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ABSTRACT . 

S c h o o n e r ,  a  n u c l e a r  c r a t e r i n g .  d e t o n a t i o n ,  p r o v i d e s  e x p e r i m e n t a l  

v e r i f i c a t i o n  of s c a l i n g  t h e o r y  w h i c h  shows t h a t  s o  f a r  a s  g e n e r a -  

t i o n  of se ismic  m o t i o n s  i s  c o n c e r n e d ,  a c r a t e r i n g  d e t o n a t i o n  c a n  

be c o n s i d e r e d  a s '  a c o n t a i n e d  d e t o n a t i o n  b u r i e d  a t  a r e l a t i v e l y  

s h a l l o w  d e p t h  . 

C o m p a r i s o n  of t h e  s e i s m i c  da ta  o b s e r v e d  f r o m  S c h o o n e r  a n d  

o t h e r  c r a t e r i n g  a n d  c o n t a i n e d  d e t o n a t i o n s  a t  N e v a d a  T e s t  S i t e  

s h o w s  s e v e r a l  b a s i c  d i f f e r e n c e s  i n ' t h e  c h a r a c t e r i s t i c s  o f  t h e  

g r o u n d  m o t i o n .  T h e  s h a l i o w  d e p t h  o f  b u r i a l  o f  t h e  c r a t e r i n g  

d e t o n a t i o n  c a u s e s  t h e  s e i s m i c  e n e r g y  e f f i c i e n c y  t o  be s i g n i f i c a n t l y  
i 

d i m i n i s h e d  r e l a t i v e  t o  t h a t  o f  a n  e q u i v a l e n t  y i e l d  c o n t a i n e d  d e t -  

o n a t i o n .  T h e  s p e c t r a l  c o m p o s i t i o n  of t h e  g r o u n d  m o t i o n  g e n e r a t e d  

b y  a c r a t e r i n g  d e t o n a t i o n  i s  c h a r a c t e r i z e d  b y  a lower a m p l i t u d e  

l e v e l  a n d  a s h i f t  t o  t h e  l o w  f r e q u e n c y  e n d  o f  t h e  s p e c t r u m .  T h e  

g e n e r a l  d e f i c i e n c y  of  h i g h  f r e q u e n c i e s  c a u s e s  t h e . p e a k  v e c t o r  

' p a r t i c l e  v e l o c i t i e s  a n d  a c c e l e r a t i o n s  t o  be ' lower  t h a n  mean v a l u e s  

predic ted  o n  t h e  basis  o f  e x p e r i e n c e  w i t h  e q u i v a l e n t  y i e l d  con -  

t a i n e d  d e t o n a t i o n s .  T h e  p e a k  v e c t o r  pa r t i c l e  v e l o c i t y  'correlates 

. a l m o s t  e x c l u s i v e l y  w i t h  t h e  s u r f a c e  w a v e  m o d e  t i m e  window f o r  

c r a t e r i n g  d e t o n a t i o n s .  ' , T h e  l e v e l  o f  p e a k  v e c t o r  p a r t i c l e  accelera- 

t i o n  a n d  v e l o c i t y  recorded f r o m  a c r a t e r i n g  d e t o n a t i o n  a t ' i n s t r u m e n t  



si tes '  l o c a t e d  o n  a l l u v i u m  i s  s i g n i f i c a n t l y  r e d u c e d ,  r e l a t i v e  t o  

t h a t  o f  e q u i v a l e n t  y i e l d  c o n t a i n e d  d e t o n a t i o n s ,  a s  a c o n s e q u e n c e  

o f  t h e  ' l o w e r  s e i s m i c  ' e n e r g y  e f f i c i e n c y  a n d  t h e  r e d u c e d  h i g h  f r e -  

q u e n c y '  s p e c t r a l  c o m p o s i t i o n .  

T h e  S c h o o n e r  d e t o n a t i o n  p r o v i d e s  d a t a  w h i c h  w i l l  be u s e f u l  

i n  t h e  p r e d i c t i o n  a n d  a n a l y s i s  o f  f u t u r e  n u c l e a r  c r a t e r i n g  de t -  

o n a t i o n s .  



CHAPTER 1 
. . . :.: ' . . .  

INTRODUCT ION 

1 .1 GENERAL BACKGROUND 

. . . .  
A s  p a r t  of t he  con t inu ing  Plowshare Program, ~ r o j e i t  Schooner 

was a  nuclear  c r a t e r i n g  experiment conducted by t h e  Atomic Energy 

Commissi,on t o  develop excavat ion technology .through peaceful  u se s  

of nuclear  exp los ive s .  Extension of t h i s  technology i's ' e s s e n t i a l  

' t o  the .  planning.. of such proposed' nuclear  excavat ion as  a  s e a  l e v e l  

cana l  a c ro s s  t h e  American Isthmus.  Five  p ' revious  c r a t e r i n g  even t s  

a t  t h e  Nevada Test  S i t e  ( s e e  F igu re ' l - 1 )  ' a re  l i s t e d  i n  chronologi-  

c a l  order  below, along wi th-  a  b r i e f  d e s c r i p t i o n  of t h e i r  respec-  

t i v e  environments. 

Danny Boy took p l ace  i n  the  b a s a l t  caprock forming Buck- 
board Mesa, Area 18 ,  NTS 

e Sedan was a  r e l a t i v e l y  l a r g e - y i e l d  event  i n  t h e  t h i ck  
al luvium of Yucca F l a t ,  Area 10,  NTS, . . 

e Palanquin was de tona ted  i n  a '  r h y o l i t i c  f low on Pahute 
Mesa, Area 20,  NTS 

C a b r i o l e t  was about 3 ,000  f e e t  from palanquin  and shared  
t h e  same environment 

e Buggy I was a  row.-charge even t  f e a t u r i n g  5 simultaneous 
and e q u a l l y  spaced de tona t ions  i n  the  b a s a l t  caprock of 
Chukar Mesa, .l\r&a 30 ,  NTS ' 



F i g u r e  1-1. A r e a  Map of ~ e v a d a '  T e s t  S i t e  showing t h e  ~ o c a t i o n  of 
s c h o o n e r ,  R e l a t i v e  t o  F i v e  O t h e r  N u c l e a r  C r a t e r i n g '  
D e t o n a t i o n s  a n d  Four  N u c l e a r  C o n t a i n e d  D e t o n a t i o n s  



Other nuclear and.high explosivs c ra te r ing  experiments 

have been conducted, but because of t h e i r  spec ia l ized  n a t u r e , .  

t h e y  a r e  not incorporated'  i n  t h i s  study. 

. . 

1.2 SCHOONER EVENT-ENVIRONMENT AND TECHNICAL DATA 

The Schooner experiment consis ted of the detonation of a  

minimum-fission nuclear device w i t h  a  y i e l d  of  31+4 - kilotons.  

The explosion took place a t  a  depth of 355 f e e t  i n  a  layered tu f -  

. . 

faceous medium of Area 20, Nevada Test S i t e ,  0.n Decelnber 8 ,  ,1968, 

a t  0800: 00.149.6 (PST), 1600: 00.149.6 (GMT)  . The emplacement 

I hole was U20u. a t  geodetic coordinate's': 

Longitude W 116'33' 57.1419" 
Lat i tude N 3'7O20' 36.3187" 

and Nevada s t a t e .  Coordinates (Cent ra l  7011e) : 

I n  t h i s '  a rea  o.f Pahute Mesa, r e l a t i v e l y  f l a t - l y i n g  ash-flow 

t u f f s  of Ter t i a ry  age crop out a t  the surface and display a thick-  

ness grea ter  than ,450 f e e t  a t  the ~ c h d o n e r  s i t e .  The surface 

topography i s  re la . t ively f l a t  w i t h  surface g r o ~ n d  zero a t  an 

elevat ion of 5562.4 f e e t  MSL. The nearest  f a u l t  occurs about' 

2,000 f e e t  f ron  the c r a t e r ,  The water t a b l e  i s  a t  a  depth of 

approximately 1,300 f e e t  i n  Pahute Mesa d r i l l  hole No. 2  

(Figure 1-2) w3ich' i s  located some 860 f e e t  northwest of the 

Schooner s i t e .  



Figure  1-2.  Genera l ized  Geologic  Map of t h e  Schooner Crater 
S i t e ,  Pahute  Mesa, ~ e v a d a  



The c ra te r  r e s u l t i n g  f r o m  t h e  S c h o o n e r  e x p e r i m e n t , w a s  c h a r -  

a c t e r i z e d  b y  t h e  f o l l o w i n g  d i m e n s i o n s  a n d  volumes '  ( T e w e s ,  1 9 6 9 )  : 

... . 1 )  R a d i u s  of a p p a r e n t  crater  ( R a )  1 2 9 . 8  m e t e r s  426'  f t .. 

2 )  Maximum d e p t h  of a p p a r e n t  
208 f t .  cra ter  ( D a )  ..................... 63.4  meters 

3 )  A v e r a g e  a p p a r e n t  crater  l i p  . 

crest  h e i g h t  ( H a l ) .  ............. 1 3 . 4  meters . 44 f t .  . . . 

4 )  . R a d i u s  o f  a p p a r e n t  l i p  crest 
. :  ( R a l )  ............................ 1 4 7 . 2  meters 4 8 3  f t .  

5 )  R a d i u s  of o u t e r  b o u n d a r y  of  
c o n t i n u o u s  e jec ta  ( Reb) .:....... 539 meters./ 1 7 6 8  f t  . 

. . 

6 )  L i p  volume,  a p p a r e n t  ( V a l )  ........ 2 , 0 9 9 , 0 0 0  c u b i c  meters 

......: 2 , 7 4 5 , 3 3 0  c u b i c  y a r d s  

7 )  C r a t e r  vo1ume;apparent  ( V a )  ..... 1 , 7 4 5 , 0 0 0  c u b i c  m e t e r s '  

2 , 2 8 2 , 8 7 0  c u b i c  y a r d s ,  ..... 

E n v i r o n m e n t a l  ~ e s e a r c h  C o r p o r a t i o n ,  u n d e r  c o n t r a c t . t o  t h e  . 

Nevada O p e r a t i o n s  O f f i c e  of t h e  U .  S .  Atomic  E n e r g y  Commiss ion,  

2s r e s p o n s i b l e  t o  t h e  O f f i c e  o f  E f f e c t s  E v a l u a t i o n  . f o r  p r o v i d i n g  

g r o u n d  m o t i o n  e v a l u a t i o n s  of selected n u c l e a r  e v e n t s , .  Our re- 

s p o n s i b i l i t y  i n  P r o j e c t  S c h o o n e r  w a s  t o  p r o v i d e  t h e  O f f i c e  of 

. .  ~ f f e c t s  E v a l u a t i o n  w i t h  t h e  f o l l o w i n g :  

1. An i n s t r u m e n t a t i o n  p l a n  d e s i g n e d  t o  document  g r o u n d  
m o t i o n s ,  u t i l i z i n g ' a v a i l a b l e  i n s t r u m e n t s .  



Pred ic t i ons  of ground motion a t  each proposed instrument 
s t a t i o n  f o r  instrument c a l i b r a t i o n .  

Processed se ismic  d a t a  ( c o r r e c t e d  seismograms, Band-Pass 
F i l t e r  (BPF) s p e c t r a ,  e t c . )  . 

Post-shot  a n a l y s i s  of Schooner se i smic  d a t a  t o  determine 
r e l a t i o n s h i p  t o  p red i c t i ons  and d a t a  from o ther  c r a t e r -  
ing  experiments. 

1 . 4  OBJECTIVES OF THIS REPORT 

The ob j ec t i ve s  of t h i s  r epo r t  &re  summarized as fol lows:  

a To determine t h e  amplitude and frequency c h a r a c t e r i s t i c s  
of ground motion f,rom t h e  c r a t e r i n g  event  Schooner. 

a To r e l a t e  t he se  r e s u l t s  t o  t h e  development of r e l i a b l e  
techniques fo r  p r e d i c t i n g t h e  ground motions f r o m c r a t e r i n g  
even t s ,  u t i l i z i n g  t h e o r e t i c a l  and empi r ica l  s c a l i n g  concepts .  

Analyses r e l a t e d  t o  t h e s e  o b j e c t i v e s  a r e  presented i n  d e t a i l  

i n  t h e  chap te rs  which fo l l ow .  Chapter 2 c o n t a i n s  d e s c r i p t i o n s  

of t h e  ins t rumentat ion employed f o r  t h e  Schooner experiment and 

a  d i scuss ion  of t h e  processed d a t a  u t i l i z e d  i n  t h e  ana lys i s .  Peak 

ground motions a r e .  d i s cus sed '  i n  Chapter 3,  and a r e  compared with 

p r e d i c t e d  values and d a t a '  from pas t  c r a t e r i n g  even t s .  The f r e -  

quency content  of se ismic  ,waves from Schooner i s  i n v e s t i g a t e d  and 

compared with se ismic  d a t a  from t h e  Cabr io l e t  c r a t e r i n g  event a t  

common s t a t i o n s .  Theo re t i ca l  s c a l i n g  of amplitude. s p e c t r a  t o  s i m -  

u l a t e  the  e f f e c t  'of depth  o f .  b u r i a l  f o r  c r a t e r i n g  and conta ined 

nuclear  de tona t ions  5s app l ied  and analyzed.  



e l a s t i c  wave t y p e s  g e n e r a t e d  by Schooner  are de t e rmined  and com- 

p a r e d  w i t h  s i m i l a r  d a t a  from o t h e r  e v e n t s  

. . 
Reasonab le  estimates of t h e  r a d i a t e d  s e i s 'm ic  e n e r g i e s  from 

c r a t e r  i n g  and c o n t a i n e d  e v e n t s  a re  de t e rmined  by p r o c e d u r e s  set 

f o r t h  i n  Chapter  5 ' .  A l s o  t h e  s e i s m i c  e f f i c i e n c y  of t h e  Schooner 

I 
e v e n t  is  a n a l y z e d  and compared w i t h  t h e  e f f i c i e n c y  de t e rmined  

. 
from c o n t a i n e d  e v e n t s .  

The b a s i c  c o n c l u s i o n s  of' t h e  v a r i o u s  a n a l y s e s  are summarized 

i n  c h a p t e r  .6. 



CHAPTER 2 

DATA ACQUISITION AND PROCESSING 

The ins t rumentat ion plan f o r  Schooner was designed with t he  . . 

fol lowing ob jec t ives  i ~ i  mind: 

1 . '  To obtairi seismic d a t a  a t  p d i n t s  of i n t e r e k t  , t o  document 
t h e  ground motion c h a r a c t e r i s t i c s  .of Schooner. 

2 .  To provide d a t a  f o r  d i r e c t  comparison of Schooner ground 
motions with ground motions from o ther  c r a t e r i n g  and con- 
t a i n e d  even t s .  

3 .  To generate  a  r ep re sen ta t ive  se ismic  d a t a  sample t o  use 
f o r  p red i c t i ng  the  ground motion c h a r a c t e r i s t i c s  of 
f u t u r e  c r a t e r i n g  even t s .  

The U.S. Coast and Geodetic Spec i a l  p r o j e c t s  Pa r ty  (USC&GS) 

deployed the  17 ve loc i ty  ins t ruments  which recorded the  Schooner 

event ( s e e  Figure 2-1) . 'Of these  ~ 1 7  ve loc i ty  meters,  14 were 

L-7 ' s  and 3 were NC-21's (King, 1969) . ' These ins t ruments  recorded 

t h r e e  orthogonal components.of p a r t i c l e  v e l o c i t y  on magnetic t ape .  

. Seismic .data recorded with  the  'NC-21 ve loc i ty  meters were 

processed and co r r ec t ed  f o r  frequency response by ERC. Only the  

d a t a  recorded with the  NC-21 ve loc i ty  meters requi red  a  co r r ec t ion ,  

f o r  frequency response (Table 2-1 shows t h e  frequency r'ange of 



F i g u r e  2-1 .  Map of S o u t h e a s t e r n  Nevada Showing Nevada T e s t  
S i t e  and Schooner . I n s t r u m e n t  S t a t i o n s  
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T a b l e  2 - 1 .  FREQUENCY. RANGE OF RECORDED GROUND bIOTION DATA 

* * * ~ i m i t e d  ' t o  34 H e r t z  by t a p e  s p e e d  

I n s t r u m e n t  

Type 

. . 

' :NC- 2 1 

- 

'L-7** , 

- 
. . 

' -, * V a r i e s  w i t h  f i l t e r  s e t t i n g  
. . .. 

v-; z, . - . ,, 

**NO i n s . t r u m e n t a t i o n  c o r r e c t i o n  a p p l i e d ;  f i l t e r i n g  a p p l i . e d  t o  e l i m i n a t e  n o i s e  
o u t s i d e  f r e q u e n c y  , r a n g e  of  i n t e r e s t  

- 
Frequency Range (Hz)  

of Ground Mot ion  a f t e r  
I n s t r u m e n t  C o r r e c t i o n  - - 

. Frequency  Range (Hz)  
--- of  I n s t r u m e n t  Response  

Low 

0 . 4  

0 .1  

1 
- 

Low -- 

1 .O 

.- 

0.1 

High 

45 * 

34*** 

High 

45 * 

34""" 



ground motion da t a  recorded by each ins t rument ) .  ~ l s o ,  p a r t i c l e  

acce l e ra t ion  and displacement seismograms were , 'derived from the  

v e l o c i t y  da t a  by d i f f e r e n t i a t i o n  a n d i n t e g r a t i o n  w i t h  respec t  t o  time. 

