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, FOREWORD 

This  Review is one of a s e r i e s  on t o p i c s  r e l e v a n t  t o  t h e  
Peacefu l  Uses of Nuclear Explosives  (PNE) prepared by AWRE under 
c:ontract t o  t h e  United Kingdom Atomic Energy Authori ty .  

The aim of  t h e  series is t o  provide a reasonably comprehensive 
review and some assessment of publ ished work, t o  i n d i c a t e  a r e a s  of 
u n c e r t a i n t y  and t o  provide  answers t o  some of t h e  ques t ions  l i k e l y  t o  
a r i s e  dur ing  t h e  i n i t i a l  cons ide ra t i on  of p o s s i b l e  PNE p r o j e c t s .  

The s e r i e s  comprises:- 
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damage 
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A. INTRODUCTION 

A l .  General  

I n  any underground explosion - chemical o r  nuc lear ,  contained 
o r  uncontained - most of t he  energy r e l eased  is  i r r e v e r s i b l y  t r a n s f e r r e d  
t o  t h e  e a r t h  o r  t h e  atmosphere i n  t h e  immediate neighbourhood of t he  
explosion po in t  a s  t he  divergent  shock wave does work on t h e  surrounding 
medium. This  g ives  r i s e  t o  such e f f e c t s  a s  ,vaporisat ion,  melt ing,  
crushing and f r a c t u r i n g  of rock and hea t ing  of t h e  atmosphere. 

'Eventual ly t h e  s t r e s s  l e v e l  i n  t h e  shock f r o n t  f a l l s  below 
the  e l a s t i c  l i m i t  and a t  g r e a t e r  d i s t ances  t h e  amplitude of t h e  stress 
wave a t t e n u a t e s ,  i n  accordance with t h e  c l a s s i c a l  theory of e l a s t i c i t y ,  
g iv ing  r i s e  t o  s e i smic  waves. These waves car ry  a r e l a t i v e l y  smal l  
p ropor t ion  of t h e  t o t a l  explosion energy, t y p i c a l l y  up t o  2 o r  3%. The 
a r r i v a l  of t hese  waves a t  any p a r t i c u l a r  su r f ace  po in t  g ives  rise t o  
t r a n s i e n t  motion gene ra l ly  r e f e r r e d  t o  a s  gtound motion. Depending on 
t h e  y i e l d  of t h e  explos ion  and t h e  proximity of t h e  s u r f a c e  p o i n t ,  t h e  
ground motion may g ive  rise t o  se i smic  damage i n  bu i ld ings  and o t h e r  
s t r u c t u r e s  o r  cause l a n d s l i d e s ,  r o c k f a l l s  and s i m i l a r  phenomena where 
the  topographical  condi t ions*are  appropr ia te .  

The s o c i a l  and economic consequences of s e i smic  damage a r e  a 
most important f a c t o r  i n  t h e  assessment of any l a r g e  s c a l e  explos ive  
engineering p r o j e c t .  I n  eva lua t ing  t h i s  f a c t o r  i t  is necessary t o  
cons ider  t h r e e  p r i n c i p a l  problems:- 

(1) The measurement and p red ic t ion  of ground motion r e s u l t i n g  
from explos ions .  

(2) The measurement and p red ic t ion  of t h e  se i smic  damage 
r e s u l t i n g  i n  s p e c i f i e d  s t r u c t u r e s  a s  a r e s u l t  of a  given 
ground motion - i n  s h o r t  t h e  s t r u c t u r a l  response. 

(3) The assessment and p r e d i c t i o n  of t h e  s o c i a l  and economic 
consequences of t h e  se i smic  damage r e s u l t i n g  from t h e  
explos ion(s )  . 
Natu ra l ly  t h e r e  is ground motion w i t h i n  the  i n e l a s t i c ,  

c lose- in reg ion  around the  explosion po in t  and t h i s  can cause very 
cons iderable  damage. The a r r i v a l  of s t r o n g  shock waves a t  t h e  ground 
s u r f a c e  o r  s t r a t a  boundaries can g ive  r i s e  t o  s p a l l i n g  - t h e  s p l i t t i n g  
of f  and a c c e l e r a t i o n  of s u r f a c e  material by r e f l e c t i o n  of t h e  outgoing 
shock wave. The p re sen t  review is not  concerned wi th  t h e s e  e f f e c t s  (nor  
wi th  ground motion induced by a i r  b l a s t )  but  t h e  reader  should be 
warned t h a t  t h e  l i t e r a t u r e  does not  always d i s t i n g u i s h  c l e a r l y  between 
ground motion i n  t h e  non-e las t ic  reg ion  (genera l ly  ou t s ide  t h e  hydrodynamic 
zone) and i n  t he  e l a s t i c  (seismic)  region.  

Notes on Terminology 

A v a r i e t y  of synonyms f o r  ground motion and se i smic  damage 
are t o  be found i n  t h e  l i t e r a t u r e  inc luding  t h e  following:- 



Ground Shock 

This term, o f t en  used as a synonym f o r  ground motion, is open 
t o  ob jec t ion  because ground mot on is not  necessa r i ly  a s soc ia t ed  wi th  a 
phys ica l  shock. True shock wave e f f e c t s  such a s  s p a l l i n g  a r e  experienced 

a much wider a rea .  

l 
only a t  po in t s  near  the  explos i  n bu t  ground motion is experienced over  0 

Ground Response, ~ a r t 4  Motion, Strong Motion, Seismic 
Disturbance, Seismic %t ion  

When used i n  connection wi th  underground explosions,  t hese  terms 
are o f t e n  synonymous wi th  groun motion although they may r e f e r  t o  
motions experienced beneath t h e  ground s u r f  ace ( p a r t i c u l a r l y  i n  the  
case  of s t r o n g  motion). I n  seis+logy s t rong  motion r e f e r s  t o  motioh 
which can be " f e l t "  without t h e  a i d  of instruments  such as seismomekers. 

Free-Field P a r t i c l e  ~ o ~ t i o n  

I Measures of maximum r q d i a l  components of p a r t i c l e  motions i n  
t h e  f i r s t  half-cycle o f ' t h e  s t r e ~ s s  wave from an explosion i n  a 
homogeneous medium of i n f i n i t e  e t e n t  a r e  termed f r ee - f i e ld  p a r t i c l k  P acce le ra t ions ,  v e l o c i t i e s  and displacements r e spec t ive ly  (Wh 68). ~ h e s e  
terms genera l ly  apply t o  t h e  non e l a s t i c  region and are defined h e r e  l only t o  avoid confusion when t h e  reader  consu l t s  t he  l i t e r a t u r e .  Any 
measurements approximating t o  f r ee - f i e ld  motion must be made below t h e  
ground su r face  i n  d i r e c t  l i n e  wiph t h e  source. 

