i n thi s stud y wa s als o significant . N o sig -
nificant difference s betwee n hard-rock s an d porou s one s wer e foun d 
beyond wha t i s accounted fo r by the shear modulus an d gas porosity . 
Nor was any evidence found that chemica l explosions are significantly 
different from nuclear explosions , i n agreemen t wit h th e finit e differ-
ence calculation s o f Killia n e t al . [1987] . An d n o difference s wer e 
found i n either th e momen t o r corner frequenc y du e t o th e measure -
ment realm , near-fiel d versu s far-field . However , th e hard-roc k dat a 
set i s very smal l so that th e possibility ma y stil l exis t tha t hard-rock s 
should b e treate d differentl y tha n porou s ones . 

The lac k o f significant difference s between th e tw o types o f explo -

sives suggest s tha t experiment s employin g chemica l explosive s coul d 
be a n effectiv e means o f resolving th e remainin g sourc e functio n un -
certainties. Th e result s fro m chemica l explosion s are , i n fact , ver y 
encouraging an d furthe r us e shoul d b e mad e o f suc h experiment s t o 
gain experienc e i n a  wider variety of materials. A n experimental pro -
gram designed aroun d chemica l explosion s coul d remove many o f th e 
uncertainties an d answe r man y questions , includin g th e behavio r o f 
different roc k type s a t lo w stresses . 
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Fig. 13 . Yiel d estimate d fro m (43 ) versu s actua l yiel d b y measuremen t regime . A s wit h th e momen t data , th e variou s 
regimes ar e randoml y mixed . 
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Fig. 14 . Simulate d seismi c moment . (41 ) wa s evaluate d fo r al l th e event s i n th e databas e wit h th e require d materia l 
parameters. Considerabl e variatio n acros s NT S shoul d b e expected . I t i s eas y t o se e ho w a  smal l se t o f event s coul d 
appear t o hav e a  slope differen t than th e tru e slope . 
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Fig. 15 . Simulate d corne r frequency . (43 ) wa s evaluate d fo r al l th e event s i n th e databas e with the required material 
parameters. A  systemati c chang e i n slop e shoul d b e expecte d wit h increasin g dept h (yield) . 
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