Locations of t he  Schooner instrument s t a t i o n s  a r e  shown on.  

Figure 2-1 and a  summary of s t , a t i on  environments, instrument type,  

and d is tances  i s  l i ' s t e d  i n  Table 2-2.  

2 .2  PEAK VECTOR GROUND MOTIONS .- 

' peak values of p a r t i c l e  acce l e ra t ion ,  ve loc i ty  and d i sp l ace -  

ment were determined f o r  'each component. I n  add i t i on ,  the  peak 

value of t h e  r e s u l t a n t  vector was obtained t o  determine t h e  ab- 

s o l u t e . v a l u e  of p a r t i c l e  motion recorded a t  e a c h - s t a t i o n .  The 

r e s u l t a n t  vector magnitude is c a l c u l a t e d  by analyzing simultane- 

ously t h e  th ree  components of motion as a  func t ion  of time ,' The. '. 

peak r e s u l t a n t  vector i s  t h e  l a r g e s t  ins tantaneous value of the 

square roo t  of the  sum of the  squares of t h e  amplitudes of the  

th ree  components. 

where 

PM = peak r d s u l t a n t  vector 
. . 

Z p ( t )  = value of v e r t i c a l  component 

R p ( t )  = value of r a d i a l  component 

T p ( t )  = value of t ransverse  component 



TABLE 2-2 .  SUMMARY O F  SCHOONER INSTRUMENT STATIONS 
Y I E L D I N G  RECORDS PROCESSED BY ERC 

S l a n t  
S t a t i o n  S t a t i o n  I n s t r u m e n t  

S t a t i o n .  D i s t a n c e  
A b b r e v i a t i o n  , ~ n v i r o n m c n  t Type ( k m )  

A r e a  12 Camp 2 H a r d  R o c k  L-7 39.3 

~ e a t t ~  BHQ H a r d  R o c k  L - 7  51.2 

B e a t t y  #2 

ETS -2 

E -M,m 

BAL 

E T 2  

E -MAD 

A l l u v i u m  

A l l u v i u m  

~ l l u v i u m  

C P - 1  C P - 1  H a r d  R o c k  L-7 6 4 . 4 '  

NRDS A d m i n .  B l d g .  MID A l l u v i u m  L - 7  67.6 

T o u o p a h  C h u r c h  TCH H a r d  R o c k  N C - 2 1  9 9 . 4  

Tonopah Motel TMT A l l u v i u m  N C - 2 1  99.2 

I n d Z a n  S p r i n g s  S E - 2  T h i n  A l l u v i u m  L - 7  119.3 

A  1 alno ALA A l l u v i u m  L-7 1 2 4  .O 

A l a m o  AHR H a r d  R o c k  L - 7  1 2 4  .O 

Squires  Park sap A l l u v i u m  .L-7 . 181.8 

SE-6 SE-6-  A l l u v i u n l  L-7,. NC-2J, 187.. 3 

F r e n c h m a n  M o u n t a i n  4 6 2  H a r d  R o c k  L-7 189.7 

K i n g m a n ,  A r i z o n a  KAR H a r d  R o c k  L-7 340.0 



The recorded peak values of each of t h e  t h ree  components 

of v e l o c i t y  and t h e  peak p a r t i c l e  veloci ty '  vector  a re  t abu la t ed  

i n  Tables 2-3 and 2-4 f o r  alluvium and hard rock s t a t i o n s  respec- 

t i v e l y .  Arr iva l  times and t h e  per iod  of the  peak p a r t i c l e  v e l o c i t y  

I are  a l s o  given i n  these  t a b l e s .  va lues  of t h e  der ived pebk\vector 

p a r t i c l e  accelera ' t ions.  and displacements a re  given Tn Tables 2-5 
. . 

and 2-6.  The symbol no ta t i on  used i n  the  t a b l e s  is as  follows: 

Instruments 

. . 
L-7 = Mark Products  Veloci ty  Meter 

. . NC-21 = National  Geophysical Company v e l o c i t y  Meter 
. .. 

. . 

Componen ts 

2' = v e r t i c  a1 

R = r a d i a l  

T  = t ransverse  

V = r e s u l t a n t  vector  

Peak Arr iva l  Times 

Arr iva l  times a r e  from shot  time except when given i n  paren- 

t heses  which.' 2ndicates  t i m e  a f t e r  f i r s t  motion. 

. . 



! 

TABLE 2-3. PEAK SURFACE VELOCITY RECORDED A T  S T A T I O N S  ON 
ALLUVIUM 

FI RS T PEAK T I M E  
s TATION/ . COMPONENT 'DISTANCE . ARRIVAL VELOCI TY OF PERI OD 

INS TRUMEN T (km) T I M E  ( c m / s e c )  PEAK ( s e c )  . . - 

( s e c )  ( s e c )  

1 B e a t f y  Z 51.7 

v 

Z dl. 1 

E-MAD 2 63.9 12.65 4.55xl0-~ 49.48: 1.45 
( L - 7 )  R 12.65 4.76x10-~ 29.20 1.28 

T 12.65 6.97x10-~ 50.17 1.92 
V 8; 37x10-~ 45.35 - - 

NRDS Z 67:5 13.35 5.88x10-~ 5.3.88 1.45 
, Adol. Bldg . R 13.35 1.01x10-~ 29.23 0.82 . , 

( L - 7  . T 13.35 6.85x10-~ 29.00 0.73 
V 1.05xl0-~ 29.28 - - 

T o n o p a h  Z 
M o t e l  P 
( N C - 2 1 )  T 

v 

A l a m o  
(L-7 

Squi res  Z 181.8 . . 33.05 . 1:64x10-~ 77.25 1.12 
Park R 33.05 3. 00x10-~ 63.95 2.42 
( L - 7 )  T 33.05 4.32~10-~. 64.99 1.74 

V 4.34x10-~ 65.07 - - 



TABLE 2-4  : PEAK SURFACE .VELOCITY RECORDED AT STATIONS ON 
HARD ROCK 

. . 

- 
F I R S T  PEAK TIME 

STATION/ COMPONENT DISTANCE ARRIVAL VELOCITY OF ' PERIOD 
INSTRUMENT Prn) TIME (cm/sec) PEAK 

( s e c )  
(set > 

( s ec  ) 

Beat ty  Z 51.2 - - 3 . 1 9 x 1 0 - ~  (38.02)  1 .63  
.(L-7 ) R - - 4 . 3 0 ~ 1 0 - ~  (37.48)  1 .60  

T - - 2 . 9 5 x 1 0 - ~  (34.57)  1 .43  
V 4 . 7 2 x 1 0 - ~  (37 .47)  - - 

Tonopah * 

Church 
(NC-21) . .  

Alamo 
(L-7) 

K i n g m a n  Z 340.0 57.65 1 . 9 3 x 1 0 - ~  137.52 3.07 
( A r i z o n a )  R 57.65 1 . . 3 9 ~ 1 0 - ~  128.88 1. 95 

T (T,-7) 57.65 1 . 2 6 x 1 0 - ~  110.72 1 .27  
v 2 . 0 2 ~ 1 0 - ~  137.53 - - 

. . -- ---- -. .--- .- - .- - . .-..- .---..- -- ----- . - 



TABLE 2 -5. D E R I V E D  PEAK ACCELERATION AND DISPLACEMENT 
AT STATIONS ON 'HARD ROCK 

STATION/ COMPONENT DISTANCE PEAK PEAK 
INSY~UMENT ( k m )  ACCELERATION ( g ) DISPLACEMENT C C ~ )  

B e a t t y  

( t , - 7 )  

T o n o p a h  
C h u r c h  
( N C - 2 1 )  

A l a m o  
. ( L - 7 )  

K i n g m a n ,  
A r i z o n a  

( L - 7 )  



? 

TABLE 2-6. D E R I V E D  PEAK ACCELERATION AND DISPLACEMENT 
' A T  S T A T I O N S  ON ALLUVIUM 

I 

STATION/ COMPONENT D I S T A N C E  PEAK PEAK + 

INSTRUMENT ( k m )  ACCELERATION ( g )  DISPLACEMENT ( c m )  

B e a t t y  

( L - 7 )  

ETS -2 Z 

( L - 7 )  R 
T 
v 

E-MAD Z 

( L - 7 )  . R 
T 

NRDS Z 
A d m .  B l d g .  R 

' ( L - 7 )  ' T 
v 

T o n o p a h  . .  .. Z 
M o t e l  R 
( N C - 2 1 )  T 

v 

A 1  a m o  Z 
( ' L - 7 )  R 

Squi res '  .Z 
Park . R  
( L - 7 )  T 

1 v 

( C o n t i n u e d  o n  f o l l o w i n g  p a g e )  



TABLE' 2-6. D E R I V E D  .PEAK 'ACCELERATION AND DISPLACEMENT 
A T  S T A T I O N S  ON ALLUVIUM 

( C o n t i n u e d )  

STATION/ COMPONENT DISTANCE PEAK PEAK 
INSTRUMENT ( k m )  ACCELERATION ( g )  DISPLACEMENT ( c m )  I 



2.3 BAND-PASS FILTER SPECTUA ---- 
Band-pass f i l t e r i n g  of a  seismogram i s  a  technique developed 

t o  analyze the  peak p a r t i c l e  velocity recorded f rom nuclear events 

a s  a function of frequency. The three corn2onents of p a r t i c l e  

veloci ty of a  seismogram a r e  individually passed throsgh twelve 

narrow band-pass f i l t e r s  t o  o3tain information re la t ing  t o  the  

frequency content of the  seismic signal.  The ,leak amplitude of ' 

the output from each f i l t e r  is p lo t t ed  as  a  function of the  

center frequency of the  f i l t e r  and the points  a re  connected, 

giving a continuous curve ca l led  the  BPF spectrum. 

Band-pass f i l t e r  spectra from the Schooner event a r e  shown 

on Figures 2-2 through 2-5. Superposed 011 each graph i s  the mean 

BPF spectrum typical ly  measured a t  that distance from a  contained 

NTS event of the  y i e ld  of Schooner. The mean BPF spectrum shown 

is based on frequency, y ie ld  and distance dependent regression 

equation: derived from band-pass f i l t e r  data observed from 20 under- 

ground nuclear detonations a t  Nevada Test S i t e .  The data sample 

contains approximately 2,400 spect ra l  amplitudes over the frequency 

range 0.4 - 11.3 H z .  The distance and y i e ld  ranges of the  data 

a r e  40 - 200 k m  and 16 k t  ( y i e l d  of Rex) - 525 k t  ( y i e l d  of Greeley), 

respect ively.  Thus ,  the  BPF spectrum defined by these equations 

represents a  good approximation of the average spec t ra l  composi- 

t ion observed from contained Nevada Test S i t e  detorrations, 

- 
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CHAPTER 3 

ANALYSIS OF SCHOONER DATA 

3.1 PEAK AMPLITUDE ,DATA 

Mul t ip le  regress ion  analyses ,  u t i l i z i n g  a  l a r g e  q u a n t i t y  of 

peak amplitude ,data recorded from 99 conta ined  nuclear  e v e n t s  

detonated on t h e  Nevada Test  S i t e ,  have r e s u l t e d  i n  s t a t i s t i c a l l y  

based regress ion  equat ions  (Murphy and Lahoud, 1969) .  These 

equa t ions  a r e  c u r r e n t l y  being used t o  p r e d i c t  t h e  mean peak re -  

s u l t a n t  vector  ground motions expected from nuclear  tests. A 

corresponding d a t a  sample is not  yet  a v a i l a b l e  f o r  c r a t e r i n g  

events .  Although on ly  l i m i t e d  c r a t e r i n g  d a t a  a r e  a v a i l a b l e ,  i t  

is now e s t a b l i s h e d  (Klepinger and Mueller ,  1969 and Chapters 4 

and 5 of t h i s  r e p o r t )  t h a t  t h e  amplitude and s p e c t r a l  cha rac t e r -  

i s t i c s  of  ground motions from c r a t e r i n g  even t s ,  a s  w e l l  a s  seismic 

e f f i c i e n c y ,  a r e  q u i t e  d i f f e r e n t  from t h a t  of contained even t s .  

I n  an e f f o r t  t o  d e f i n e  these  d i f f e r e n c e s ,  Klepinger and 

Mueller (1969) performed a  regress ion  ana lys i s  on the  peak ampli- 

tude  d a t a  sample from t h e  C a b r i o l e t ,  Palanquin,  Sedan, and Danny 

Boy c r a t e r i n g  events .  The r e s u l t s  of  t h i s  a n a l y s i s ,  and t h e  

a n a l y s i s  f o r  contained events  d i scussed  above, a r e  compared wi th  

Schooner r e s u l t s  on F igures  3-1 through 3-6. These f i g u r e s  show 



rigure 3-1 .  Peak Part ic le  Resultant Vector Veloc i t ies  Record 
for Schooner Compared t o  Multiple Regression Analyses of 

Cur~lained and Cratering Event Veloc i t ies  - Alluvium S i t e s  
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Figure 3-2. Peak P a r t i c l e  Resultant Vectox Ve loc i t i e s  Recorded 
fo r  Schooner Compared t o  Multiple Regression Analyses of 

Contained and Cra te r ing  Event Ve loc i t i e s  - Hard Rock S i t e s  
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Figure 3-3. Peak P a r t i c l e  Resul tant  Vector Displacements Derived 
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to Mul t ip l e  Regression Analyses of Contained and Crater 
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Figure 3-4. Peak P a r t i c l e  Resul tant  Vector Displacements Derived 

from Schooner P a r t i c l e  V e l o c i t y  Seismograms Compared 
t o  Mult iple  Regression Analyses o f  Contained and Crater 
i n g  Event Displacements - Alluvium S i t e s  
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Figure 3-5. Peak P a r t i c l e  Resul tant  Vector Acce l era t ions  Derived 

from Schooner P a r t i c l e  V e l o c i t y  Seismograms Compared 
to Mul t ip l e  Regression Analyses of Contained and Crater-  
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Schooner peak r e s u l t a n t  v e c t o r  p a r t i c l e  motions recorded a t  

a l luvium and hard rock s i tes  a s .  a  f u n c t i o n  o f  s t a t i o n  d i s t a n c e .  

Superposed on t h e s e  d a t a  p o i n t s  a r e  t h e  p r e d i c t e d  v a l u e s  o f  

peak p a r t i c l e  motions made on t h e  b a s i s  o f  t h e  99 event  d a t a  Sam- ; 

p l e  and t h e  c r . a t e r i n g  e"ent d a t a  sample. The f o l l o w i n g  observa-  

t i o n s  are made on t h e  basis o f  t h e s e  d a t a :  ' 

1. Schooner peak v e c t o r  p a r t i c l e  motions recorded a t  bo th  
hard  rock and al luvium sites e x h i b i t  lower ampl i tudes  
than t h e  p a r t i c l e  motions p r e d i c t e d  on t h e  b a s i s  o f  
conta ined e v e n t s  ( w i t h  t h e  excep t ion  o f  SE-6).  T h i s  
is  c o n s i s t e n t  w i t h  p r e v i o u s  exper ience .  ( ~ l e ~ i n ~ e r  and 
Muel le r ,  1969) .  

2. Prev ious  exper ience  (Klcpingkr and Muel le r ,  1969) 
i n d i c a t e s  a  tendency f o r  ground motions genera ted  by 
c r a t e r i n g  e v e n t s  t o  a t t e n u a t e  f a s t e r  a t  hard  rock  
s t a t i o n s  than  corresponding ground mo.tions from con- 
tained e v e n t s .    ow ever, peak v e c t o r  p a r t i c l e  v e l o c i t i e s  
from Schooner ,  ( F i g u r e  3-2). appear t o  decdy a t  .about t h e  
same r a t e  p r e d i c t e d  on t h e  b a s i s  o f  .an e q u i v a l e n t  y i e l d '  
, conta ined even t  . 

3 .  P r e d i c t i o n s  o f  peak motion based on e q u i v a l e n t  y i e l d . c o n -  
t a i n e d  e v e n t s  appear  t o  be' c o n s e r v a t i v e  e s t i m a t e s  o f  t h e  
ground motion l e v e l s  expected  f o r  c r ' a t e r ing  e v e n t s .  Ad- 
d i t i o n a l '  c r a t e r i n g  event  d a t a  a r e  r e q u i r e d ,  however, t o  
' e s t a b l i s h - ' a  sound s t a t i s t i c a l  and p h y s i c a l  . b a s i s  f o r  p r e -  
d i c t i n g  c r a t e r i n g  event  peak p a r t i c l e  ground motions.  '. 