Seismic E f f e c t s  1 
This term may r e f e r  to1 ground motion, seismic damage, o r  both.  

l 

Damage 

Damage t o  s t r u c t u r e s ,  a r t i c u l a r l y  bui ld ings ,  i s  sometimes 
d i s t ingu i shed  a s  a r c h i t e c t u r a l  ( u p e r f i c i a l )  which is a e s t h e t i c a l l y  
objec t ionable  ( f o r  example, p l a s  e r  cracking i n  houses) o r  s t r u c t u r  1 
when t h e  load  bear ing  capaci t ies1 of s t r u c t u r a l  elements a r e  s e r i o u s  y 
reduced o r  t o t a l l y  destroyed. ~ --+ 

S t r u c t u r a l  Response ~ , 
i 

It is important t o  d i s  between the  motion of any 
po in t  of a s t r u c t u r e  and t h a t  of on which i t  s tands .  The 
s t a t i c  and dynamic c h a r a c t e r i s t i  determine the 
s t r u c t u r a l  response - t he  r e s u l t  o r  damping of t h e  
ground motion which 9 lead t o  



B. THE MEASUREMENT OF GROUND MOTION 

B1. Seismic Waves - Nomenclature and C h a r a c t e r i s t i c s  

"P" (Primary) waves a r e  t h e  f i r s t  t o  a r r i v e  from t h e  c e n t r e  of 
t h e  dis turbance.  These a r e  long i tud ina l  e l a s t i c  "body" waves which 
t r a n s f e r  energy by o s c i l l a t o r y  p a r t i c l e  motion perpendicular  t o  t h e  
wavefront; they have a propagation ve loc i ty  varying from 1 t o  8 km/s 
near  the  e a r t h ' s  su r face  t o  about 13 kmls i n  t h e  i n t e r i o r  - t h e  
v e l o c i t i e s  depending on t h e  e l a s t i c  p rope r t i e s  of t h e  medium through 
which they t r a v e l .  

These a r e  followed by "S" (Secondary) waves which a r e  
t r ansve r se  body waves producing p a r t i c l e  motion t a n g e n t i a l  t o  t h e  
wavefront. These waves t r a v e l  a t  about 0.6 of t h e  v e l o c i t y  of t h e  
corresponding "P" waves. "S" waves may a l s o  be r e f e r r e d  t o  a s  "shear" 
waves, 

11 11 L (Love) waves a r e  ho r i zon ta l ly  po la r i sed  t r a n s v e r s e  
s u r f a c e  waves which t r a v e l  only wi th in  t h e  e a r t h ' s  c r u s t  a t  a maximum 
v e l o c i t y  of about 4.5 km/s. 

F i n a l l y ,  t h e r e  a r e  t h e  Rayleigh waves which a l s o  t r a v e l  nea r  
t h e  s u r f a c e  (though not confined t o  the  c rus t )  a t  a maximum v e l o c i t y  of 
about 4 km/s and cause p a r t i c l e s  t o  execute r e t rog rade  e l l i p t i c a l  motion. 

B2.  The Propagation of Seismic Waves 

The smal l  percentage of t h e  energy which is no t  absorbed a s  hea t  
and mechanical f r a c t u r i n g  i n  t h e  vicinitly of se ismic  even t s  is rad ia t ed  
a s  e l a s t i c  (seismic)  energy. The frequency bandwidth of t h e  s i g n a l  as 
recorded a t  a long d i s t a n c e  is t y p i c a l l y  1 t o  10-~ Hz, A t  nea r  d i s t ances  
s i g n a l s  up t o  102 Hz may be  observed. 

The i n t e r n a l  boundaries of t h e  e a r t h  s u b j e c t  t h e  se ismic  waves 
t o  r e f l e c t i o n s  and r e f r a c t i o n s  which a r e  governed approximately by t h e  
laws of geometr ical  o p t i c s .  Because of t h e  genera l  i nc rease  of v e l o c i t y  
with depth, t he  su r face  waves s u f f e r  d ispers ion;  t he  r e s u l t  is a smooth 
succession of waves, with the  longer  wavelengths a r r i v i n g  e a r l i e r  than 
the  s h o r t e r .  The na tu re  of such a complex s e r i e s  of o s c i l l a t i o n s  is  
con t ro l l ed  mainly by t h e  c l ~ a r a c t e r i s t i c s  of t h e  t ransmiss ion  pa ths  and 
only s l i g h t l y  by t h e  source of t h e  dis turbance.  A sharp  change i n  
v e l o c i t y  of body waves takes  p lace  a t  a depth of about 30 km under 
con t inen t s  and 10 km under oceans; t h i s  occurs  a t  a "layer" known a s  
t h e  Mohorovicic d i scon t inu i ty  (M),  A t  t h e  e l a s t i c  d i s c o n t i n u i t y  formed 
by t h e  M and a t  a c r i t i c a l  i nc iden t  angle,  determined by t h e  P v e l o c i t i e s  
on e i t h e r  s i d e  of t h e  M, nea r ly  a l l  t h e  energy from a source  wi th in  t h e  
c r u s t  is c a r r i e d  by a wave which is "ref rac ted"  along t h e  boundary wi th  
t h e  v e l o c i t y  of t he  deeper l a y e r .  The amplitude of t h e  wave is 
p ropor t iona l  t o  1 / ~ ~  with  an exponential  term which b r i n g s  t h e  n e t  
r e s u l t  c lose  t o  1 / ~ ~  ou t  t o  1000 km. A t  ranges less than 500 km, f i r s t  
motion amplitudes a r e  expected t o  be  l a r g e r  than a t  any g r e a t e r  range. 



B3. The Measurement of Seksmic Waves 

Seismic energy r ad ia tbs  t o  a l l  p a r t s  of t h e  e a r t h  and can be 
de tec ted  a t  t he  su r face  seismometers - and 
recorded a s  seismograms mechanical, o p t i c a l  o r  e l ec t ro -  
magnetic t ransducers  t h e  whole c o n s t i t u t i n g  a 
seismograph. For a of t h e  i n t e r i o r  of t h e  
e a r t h  determine the  t h e  amplitudes, and 
frequency s p e c t r a  requirement is a 
network of seismographs t o  amplitudes and 
frequencies  on a common 

B4. Seismic Noise 1 
i 

Seismic noise  may o r i  i n a t e  i n  t h e  immediate neighbourhood of 
the  s t a t i o n  and be due t o  rando inf luences  such as the  wind i n  the  t r e e s ,  
thermal stresses i n  bui ldings,  and domestic a c t i v i t y ,  o r  it 
may a r i s e  from remote sources - p a r t i c u l a r l y  from deep oceans; Local 
no i se  may be s i m i l a r  i n  charact  r t o  communications no i se  and can be 
minimised by c a r e f u l  choice and 4 arrangement of t h e  observat ion s i t e ,  bu t  
remotely generated no i se  w i l l  adpear a s  a d e f i n i t e  source of i n t e r f e r e n c e  
whose waves w i l l  have a charact  r i s t i c  propagation ve loc i ty .  Most of t h e  
i n t e r f e r e n c e  experienced o r i g i n q t e s  i n  the  oceans. I n  add i t ion  t o  the  
e f f e c t s  of cu r ren t s  and t i d a l  acltion, storms c r e a t e  sources of se ismic  
d is turbance ,  but  the  r e s u l t a n t  slignals from such sources have c e r t a i n  
c h a r a c t e r i s  t i c s  and a r e  frequent$y coherent.  

Earthquakes, and quarr  and mine b l a s t s ,  r a d i a t e  se ismic  r s i g n a l s  s i m i l a r  t o  those described f o r  explosions.  I n  the  context  of 
support ing measurements f o r  PNE Fhey a l s o  c o n s t i t u t e  an unwanted source 
of se ismic  noise. I 

l 
B5. The Generation of ~ e i s ( n i c  Waves by an Explosion 

When an underground ex  lo s ion  takes p lace  an i n t e n s e  pressure  
wave is generated and t h e  i n t e r a  t i o n  of t h i s  with the  surrounding 
medium is an extremely complex p ocess,  p a r t i c u l a r l y  a t  those pressure  
l e v e l s  where the  rock is being c ushed o r  cracked. However, t h e  pressure  
l e v e l  decays very r ap id ly  with d s tance  and t h e  s t a g e  is soon reached 
where the  medium behaves e s s e n t i  l l y  e l a s t i c a l l y ,  with t h e  consequence 
t h a t  its behaviour is amenable t 1 mathematical expression.  

I n  order  t o  avoid the  qomplicated region immediately around 
t h e  explosion poin t  i t  is t o  def ine  around the  shot  po in t  a 
s p h e r i c a l  su r face  whose simply by the  c r i t e r i o n  t h a t  
beyond t h a t  r ad ius  t h e  e l a s t i c a l l y .  

Experimental measureme ts of t h e  displacement a s  a funct ion  of 
t ime of t h i s  su r face  have been r ported from US underground s h o t s  i n  
s e v e r a l  media and, by combining 1 hese r e s u l t s  with p red ic t ions  based 
upon s c a l i n g  laws, a wide range cjf condit ions can be  t r e a t e d .  

The c h a r a c t e r i s t i c s  a r 4  a permanent displacement which is  
a t t a i n e d  a f t e r  an overshoot,  t he   time s c a l e  - eg, t h e  time t o  reach 



maximum displacement - and a c t u a l  displacements varying both wi th  t h e  
s i z e  of t h e  explosion and wi th  the  medium. The e s s e n t i a l  f e a t u r e s  of an 
explosion a r e  t h e  r a d i a l  symmetry, t h e  r e l a t i v e l y  simple and smooth 
v a r i a t i o n  of displacement with time, and the  absence of shea r  waves. 

B6. Applicat ion t o  PNE 

Measurements of ground motion f o r  PNE p r o j e c t s  are made i n  
t h r e e  d i s t i n c t  zones of t he  e l a s t i c  region:- 

(a )  A numerical technique c a l c u l a t e s  t h e  propagat ing stress 
f i e l d  and r e s u l t a n t  e f f e c t s  on the  medium surrounding t h e  
explos ive  source, using i n  s i t u  and labora tory  analyses of 
t h e  rock ma te r i a l s  and p red ic t ed  y i e l d  f o r  input  da ta .  Seismic 
coupling o r  e f f i c i e n c y  is  obtained by c a l c u l a t i n g  t h e  
displacement h i s t o r y  of a p a r t i c l e  i n  the  e l a s t i c  region;  i t  
is  expressed i n  terms of t h e  source funct ion  (reduced 
displacement p o t e n t i a l )  t h a t  determines t h e  displacement of a 
p a r t i c l e  a t  any poin t  i n  t h e  e l a s t i c  region,  The source 
funct ion  i s  a l s o  determined empi r i ca l ly  by measurements made 
wi th in  a few t ens  of meters of t h e  e l a s t i c  boundary surrounding 
t h e  source where t b e  e f f e c t s  of t ransmission a r e  minimal. An 
experimental es t imate  of y i e l d  is thereby obtained wi th  a 
p rec i s ion  of about 10%. A t  g r e a t e r  d i s t ances  from t h e  source  
co r rec t ions  f o r  t h e  propagation pa th  must be appl ied ,  and t h e  
u n c e r t a i n t i e s  involved reduce the  p rec i s ion  of y i e l d  e s t ima tes  
a t  b e s t  t o  about 30%. 

(b) Ground motion a t  a given l o c a t i o n  is,  among o t h e r  f a c t o r s ,  
a complex funct ion  of t he  geometry and phys ica l  p r o p e r t i e s  of 
t he  source t o  r ece ive r  path. Seismic waves a f f e c t i n g  t h e  
s u r f a c e  propagate through m a t e r i a l s  having, i n  genera l ,  l a r g e  
ho r i zon ta l  and v e r t i c a l  v a r i a t i o n s  i n  these  p r o p e r t i e s ,  Pre- 
shot  surveys cannot always be s u f f i c i e n t l y  p r e c i s e  i n  d e t a i l  
t o  permit accura te  p red ic t ions  t o  be made. Spec ia l ly  arranged 
measurements up t o  d i s t ances  of s e v e r a l  t ens  of k i lometres  
from t h e  source a r e  the re fo re  requi red  t o  compare observed 
wi th  ca l cu la t ed  ground motion, r e l a t e  them t o  damage c la ims  
and t o  en la rge  empir ica l  experience f o r  o the r  p r o j e c t s .  

(c)  A t  g r e a t e r  d i s t ances  (beyond the  range of poss ib l e  
se ismic  damage) se ismic  measurements provide supplementary 
d a t a  on y i e l d ,  and on t ransmission path c h a r a c t e r i s t i c s .  The 
l a t t e r  a r e  immediately u s e f u l  i f  f u r t h e r  explosions a r e  
planned f o r  t he  a rea .  I n  t h i s  case, temporary recording 
s t a t i o n s  t o  d i s t ances  of about l000 km would be  a charge on 
t h e  p ro jec t .  Normally measurement:s i n  t h i s  zone would be 
adequately covered by o the r  research  i n t e r e s t ,  and beyond 
1000 km any remaining requirements f o r  se ismic  d a t a  would be  
s a t i s f i e d  by t h e  permanent s t a t i o n s  of t h e  s tandard  network, 
High q u a l i t y  microfi lm copies  of recordings a r e  a v a i l a b l e  a t  
cos t  pr ice .  



One of t h e  more measurements t o  be cont r ibuted  by 
t h e  s tandard  network would se ismic  a c t i v i t y  when 
p r o j e c t s  t ake  p lace  i n  r e l e a s e  phenomena 
resembling normal explosions of 10  kton 
o r  more, but t h e  much sma l l e r  than 
those  of t h e  explosion. 