3.2 AMPLITUDE-FREQUENCY DATA 

The o b j e c t i v e s  of  t h i s  s e c t i o n  are twofold:  1) t o  examine 

t h e  f requency c o n t e n t  o f  t h e  ground motion r e s u l t i n g  from c r a t e r i n g  

and conta ined n u c l e a r  d e t o n a t i o n s  i n  o r d e r  t o  de termine  any s i g -  

n i f i c a n t  and c o n s i s t e n t  p a t t e r n s  e x i s t i n g  between t h e  two t y p e s  of  



exp los ions ,  and 2 )  t o  eva lua t e  t he  observa t ions  w i th in  a  s e l f -  

c o n s i s t e n t  theory  on t h e  s c a l i n g  of t h e  amplitude s p e c t r a  of 

underground exp los ions .  To~accompl i sh  t he se  o b j e c t i v e s ,  param- 

e t e r s  in f luenc ing  t h e  se i smic  s i g n a l s  must be minimized such 

t h a t  comparisons of t h e  amplitude spec t r . a  a r e  e f f e c t i v e l y  com- 

pa r i sons  of t he  sources .  There fore ,  .it i s  necessary  t o  e l i m i n a t e ,  

a s  f a r  a s  p o s s i b l e ,  t r ansmiss ion  pa th  v a r i a b l e s ,  s t a t i o n  s i t e  

v a r i a b l e s ,  and source  media e f f e c t s .  

The con t a ined '  nuclear  de tona t ions  Knickerbocker , . Duryea ' and 

Rex, were de tona ted  wi th in  t he  immediate l o c a l i t y  .(.lo km) of 

Schooner (F igu re  1-1) . These con ta ined  detonat ' ions were executed 

i n  r h y o l i t e .  Common s t a t i o n s  ins t rumented f o r  t h e s e  de tona t i ons  

are  given' i n  Table 3-1. Comparisons of BPF a t  t he se  common 

s t a t i o n s  f o r  t h e  var ious  e v e n t s ,  s c a l e d  t o  t h e  C a b r i o l e t  y i e l d  

of 2 . 3  k t ,  should  t h e r e f o r e ,  i n d i c a t e  any gene ra l  p a t t e r n  e x i s t -  

i n g  between c r a t e r i n g  and con ta ined  s h o t s .  

Sca l i ng  of t h e  Band-Pass F i l t e r  (BPF) spectrum, which is  an 

approximation of t h e  Fourier .  amplitude spectrum, - i s  normal ly  ac- 

complished by app ly ing  frequency-dependent y i e l d  s c a l i n g  exponents .  

These exponents a r e  s t a t i s t i c a l l y  de r ived  from a  l a r g e  number of 

underground exp los ions ,  t h e  major p o r t i o n  of which a r e  bu r i ed  a t  
. . 

a  s e t  s c a l e d  depth  of , 350  t o  450 ( s c a l e d  depth  i s  the  r a t i o ,  depth 
. . 
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. STATION 

SE-6 

A1 amo 

Tonopah Church 

~ o n o ~ a h  Mote L 

CP-1 . . 

EVENT 

Schooner 

- 
187.3 km 

124 .0 km 

.99.4 km 

99,2 km 

64.4 kin 

C a b r i o l e t  

182.0 km 

123.0 km' 

11f.0 km 

ill .0 km 
. . 

57.0 km 

Knickerbocker 

175.0 km. 

120.0 km 

.'112.0, km 

112.0km ' 

Duryea 

170.0 km 

116.0 km 

116.0km 

48.0 km 

Rex 

173.0. km 

112.0 km 
. . 

112.0 k'm 



of b u r i a l / c u b e  r o o t  o f  y i s l d ) .  Therefore, t h e  e m p i r i c a l  s c a l i n g  

niay be c o n s i d e r e d ,  a s  a f a i r  a p p r o x i m a t i o n ,  t o  be s c a l i n g -  a t  a 

set scaled d e p t h ;  a l t h o u g h ,  i t  h a s  b e e n  f o u n d  t h e o r e t i c a l l y  t h a t  

t h e  y i e l d .  e x p o n e n t s  arb a l s o  y i e l d  a n d  d e p t h  d e p e n d e n t  ( M u e l l e r ,  

1 9 6 9  ) S c h o o n e r ,  K n i c k e r b o c k e r  , D a r y e a  a n d  Rex BPF spect,ra were 

scaled t o  2.3 k t  ( C a b r i o l e t  y i e l d )  b y  u s e  of t h e  , s t a t i s t i c a l  e x -  

p o n e n t s  d e s c r i b e d  a b o v e .  E a c h  s p e c t r u m  i s  t h e n  a p p r o p r i a t e l y  

scaled t o  t h e  C a b r i o l e t  d e p t h  of b u r i a l .  . K n i c k e r b o c k e r  a n d  . 

D u r y e a  are b u r i e d  a t  a no . rmal  scaled d e p t h  w h i l e  Rex i s  s l i g h t l y  

o v e r b u r i e d .  T h e  d e p t h  of b u r i a l  fo r  C a b r i o l e t  ts 171 feet .  

Comparisons of the ,  BPF spectra f r o m  c r a t e r i n g  a n d  c o n t a i n e d  

e x p l o s i o n s  ( K l e p i n g e r  a n d  M u e l l e r ,  1 9 6 9  a n d  F i g u r e s  2-2 t h r o u g h  

2-5) i n d i c a t e  t h a t  t h e  l e v e l  a n d  f r e q u e n c y  c o n t e n t  are d i f f e r e n t .  

T h e  s p e c t r a  from t h e  c x a t e r i n g '  e v e n t ' s  a re  g e n e r a l l y  somewhat  

lower i n  m a g n i t u d e  a n d  t h e  d o m i n a n t  e n e r g y  c o n t e n t  i s  s h i f t e d  t o  

lower f r e q u e n c i e s .  T h e  " o b s e r v a t i o n  t h a t  t h e  s p e c t r a  a r e  d i f f e r -  

e n t  i s  n o t  a n  u n e x p e c t e d  r e s u l t ,  s i n c e  c r a t e r i n g  a n d  c o n t a i n e d  

e v e n t s  a re  e x p l i c i t l y  d i f f e r e n t .  T h e  f u n d a m e n t a l  q u e s t i o n s  a re  

i n  w h a t  respects are t h e y '  d i f f e r e n t  a n d  how c a n  t h i s ,  be f o r m u l a t e d  

i n t o  a t h e o r y .  T h e  a n s w e r s  r e q u i r e  a c o n s i d e r a t i o n  

of t h e  e ' last ic  wave  p r o d u c t i o n  mechan i sm a n d  t h e  parameters i.n- 

f l u e n c i n g  t h i s  m e c h a n i s m ,  . . ... . . . .  



A  t h e o r y  , u s i n g  t h e  s o l u t i o n  o f  a s p h e r i c a l l y  s y m m e t r i c  f o r c i n g  

f u n c t i o n  a c t i n g  i n ' a n .  i n f i n i t e  homogeneous  medium h a s  b e e n  d e v e l o p e d  

i n t o  a g e n e r a l  s c a l i n g  law o f  t h e  a m p l i t u d e  s p e c t r u m  f o r  u n d e r g r o u n d  
. . 

. . 

' e x p l o s i o n s  ( M u e l l e r  , 1 9 6 9 ) .  T h e  a n a l y t i c  d e v e l o p m e n t  t a k e s  

i n t o .  a c c o u n t  s o u r c e  p a r a m e t e r s  s u c h  a s  medium t y p e  a n d  d e v i c e  d e p t h  o f  

b u r i a l ,  F o r  a p a r t i c u l a r  medium, t h e  e l a s t i c  r a d i i  o f  t w o  e v e n t s  

o f ,  a r b i t r a r y  y i e l d  a n d  d e p t h  o f  b u r i a l  v a r y  as  

w h e r e  al a n d  a2 are t h e  e l a s t i c  r a d i i ;  i . e . ,  t h e  r a d i i  w h e r e  t h e  

mat,erial b e h a v e s  e l a s . t i c a l l y ,  h l  a n d  h 2  a r e  t h e  d e p t h s  o f  b u r i a l ,  

a n d  W1 a n d  W2 are t h e  y i e l d s  o f  e v e n t s  1 a n d  2 ,  r e s p e c t i v e l y .  

T h e  parameter n  i s  t h e  d i s t a n c e  e x p o n e n t  o f  t h e  s h o c k  p r e s s u r e  

( o r  v e l o c i t y )  i n  t h e  i n e l a s t i c  r e g i o n .  A l s o ,  t h e  seismic . 

e f f i c i e n c y  d e f i n e d  as  t h e  p r o p o r t i o n  o f  i n i t i a l  e n e r g y  

( E )  r e a c h i n g  t h e  r a d i a t i o n  z o n e  of t h e  e l a s t i c  r e g i o n ,  ( b  = Em), 

fo r  a p a r t i c u l a r  medium, scales as  



1 

f o r  a r b i t r a r y  ytel'ds and depths of b u r i a l .  The sca l ing  of t,he . 

' e l a s t i c  r a d i i ,  a lone,  determines t he  r e l a t i v e  shape of t h e  ampli- 

' tude s p e c t r a ,  whereas the  e1 ,as t ic  r a d i i  i n  conjunction with t he  

depths of b u r i a l  determine t h e  l e v e l  of the  s p e c t r a .  Fur the  ' . 
.- - 

rhyol-i te  and t u f f  (Schooner) media i n  which these  events  were 

detonated,  n was taken t o ' b e  2 . 4 ,  the  value observed f o r  g r a n i t e .  

( P e r r e t ,  1963) .  

The BPF a ~ ~ l p l i t u d e  s p e c t r a  of Schooner, C'abriol,et,  and the  

average s p e c t r a  of t he  contained de tona t ions ,  Knickerbocker ; 

Duryea and Rex, ( s c a l e d  t o  t he  Cabr io l e t  y i e l d  and depth of 

b u r i a l  by t h e  t h e o r e t i c a l  s c a l i n g  law). a t  t h e  d i s t a n t  s t a t i o n s  

SE-6 ,  Tonopah Church, Ton,opah Motel and A.lamo .are shown i n  Fi,gures 

3-7 t o  3-10. Also shown i s  the  average of t h e  empir i 'ca l ly  s ca l ed  

s p e c t r a  f o r  t he  contained de tona t ions .  This average spectrum 

corresponds t o  the . spec t rum of a  normal 2 . 3  k t  contained detona-- 

t i o n .  I n  a l l  c a se s  the  t h e o r e t i c a l l y  s c a l e d . s p e c t r a  from the  

t h r e e  contained events  l i e  c l o s e r  t o  the. Schooner and-Cabr io le t  

s p e c t r a  than the  empi r ica l  curves;  i n  some cases  the  agreement 

i s  e x c e l l e n t .  

Two bas i c  conclusions  fol low.  F i r s t ,  a s  f a r  as  the  se ismic  

motion i s  concerned, t h e  nuclear c r a t e r i n g  de tona t ions  schooner 

and Cabr io le t  may be considered as  contained explosions  bur ied  . 

, . 
. . 



Figure 3-7. Comparison of BPF Data From Schooner, Cabriolet, 
and Contained Events (Knickerbocker, Duryea and Rex) 

at 2.3 kt, Radial Component, SE-6 
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Figure 3-8. Comparison of BPF Data From Schooner, Cabriolet, 
and Contained Event (Knickerbocker) at  2 .3  k t ,  

Radial Component, Alamo 
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Figu re  3-9. Comparison of  BPF Data  From Schooner, C a b r i o l e t ,  
and Contained Events  (Knickerbocker and Duryea) 

at 2.3 k t ,  Rad ia l  Component, Tonopah Church 
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Figure 3-10. Comparison of BPF Data From Schooner, Cabriolet, 
and Contained Events (Knickerbocker, Duryea, and Rex) 

at 2.3 k t ,  Radial Component, Tonopah Motel 



a t  r e l a t , i v e l y  ' sha l low depths  of b u r i a l  us ing  p r e s e n t l y  a v a i l a b l e  . . 

t heo re t i c ' a l  techniques .  The r e l a t i o n s h i p s  between se i smic  e f -  

f i c i e n c y ,  e l a s t i c  r a d i i  and depths of b u r i a l  (Equat ions  3-1 and 

3-2) adequate ly  account f o r  t h e  d i f f e r e n c e s  i n  amplitude s p e c t r a  

between t h e  con ta ined  e v e n t s  and t h e  c r a t e r i n g  even t s .  P h y s i c a l l y ,  

t h i s  sugges t s  t h a t  : m a s t  of t h e  energy t h a t  goes i n t o  t h e  forma- 

t i o n  of  e l a s t i c  wav& is  coupled i n t o  t h e  ground before  t h e  f i r e -  

b a l l  breaks  t h e  su r f ace  wi th  a  subsequent  sudden r e l e a s e  of energy 

. .  , 

t o  t h e  atmosphere. This  d e s c r i p t i o n  i s  p h y s i c a l l y  sound, f o r  t h e  

'shock wave which is. t h e  p recursor  t o  t h e  . e l a s t i c "  waves i s  l i b e r a t e d  

i n t o  t h e  ground a t  the  end of t h e  vap&r ' iza t ion phase.  (The vapor- 

i z a t i o n  c a v i t y  i s  of t h e  o rde r  of .a few meters  f o r  a  one k i l o t o n  ' .. 

s h o t .  ) '  Thus, most of t h e  energy going ' i n t o  t h e  e l a s t i c  . r eg ion  

i s  independent  of t h e  c a v i t y  expansion a f t e r  t h e  vapo r i za t i on  

. . 
phase.  Thus, a s  f a r  . a s  t h e  e l a s t i c  region i s , c b n c e r n e d ,  a  c r a t e f -  

ing  even t  m-ay"be cons idered  t o  be a  con ta ined  even t  bu r i ed '  a t  a '' 

r e l a t i v e l y  shal low depth ,  wi th  depth  of b u r i a l  c o n t r o l l i n g  t h e  

se i smic  e f f i c i e n c y .  

The second conclus ion i s  t h a t  f o r  two even t s  of t h e  same y i e l d  

i n  t h e  same medium, t he  dominant s p e c t r a l  amplitude of t h e  event  
. . 

with  t h e  shal lower depth of b u r i a l  occurs  a t  lower f r equenc i e s .  
. . 

This  is  ev iden t  f r o @  Equation (3-1)  where t he  e l a s t i c  r a d i i  s c a l e  . . 



i n v e r s e l y  t o  t he  ' r a t i o  of dep ths  of b u r i a l  f o r  equ iva l en t  y i e l d  

and 

and t h e  frequency of t h e  dominant energy por.tion of  t h e  amplitude 

spectrum v a r i e s  , invexs ly  w i th  a. Thus a t  smal le r  dep ths  of  b u r i a l ,  ' 

the ampli tude spectrum i s  s h i f t e d  t o  'lower f r equenc i e s .  :This  charac-  

t e r i s t i c  may be noted i n  t h e  s p e c t r a  fo r  Schooner and C a b r i o l e t ,  t h e  

two de tona t i ons  wi th  t h e  shal low depth of b u r i a l .  The main observa- 

t i o n  is  t h a t  t h e  h igh frequency con ten t  o f  c r a t e r i n g  even t s  is  

cons iderab ly  reduced r e l a t i v e  t o  t h a t  of con ta ined  even ts  whi le  

t h e  10.w frequency con t en t  i s  only  s l i g h t l y  reduced.  Th is  phys i ca l  

r e s u l t  probably has, an i n f l uence  on t h e   characteristic.^ of t h e  

peak ground. motions observed from c r a t e r i n g  de tona t i ons .  I n  par -  

. t i c u l a r ,  i t  appears t h a t  ' t he  c o r r e l a t i o n  of peak ground motions 
. .  . 

and e l a s t i c  wave t ypes  might be a f f e c t e d  d i f f e r e n t l y  f o r  c r a t e r -  

i ng  and conta ined  de tona t i ons  due t o  t h e  d i f f e r e n c e s  i n  t h e  ampli- 

tude '  spectrum. Also,  t h e  r e s u l t a n t  amp l i f i c a t i on  o f  high f r e -  

que'ncy body waves (Davis and Murphy, 1967) by low v e l o c i t y  su r f ace  

l ayer ' s  shou ld  be a f f e c t e d ;  a l though,  t h e  b:asic phys i ca l  e f f e c t  of 

t h e *  l aye red  system should  be independent of a  change from a  nuclear  

c r a t e r i n g  de tona t ion  i npu t  energy source  t o  a  nuclear  con ta ined  

de tona t i on  i npu t  energy source  .. 



Chapter 4 w i l l  descr ibe  some 'of the  c h a r a c t e r i s t i c s  of the  

c o r r e l a t i o n  of t h e  peak ground motion and e l a s t i c  wave types 

generated by the  Schooner de tona t ion .  



CHAPTER 4  
. , . . 

AMPLITUDE AND FREQUENCY CHARACTERISTICS OF 
ELASTIC WAVE TYPES 

  he p r i m a r y  o b j e c t i v e  o f  t h i s  c h a p t e r  i s  t o  d e t e r m i n e  t h e  

c o r r e l a t i o n  o f  t h e  a m p l i t u d e  a n d  f r e q u e n c y  c h a r a c t e r i s t i c s  o f  t h e  

g r o u n d  m o t i o n  g e n e r a t e d  by  S c h o o n e r  w i t h  e l a s t i c  wave mode wi'n- 

dows ( P ,  S ,  a n d  s u r f a c e )  a n d  t o  c o m p a r e  t h e  c o r r e l a t i o n  w i t h  r e s u l t s  

o b t a i n e d  f r o m  s i m i l a r  a n a l y s i s  o f  o t h e r  c r a t e r i n g  a n d  c o n t a i n e d  

e v e n t s .  