PNE Stimulat ion of ~ a r k h ~ u a k e s  and Tsunamis 
l 

The quest ion of whethe r not  l a r g e  explosions could t r i g g e r  
earthquakes l a r g e  enough t o  caus amage is s t i l l  con t rove r s i a l .  Only 
t h r e e  l a r g e  explosions have been tonated  i n  a high se ismic  area :  
Longshot 80 kton,  Milrow 1 Mton Cannikin 5 Mton, a l l  i n  Amchitka 
I s l and ,  Aleut ian Is lands .  No un 1 post-shot se ismic  a c t i v i t y  
followed. It could be demonstra t h e o r e t i c a l l y  t h a t  ear thquakes occur 
f r equen t ly  enough i n  h ighly  s e i  a r e a s  t o  provide adequate t r i g g e r i n g  
mechanisms, i f  they a r e  needed. a l l y ,  however, i f  they a r e  needed, 
t h e r e  is a f i n i t e ,  i f  small, p r  i l i t y  of PNE explosions i n  se ismic  
a r e a s  providing them. The f e a r s  u t  l a r g e  underground explosions 
being t h e  cause of earthquakes i s t a n t  seismic a r e a s  have been shown 
t o  be groundless.  I 

Seismic s e a  waves ( t s u  amis) occur where seismic a r e a s  border  
ocean deeps - a s  i n  the  case of he Aleut ian Is lands .  They a r e  generated 
by widespread and s t ep - l ike  chan e s  i n  the  l e v e l  of t h e  s e a  f l o o r ;  1 underground explosions could be e l d  respons ib le  only i f  they were 
respons ib le  f o r  ear thquakes whic cause t h e  sea-f loor  displacement.  i 



C. FACTORS AFFECTING GROUND MOTION 

A s  w i l l  be seen from Sect ions A and B the  ground motion 
observed a t  any rece iv ing  s t a t i o n  is a complex funct ion  of many 
va r i ab le s .  Some of these  w i l l  now be discussed i n  more d e t a i l .  

C l .  Variables  a t  t he  Explosion Point  

Commencing with the  explosive,  va r i ab le s  inc lude  the type of 
explos ive  (nuclear ,  chemical, type of chemical, e t c )  and i t s  y i e l d  ( t o t a l  
energy r e l e a s e ) .  Next t o  be considered is t h e  way i n  which t h e  explosion 
is presented,  and v a r i a b l e s  include the  phys ica l  ex ten t  of t h e  explos ive  
(po in t  o r  extended source) ,  t he  depth, whether i n  d i r e c t  contac t  with 
surrounding rock o r  f i r e d  i n  a cavi ty ;  and f i n a l l y  v a r i a b l e s  e x i s t  i n  
the  geology of the  surrounding medium. Broadly speaking these  parameters 
determine the  proport ion of t he  y i e l d  which is re leased  i n  t h e  form of 
e l a s t i c  waves; t he  f r a c t i o n  of t o t a l  energy r e l e a s e  converted i n t o  -- 
se ismic  energy is c a l l e d  the  se ismic  energy e f f i c i ency .  For the  same 
y i e l d  the  seismic energy e f f i c i e n c y  is gene ra l ly  g r e a t e r  f o r  chemical 
explos ives  than f o r  nuclear  explosives i n  c r a t e r i n g  explosions,  and 
probably a l s o  i n  contained explosions. The amount of seismic energy 
propagated from the  explosiop poin t  is  reduced when the  surrounding 
medium has a dry void content  (Sp 65, Sp 66) and i n  the  l i m i t  t h i s  can 
be represented  by a contained underground explosion made a t  t he  cen t r e  
of a l a r g e  s p h e r i c a l  cav i ty ,  when the  se ismic  energy e f f i c i e n c y  may be 
reduced by a f a c t o r  of s e v e r a l  hundreds. The phenomenon is known as 
decoupling, but  t h i s  is  not usua l ly  of importance i n  nuclear  explos ive  
engineering where maximum use of the  a v a i l a b l e  energy i s  sought.  

I t  was confirmed from the  Gasbuggy and Rulison experiments 
t h a t  the  se ismic  energy e f f i c i e n c y  inc reases  wi th  inc reas ing  explos ive  
emplacement depth, f o r  t h e  same y i e l d s  i n  a given medium, s o  t h a t  
c r a t e r i n g  explosions a r e  l i k e l y  t o  give r i s e  t o  l e a s t  ground motion. 
This  is confirmed by observat ion and by theory (Sect ion D4). 

The de r iva t ion  of se ismic  energy e f f i c i e n c i e s  f o r  underground 
nuclear  and chemical explosions has been discussed by a number of au thors .  
A good account is t h a t  by Mueller (Mu 69b) which conta ins  re ferences  t o  
e a r l i e r  work. He approximates the  explosion by a s p h e r i c a l l y  symmetric 
negat ive  exponential  pressure  funct ion  a c t i n g  at the  e l a s t i c  r ad ius  
( t h a t  r ad ius  beyond which the  medium responds e l a s t i c a l l y ) ,  c a l c u l a t e s  
t h e  e l a s t i c  wave motion caused by t h i s  input  and de r ives  t h e  se ismic  
energy i n  terms of the pressure ,  t he  e l a s t i c  r ad ius  and t h e  e l a s t i c  
cons tants  of t he  medium. The pressure  and e l a s t i c  r ad ius  a r e  derived 
from explosion da ta ,  inc luding  close-in f r e e - f i e l d  d a t a  and f a r - f i e l d  
se i smic  da ta .  Table C 1  g ives  values of se ismic  energy e f f i c i e n c i e s  
der ived  by Mueller and o t h e r s  f o r  r ep resen ta t ive  underground nuclear  
explosions.  The lower e f f i c i e n c i e s  from c r a t e r i n g  (Danny Boy, Sedan, 
Schooner) and decoupled ( S t e r l i n g )  events  a r e  c l e a r l y  demonstrated. A l l  
de r iva t ions  of se ismic  energy e f f i c i e n c i e s  involve c e r t a i n  approximations 
and some caut ion  is necessary i n  comparing values derived by d i f f e r e n t  
methods. For example, t he  very d i f f e r e n t  e f f i c i e n c i e s  f o r  Danny Boy and 
Boxcar seem d i f f i c u l t  t o  expla in  on sca led  d a t a  alone. There is  some 



1 TABLE C 1  

Seismic nergy Ef f i c i e n c i e s  

evidence t h a t  seismic energy elf f i c iency  increases  with y i e l d  a s  we l l  a s  
with depth of b u r i a l  although kiuel ler 's  method of c a l c u l a t i n g  se ismic  
energy e f f i c i ency  appears t o  
workers. 