4 .  IDENTIFICATION OF ELASTIC WAVE TYPE WINDOWS 

F i g u r e s  4 - 1  a n d  4-2 i l l u s t r a t e  t y p i c a l  p a r t i c l e  v e l o c i t y  

s e i s m o g r a m s  r e c o r d e d  a t  B e a t  t y  (HR) , N e v a d a  a n d  F renchman  Moun- 

. t a i n ,  Nevada  f r o m  t h e  S c h o o n e r  d e t o n a t i o n .  The  r a d i a i - v e r t i c a l  - 

c o m p o n e n t  p r o d u c t  waveform i s  d i s p l a y e d  a s  t h e  b o t t o m  t r a c e  o n  

e a c h  s e i s m o g r a m .  I n s p e c t i o n  o f  t h e  s e i s m o g r a m  an'd t h e  componen t  

p r o d u c t  waveform p e r m i t s  t h e  P ,  SV, a n d  R a y l e i g h  waves  t o  be i d e n -  

t i f i e d  ( S u t t o n .  e t  al., 1967). 

F i g u r e  4-3 . i . l l u s t r a t e s  t h e  f i r s t  a r r i v a l  t i m e  a s  a  f u n c t i o n  

o f  d i s t a n c e  f r o m  t h e  e n e r g y  s o u r c e  f o r  t h r e e  n u c l e a r  d e t o n a t i o n s  - 

S c h o o n e r ,  C a b r i o l e t  ( . c r a t e r i n g  d e t o n a t i o n s )  , and. Benham ( c o n t a i n e d  

d e t o n a t i o n  ). T h e s e  a r e  l o c a t e d  o n  . F i g u r e  1-1. C a b r i o l e t  a n d  

Benham t r a v e l  ' t i m e  d a t a  w e r e  a d d e d  b e c a u s e  t h e  t h r e ' e  d e t o n a t i o n  





I 
w Schooner Event 

Figure  4-2.  P a r t i c l e  Ve lou i ty  Seismogram Recorded at "Frenchman Mountain, NevacTa - 
Schooner Event 



F i g u r e  4-?. F i r s t  A r r i v a l  T i m e  as a. F u n c t i o n '  of S t a t i o n  D i s t a n c e  



p d i n t s  a re  f a i r l y  c l o s e  toge ther  and the  Schooner da t a  sample 

alone i s  inadequate f o r  a n a l y s i s .  

.. - . . 
The f i r s t  a r r i v a l  times can be approximated f a i r l y  c l o s e l y  

by two s t r a i g h t  l i n e  segments. The f i r s t ,  i n  the  d i s t ance  i n t e r v a l  

0.-144'km, i n d i c a t e s  a  propagation ve loc i ty  f o r  Pg, the  d i r e c t  wave, 

o f ' 5 . 9  km/sec. The second,  i n  the  d i s t ance  i n t e r v a l  144-400 km 2 s  

based on l i m i t e d  da t a  but suggests  a  propagation ve loc i ty  of about 

7 . 7  km/sec f o r  Pn, the  P  wave c r i t i c a l l y  r e f r a c t e d  from the  Moho- 

r o v i c i c  d i scon t inu i ty .  Data such as  t h i s  a n d . t h e  two ve loc i ty  

values a r e  t y p i c a l  of the r e s u l t s  of o ther  i n v e s t i g a t o r s  such as  
. . 

Diment, e t  a l .  (1961) ,  S t u a r t ,  e t  a l .  (1964) ,  'and H i l l ,  e t  a l .  (.1967) 

ob ta ined  a t  t h e  Nevada T e s t  Site ( ' N T S ) .  These values  of v e l o c i t y  and 

the  . value . of 144 'km.for  t h e  c r i t i c a l  d i s t ance  . ind ica te  a  NTS c r u s t a l  

. model with a  th ickness  of 26.2 km. 

On the  bas i s  of! t r a v e l  time d a t a  and the  r a d i a l - v e r t i c a l  com- 

ponent product waveforms, the  time h i s t o r y  of a  t y p i c a l  seismogram 

can be d iv ided  i n t o  t h ree  t i m e  windows: 

1. A P wave window (beginning.  wi th  t he  f i r s t  a r r i v a l  and 
extending t o  the  f i r s t . S  wave a r r i v a l ) .  

2 .  A S  wave window (beginning a t '  the  f i r s t  S  wave a r r i v a l ;  
' i . e . ,  a t  a  time about 1 . 7  t imes t'he f i r s t  a r r i v a l  t ime,  
and extending t o ,  the  onset  of t he  su r f ace  wave t r a i n ) .  

3 .  A .  su r f  ace wave window (beginning.  with the  onset  of the  
long per iod  sur face  wave t o  the  end of s i g n i f i c a n t  motion 
on the.  seismog'ram). ; - . + , .._ . . . . 



These  wave mode . t i m e  windows are n e c e s s a r i l y  g e n e r a l i z e d  

and v a r y  i n  l e n g t h  and  complex i ty  a c c o r d i n g  t o  f a c t o r s  such as :  

1 )  t h e  d i s t a n c e  o f  t h e  s t a t i o n  from t h e  s o u r c e ,  2 )  t h e  g e o l o g i c  

l a y e r i n g  a t ,  t h e  recor  d ing  s i t e ,  and 3 )  t h e  many complex g e o l o g i c a l  

a n d  g e o p h y s i c a l  p a r a m e t e r s  o f  t h e  e a r t h ' s  c r u s t  which impress  t h e i r  

signatureupon.thepropagating'waves. The Pwave.fimewindow, f o r  example,  

c o n t a i n s  a t  l e a s t  t h e  d i r e c t  wave, t h e  wave c r i t i c a l l y  r e f r a c t e d ' f r o m  t h e  
. . 

Mohorov.icic (M) d i s c o n t i n u i t y  and th.e r e f l e c t i o n  from t h e  M d i s -  

c o n t i n u i t y  i n  a n o r d e r  whichdepends  u p o n t h e  s o u r c e - t o - s t a t i o n d i s -  

t a n c e  r e l a t i v e  t o  t h e  M d i s c o n t i n u i t y .  

4 . 2 ,  . CORRELATION OF PEAK. PART1 CLE VELOCITY AND ELASTIC WAVE MODE 
TIME WINDOWS 

Each o f  t h e  p a r t i . c l e  v e l o c i t y  seismograms r e c o r d e d  f r o m .  

. . 
~ c h o G n e r  w a s  ana lyzed  t 'o de t e rmine  t h e  c o r r e l a t i o n  be  tween t h e  

p e a k  v e c t o r  and t h e  p e a k  h o r i z o n t a l  p a r t i c l e  v e l o d i t y  wj th  wave 

. mode t ime  window. T a b l e  4-1 l i s t s ,  t h e  r e s u l t s  o f  t h i s  a n a l y s i s .  

Both t h e  p e a k  v e c t o r  and t h e  peak  h o r i z o ' n t a l  p a r t i c l e  v e l o c i t y  

c o r r e l a t e  w i t h '  t h e  s u r f a c e  wave mode t i m e  window a t  a l l  Schooner  

s t a t i o n s  e x c e p t  Frenchman Mountain and Alamo. .The peak h o r i z o n t a l  v e l o c i t y  

I v a l u e s  occur most o f t e n  'on t h e  t r a n s v e r s e  component of  t h e  se i smo-  

gram. 

The p e a k  vec to ' r  and t h e  peak  h o r i z o n t a l  p a r t i c l e  v e l o c i t y  

1 o b s e r v e d  a t  se i smograph  s t  at i o n s  which.  r eco r  ded t h e  C a b r i o l e t  



TABLE 4-1 .  CORREIATION O F  PEAK HORIZONTAL AND PEAK VECTOR PARTICLE VELOCITY WITH KAVE MODE 
T I M E  WINDOW -- S CHOONER EVENT 

RECORDING , 

STAT I ON 

2 

B e a t t y  

C P - 1  

T o n o p  ah C h u r c h  

S E - 2  

F r e n c h m a n  M o u n t a i n  

K i n g m a n  ( A r i z o n a )  

B e a t t y  ' 

E T S - 2  

E -MAD 

NRDS ( A d m i r i .  B l d g ; )  

T o n o p a h .  M o t e l  

A l a m o  - 

Squires  P a r k  

S E - 6  . , 

I 

STAT ION 
GEOLOGY 

R o c k  

R o c k  

R o c k  

R o c k  

R o c k  

R o c k  

R o c k ,  

A l l u v i u m  

~l l u v i u m  

A l l u v i u m  

A l l u v i u m  

A l l u v i u m  

A l l u v i u m  

A l l u v i u m  

A l l u v i u m  

D I STANCE 

(km)  

39.3' 

51.2 

6 4  ..4 

9 9 . 4  

119.3 

189.7 

3 4 0 . 0  

51.7 

61.1 

63.9 

67.6 . 

99.2 

1 2 4  .O 

181.8 

187.3 

WAVE MODE WINDOW WHERE 
PEAK VECTOR PARTICLE 

P Wave 

. 

WAVE MODE WINDOW AND COM- 
'PONENT WHERE PEAK HORIZONTAL 

PARTICLE 
P Wave 

VELOCITY OCCURS 
S Wave 

X 

X 

Surface 
W a v e  

X 

X 

X 

, x 

X 

X 

X 

X 

X 

X . . 

X 

X 

X 

VELOCITY 
S Wave 

. 

X ( T )  

OCCURS 
Surface 

Wave 

. X ( R )  

X ( R )  

X ( T )  

X ( T )  ' .  

X ( R )  

X ( R )  

X ( T )  

X ( T )  

X ( T )  

X ( R )  

X ( T )  

X (  T) 

X ( T )  

X ( N / S  ) 



d e t b n a t i o n ,  a 2 . 3  k t  n u c l e a r  c r a t e r i n g  e x p e r i m e n t ,  w e r e  i d e n t i f i e d ,  
. . 

and ' c o r r e l a t e d  with t h e  t h r e e  wave mode t i m e  windows. The r e s u l t s  

. a r e  g i v e n  i n  T a b l e  4-2. As obse rved  f o r  Schoone r ,  b o t h  t h e  peak  

v e c t o r  and t h e  peak  h o r i z o n t a  1 p a r t i c l e  v e l o c i t i e s  c o r r e l a t e  

p r i m a r i l y  w i t h  t h e  s u r f a c e  ;wave mode t ime window. 

Peak  . vec to r  and h o r i z o n t a l  p a r t i c l e .  v e l o c i t y  v a l u e s  were 

de t e rmined  on  seismograms r eco rded  from Benham, a 1,100 k t  con-  

t a i n e d  n u c l e a r  d e t o n a t i o n ,  i n  o r d e r  t o  c o r r e l a t e  t h e  peak p a r t i c l e  

v e l o c i t y  and wave mode t i m e  windows fo'r a c o n t a i n e d  e v e n t .  The 

r e s u l t s  a r e  shown i n    able 4-3.  I n  *.is case, t h e  peak  p a r t i c l e  

v e l o c i t i e s  r eco rded  a t ' . s e v e r a l  s t a t i o n s  ( B e a t t y ;  Tonopah, and 

NRDS s t a t i o n s )  c o r r e l a t e  with t h e  P wave t i m e  window i n s t e a d  of 

t h e  s u . r f a c e  wave t i m e  window. A t  o t h e r  s t a t i o n s ,  t h e  p e a k  p a r t i c l e  

v e l o c i t i e s  c o r r e l a t e  w i t h  t h e  s u r f a c e  wave t i m e  window, as n o t e d  

f o r  Schooner and C a b r i o l e t .  

I n s u f f i c i e n t  da ta .  a r e  a v a i l a b l e  a t  t h i s  t i m e  t o  e s t a b l i s h  a 

p h y s i c a l  b a s i s  f o r '  t h e  c o r r e l a t i o n  b e t  ween p e a k  p a r t i c l e  v e l o c i t y  

and t h e  s u r f a c e  wave mode t i m e  window f o r  c r a t e r i n g  e v e n t s .  P e r h a p s  

t h e  b a s i c  d i f f e r e n c e  i n  t h e  ampl i tude  spec t rum of c r a t e r i n g  &nd 

c o n t a i n e d  e v e n t s  ( i . e . ,  t h e  s h i f t  of  t h e  dominant  energy  t o  t h e  

low f r e q u e n c y  end o f  t h e  spec t rum f o r  c r a t e r i n g  e v e n t s )  e n h a n c e s  

t h e  s u r f a c e  wave . g e n e r a t i o n  mechani s m  more f o  r  c r a t e r i n g  d e t o n a t i o n s  
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TABLE 4 - 2 .  CORRELATION OF PEAK HORIZOMTAL AND PEAK VECTOR PARTICLE V E ~ C I T Y  WITH WAVE'MODE TIME 
WINDOW - - CABRIOLECC EVENT 

RECORDING 
STAT ION, 

C P - 1  

S E - 1  

T o n o p a h  C h u r c h  ' 

Q - 2 5  

T o n o p a h  Motel 
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TABLE 4-3. CORRELATION O F  PEAK HORIZONTAL AND PEAK VECTOR PARTICLE VELOCITY WITH WAVE MODE .TIME 
WINDOW - - BENHAM. EVENT 

. 

WAVE MODE WINDOW WHERE WAVE MODE WINDOW AND COMPONENT 
RECORDING DISTANCE STATION PEAK VECTOR PARTICLE . WHERE. ' PEAK HORIZONTAL PART1 CLE 

STATION ( k m )  GEOLOGY VELOCITY OCCURS VELOCITY OCCURS 
P Wave S W a v e .  Surf  ace P. Wave S Wave Surface 

Wave Wave 

X 2 27.9 R o c k  X ( R )  

B e a t t y  4 3 . 9  R o c k  X X ( R ) '  . 

T o n o p a h  C h u r c h  1 1 4 . 1  R o c k  X X ( R )  . 

S E - 2  105.0 R o c k  X X ( R )  

F r e n c h m a n  M o u n t a i n  175.0 R o c k  X X ( R )  

K i n g m a n  ( A r i z o n a )  320.0 R o c k  X X ( T  ) 

B e a t  t ' y  4 4 . 8 .  A l l u v i u m  X X ( R )  

E T S  ( D e w a r )  4 6 . 7  A l i u v i u m  . X X ( R )  

E -MAD 4 9 . 4  A l l u v i u m  X X ( R )  

NRDS (Admin . .  B l d g  . ) 53.1 A l l u v i u m  X X ( R )  

T o n o p a h  Motel 1 1 4 . 1  A l l u v i u m  X '  x'( R.) 

A l a m o  116.8 A l l u v i u m  X X ( R )  
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S E - 6  

J 
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X 

X 

X ( T )  

X ( N i l s )  



t h a n  f o r  c o n t a i n e d  d e t o n a t i o n s .  A d d i t i o n a l  s t u d y  of  d a t a  from 

b o t h  c r a t e r i n g  and c o n t a i n e d  d e t o n a t i o n s  i s  r e q u i r e d  t o  e s t a b l i s h  

t h e  b a s i c  p h y s i c a l  r e l a t i o n s h i p .  A l s o ,  as  more ground motion d a t a  

from n u c l e a r  c r a t e r  ing  d e t o n a t i o n s  a r e  o b t a i n e d ,  t h e  a m p l i t u d e  o f  

p a r t i c u l a r  wave modes ( e .  g . ,  t h e  . d i r e c t  P  and S  waves ' c r i t i c a l l y  

r e f r a c t e d  and r e f l e c t e d  from t h e  M d i s c o n t i n u i t y )  w i l l  ' b e  de t e rmined  

as a f u n c t i o n  o f  y i e l d  and s o u r c e - r e c o r d i n g  s t a t i o n  d i s t a n c e  and  

compared w i t h  s i m i l a r  d a t a  from c o n t a i n e d  n u c l e a r  d e t o n a t i o n s  (Hays ,  

1969) .  

4 .3  DETERM INATION OF FREQUENCY CHARACTER ISTICS OF ELASTIC WAVE 
MODE TIME WINDOWS 

Two f r e q u e n c y  a n a l y s i s  t echn iques ,Band-Pass  f i l t e r  (BPF) 

and t h e  F o u r i e r  t r a n s f o r m ,  were used t o  de t e rmine  t h e  f r e q u e n c y  

c h a r a c t e r i s t i c s  o f  e l a s t i c  wave mode t ime  windows o f  p a r t i c l e  

v e l o c i t y  seismograms r eco rded  from Schooner .  

, F i g u r e  4-4 shows . . t h e  BPF 'spectrum o f  t h e  r a d i a l  p a r t i c l e  

v e l o c i t y  observed .  a t  two se i smograph  s t a t i o n s ,  B e a t t y  ( h a r d  - r o c k )  

.and ETS-2 ( a l l u v i u m . )  .Super.posed o n  each spec t rum a r e  s p e c t r a  

o f  t h e  three"wave mode t i m e  windows. I n s p e c t i o n  o f  t h i s  f i g u r e  

l e a d s  t o  t h e  f o l l o w i n g  c o n c l u s i o n s  : 
t 

1. The peak r a d i a l  p a r t i c l e  v e l o c i t y  r e c o r d e d  a t  B e a t t y  
c o r r e l a t e s  w i t h  t h e  s u r f a c e  wave mode t i m e  window. The 
peak r a d i a l  p a r t i c l e  v e l o c i t y  r e c o r d e d  a t  ETS-2 c o r r e l a t e s  . 

w i t h  t h e  S wave mode t , i m e  window, be ing  s l i g h t l y  g r e a t e r  
. t h a n  t h e  r e s p o n s e  of t h e  s u r f a c e  wave mode t ime window. 
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2. . The i n d i v i d u a l  c o n t r i b u t i o n  o f  t h e  t h r e e  wave mode win- 
dows t o  t h e  peak  r a d i a l  p a r t i c 1 . e  v e l o c i t y  o b s e r v e d  on t h e  
seismograms i s  a  f u n c t i o n  o f  b o t h  wave mode window and 
f r e q u e n c y .  That  i s ,  t h e  s u r f a c e  wave mode window c o n t r i -  
b u t i o n  t o  t h e  r a d i a l  p a r t i d l e  v e l o c i t y  o c c u r s  at a  dom- 
i n a n t  f r e q u e n c y  o f  about  0 .8  H& a t  B e a t t y  and 1 . 2  H z  a t  
ETS-2. The P wave mode t i m e  window c o n t r i b u t e s  t h e  smal-  

' 

l e s t  r a d i a l  p a r t i c l e  v e l o c i t i e s  a t  a dominant f r equency  
of  about  1 . 2  H z  and 4 . 5  H z  r e s p e c t i v e l y  f o r  B e a t t y  and ETS-2. 

F i g u r e  4-5 i l l u s t r a t e s  t h e  ' r a d i a l  component o f  p a r t i c l e  

v e l o c i t y r e c o r d e d  a t  f i v e  hard  r o c k  s i t es .  These s t a t i u r l s ,  w i t h  t h e  

e x c e p t  i o n  of B e a t t y ,  a r e  app rox ima te ly  i n - l i n e  wi th  t h e  Schooner 

s o u r c e ,  and a r e  d i s t r i b u t e d  over  a  t o t a l  d i s t a n c e  r ange  of 340 

. The wave mode t i m e  windows a r e  i d e n t i f i e d  . o n  each r a d i a l  

component waveform. 

The sm.oothed F o u r i e r  ampl i tude  s p e c t r a  o f  each  o f  t h e  t h r e e  

wave mode windows i l l u s t r a t e d  i n  F igu re '  4-5 a r e  shown i n  F i g u r e  

4-6. These  d a t a  s u p p o r t  t h e  f o l l o w i n g . c o n c l u s i o n s :  

The s u r f a c e  wave mode t i m e  window c : o n t r i b u t e s  t h e  p e a k  
F o u r i e r  ' a m p l i t u d e  on t h e  f i v e  seismograms,  as noted  
ear l i e r  . 
C o n s i d e r i n g  t h e  t h r e e  ampl i tude  s p e c t r a  o f  e a c h  j n d i v i d u a l  
s t a t i o n ,  t h e  f r e q ~ e ~ n c y  o f  t h e  dominant e n e r g y  v a r i e s  as a 
f u n c t i o n  o f  t h e  wave mode window. T h a t  i s ,  t h e  p e a k  ampl i -  
t u d e  o f  t h e  P wave'mode window spectrum o c c u r s  a t  a h i g h e r  ,, 

r e l a t i v e  f r e q u e n c y  t h a n  t h e  peak a m p l i t u d e  o f  t h e  o t h e r  
two wave mode s p e c t r a .  The p e a k  a m p l i t u d e  o f .  t h e  s u r f a c e  
wave mode. window spec t rum o c c u r s  at t h e  lowes t  r e l a t i v e  
f r e q u e n c y .  T h i s  phenomenon i s  r e l a t e d  ' t o  t h e  w e l l  known 
f a c t  t h a t  t h e  t h r e e  e l a s t i c  wave t y p e s  p ropaga te  , w i t h  
d i f f e r e n t  wave v e l o c i t i e s  and ,  c o n s e q u e n t l y ,  d i f f e r e n t  
c h a r a c t e r i s t i c  f r e q u e n c i e s .  
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I n  summary,  t h e  spectral c h a r a c t e r i s t i c s  o f  t h e  w s v e  mode 

t i m e  w indows  f o r  S c h o o n e r  are s i m i l a r  t o  t h o s e  o S s e r v e d  f o r  

c o n t a i n e d  e v e n t s  ( H a y s ,  1 9 6 9 )  w i t h  o n e  e x c e p t i o n ,  t h e  a p p a r e n t  

d o m i n a n c e  of s u r f a c e  wave  e n e r g y  f o r  s c h o o n e r .  A d d i t i o n a l  

a n a l y s i s  i s  r e q u i r e d  t o  e x t e n d  t h i s - o S s e r v a t i o n  t o  a l l  c r a t e r i n g  

e v e n t s .  

A m p l i f i c a t i o n  of s'eismic m o t i o n  a t  r e c o r d i n g  s t a t i o n s  l o c a t e d  

o n  a l l u v i u m  h a s  b e e n  n o t e d  s i n c e  t h e  e a r l y  d a y s  o f  s e i s m o l o g y .  

H a s k e l l  ( 1 9 5 3 ) ,  Hat'lnon ( 1 9 6 4 ) ,  D a v i s  a n d  Murphy ( 1 9 6 7 ) ,  Murphy 

a n ?  D a v i s  ( 1 9 6 3 )  a n d  a number of o t h e r s  s i n c e  1 9 3 0  h a v e  shown 

t h a t  t h e  s h a l l o w  l o w  v e l o c i t y  l a y e r s  o f  t h e  e a r t h ' s  c r u s t  ac t  as 

a f i l t e r  w i t h  r e s p e c t  t o ' t h e  se ismic  e n e r g y  a r r i v i n g  a t  a s e i s i n o -  

g r a p h  s t a t i o n  a n d  s i g n i f i c a n t l y  a f fec t  t h e  g r o u n d  m o t i o n .  

T h e  t r a n s f e r  f u n c t i o n  o . i  . t h e  l a y e r e d  s y s t e m  i s  a c o m p l e x  

f u n c t i o n  w h i c h  h a s  b e e n  shown t o  i n v o l v e  s e v e r a l  v a r i a b l e s  ( D a v i s  

a n d  Murphy , 1967 ) : 

1.' T h e  e l a s t i c  wave  . ty-e  ( P ,  S, R a y l e i g h ,  L o v e )  

2. T h e  a n g l e  of i n c i d e n c e  of t h e  i n c i d e n t  wave  

3.  T h e  p h y s i c a l  ( t h i c k n e s s ,  d e n ' s i t y ,  r i g i d i t y ,  
c o m p r e s s i o n a l  a n d  s h e a r - w a v e  v e 1 , o c i t i e s )  of t h e .  l a y e r e d  
s y s t e m  a n d  t h e  u n d e r l y i n g  r o c k .  



I n  a c t u a l  p r a c t i c e ,  o n l y  t h e  a m ? l i t u d e  t e r m  of t h e  t ' r a n s f e r  

f u n c t i o n  i s  u s e d  t o  c a l c u l a t e  a f r e q u e n c y  d e p e n d e n t  a m p l i f i c a t i o n  

f a c t o r  f o r  t h e  l a y e r e d  , s y s t e m .  1 

A p r a c t i c a l  p r o c e d u r e  t o  d e t e r m i n e  t h e  f r e q u e n c y  d e p e n d e n t  I 
a m p l i f i c a t i o n  of , a  l a y e r e d  s y s t e m  t o  a s e i s m i c  i n p u t '  g e n e r a t e d  

b y  a n  u n d e r g r o u n d  n u c l e a r  e x p l o s i o n  i s  t o  u s e  t h e  s e i s m o g r a m s  

m e a s u r e d  a t  a d j a c e n t  s t a t i o n s ;  o n e  l o c a t e d  o n  h a r d  r o c k  a n d  t h e  

o t h e r  on  a l l u v i u m  ( o r  a. l o w  v e l o c i t y  s u r f a c e  l a y e r ) .  T h e  bas ic  

a s s u m p t i o n  i s  made t h a t  t h e  i n p u t  . . a t  t h e  base o f . t h e  a l l u v i u m  I 
l a y e r  i s  t h e  same as. t h e  o u t p u t  m e a s u r e d  a t  t h e  h a r d  rock s t a t i o n ;  

t h e r e f o r e ,  t h e  a m p l i f i c a t i o n  f a c t o r  c a n  be d e t e r m i n e d  b y  d i v i d i n g -  

t h e  F o u r i e r  amp1 i tud . e  s p e c t r u m  o f  t h e  s e i s m i c  e n e r g y  m e a s u r e d  a t  

t h e  a l l u v i u m  s i t e  b y  t h e  F o u r i e r  a m p l i t u d e  s p e c t r u m  o f  t h e  se.ismic 

e n e r g y  m e a s u r e d  a t  t h e  h a r d  r o c k  s i t e .  T h e  t i m e  h i s t o r y  of . 'the' . '  

s e i s m o g r a m  i s  d i v i d e d  i n t o  P ,  S ,  a n d  s u r f a c e  wave  mode . w i n d o w s ,  as 

d e s c r i b e d  i n  4 .2 ,  a n d  t h e  r a t i o  o f  t h e  F o u r i e r  a m p l i t u d e  s p e c t r a  of 

c o r r e s p o n d i n g  wave  mode windows  i s  t a k e n  t o  d e t e r m i n e  t h e  amplifica- 1 
t i o n  fac tor  as a f u n c t i o n  o f  a p a r t i c u l a r  i n c i d e n t  wave  t y p e .  

. . .. . 

Seismic  m e a s u r e m e n t s  a t  t h e  p a i r  of s t a t i o n s  a t  ~ o n o p a h ,  N e v a d a ,  

are w e l l  s u i t e d  fo r  a n  a n a l y s i s  of t h i s  t y p e .  T h e  Tonopah M o t e l  

s t a t i o n  is  located on approximately 30 fee t  of u n c o n s o l i d a t e d  f i l l  

o v e r l y i n g  dacite.  T h e  Tonopah  C h u r c h  s t a t i o n ,  located a b o u t  600 

feet  away,  i s  o n  t h e  s a m e  material w h i c h  u n d e r l i e s  t h e  Motel s t a t i o n .  

T h u s ,  i t  seems r e a s o n a b l e  t h a t  t h e  o u t p u t  m e a s u r e d , a t  t h e  C h u r c h  

s t a t i o n  i s  i d e n t i c a 1 , t o  t h e  i n p u t  a t  t h e  base o f  t h e  f i l l  a t  t h e  

Motel s t a t i o n .  



F i g u r e  4-7 i l l u ' s t r a t e s  t h e  r a d i a l  component o f  p a r t i c l e  
- 

v e l o c i t y  r eco rded  a t  t h e  two Tonopah s t a t i o n s  from t h e  Schooner 

e v e n t .  The '  wav.e mode t i m e  windows a r e  i d e n t i f i e d  on t h e  f i g u r e .  

~ o u r i e r  ampl i tude  s p e c t r a  f o r  e a c h  o f  t h e  wave mode windows 

o f ;  F.igure 4-7 a r e  shown i n  F i g u r e  4-8 f o r  t h e  two Tonopah s t a t i o n s .  

The s p e c t r a  of bo th  s t a t i o n s  e x h i b i t  peak  a m p l i t u d e s  a t  approx-  
' 

i r na t e ly  1:3 H z  f o r  t h e  P wave windowy 1'.4 H z  f o r  t h e  S  wave 
. , 

' I  ' 

window:, and  0.5 H z  f o r  t h e  s u r f a c e  wave window; however , .  t h e  spec-  

t r a l  c o m p o s i t i o n  a t  o t h e r  f r e q u e n c i e s  i s  d.if f e r e n t  . F i g u r e  4-9 

shows t h e  a m p l i f i c a t i o n  f a c t o r  as a f u n c t i o n  o f  f r e q u e n c y  f o r  each , 

o f  t h e  t h r e e  'wave -mode windows. The a m p l i f i c a t i o n  f a c t o r  i s  g r e a t -  
. . 

est  ' f o r  t h e  P wave window, b e i n g  a f a c t o r  o f  10 a t  7.5 H z .  Ampli- ' ' 

. . 

f i c a t i o n  f a c t o r s  o f ' 8  a t  8.5 H z  a n d  4 a t  6 ; 2  H z  a r e  .observed fez. 

t h e  S  and s u r f a c e  wave.' windows r e s p e c t i v e l y .  The t h e o r e t i c a l  . 

a m p l i f i c a t i o n  f a c t o r  f o r  t h e  P and S wave windows a r e  s u p e r p o s e d  

f o r  r e , f e r ence  o n  t h e  c o r r e s p o n d i n g  c u r v e s  i n  F i g u r e  4-9. Q u a l i t a -  
. . 

t i v e  agreement  be tween o b s e r v a t i o n  and  t h e o r y  i s  no ted  showing . . 
t h a t  t h e  a m p l i f i c a t i o n  due t o  t h e  l a y e r e d  system i s  independen t  o f  

I whether  t h e  i n p u t  ene rgy  s o u r c e  i s  a c r a t e r i ' n ;  o r  a c o n t a i n e d '  

n u c l e a r  ' d e t o n a t i o n .  Lack o f  agreement  betwe en  o b s e r v a t i o n  and' 

t h e o r y  i s  r e l a t e d  t o . t h e  fact  t h a t  t h e  t h e o r e t i c a l  mode.1 c o n s i d e r s  

a s i n g l e  i n p u t  p u l s e  a t  t h e  b a s e  o f  t h e  l a y e r e d  sys tem,  whereas  

t h e  obse rved  P wave ( o r  S wave) window c o n t a i n s  s e v e r a l  p u l s e s  
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Figure 4-7. Radial  Component of P a r t i c l e  Veloc i ty  Recorded a t  
Tonopah Church and Tonopah Motel, Schooner Event 



F i g u r e  4-8. Smoothed F o u r i e r  Ampli tude . S p e c t r a  of I d e n t i f i e d  
Wave Mode. Time Windows, Tonopah S t a . t i  ons - 
Schooner Event 
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F i g u r e  4 - 9 .  A m p l i f i c a t i o n  F a c t o r  a s  a  F u n c t i o n  o f 'F reque . r i cy ,  
Tonopah S t a t i o n s  - Schooner  E v e n t  



( such . a s  t h e  d i r e c t  wave, t h e  c r i t i c a l l y  r e f r a c t e d  wave from t h e  

. . Mohorovicic d i s c o n t i n u i t y ,  and t h e  r .ef . lected wave from t h e  

Mohorovicic d i s c o n t i n u i t y )  . 
. . 

Table  4-4 shows t h e  comparison of  t h e  peak vec to r  motions 

recorded a t  t h e  ~ o n o ~ a h  Church.  and Tonopah Motel  s t a t i o n s  from 

Schooner with t h e  peak motion expected on t h e  b a s i s  o f  t h e  Nevada 

, ' T e s t  S i t e  p r e d i c t i o n  equa tkons  (Murphy and Lahoud, 1969) .  .Note 

t h a t  t h e  peak p a r t i c l e  vec to r  .mot ions  recorded a t  Tonopah from 
. 

Schooner a r e  lower - t han  t h e  l e v e l s  of motion expected on t h e  b a s i s  

of aver age NTS expe r i ence ,  with t h e  except ion  of t h e  peak p a r t i c l e  
/ 

v e l o c i t y  recorded a t  Tonopah Motel  which is  on ly  s l i g h t l y  h ighe r .  

T h i s  obse rva t ion  i s  ' con t r a ry  t o  NTS expe r i ence ,  because t h e  measure- 

ments a t  Tonopah Motel from conta ined  d e t o n a t i o n s  a r e  n e a r l y  a l -  

ways h igher  than t h e  average  p r e d i c t e d  v a l u e s .  