! 
HE = High explosive (chemical) l 

give higher  values than obtained by o t h e r  

C2. Variables  Rela t ing  t d  the  Travel  Path 

The variables relat inlg t o  the  t r a v e l  path have been d iscussed  
i n  Sec t ion  B. 1 

Event 

Scooter  
(HE) 

Danny Boy 
Sedan 
Schooner 

Hardhat 

Shoal 

Handcar 

Benham 
Boxcar 

Gasbuggy 

Rulison 

Gnome 

Salmon 

S t e r l i n g  
(decoupled) 

C3,, Variables  Relat ing to)  t h e  Receiving S t a t i o n  

l 
I 

Yielf  , 
kto? 

l 

0 1 ~  
I 

0 42 
100 

35 ( 
l 

4i ,9 

l3I1 
12 I 

1100 1 
1200 1 

l 

29 ( 
40 

3.4 

5.3 

0 .;38 
l 
l 

Explosion 
Medium 

Alluvium 

Basa l t  
Alluvium 
Tuf f 

Grani te  

Granite  

Dolomite 

Tuf f 
Rhyoli te  

Lewis s h a l e  

Mesaverde s h a l e  

S a l t  

S a l t  

S a l t  

While peak ground d i s  lacements, v e l o c i t i e s  and a c c e l e r a t i o n s  
might reasonably be expected t o  depend pr imar i ly  on y i e l d  and s t r a t g h t -  
l i n e  d i s t ance  from the  explos io  t o  t h e  rece iv ing  s t a t i o n ,  i t  is a f a c t  
t h a t  considerable v a r i a t i o n s  a r  experienced at equ id i s t an t  s t a t i o n s .  I n  
p a r t i c u l a r ,  rece iv ing  s t a t i o n s  i t u a t e d  on alluvium and o the r  loose ly  
packed ma te r i a l s  experience con iderably  s t ronge r  ground motion than 
s t a t i o n s  on hard rock, due t o  1 c a l  ampl i f ica t ion  of t h e  incoming se ismic  
waves. 

l I 

Scaled Depth 
of Bur i a l  
f t /k tonl / ;  

152 

147 
137 
107 

553 

519 

577 

467 
359 

1380 

2469 

787 

1552 

3751 

-- 

Seismic 
Energy 

Eff ic iency ,  X 

0.80 

0.35 
0.06 
0.32 

1 ;:i5 
::; 
0.3 [ 2.01 
4.2 
3.4 

I :::" 
3.3 

2.2 

[ E7 
0.0084 
0.019 

Ref e rence 

M i  63 

Lo 64 
M i  63 
Mu 69b 

M i  67 
Tr 66 
Mu 69b 
T r  66 
M i  64 
Pe 69 
Fo 70, Mu 69b 
Fo 70, Mu 69b 

Pe 69 
Fo 70 
Fo 70 

Ca 62b 
Mu 67 
Mu 69b 
Mu 69b 
Pe 68 



D.  ANALYSIS AND PREDICTION OF GROUND MOTION 

In t roduct ion  

I n  cha rac t e r i z ing  ground motion a s  d i s t i n c t  from any 
r e s u l t i n g  damage i t  is a n a t u r a l  f i r s t  s t e p  t o  cons ider  q u a n t i t i e s  
which a r e  e i t h e r  d i r e c t l y  measurable o r  a r e  e a s i l y  de r ivab le  from 
measurements. The main parameters of i n t e r e s t  are:- 

/ Peak p a r t i c l e  displacement 

Peak p a r t i c l e  v e l o c i t y  

Peak p a r t i c l e  a c c e l e r a t i o n  

I Frequency content  of ground motion 

L a t e r  work has concentrated c h i e f l y  on derived func t ions  t h a t  can be 
more e a s i l y  c o r r e l a t e d  wi th  bu i ld ing  damage (Sect ions D9 t o  D15) and 
only  an o u t l i n e  of t he  e a r l y  work w i l l  be given here.  

l D2. Formulae f o r  S e i s q i c  Peak Amplitudes 

The most ex tens ive  a n a l y s i s  of se i smic  peak amplitudes 
appears  t o  be t h a t  by Murphy and Lahoud (Mu 69a).  This  uses  d a t a  f o r  
99 underground nuclear  explosions (98 a t  t he  Nevada Tes t  S i t e  t oge the r  
w i th  t h e  F a u l t l e s s  event  i n  c e n t r a l  Nevada) with y i e l d s  ranging between 
1 and 1200 kton and source-to-stat ion d i s t ances  between 0.25 and 600 km. 
I n  t h e  case  of f r e e - f i e l d  ( r a d i a l )  motion dimensional a n a l y s i s  l e a d s  t o  
r e l a t i o n s  i n  t h e  form 

where d, v  and a a r e  peak displacement,  v e l o c i t y  and acce l e ra t ion ,  W i s  
t h e  y i e l d  and R is t h e  d i s t ance .  It is poss ib l e  t o  ana lyse  t h e  d a t a  
us ing  power law forms f o r  t h e  func t ions  f l ,  f 2  and £3, and t h i s  was 
done i n  much of t he  e a r l y  work, but  t he  exponents a r e  only cons tan t  
over  very l i m i t e d  reg ions  of s ca l ed  ranges. Moreover, t hese  cube-root 
s c a l i n g  laws f a i l  once s u r f a c e  ( r e f l e c t i o n )  e f f e c t s  i n t roduce  
c h a r a c t e r i s t i c  lengths  which do not  s c a l e  wi th  y i e l d .  Because of 
t h e s e  l i m i t a t i o n s  i t  is now usua l  t o  analyse peak amplitudes i n  terms 
of t h e  func t iona l  r e l a t i o n s h i p  

A is  t h e  peak amplitude whi le  K, m and n a r e  cons tan ts .  The r e s u l t s  of 
Murphy and Lahoud's a n a l y s i s  a r e  shown i n  t a b l e  D1. The p r e s e n t a t i o n  
r e f l e c t s  t h e  f a c t  t h a t  a f t e r  y i e l d  and d i s t ance  t h e  most s i g n i f i c a n t  
cause of v a r i a t i o n  is  the  type of geologica l  medium a t  t he  r ece iv ing  
s t a t i o n  (Da 67). The r eg re s s ion  a n a l y s i s  is made i n  l oga r i thmic  space 
s o  t h a t  t he  s tandard  e r r o r s  a r e  percentage e r r o r s .  The f i t s  t o  d a t a  
from events  wi th  y i e l d s  exceeding 200 kton a r e  very l i t t l e  d i f f e r e n t  from 
those  f o r  a l l  events ,  i n d i c a t i n g  t h a t  t h e  exponents show no s u b s t a n t i a l  
y i e l d  dependence. 