TABLE 4-4. CCMPARISON OF MEASURED AND PREDICTED PEAK VECTOR PARTICLE 
MOTIONS AT TONOPAH CHURCH AND TONOPAH MOTEL, SCHOONER EVENT 

r 

STAT ION 

Tonopah Church 

Tonopah Motel  

r 

MEASURED PEAK VECTOR MOTION PREDICTED PEAK VECTOR.MOTION 
Acce le ra -  
' t i o n  (g  ) 

1 . 8 7 x 1 0 - ~  

2 . 8 3 ~ 1 0 ~ ~  

Acc'eler a- 
t i o n ( g )  

7.0x10-* 

1 . 6 ~ 1 0 ~ ~  

Ve loc i ty  
(cm/sec ) 

2 . 1 3 x 1 0 - ~  

2 . 3 0 ~ 1 0 - ~  

Disp lace-  
ment (cm ) 

4 . 1 4 ~ 1 0 - ~  

4 . 2 2 ~ 1 0 ' ~  

~ e i o c i t y  
(cm/sec) 

5 . 0 ~ 1 0 - ~  

1 . 2 x 1 0 - ~  

Disp lace-  
ment (cm ) 

1 . 3 ~ 1 0 - ~  

3 . 6 ~ 1 0 - ~  



An e x p l a n a t i o n ,  f o r  t h e  lower l e v e l  o f  peak  v e c t o r  p a r t i c l e  

mot.ions r eco rded  a t  t h e  Tonopah s t a t i o n s  from Schooner i s  r e l a t e d  

t o  d i f f e r e n c e s  i n  t h e  s e i s m i c  s p e c t r a l  c o m p o s i t i o n  f o r  e q u i v a l e n t .  

y i e l d  c r a t e r i n g  a n d  c o n t a i n e d  e v e n t s  and t o  t h e  dec reased  seismic 

e n e r g y  e f f i c i e n c y  o f  c r a t e  r i n g  e v e n t s  ' a s  compared t o  normal  con- 

t a i n e d  eve 'n t s .  Chapter  5 w i l l  compare t h e  s e i s m i c  ene rgy  e f f i -  

c i e n c y  of Schooner w i t h  o t h e r  underground nucl 'ear  d e t o n a t i d n s .  - 



The o b j e c t i v e  of t h i s  c h a p t e r  i s .  t o  d e t e r m i n e  t h e  amount 

. . 

of e n e r g y  f rom underground  n u c l e a r  e x p l o s i o n s  which g o e s  t o  f o r  rn 

e l a s t i c  waves i n  t h e  f a r - f i e l d  r a d i a t i o n  z o n e .  T h i s  s u b j e c t  h a s  ' 

b e e n  s t u d i e d  .by  o t h e r  i n v e s t i g a t o r s  f o r  nuc lea ' r  e v e n t s ,  n o t a b l y  by  

C a r d e r ,  e t .  a l .  ( 1 9 5 8  and 1 9 6 1 ) ,  B e r g  , e t .  a l .  ( 1 9 6 4 ) ,  Lowr ie  and  

Mickey,  ( 1965)  a n d  Trembly a n d  B e r g ,  ( 1966)  . 

The. a p p r o a c h  t a k e n  . i n  t h i s  s t u d y  i s  t o  d e v e l o p  t h e  a n a l y , t i c  

s o l u t i o n  o f .  t 'he s p h e r i c a l l y  s y m m e t r i c  S h a r p e l s  p rob lem i n t o  an 

e n e r g y  e q u a t i o n .  The p a r a m e t e r s  appearing i n  t h e  e q u a t i o n  are 

e v a l u a t e d  t h r o u g h  a s e l f - c o n s i s t e n t  method w i t h i n  t h e  t h e o r y .  

I n  p r i n c i p a l ,  o n c e  t h e  e l a s t i c  r a d i u , s  and  p r e s s u r e  f u n c t i o n  ac t -  

i n g  a t  t h e  e l a s t i c  r a d i u s  are d e t e r m i n e d ,  t h e  seismic e n e r g y  c a n  

b e  c a l c u l a t e d  w i t h  t h i s  model ; 
. . 

5 . 1  THEORY AND ANALYSIS 

. . The d i s p l a c e m e n t  p o t e n t i a l  f o r  wave m o t i o n  p r o d u c e d  by  a , 

s p h e r i c a l l y  ' symme'tr i c  e x p o n e n t i a ' l  p r e s s u r e  f u n c t i o n  a c t i n g  i n  an '  

i d e a l l y  e l a s t i c  medium h a s  been  d e r i v e d  by S h a r p e  ( 1 9 4 2 )  and' c a n  

'be s t a t e d  as 



f o r  T 2 0  

. = O  . . f o r  7 < 0 

where  ' t h e  p r e s s u r e  f u n c t i o n  a c t i n g  a t  t h e  e las t ic  r a d i u s  ( r  = a ) ,  

i . e . ,  t h e  r a d i u s  a t  which t h e  medium b e h a v e s  e l a s t i c a l l y ,  i s  

-a7 
P ' P0e f o r  T > o 

p i s  t h e  p e a k  p r e s s u r e ,  a i s  t h e  d e c a y  c o n s t a n t  = 1 / ~ ~ ,  To i s  
0 

'- 1 
t h e  t i m e  f o r  t h e  p r e s s u r e  t o  d e c a y  t o  p  e , 7 is  t h e  r e t a r d e d  

0 
( r - a )  t i m e  = , t  - 

("1 
= 2 6  .c/3a, c i s  t h e  c o m p r e s s i o n a l  v e l o c i t y ,  

C 

r is  t h e  r a d i a l  d i s t a n c e  f rom t h e  s o u r c e ,  p i s  t h e  d e n s i t y  o f  t h e  

1 medium, and  Lame's  c o n s t a n t s ;  A .and p ,  are assumed e q u a l  ( P o i s s o n ' s  

r a t i o  =, 0 . 2 5 )  . From t h e  d i s p l a c e m e n t  p o t e n t i a l  4, t h k  d i s p l . a c e -  

ment i n  t h e  medium. c a n  be d e t e r m i n e d  e a s i l y  f rom t h e ' r e l a t i o n s h i p  . 

U = -  , wher;e IJ, is  t h e  d i s p l a c e m e n t .  The d e c a y  ' t i m e ,  To, '  
d r  



i s  assume.d p ropo r t i ona l  t o  t h e  e l a s t i c  r a d i u s ,  a .  The decay con- 

s t a n t  may then,  be w r i t t e n  a s  e = 1 / ~ ~  = k o  where o = c/a. The 
0  .- 0 

parameter k ,  i n  g e n e r a l ,  may be a func t i on  of t h e  sho t  po in t  

parameters ,  b u t ,  a s  w i l l  b e  shown l a t e r ,  is  no t ' expec t ed  t o  b e  

very s e n s i t i v e .  With t h e  above s u b s t i t u t i o n ,  t h e  displacement 

may 'be ' c a l c u l a t e d  t o  be 

1 
s i n  (o  T + O  -e2rj\ Ej s i n  7 i - - 

3 1 1  (5-3)  

where 

-1 c ,el = t a n  
. . 1 -3k/2 

P a r t i c l e  v e l o c i t y ,  v = &/at ,  2 s  



1 t  i s  t o  be n o t e d  i n  e q u a t i o n  (5 -4 )  t h a t  t h e  v e l o c i t y  has  a  l / r  
. . 

and l / r 2  dependence .  The far  f i e l d  r a d i a t i o n  zone c o n s i s t s  of 

t h e  l / r  term o n l y ,  s i n c e  t h e  l / r2  t e r m  becomes n e g l i g i b l y  s m a l l  
, 

a t  l a r g e  d i s t a n c e s .  The f a r  f i e l d  p a r t  of t h e  v e l o c i t y  may t h u s  

b e  w r i t t e n  as 

The . i n s t a n t a n e o u s  k i n e t i c  ene rgy  d e n s i t y  c o r r e s p o n d i n g  t o  

2. t h e  f a r  f i e l d  is  1/2 p v f f  . Assuming s p h e r i c a l  d i v e r g e n c e ,  t h e  

t o t a l  s e i s m i c  ene rgy  (assuming  t h a t  t h e  t o t a l  ene rgy  i s  t w i c e  t h e  

k i n e t i c  e n e r g y )  i s  

. . 
where r  3 a.  F o r ' c o n v e n i e n c e ,  r i s  chosen  t p  be a. Thus,  



S u b s t i t u t i . o n  o f  e q u a t i o n  ( 5 - 5 )  i n  . equa t ion '  ( 5 - 7 )  and i n t e g r a t i n g  

g i v e s  t h e  . s e i s m i c  e n e r g y ,  

where 

and p i s  t h e  modulus of r i g i d i t y .  T h i s  e x p r e s s i o n  d e t e r m i n e s  t h e  

se.ismi.c e n e r g y  i n p u t  a t  t h e  e l a s t i c  r a d i u s  of underground,  e x p l o s i o n s ,  

assuming t h a t  most of t h e  motion i.s r a d i a l l y  c o m p r e s s i o n a l  at t h a t  

r a d i u s  , whi bh i s  a  good approximat  i o n .  f o r  tamped . nuc l ea r  e x p l o s i o n s  

(Ferre t  (1968b)  ) . 

For a s tep functi :on; k = 0 ,  g i v i n g  a  K v a l u e  of 1, and the .  
I .  

. , 

r a d i a t e d  e n e r g y  i s  s imply  



which i s  a r e s u l t  t h a t  . L a t t e r ,  e t  . a l .  ( 1 9 6 1 a ) ,  have o b t a i n e d  f o r  . 

' t h e  c a s e  of a  s t e p  f u n c t i o n .  

I n  o r d e r  t o  e v a l u a t e  t h e  energy  e x p r e s s i o n  ( e q u a t i o n  5-8), 

d e t e r m i n a t i o n s  of po ,  a ,  k and  p a r e  r e q u i r e d .  I t  i s  assumed t h a t  

t h e  medium Ifon t h e  Large1' h a s  low t e n s i l e  s t r e n g t h  and t h a t  t h e  

l i m i t i n g  p r e s s u r e  ,.. po ,  i s  t h e r e f  o r e  i n  t h e  ne ighborhood 'of  t h e  

overburden  p r e s s u r e  ( L a t t e r ,  e t  . a l . ,  1961,  a  and b ;  and K i s s l i n g e r ,  

1963) ' ,  i n  o r d e r  t o  k e e p  t h e  medium from go ing  i n t o  t e n s i o n  and 

p r o p a g a t i n g  c r a c k s .  P o i s s o n ' s  r a t i o  i s  t a k e n  t o  be 0.25 and p i s  

t h u s  e q u a l  t o  c2 p/3. 

A d e t e r m i n a t i o n  of t h e  e l a s t i c  r a d i u s ,  a,, c a n  be o b t a i n e d  

from t h e  ampl i tude  s p e c t r a  of t h e  p a r t i c l e  v e l o c i t 5 e s .  .The 

. F o u r i e r  t . ransform of t h e  d i s p l a c e m e n t  f o r  Sha rpe  ' s  problem a t  a  

d i s t a n c e  r ,  h a s  been o b t a i n e d  by L a t t e r ,  e t  . a l .  ( 1 9 5 9 ) ,  as 



. . 
A . . ; .  I .  

where w i s  t h e  a n g u l a r  fr&quen&l, P = (A+2b)/4p, p i s  t h e  F o u r i e r  

t r a n s f o r m  of t h e  p r e s s u r e  f u n c t i o n  a t  a ,  and t h e  o t h e r  q u a n t i t i e s  

have been p rev iou ' s ly  de f ined .  

For r >> c/a , t h e  ampl i tude  spec t rum of t h e  d isp lacement  i s  

and t h e  ampl i tude  spec t rum of t h e  v e l o c i t y  i s  s imply  

1 The F o u r i e r  t r a n s f o r m  of t h e  e x p o n e n t i a l  p r e s s u r e  f u n c t i o n  . is 
I 

and 



The v e l o c i t y  ampli tude spectrum then  becomes, w i t h  t h e  sub- 
._ ., . . :  

. , . . 
Taking the  d e r i v a t i v e  . o f .  . I .wi?h'  respeCt t b  w and e q u a t i n g  t o  

, 
z e r o ,  g ives  the  d imens ion less  mequation 

- 

wh.ich s p e c i f i e s  t h e  extreme p o i n t s ,  urn, of t h e  v e l o c i t y  ampli tude 
. . 

spect rum.  F igure  5-1 shows a  p l o ~ ' ~ f ' ~ w ~ / ~ ~  versus-k ,  f o r  a  
% .. 

P o i s s o n ' s  r a t i o  = 0 . 2 5 .  (P  = 0.75) . Note t h a t  e q u a t i o n  (5-12) only  

a p p l i e s  i n  the  ' f a r  f i e l d .  Thus, i f  t h e  f requency of maximum ampli-  
. . 

. tude  l i e s  around 2  H z  and c  = 5 km/sec, r  >> c/% o r  r  S> 400 m 
. . 

e n s u r e s  t h a t  the  o b s e r v a t i o n  d i s t a n c e  r ,  l i e s  i n  t h e  f a r  f i e l d .  I n  

p r a c t i c e ,  t o  de termine  an e l a s & c : r a d i u $  :from e q u a t i o n  ( 5 - 1 2 ) ,  a  
,. : ' i' 

va lue  of k  and w,, a r e  needed. I f  t h e r e i s . s i g n i f ? c a n t  s h e a r  and/or 
V 

s u r f a c e  wave motion,  the  f requency of maximum ampli tude i s  de.t&rmined 

from t h e  compressiomal wave'window ( i . e . ,  t h e  time window 6n t h e  



F i g u r e  5- 1. 
,. 

R a t i o  of . t he  Frequency ( a m )  of Peak S p e c t r a l  
Ampl i tude  and Resonan t  Cav i ty  Frequency ( u O )  
Versus  t h e  Pa ramete r  k 



seismogram which is  p redominan t ly  composed of l o n g i t u d i n a l  motion)  

s i n c e  t h i s  model o n l y  h o l d s  f o r  . compres s iona l  waves.  Al though t h e  0.k 

s e r v a t i o n  dTs tance  must be i n  t h e  f a r  f i e l d ,  i t  must be . . s m a l l  w i t h  

r e s p e c t  t o .  t h e  d i f f e r e n t i a l  a t t e n u a t i o n  e f fec ts  of t h e  e a r t h .  

Th i s  would' be a  f u n c t i o n  of t h e  dominant f r e q u e n c y  c o n t e n t ,  of t h e  

c o m p r e s s i o n a l  waves. 

I n  o r d e r  t o  e v a l u a t e  t h e  c o n s t a n t  k ,  e q u a t i o n  (5-12)  and  t h e  

r e l a t i o n  a  = kudo are used  t o  g i v e ,  t h e  r e l a t i o n s h i p  

F i g u r e  5-2  shows a p l o t  o f  k v e r s u s  ( u m / a ) ,  f o r  a P o i s s o n ' s  r a t i o  

of 0 .25 .  It is  s e e n  t h a t  f o r  a c o n s t a n t  r a t i o  o f  ( u m / a ) ,  k is  
. . .  

c o n s t a n t  f o r  a p a r t i c u l a r  P o i s s o n ' s  r a t i o .  I n  g e n e r a l ,  k i s  t o  

be c o n s i d e r e d  a f u n c t i o n  of t h e  s h o t  p o i n t  p a r a m e t e r s .  However, 
. . 

k i s  n o t  e x p e c t e d  t o  v a r y  s i g n i f i c a n t l y ,  s i , nce  t h e  r a t i o  (um/a) 

which i s  p r o p o r t i o n a l  t o  decay  t ime  of t h e  p r e s s u r e  p u l s e  at t h e  

e l a s t i c  radius/dominant  p e r i o d  o f  s e i s m i c  mot ion  s h o u l d  n o t  va ry  

s i g n i f i c a n t l y  . 

The parameter  k c a n  be e v a l u a t e d  from a combina t ion  of f r e e -  

f i e  ld  d a t a  and f a r  f i e l d  seismic d d t a .  ~ h 6  f r e e - f i e l d  d a t a  g i i e  

a  d e t e r m i n a t i o n  of a ,  and s e i s m i c  d'ta d e t e r m i n e s  a,.. 



F i g u r e  5-2 .  The Pa ramete r  k .  Versus  t h e  R a t i o  o f  t h e  V e q u e n c y  
( o m )  of Peak  S p e c t r a l  ~ m ~ l i t u d e  and t h e  Decay' Con-. 
s t a n t  (a) 

. . 



5 . 2  EXAMPLES OF SEISMIC. ENERGY ..EFFICI.ENCY. COMPUTATIONS . _ . .  _______.._.__,.l_ _.-__ _ _ _ - , - I  - - -- 

T h e  seismic e n e r g y  e f f i c i e n c y  w a s  d e t e r , n l n e r S  f . 1 3 ~  f o u r  con -  

t a i n e d  n u c l e a r  dr tooa t  i o n s  ( S h o a l ,  Salmon, ,  B o x c a r ,  a n d    en ham) , a 

d e c o u p l e d  n u c l e a r  d e t o n , a t i o n  ( S t e r l i n g ) ,  a n d  t h e  n u c l e a r  c r a t e r i n g  
. . 

d e t o n a t i o n  ( S c h o o n e r ) .  T h e s e  s i x  e v e n t s  p r o v i d e  a n  a d e q u a t e  data 

sample, s i n c e  t h e y  e n c o m p a s s  a.  w i d e  r a n g e  o f  y i e l d s  a n d  p h y s i c a l  

c o n A i t i o n s .  D e t a i l s  o f  t h e  c o m p u t a t i o n  p e r f o r m e d  f o r  e a c h  d e t o n a -  

t i o n  are g i v e n  below. 

Sa lmon .  F o r  t h e  Sa lmon e v e n ' t  ( d e s c r i b e d  i n  T a b l e  5 - l ) ,  free- ------..- 

f i e l d  m e a s u r e m e n t s  f r o m  ~ e r r e t  ( 1 9 6 8 a )  i n d i c a t e  a To = 2 0  m s e c ,  

w h i c h  g i v e s  a =.50/sec.  T h e  ba .nd-pass  f i l t e r  s p e c t r a  w h i c h  are ap- 

p r o x i m a t i o n s  t o  F o u r i e r  . . . . . . .  a m ? l i t u d e  .... s p e c t r a : f r o m  . . .  t h e  c o m p r e s s i o n a l  . . . .  :.. . .>. . .  
L 

wave  windows .  of s t a t i o n s  1 0 - s o u t h  ( 1 8 ' k m )  a n d  20 S o u t h  (31 km) 

are shorun i n  F i g u r e s  5-3 ,  a n d  5-4.  Radial h o r i z o n t a l  a n d  v e r t i c a l  
' 'C 

c o m 2 o n e n t s  05 p a r t i c l e  m o t  i o n  ar'e sho:un.. T h e  f r e q u e n c y  of 

maximum a m p l i t u d e ,  f m ,  i s  e s t i rna t eh* t* - to  b e a b n u t  4  Hz.  T h i s  g i v e s  

a v a l u e  of ( w , / a )  of 0.50, a n d  f ro in  ~ i ' g t ~ r e  5-2 ,  a k  v a l u e  of 3 .20 .  
I .  . 