1 TABLE D 1  i -  

Regression ~ q u a t i o n s  fo r  Peak Amplitudes, 
ContainedNuclear Explosions 

*The u n i t s  of acce le ra t ion  (a),  ve loc i ty  ("1 and displacement (d) a r e  g, cm/s and cm, 
r e spec t ive ly ;  R is the  d i s t ance  i n  kilomktres and W i s  the  y i e l d  i n  ktnn, 

A s  f a r  a s  the  Nevada Te t S i t e  is concerned and f o r  
predic t ions  i n  s imi la r  geological  s i t u a t i o n s  the  formulae of t a b l e  D 1  
a r e  probably the  bes t  avai lable ,  uperseding those of Davis (Da 65a) and l other  workers mentioned i n  Murphy and Lahoud's paper. However, i t  should 
be noted t h a t  considerably d i f f e r  n t  values of K, m and n may lead t o  
d a t a  f i t s  which a r e  almost a s  goo a s  those of Murphy and Lahoud (Mu 69a), 
p a r t i c u l a r l y  when the  l a rge  value 1 of the  (mul t ip l ica t ive)  standard 
e r r o r s  a r e  considered. For example, Cloud and Carder (C1 69) f ind  

Type of Motion 

Acceleration 

Velocity 

Displacement 

a - 1.6 X 10-I w0*t5 R - ~  g D-S 

Sta t ion  

To ta l  

Alluvium 

Hardrock  

Total  

Alluvium 

Hard rock 

To ta l  

~ l l u v i u m  

Hard rock 

d = R - ~  * 7 3  (hard rock receiving s t a t i o n )  D-6 
C+ 

= 3 R - ~ * ~ ~  c m  (deep alluvium receiving D-7 1 s t a t i o n )  

Standard 
Error of 
Estimate 

0 - 2.33 

0 - 2 . 1 3  

0 . 2 . 5 4  

0 = 2.13 

0 = 1.97 

0 2.42 

o = 2.29 

o = 2.20 

0 2.19 

Number of 
Data Points 

N 1207 

N.819 

N.388 

N = 509 

N 400 

N 109 

N = 1072 

N 767 

N = 305 

Equations: (iA = K W ~ R - ~  

i n  an' analys is  covering events wibh y ie lds  from a few tons up t o  a 
megaton. 1 

95% Confidence 
I n t e r v a l s  on 
Exponents 

n + 0.034 

m t 0.038 

n t 0 . 0 5 0  

m + 0.078 

n t 0 . 0 4 4  

m t 0.050 

n + 0.044 

m 0.050 

n + 0.046 

m t 0.050 

n i 0.062 

m + 0.140 

n + 0.034 

m + 0.042 

n t 0.040 

m t 0.044 

n t 0.060 

m t 0.082 

a = 1.09 X 

I n  attempting t o  separa#e t h e  e f f e c t s  of t h e  explosion medium 
and geology a t  t h e  receiving s ta t4on Power* (PO 67c) writes t h e  constant 
K of equation D-4 i n  t h e  form 

~ o T ~ w ~ ~ ~ R - ~ ' ~ ~  

*See a l s o  Kn 69, page 229. 
l 

l 
I"' f" ;". 

1 6: 1% :'-i z") ;:, ... . m 

i ;60p&.),a,23 1 

a = 9 . 0 0 ~ 1 0 ~ W ' 6 2 4 R - 1 ' 3 6  

l 

a= l .17r10]1W'656R-1 '68  

l 
v W 4.92 X ~ o ~ w ' ~ ~ ~ R - " ~ ~  

l 

v  - 5.10 X ~ o ~ w ' ~ ~ ~ R - ~ * ~ ~  

v - 3.36 X 

l 

d = 4.19 x ~ o ~ ~ w ' ~ ~ ~ R - ~ ' ~ ~  

d = 4.49 X 
~ o - ~ w * ~ ~ ~ R - ~ * ~ ~  

d = 3.78 X ~ o - ~ ~ w ' ~ ~ ~ R - ~ ~ ~ ~  

l 



K = L s K '  , 

where K'  is another  cons tan t ,  
L is t h e  l o c a l  geology response f a c t o r ,  
S is t h e  source coupling e f f i c i ency .  

Values of R a r e  3.0 t o  3.4 a t  alluvium rece iv ing  s t a t i o n s  as 
compared t o  1.0 a t  hard rock s t a t i o n s ,  while  r e l a t i v e  source coupl ings ,  S ,  

a r e  c a l c u l a t e d  us ing  curves f o r  "b" displacernents of P-waves c a l c u l a t e d  by 
Spr inger  ( f i g u r e s  6 and 7 of Sp 65 o r  Sp 66). Power's s p e c i f i c  purpose 
was t h e  c a l c u l a t i o n  of peak p a r t i c l e  v e l o c i t i e s  f o r  y i e l d s  of 1 Mton, The 
maximum v a r i a t i o n  i n  K as  L and s vary is about 100. 

D3. Frequency Spec t r a  

The frequency s p e c t r a  of ground motion a r e  perhaps most 
convenient ly considered by means of response ana lyses .  Since these  
ana lyses  a r e  of importance i n  determining s t r u c t u r a l  response and seismic 
damage they are considered s e p a r a t e l y  i n  s e c t i o n  D9 t o  D15 and t h e  
p re sen t  d i scuss ion  is  l imi t ed  t o  a few genera l  remarks, 

Considering i d e a l i e e d  seismograms composed of harmonic 
components, i t  is c l e a r  t h a t  peak p a r t i c l e  v e l o c i t i e s  occur a t  lower 
f requencies  than peak p a r t i c l e  a c c e l e r a t i o n s ,  while  peak p a r t i c l e  
displacements  occur a t  s t i l l  lower f requencies  (Mu 69a). S ince  t h e r e  is  
experimental  and t h e o r e t i c a l  evidence (MO 64, Mu 70a) t h a t  t he  amplitude 
of low frequency components i nc reases  more r a p i d l y  with y i e l d  than h igh  
frequency components, i t  is not  unexpected t o  f i n d  from t a b l e  D 1  t h a t  
:y ie ld  exponents i nc rease  i n  magnitude i n  t h e  o rde r  acce lera t ion-ve loc i ty-  
displacement.  Again the re  is experimental  (Ca 62a, Ly 69a, Ly 69b) and 
t h e o r e t i c a l  (Ew 57) evidence t h a t  high frequency components decay more 
r ap id ly  wi th  d i s t a n c e  than low frequency components and t h i s  exp la ins  
why t h e  abso lu t e  va lue  of t h e  d i s t a n c e  exponents i n  t a b l e  D 1  decreases  
from a c c e l e r a t i o n  t o  v e l o c i t y  t o  displacement.  Low frequency components 
a r e  enhanced r e l a t i v e  t o  h igh  frequency components by going t o  h ighe r  
.y ie lds  and g r e a t e r  d i s t ances .  These simple q u a l i t a t i v e  r e s u l t s  go f a r  t o  
expla in  observed va lues  of peak ground motion - acce l e ra t ion ,  v e l o c i t y  
.and displacement; they a r e  convenient ly summarised i n  t a b l e  D2.  