' Z  . . . .  ~ i ~ u k e  5-1 g i v e s  t h e  r e l a t i , o n s h i p ; . w m .  = 1. 6i..0,,, f r o m  w h i c h  t h e  

e l a s t i c  r a d i u s  c a n  3e e v a l u a t e d ,  'a = -.- I e61c u s i n g  9 , c o m p r e s s i o n a l  
. 

..".. . . 

v e l o c i t y  o f  4 .67  km/sec g i v e s  a ' = 299 ae t e r s ,  w h i c h  
Sa'lmon 

c o . r r e s p o n d s  t o  3 p e a k  s h o c k  p r e s s u r e  of 3 '70 bars ( F e r r e t ,  1 9 6 8 ) .  

T h e  o v e r b u r d e n  p x e s s u x e  i s  180 ba.rs, w h i c h  i a d i c a t e s  t h a t  t h e  

l i m i t i n g  p r e s s u r e  p o  = 3'70 bars i s  2 . 0 6  t i m e s  t h e  o v e r b u r d e n  
. . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

p r e s s u r e .  I n s e r  t i f i g  t h e s e  nurnbers  . i n t o  e q u . a t i o n  ( 5 - 8 )  fo r  t h e  

seismic - e n e r g y  g i v e s  a se ismic  e f f i c i e n c y  ( s e i s m i c  e n e r g y /  

i n i t i a l  e n e r g y  a . v a i l a b 1 . e )  of 5.8%. 

5-12. . . .  . ,  



.Event . . Shoal  Salmon Boxcar Benham Schooner , S t e r l i n g  

Shot Loca t ion  Sand S p r i n g s  Tatum S a l t  Pahute Mesa, Pahute  Mesa, Pahute Mesa, Tatum S a l t  
Rance, Nevada Dome, Nevada Nevada Nevada Dome, 

M i s s i s s i p p i  . M i s s i s s i p p i  

.Type , Nac l e a r  Nuclear  Nuclear  Nuclear  Nuclear  Nuclear  ., \ . .* Contailled Contained con ta ined  . Contained Cra te red  - D e c o u p l e d  . 

Yie ld  ( k t )  1 2 . 5  5 . 3  1200 1100 30  0 . 3 8  

Depth of  B u r i a l  1205 2716 3822 ' 4630 353 2716 

( f t )  . . 

'Sca led  Depth 519 1552 . 354 447 107 375 1 
(ft /kt1/I3)  

Medium .Gr a n i  t e, S a l t  ~ h y ' o l i t e  Tuff Tuff S a l t  

3ens i ty igm/cc )  2 . 5 5  2 . 2  2 . 1  2 . 2 5 ( a v , . )  2.23..  2 . 2  

Overburden 9 2  180 237 311 236 180 
3 e s s u r e  ( b a r s )  

Compressional 5 - 5 5  ' 4 ; 6 7  3 . 8 4  . 3 , . 6 6 ( a v .  ) 3.4 '1 4 .67  
V e l o c i t y  (km/sec) 

( H z )  . 2 . 5  4  - 0  0 . 7 5  , 0 . 8  1 . 2 5  3 6 . 0  
m 

Se i smic  Energy 2  .3x10-l 3 . l x 1 0 - l  5 . 5 ~ 1 0 - 1  , '  6.7x101 9 . 5 x 1 0 - ~  3.14x10-' 
Rad ia ted  ( k t  ) . . ( 1 . 3 ~ 1 0 ~ ~  

. ergs ' )  

Se i smic  Energy 1 .8  5 . 8  4 .6  6 . 1  0 . 3 2  . 0 .008  
E f f i c i e n c y  (%! 



VERTICAL COMPONENT 4 

VERTICAL COMPONENT 5 

I  1 1 ' 1  1 1 1 1 1  I  I  1 1 1 1 1 1 1  I I  1 1  1 1 1 1  

Figure  5 - 3 .  p a r t i c l e  Veloci ty    and-pass‘ F i l t e r  Spect ra  
of t h e  ~ o m ~ r e s s i o n a l  Wave Window, Salmon' 
Ev,ent , S t a t i o n  10-South (18 km) 
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VERTICAL COMPONENT 3 

RADIAL COMPONENT 

. . 

I  I  I  I 1  1 1 1 .  1  I  I' I I I I . I I  I I  1 1 1  1 1 1 1  -- 

Figure  5-4. P a r t i c l e  Veloc i ty    and-pass F i l t e r  Spec t r a  
of Compressional Wave Window, Salmon Event, 
S t a t i o n  20-South. ' (31 km) 



S h o a l .  For  t h e  S h o a l  even t  ( d e s c r i b e d  i n  Table  5-l) , f r e e -  

f i e l d  m e a s ~ r ~ m e n t s  f rom Weart (1965)  g ive ,  an ave rage  To ,,of 70  msec 

and a = 14.3 /sec .  The s p e c t r a  ( P e r r e t  , 1967 and W e a r t ,  '1965) 

ar'e n o t  ve ry  d e f i n i t i v e .  They g ive .  an e s t i m a t e  of f m  between 2 . 0  

a n d 3 . 0  Hz o r  app rox ima te ly  2 . 5 . H ~ .  Thus,  om/a i s  1.13 a n d k  i s  

~ . ' 2 2 .  From F i g u r e  5-1, om = 1.35 w O y  and u s i n g  a ' c o m p r e s s i o n a l  

"= 477 m e t e r s  which ' c o r r e -  v e l o c i t y  of  5 .55  km/sec g i v e s  'aShoal' ,, 

sponds t o  a peak shock of abo i t '  145  b a r s  (wea r t ' ,  1965) 

Overburden p r e s s u r e  i s  about  92 b a r s ,  and  t h e  l i m i t i n g  p r e s s u r e  

i s  1.58 t i m e s  as g r e a t .  E v a l u a t i o n  of t h e  s e i s m i c  ene rgy  g i v e s  a 

seismic e f f i c i e n c y ' o f  ..1.8%. ,. ~ r e m b l ~  and  Berg ( 1966) found.  a  
. . 

s e i s m i c  e f f i c i e n c y  o f  0.7% f rom e x p e r i m e n t a l  obse rva t ion ' s  ,of t h e  

S h o a l  e v e n t .  T h e i r  t h e o r e t i c a l  model gave a s e i s m i c  e f f i c i e n c y  

of app rox ima te ly  2% i n  t h e  s o u t h w e s t e r n  q u a d r a n t .  A l so ,  t h e y  

d e t e r m i n e d  an a v e r a g e  e l a s t i c  r a d i u s  of 510 me te r s  which i s  com- 

p a r a b l e  w i t h  t h e  v a l u e  of  477 me te r s  de t e rmined  h e r e .  

I n  g e n e r a l ,  t o  de t e rmine  an e l a s t i c  r a d i u s  w i t h o u t  ~ r e e - f i e l d  
n .  . . .  . ,  . .  . . . , < . .  . .  . . . .  . 

measurements ,  a v a l u e  of  k between 1 and 4 i s  a p p r o p r i a t e .  Using 

an ave rage  v a l u e  of t h e  r a t i o  ' (2)  f ram F i g u r e  E l ,  g i v e s  t h e  re- 

l a t i o n s h i p  a = 1 . 5  c/dm - +13%. Although t h i s  u n c e r t a i n t y  c a n  be 

t o l e r a t e d  i n  d e t e r m i n i n g  t h e  e l a s t i c  r a d i u s ,  i t  would l e a d  t o  a 

cons ide ' r ab ly  l a r g e r  u n c e r t a i n t y  i n  t h e  seismic e n e r g y ,  s i n c e  t h e  
_ . I  . .  .. 

3 e las t i c  r a d i u s  a p p e a r s  as a  . . A l s o  t h e r e  would be  u n c e r t a i n t y  i n  

t h e  f u n c t i o n  K appe 'ar ing i n  t h e  energy  fo rmula .  However, t h i s  d i f -  
.<. 

f i d u l t y  . . c a n  be e f f e c t i v e l y  e l i m i n a t e d  by r e w r i t r n g  e q u a t i o n  ('5-8) 



where t he  func t ion  K , ' p l o t t e d  versus  k i n  Figure  5-5,  i s ,  

seen t o .  be r e l a t i v e l y  i n s e n s i t i v e  t o  k f o r  the  values  of k between 

0 and 4 .  ' u s i n g  an average value b f . 1 . 5  f o r  t he  func t ion  g ives  . 

and p  ' i s  es t imatgd by the  average of Salmon and Shoal r e s u l t s ,  
0 

i . e . ,  1 . 8  t imes t he  overburden p r e s s u r e .  

Boxcar, Benham and Schooner. . A s  descr ibed  i n  Table 5-1,  Box- 

~ c a r  and Benham were l a r g e  y i e l d ,  con ta ined  nuclear even t s  de tona t ed .  

i n  Pahute Mesa, while Schooner was a  nuclear  c r a t e r i n g  even t  deto-  

na ted  i n  t he  same a rea .  Figures  5-6 through .5-8 'show compressional 

wave Qmplitude s p e c t r a  o f  t h e  r a d i a l  ho r i zon ta l  components of 

p a r t i c l e  motion a t  su r f ace  s t a t i o n s . f o r  t h e  p a r t i c u l a r  events  (Box- 

~ c a r  s p e c t r a  were bbtained from Hays (1969) ) Equation (5-15) i n  

combination wi th  f m  and t h e  e l a s t i c  parameters was used t o  compute , 

t he  se ismic  e n e r g i e s .  Boxcar and Benham show seismic  e f f i c i e n c i e s  

of 4.6% and 6 .1%,  r e s p e c t i v e l y ,  .whi le  Schooner shows a  se ismic  

eff ic i 'en 'cy  bf 0.32%. The comparison between conta ined even t s  and 

1 t he  c r a t e r i n g  event  i n  Tatile 5-1 i n d i c a t e s  t h a t  c r a t e r i n g  even t s  ' 

have s i g n i f i c a n t l y  lower se ismic  e f f i c i e n c i e s  than con ta ined  e v e n t s .  



Figure  5-5.  The .Function K Times the  Cube of t h e  R a t i o  of t h e  
Frequency (om),  of Peak S p e c t r a l  .Amplitude and Re- 
sonant  Cavity Frequency (,uo) Versus t h e  Parameter '.k . . 



FREQUENCY, Hz 

Figure  5-6. Smoothed Four ie r  Amplitude Spectra .  of t h e '  Com- 
p r e s s i o n a l  wave Window, Rad ia l  Component, Boxcar. 

  vent 



FREQUENCY, Hz - . . )5 8 .mi. 

Figure  5-7. Smoothed F o u r i e r  Amplitude ~ ~ e c t r a i b f  the Compres- 
s i o n a l  Wave Window, Rad ia l  Component, Benham Event 



0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 . 9 .0 .  lo. 
FREQUENCY, Hz 

Figure  5-8, Smoothed Four ie r  Amplitude S p e c t r a  o f  t h e  Compres- 
s i o n a l  wave Window, Rad ia l  Cbinponent, Schooner Event 



S t e r l i n g .  - The s t e r l i n g  event  was a  380 t o n  nuc lea r  decoupl ing  

s h o t  de tona ted  i n  t h e  Salmon c a v i t y  of 17.4 meters  r a d i u s .  The 

p r e s s u r e  inpu t  a t  the  w a l l s  of t h e  c a v i t y  c o n s i s t s  of a  number of 

s p i k e s  o s c i l l a t i n g  about  a  mean p r e s s u r e  of about 160 b a r s .  Band- 

pass  s p e c t r a  a t  s u r f a c e  s t a t i o n s  between 1 and 2  km frdin t h e  even t  

show a  f requency of maximum ampli tude around 36 H z .  (Dav i s ,  1968) .  

Using t h e  va lue  of (wm/wo) f o r  a  s t e p  p r e s s u r e  f u n c t i o n  ( k  = 0 )  

from F igure  5  -1 g ives  t h e  r e l a t i o n  

1 . 1 6 ~  a = -  I am STEP F N  

which y i e l d s  an e l a s t i c  r a d i u s  of 24 meters; ,  This  va.lue of t h e  
. . 

e l a s t i c  r a d i u s  i s  probably  l a r g e  s i n c e  t h e  f r e q u e n c i e s  a s s o c i a t e d  

wi th  t h e  ground motion were very h i g h  and t h e  d i f f e r e n t . i . a l  a t t e n u -  . 1 
a t i o n  e f f e c t s  cons iderab ' ly  reduced f m '  a t .  1 and 2 km. This  i s  ob- 1 
s e r v e d  i n  t h e  s p e c t r a  o b t a i n e d .  a t  6  and 7  km where f, reduces t o  

va lues  between 10 and 20 H z  (Davis ,  1968) . The f  ree-f  i e l d  d a t a  of 

P e r r e t  ('1968) ob ta ined  a t  d i s t a n c e s  between 166 and 660 meters  i n -  

d i c a t e  f m t s  l a r g e r  than  40 H z .  This  evidence  i n d i c a t e s  t h a t  t h e  

'medium probably behaved e l a s t i c a l l y  a t  t h e  c a v i t y  w a l l  f o r  t h e  

s t e p  p r e s s u r e  of 160 bars . '  

Using e q u a t i o n  (5 -8a )  f o r  t h e  s e i s m i c  energy l i b e r a t e d  by a  

s t e p  p r e s s u r e  f u n c t i o n  i n  c o n j u n c t i o n  w i t h  an a of 17 .4  meters  

and po of 160 b a r s  g i v e s  a  r a d i a t e d  energy of 1.3x1015 e r g s ,  and 



a seismic e f f i c i e n c y  of 0.0084%. P e r r e t  ( 1968) e x p e r i m e n t a l l y  found  

a mean r a d i a t e d  energy  of 3x1015 e r g s  which co,rresponds t o  a . ~ 

seismic e f f i c i e n c y  of 0.019%. The d i f f e r e n c e  i n  r a d i a t e d  e n e r g i e s  

m a y  be  due t o  t h e  s i g n i f i c a n t  s h e a r  mot ions  a s s o c i a t e d  w i t h  t h e  

e v e n t .  The r a t i o  of seismic e f f i c i e n c i e s  o f  S a l m o n / s t e r l i n g  i s  

6 9 0 ,  o r  305 if t h e  h i g h e r  v a l u e  i s  u s e d ,  which i r i d i c a t e s  a ,de-  

. c o u p l i n g  f a c t o r  between 200 and 500 i n  t h e  r a d i a t e d  e n e r g y ,  as- 

suming t h a t  a 380 t o n  tamped e v e n t  would have t h e  s a m e  seismic 
. , 

. e f f i c i e n c y  as Salmon. 

The c o n c l u s i o n s  t o  be  drawn a r e  t h a t .  s e i s m i c  e n e r g i e s  . d e t e r -  

mined by t h e  a n a l y t i c  p rocedure  of t h i s  c h a p t e r  a r e  r e a s o n a b l e  
) .  

est imates,  and t h a t ,  i n  p a r t i c u l a r ,  c r a t e r i n g  and decoup led  e v e n t s  
. . 

d i s p l a y  s i g n i f i c a n t l y  lower seismic e f f i c i e n c i e s  t h a n  normal  con-  

t a i n e d  e v e n t s .  ;' 



CHAPTER 6' 

SUMMARY AND ' RECOMMENDAT IONS FOR ADD I TIONAL WORK 

Se i smic .  d a t a  were measured a t  1 7  s e i s m i c  s t a t i o n s  f o r  t h e  

n u c l e a r  . c r a t e r i n g  d e t o n a t i o n ,  s c h o o n e r ,  and  were ana lyzed  and com- 

p a r e d  wi th  c o r r e s p o n d i n g  d a t a  obse rved  from o t h e r  c r a t e r i n g  and 

c o n t a i n e d  n u c l e a r  d e t o n a t i o n s .  Peak  v e c t o r  p a r t i c l e  v e l o c i t i e s  
. . 

were de t e rmined  f o r  Schooner  and compared wi th  no rma l i zed  d a t a  from 
*,  

o t h e r  d e t o n a t i o n s .  Measured band-pass  f i l t e r  s p e c t r a  from Schooner  

were s c a l e d  t o  a c c o u n t  f o r  y i e l d  and d e v i c e  dep th  o f  b u r i a l  d i f f e r -  

e n c e s  and compared. w i th  band-pass  f i l t e r  s p e c t r a  obse rved  from 

c r a t e r i n g  ( C a b r i o l e t  ) and c o n t a i n e d  d e t o n a t i o n s  (Knickerbocker  , 

Rex, and Duryea)  . A p r e l i m i n a r y  d e t e r m i n a t i o n  o f  t h e  c o r r e l a t i o n  

o f  t h e  ampl i tude  and f r equency  c h a r a c t e r i s t i c s  o f  ' t h e  ground motion . 

g e n e r a t e d  by  Schooner w i t h  s p e c i f i c  e l a s t i c  wave t y p e  (P ,  S ,  s u r f a c e )  

t i m e  windows was made and compared wi th  t h e  e q u i v a l e n t  c o r r e l a t i o n  

f o r  t h e  C a b r i o l e t  and Benham d e t o n a t i o n s .  The seismic e n e r g y  e f f i -  

c i e n c y  o f  Schooner w a s  de t e rmined  a n a l y t i c a l l y  and  compared wi th  

t h e  seismic energy  e f f i c i e n c y  o f  f o u r  c o n t a i n e d  n u c l e a r  d e t o n a t i o n s  

( S h o a l ,  Salmon, Boxcar ,  and Benham) and one  n u c l e a r  decoupled 

d e t o n a t i o n  ( S t e r l i n g  ) . The r  e s u l t  s o f  t h e s e  a n a l y s e s  p r o v i d e  add i -  

t i o - n a l  i n s i g h t  i n t o  t h e  i m p o r t a n t  c h a r a c t e r i s t i c s : - o f  ground motion 

r e s u l t i n g  from n u c l e a r  c r a t e r i n g  d e t o n a t i o n s .  " .  

v. 