TABLE D2 

Qualitative Dependence of Ground Motion on Frequencr 
Content of Seismic Waves 

*See discussion in Section D*. 

High Frequencies 
(say > 10 Hz) 

Relatively reduced 

Still greater attenuation 

Relatively enhanced 

Acceleration peaks 

Variation 

Increased yield 

Increased range 

Greater depth 
of explosion* 

Important 
component of 
ground motion 

Low Frequencies 
(say < 2 Hz) 

Relatively enhanced 

Attenuation 

Relatively reduced 

Displacement peaks 

Moderate Frequencies 
(say 2 to 10 He) 

Greater attenuation 

Velocity peaks 



D4. Theore t ica l  Analyses 
l 

Many t h e o r e t i c a l  examipations of se ismic  wave propagation 
represent  t h e  source a s  a sphe r ika l ly  symmetric pressure  funct ion  at$tinp, 
a t  an e l a s t i c  rad ius  from t h e  ex lo s ion ,  beyond which t h e  medium bebaves 
e l a s t i c a l l y .  A f a i r l y  recent  exa p l e  is t h a t  of Mueller and Murphy 
(Mu 70a). They concent ra te  on CO paring observat ions a t  a common d i e t a n t  i r ece iv ing  s t a t i o n  from two nearby events  and the re fo re  a r e  ab le  t o  
e l iminate  the  t ransmission funct  on (approximately equal i n  the  two 
cases)  descr ib ing  t r a n s f e r  of s e  smic energy from t h e  source t o  t h e  f 
rece iv ing  s t a t i o n .  There f o l l o w s l a  widely app l i cab le  genera l  t h e o r y f o r  
the  s c a l i n g  of ground motions re u l t i n g  from underground nuclear  
explosions.  Amongst t h e  p r e d i c t i  n s  of t h e  theory are:- ! 

(a) An increase  i n  t h  dominant frequency and peak ground 
acce le ra t ion  with dept I of b u r i a l  of t h e  explos ive  s o  thau 
c r a t e r i n g  explosions g{ve r a t h e r  weaker peak ground 
acce le ra t ion  than t y p i  a 1  contained explos ions ,  while  
"overburied" explosion 9 such a s  Gasbuggy and Rulison give 
s t ronge r  peak ground aqce lera t ion .  I 

l 

(b) Frequency dependedt exponents f o r  t h e  v a r i a t i o n  of 
ground motion with y i e l d  typ ica l ly  range from 0.90 a t  
high frequencies  t o  0.45 a t  low frequencies .  

(c) Yield s c a l i n g  expdnents a s  a funct ion  of frequency wdich 
agree reasonably wel l  i t h  those derived from a s t a t i s t i c 4 1  
ana lys i s  of pseudo-re1 d t i v e  v e l o c i t y  d a t a  from nuclear  
detonat ions a t  the  Nevqda t e s t  s i t e .  

(d) Yield s c a l i n g  expdnents f o r  peak p a r t i c l e  vec to r  
a c c e l e r a t  ions  (0.53) add displacements (0.76) which agree  
reasonably wel l  with those given i n  t a b l e  D 1  (same sca led  
depth of b u r i a l ) ,  l 

(e )  Depth of b u r i a l  s d a l i n g  exponents f o r  peak p a r t i c l e  
vec to r  acce le ra t ions  add displacements of +0.58 and -0.33 l 

respect ively:-  I 

l 

( f )  Ground motion v a l  e s  f o r  Gasbuggy and Rulison der ived  by 

observat ion.  
s c a l i n g  Nevada Test  d a t a  which agree f a i r l y  w e l l  with, 

Free-Field Motions 

Although t h i s  review is not  concerned wi th  f r ee - f i e ld  
p a r t i c l e  motions a s  such, i t  is of i n t e r e s t  t o  know t h e  ranges wi th in  



which t h e  concept of f r ee - f i e ld  motion is v a l i d .  Relevant information 
has been c o l l e c t e d  by Wheeler and Pres ton  (Wh 68) and analysed using 
formulae D - l ,  D-2 and D-3. I n  alluvium formu a D-3 holds  f o r  R / w ~ / ~  < 
175 f t /k ton113;  between 175 and 420 f t l k t o n l  t h e  peak p a r t i c l e  a c c e l e r a t i o n  
a r i s e s  from t h e  e l a s t i c  precursor  t o  the  main s t r e s s  wave and a = KWoo4 
R - I - ~ .  For peak v e l o c i t i e s  and displacement a change i n  s lope  occurs  a t  
a d i s t a n c e  of 350 f t /kton113.  General y speaking, d a t a  a r e  a v a i l a b l e  up t o  
ranges between 2000 and 4000 f t l k t o n 1 j 3  i n  seve ra l  media. A t  g r e a t e r  
d i s t ances  i t  is t h e  peak displacement which most c lose ly  fol lows a 
f r e e - f i e l d  s c a l i n g  law (Ad 61, Mu 69a), a f a c t  which is  cons i s t en t  wi th  
t h e  r e l a t i v e  i n s e n s i t i v i t y  of long wavelengths (low frequencies)  i n  
inhomogeneities i n  t h e  medium and t h e  tendency of  peak displacement t o  
occur a t  low frequencies .  For t h e  same reason peak v e l o c i t y  follows t h e  
cube r o o t  s c a l i n g  law more near ly  than peak acce le ra t ion .  

D6. Chemical and Nuclear Explosions 

A po in t  of some i n t e r e s t  is  the  comparison of ground motion 
from chemical and nuclear  exglosions. Although no comprehensive theory 
appears  t o  e x i s t  t h e r e  is a c e r t a i n  amount of empir ica l  information. 
Most of t h e  chemical explosives d a t a  a r e  f o r  c r a t e r i n g  explosions;  t h e r e  
have been few completely contained chemical explosions.  

Mickey (Mi 63, page 19) computes se ismic  energy e f f i c i e n c i e s  
f o r  Scooter  and Danny Boy, r e spec t ive ly  chemical and nuclear  explos ive  
c r a t e r i n g  events  with nea r ly  equiva lent  y i e l d s  a t  t h e  same sca led  depth. 
The r e s u l t s  (0.8 and 0.21% respec t ive ly)  suggest  t h a t  coupling is about 
four  t i m e s  g r e a t e r  than i n  t h e  nuclear  case ,  p a r t i c u l a r l y  s i n c e  Danny 
Boy w a s  f i r e d  i n  b a s a l t  which perhaps would be expected (Sp 65, Sp 66) 
t o  produce g r e a t e r  coupling than the  alluvium of t h e  Scooter  s i t e .  
Pasechnik e t  al .  (Pa 60) est imated t h a t  nuc lea r  explosions produce 
t o  of t h e  se ismic  energy of high explos ive  c r a t e r i n g  de tonat ions  
with t h e  same y i e l d .  