6 . 1  SUMMARY OF CONCLUSIONS 

; he b a s i c  conc lus ions  which r e s u l t e d  from the  analyses  

de sc r i bed  above a r e  summarized below: 

1. Peak ~ e q t o r  P a r t i c l e  Motion - t h e  peak vector  p a r t i c l e  
v e l o c i t i e s  recorded a t  bo th  al luvium and hard .  rock s i t e s  
( and t he  de r ived  peak vector  a c c e l e r a t i o n s  and d i s p l a c e -  
ments) agree q u a l i t a t i v e l y  with r e s u l t s  ob t a ined  from 
o the r  c r a t e r i n g  even t s  and a r e  low r e l a t i v e  t o  t he  mean 
value  p r e d i c t e d  f o r  equ iva l en t  y i e l d  con ta ined  de tona t i ons  
on t h e  b ,as is  of Nevada Tes t  S i t e  expe r i ence .  The v e l o c i -  
t i es  observed from Schooner range from about 0 . 2  t o  1 .3  
of  t he  mean p r e d i c t e d  value f o r  al luvium s i t e s  and from 
0 . 4  t o  0 . 7  f o r  ha rd  rock s i t e s .  Derived a c c e l e r a t i o n s  
range fr.om 0.2 t o  0.6 of t h e  mean p r e d i c t e d  value f o r  
al luvium s t a t i o n s  and from a b o u t O . l t o 0 . 5 f o r  hard  rock 
s i t e s .  ,:Displacements range fromO.1 t o  I .1 and from 0.35 
t o 0 . 7  f o r  al luvium and hard  rock s i t e s  r e s p e c t i v e l y .  
These r e s u l t s  agree q u a l i t a t i v e l y  wi th  s p e c t r a l  r e s u l t s  
on t h e  b a s i s  of depth of b u r i a l  s c a l i n g ,  a s  noted below. 

2 .  Band-Pass F i l t e r  S p e c t r a  - band-pass f i l t e r  s p e c t r a  ob- 
se rved  f,rom Schooner agree ,  when s c a l e d  f o r  y i e l d  and 
device  depth  of b u r i a l ,  .wi th  t he  s p e c t r a  from C a b r i o l e t ,  
' ( c r a t e r i n g  deto ,nat ion)  and Knickerbocker , Duryea and 
  ex ( con t a ined  de tona t i ons )  . Before s c a l i n g  f o r  depth, 
of  b u r i a l ,  t h e  band-pass f i l t e r  s p e c t r a  from c r a t e r i n g  
de tona t i ons  a r e  somewhat lower i n  magnitude than t h e  mean 
s p e c t r a  from equ iva l en t  parameter con t a ined  de tona t i ons '  
and t h e  dominant energy con t en t  i s  s h i f t e d  t o  t h e  low- 
frequency end of t he  spectrum. Thus, wi th  r e s p e c t  t o  
seismic mot ions ,  a  c r a t e r i n g  even t  may be cons ide red  a s  
a  con t a ined  even t  bu r i ed  a t  a  r e l a t i v e l y  sha l low depth  of 
b u r i a l .  The r e l a . t i v e l y  shal low d,epth of b u r i a l  causes  
t h e  h i g h "  f requency s p e c t r a l  composit ion t o  be cons ide rab ly  
reduced and t h e  low frequency composition s l i g h t l y  reduced 
r e l a t i v e ,  t o  t h a t  o f  conta ined de tona t i ons .  

. Amplitude and Frequency C h a r a c t e r i s t i c s  o f  E l a s t i c  Wave 
Types - t h e  peak vec to r  a n d p e a k  h o r i z o n t a l  p a r t i c l e  . 

v e l o c i t i e s  observed from Schooner and c a b r i o l e t  c o r r e l a t e  
p r i m a r i l y  ( w i t h  two excep t i ons )  wi th  t h e  s u r f  ace wave t i m e  
window. .An analogous a n a l y s i s  performed f o r  Benham, a  

, con ta ined  d e t o n a t i o n ,  does not l e a d  t o  t h e  same c o r r e l a t i o n ,  



f o r  many of  t h e  peak p a r t i c l e  ve loc i t y  measurements occur 
i n  t h e  P wave window. I n s u f f i c i e n t  d a t a  a r e  a v a i l a b l e  a t  
t h i s  time t o  e x p l a i n  t h e  apparent  c o r r e l a t i o n  of  peak 
p a r t i c l e  v e l o c i t y  wi th  t h e  s u r f a c e  wave t i m e  window a s  
a  phys i ca l  phenomenon d i s t i n c t l y  r e 1  a t e d  t o  c r a t e r i n g  
de tona t i ons ;  a l though ,  i t  appears  p o s s i b l e  t h a t  t he  domi- 
nant  low f requency s p e c t r a l  composit ion of c r a t e r i n g  
de tona t i ons  may s e l e c t i v e l y  enhance t h e  s u r f a c e  wave , 

genera t ing  mechanism. Band-pass f i l t e r  and Four ie r  ampli- 
tude  spectrum a n a l y s i s  of wave mode t ime  windows on t h e  
, r dd i a l  component showed t h a t  the  s u r f i c e  wave mode t i m e  
window c o n t r i b u t e s  t h e  peak amplitude a t  t h e  lowest  domi- 
nant f requency ( a b o u t  0 . 5  Hz) . i n  a l l  c a s e s  .except  a t  ETS-2, 
t h e  S  wave mode t i m e  window c o n t r i b u t e s  t h e  intermedi 'ate . 
p a r t i c l e  v e l o c i t i e s  ( a t  a  dominant frequency of  about 0.8 - 
1 . 2  Hz) , and t he  P wave mode t ime  w i n d o ~ ~ ~ ~ c o n t r i b u t e s  t h e  
sma l l e s t  p a r t i c l e  v e l o c i t i e s  a t  t h e  h i g h e s t  dominant f r e -  
quency ( a b o u t  1 . 2  - 4 . 5  Hz) f o r  Schooner.  The t r a n s f e r  
f unc t i on  f o r  t h e  sha l low l aye r ed  system a t  Tonopah, 
Nevada, de r ived .  on t h e  b a s i s  o f .  t he  seismograms recorded 
a t  Tonopah Motel and Tonopah Church, v e r i f i e s  t h a t  t h e  f re-  . 
quency dependent a m p l i f i c a t i o n  of t h e  l a y e r e a  system i s  
independent of whether t h e  inpu t  energy source  i s  a  nuclear  
c r a t e r i n g  o r  a  nucle'ar con ta ined  de tona t i on .  However, t he  
peak vec to r  p a r t i c l e  moti.ons ( p a r t i c l e  a c c e l e r a t i o n ,  d i s -  
placement,  and v e l o c i t y )  observed a t  Tonopah a r e  s i g n i f i -  
c a n t l y  lower than t he  mean value  p r e d i c t e d  f o r  e q u i v a l e n t  
y i e l d  con t a ined  de tona t i ons  on t h e  b a s i s  of  Nevada Tes t  
S i t e  exper ience .  The lower l e v e l  of peak p a r t i c l e  motions 
i s  r e l a t e d  t o  t h e  diminished high f requency s p e c t r a l  com- 
p o s i t i o n  and t o  , t he  decreased  se i smic  energy e f f i c i e n c y  
of  c r a t e r i n g  d e t o n a t i o n s ,  a s  i s  summarized below. 

4 .  Seismic Energy E f f i c i e n c y  - t h e  s e i smic  energy e f f i c i e n c y  - 
. ( r a d i a t e d  e n e r g y / i n i t i a l  energy a v a i l a b l e )  i s  s i g n i f i c ' a n t l y  
lower (abou t  a  f a c t o r  of ' 0 .1 )  f o r  nuclear  c r a t e r i n g  de to -  
na t i ons  than  f o r  e q u i v a l e n t  y i e l d  nuclear  con ta ined  de to -  
n a t i o n s .  The lower se i smic  energy e f f i c i e n c y  means t h a t  
c r a t e r i n g  d e t o n a t i o n s . a r e  s i g n i f i c a n t l y  less e f f i c i e n t  
i n  forming e l a s t i c  waves i n  t h e  r a d i a t i o n  f i e l d ,  than  con- 
t a i n e d  d e t o n a t i o n s .  The lower se i smic  energy e f f i c i e n c y  
i s  r e l a t e d  t o  t h e  sha.Llower depth  of b u r i a l  f o r  c r a t e r i n g  
d e t o n a t i o n s .  

on t h e  b a s i s  of t h e  r e s u l t s  ob t a ined  f o r  C a b r i o l e t  (Klepinger  

and Mueller  , 1969) a n d : f o r  Schooner,  t h e  fo l lowing  g u i d e l i n e s  s e e m  . 



reasonable  f o r  making ground motion p r e d i c t i o n s , f o r  NTS c r a t e r i n g ,  

d e t o n a t i o n s  : 

Pre l iminary  peak v e c t o r  motion p r e d i c t i o n s  can be based 
on NTS exper ience  w i t h  e q u i v a l e n t  y i e l d  c o n t a i n e d  d e t o -  
n a t i o n s  f o r  p lann ing  purposes .  These p . r e d i c t i o n s  w i l l  be '  
c o n s e r v a t i v e  f o r  t h e  r e l a t i v e l y  h igh  f requency ground 
motions,  t h e  peak p a r t i c l e  a c c e l e r a t i a n s  and v e l o c i t i e s ,  
and w i l l  ,need t o  be reduced by a  f a c t o r  which i s  r e l a t e d  
t o  t h e  shal low d e p t h  of b u r i a l  of c r a t e r i n g  d e t o n a t i o n s  

. r e l a t i v e  t o  t h e  s t a n d a r d  s c a l e d  d e p t h  of d e t o n a t i o n .  The 
c o r r e c t i o n  f o r  shal low dep th  of b u r i a l ' i s  based on a  sc :a l ing  
technique  developed by Mueller ( 1969) .  The r a t i o  
of t h e  s c a l e d  dep th  of d e t o n a t i o n  of t h e  e v e n t  under cons id -  
e r a t i o n  t o  ano the r  e v e n t  ( o r  s e t  of e v e n t s )  a t  a  s t a n d a r d  
s c a l e d  dep.th of b u r i a l  i s  d e f i n e d  a s  A . From t h e o r e t i c a l  
c o n s i d e r a t i o n s ,  i t  can be shown t h a t  t h e  peak v e c t o r  p a r t i c l e  
accelera t i 'on  needs t o  be c o r r e c t e d  f o r  d e p t h  of b u r i a l  by 
t h e  m u l t i p l i c a t i v e  f a c t o r  arid t h e  peak v e c t o r  p a r t i c l e  
d isp lacement  by A 0 - 4 8 .  The peak v e c t o r  p a r t i c l e  v e l o c i t y  
i s  c o r r e c t e d  on t h e  b a s i s  of t h e  c h a r a c t e r i s t i c s  of ' observed 
band-pass ' f i l t e r  s p e c t r a .  The m u l t i p l i c a t i v e  f a c t o r  a  p l i -  
c a b l e  a t  NTS f o r  peak v e c t o r  v e l o c i t i e s  i s  0 . 5 + 0 . 5 h  0.63.  

S p e c t r a l  (Pseudo R e l a t i v e  Ve loc i ty  ( P S R V )  p r e d i c t i o n s  f o r  
p lanning,  purposes  .can a l s o  be based on NTS exper ience  w i t h  
e q u i v a l e n t  y i e l d  c o n t a i n e d  d e t o n a t i o n s .  These p r e d i c t i o n s  
w i l l  be c o h s e r v a t i v e  a t  the s h o r t  p e r i o d  end of t h e  spectrum, 
u n l e s s  a  c o r r e c t i o n  f o r  t h e  shal low dep th  of b u r i a l  of the  ' 

c r a t e r i n g  d e t o n a t i o n  i s  i n c o r p o r a t e d .  This  f requency de-  
pendent  c o r r e c t i o n  (Muel ler  , ,1969)  y i e l d s  a m u l t i -  
p l i c a t i v e  c o n s t a n t  f o r  each fre 'quency. The magnitude of . t h e  
c o n s t a n t  i s  r e l a t e d  t o  t h e  r a t i o  of t h e  s c a l e d  dep th  of d e t -  
o n a t i o n  of t h e  e v e n t  under c o n s i d e r a t i o n .  t o  . ano the r  e v e n t  
( o r  set of e v e n t s )  a t  a  s t a n d a r d  s c a l e d  d e p t h  of b u r i a l . ,  
For c r a t e r i n g  d e t o n a t i o n s ,  t h e  c o r r e c t i o n  f o r  shal low dep th  
of b u r i a l  reduces t h e  l e v e l  of PSRV a t  t h e  s h o r t  p e r i o d  end 
of t h e  spectrum whi le  l e a v i n g  the .  l e v e l  a t  t h e  long p e r i o d  
end of t h e  spectrum e s s e n t i a l l y  unchanged. 



6 . 2  RECOMMENDATIONS FOR ADDITIONAL WORK 

. . 

Useful  phys ica l  i n s i g h t  i n t o  t h e  c h a r a c t e r i s ' t i c s  of ground 

motion of a  nuclear  c r a t e r i n g  de tona t ion  has  been ob ta ined  by t h e  

ana lyses  con ta ined  i n  t h i s  r e p o r t .  c ow ever; a d d i t i o n a l  d a t a  from 

c r a t e r i n g  de tona t ions  a r e  reqi i red  i n  o rder  t o  ex tend  s i g n i f i c a n t l y  

t h e  a b i l i t y  t o  p r e d i c t  a ccu ra t e ly  t h e  ground motion c h a r a c t e r i s t i c s  

of nuclear  c r a t e r i n g  de tona t i ons .  Future  Plowshare . excava t ion  
. , 

p r o j e c t s  (Yawl, S t u r t e v a n t ,  Phaeton,  e t c . )  w i l l  p rovide  t h e  b a s i c  

d a t a  needed t o  achieve t h i s  g q a l .  

S p e c i f i c  recommendations of f u t u r e  work i nc lude  t h e  fo l low-  
. . 

ing:  

1. Determine t h e  s i m i l a r i t i e s  and d i f f e r e n c e s  of  t h e  ampli- 
t ude  and frequency c h a r a c t e r i s t i c s  of ground mot.ion from 
c r a t e r i n g  and equ iva l en t  parameter con ta ined  de tona t i ons .  

2: P rocess  and compile a  r e p r e s e n t a t i v e  ground motion d a t a  
sample f o r  c r a t e r i n g  de tona t i ons  on. which t o  base  s t a -  
t i s t i c a l l y  d e r i v e d  peak amplitude ( a c c e l e r a t i o n ,  d i s p l a c e -  
m e n t ,  and v e l o c i t y )  and PSRV p r e d i c t i o n  equa t i ons .  

3 .  Determine t h e  experiment a1 and t h e o r e t i c a l  c o r r e l a t i o n  
between wave modes, peak ground motion,  and f requency 
dependent a m p l i f i c a t i o n  f o r  c r a t e r i n g  de tona t i ons .  

4 .  Determine' t h e  exper imenta l  and t h e o r e t i c a l  e f f e c t  of 
t h e  phys ica l  p r o p e r t i e s  of t h e ,  source  medium on f a c t o r s  
such a s  t h e  amplitude and frequency c h a r a c ' t e r i s t i c s ,  seis- 
mic energy e f f i c i e n c y ,  and wave mode genera t ion  of  c r a t e r -  
i n g  det 'onat ions .  



T h e s e  a c t i v i t i e s  w i l l  s i g n i f i c a n t l y  i m p r o v e  t h e  p h y s i c a l  b a s i s  

for  m a k i n g  p r e d i c k i o n s ; o f  g r o u n d  m o t i o n  f o r  f u t u r e  n u c l e a r  c r a t e r -  

i n g  d e t o n a t i o n s .  r:. 
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