A s e r i e s  of chemical explosions i n  t h e  180 t o  6200 l b  range,  
f i r e d  p r i o r  t o  Gnome, produced h igher  f requencies ,  lower displacements 
and h igher  a c c e l e r a t i o n s  than expected from p red ic t ions  based on h igher  
y i e l d  events  (Ca 62a, Ca 62b, SW 62). 

A prel iminary t o  t h e  Rain ier  1.7 kton underground nuclear  
explosion se i smic  measurements was a completely contained 50 ton high 
explosive de tonat ion  on which se ismic  measurements were made. The 
derived p r e d i c t i v e  formula genera l ly  overest imated t h e  close-in,  

s ~ t r o n g  motion from Ra in ie r  measured by Carder and Cloud ( ~ a  59) and provides 
Ziome evidence t h a t  contained chemical explosions g ive  l a r g e r  ground motion 
than nuc lea r  explosions o t  the same y ie ld .  The formula a l s o  over- 
es t imated  t h e  y i e l d  of a 125 ton  high explos ive  c r a t e r i n g  experiment 
bu t  t h i s  can be explained on t h e  b a s i s  t h a t  ground motion e f f e c t s  
i nc rease  a s  t h e  emplacement depth is increased.  



Data f o r  Contained Ejtplosions i n  Media o the r  than Tuff dnd 
Alluvium and of f  NTS' 

For PNE app l i ca t ions  i t  w i l l  be necessary t o  t ake  i n t o  account 
var ious  geologica l  environment4 and i t  is u s e f u l  t o  cons ider  the  
fol lowing d a t a  (most of t h e  NT$ measurements a r e  f o r  explosions iri 
alluvium o r  t u f f ,  with a few i n  g ran i t e ,  r h y o l i t e ,  dolomite and 
limes tone) : - 

Explosions i n  S a l t  
l 

Data a r e  a v a i l a b l e  fqom t h e  high explosive Cowboy experqments 
and from the  nuclear  explosive  gnome (Ca 62b, SW 62) and Salmon (Be 65, 
M i  67) events  ( inc luding  p r e l i a i n a r y  experiments with high explos ives) .  
Data from the  decoupled S t e r l i l g  event (Da 68) a r e  not  d i r e c t l y  
app l i cab le  but  may be used t o  qer ive  y i e l d  s c a l i n g  f a c t o r s .  On the  
b a s i s  of s o  few events  t he  b e s t  p r e d i c t i v e  equat ions t h a t  can be 
derived a r e  (Da 68) :- 

d P 1.05 X l o O  w0*87 R-1-60 cm. b-13 

These formulae, which obey cube roo t  s c a l i n g  l a w s ,  do not  al low f o r  
a l l u v i a l  ampl i f i ca t ion  a t  t he  rkceiving s t a t i o n ,  nor do they take 
account of t h e  d i f f e r e n t  frequebcy content of t h e  se ismic  energy £tom 
t h e  events  on salt .  They do givp higher  values of a ,  v and d than the  
genera l  formulae of t a b l e  D1.  

Explosions i n  Grani te  

Explosions i n  g r a n i t e  include Shoal, Hardhat, P i l e d r i v e r  and 
t h e  French nuclear  explosions i P  t h e  Hoggar massif of t h e  Sahara. bf 
t h e  American explosions,  detai led-ground motion r e s u l t s  seem t o  have 
been published only f o r  Shoal (ge 64),  t h e  r a d i a l  exponent having 
va lues  -1.85, -2.00 and -1.55 f b r  peak acce le ra t ion ,  v e l o c i t y  and 
displacement respec t ive ly .  For bahara g r a n i t e  Guerr in i  and Garnier  1 
(Gu 69) give formulae based on tube root  s c a l i n g  f o r  s c a l e d  ranges up 
t o  1 k m ~ k t o n l / ~ : -  

d 1 0 . 2  ~ 0 ' 8  ~ - l ? 4 0  cm-  + 40% 
- 30% 

A t  d i s t ances  between 15 and 50 km t h e  peak v e l o c i t y  is  
given by (Fe 70a, Fe 70b):- 



f o r  W l e s s  than 20 kton. 

f o r  W g r e a t e r  than 20 kton. 

The French r e s u l t s  suggest  t h a t  f o r  a given energy, ground 
motion induced is lower f o r  explosions i n  t u f f ,  and lower s t i l l  f o r  
explosions i n  alluvium. 

Explosions i n  Dolomite 

Data a r e  ava i l ab le  only f o r  t he  12 + 1 kton Handcar event  (En 
68, M i  65). 

Explosions i n  ~andstone/Shale/Siltstone 

Data from the  Gasbuggy and Rulison experiments a r e  important 
i n  t h a t  they r e f e r  t o  a furth:r explosion medium and t o  much g r e a t e r  
("overburied") depths than most o the r  ava i l ab le  data .  Resul t s  from the  
Rio Blanco sho t  (17 May 1973) a r e  not y e t  ava i l ab le .  

Experimental d a t a  f o r  Gasbuggy have been repor ted  by t h r e e  
groups of workers (Na 68, Fo 69, Pe 69).  P red ic t ions  were based on the  
formulae derived by Davis (Da 65) f o r  t he  Pahute mesa modified by a 
m u l t i p l i c a t i v e  f a c t o r  of 4 i n  the  case of peak su r face  p a r t i c l e  
displacement.  These formulae l e d  t o  general  underpredict ion of peak 
vec to r  acce le ra t ion  and overpredic t ion  of vec tor  displacement,  with peak 
vec tor  ve loc i ty  reasonably w e l l  p redic ted .  Departures from NTS experience 
can be broadly accounted f o r  by the  seismic spectrum s c a l i n g  theory of 
Mueller and Murphy (Mu 70a) . 

The ground motion experienced a t  Rulison has been summarised 
bly Loux (Lo 70). Data a r e  reported by t h e  Environmental Research 
Clorporation (En 69) and by Navarro and Wuollet (Na 70). Foote e t  a l .  
(Fo 70) give a comprehensive ana lys is .  Again t h e  g r e a t  depth o f  b u r i a l  
enhances high frequency seismic motion giving h igher  v e l o c i t i e s  and 
s t i l l  h igher  acce le ra t ions  f o r  the  same y i e l d  than experienced a t  t h e  
Nevada Test S i t e  o r  even a t  Gasbuggy. Predic t ions  f o r  Rulison (We 69) 
were obtained by s c a l i n g  Gasbuggy r e s u l t s  with y i e l d  according t o  t h e  
exponential  dependence determined a t  t he  Nevada Tes t  S i t e  (see t a b l e  ~ 1 ) .  
The post-shot ana lys i s  (Fo 70) showed:- 

(a) Good agreement between predic ted  and observed peak 
p a r t i c l e  v e l o c i t i e s  and displacements,  bu t  peak p a r t i c l e  
acce le ra t ions  s l i g h t l y  higher  than predic ted .  

(b) Accelerat ions and v e l o c i t i e s  s i g n i f i c a n t l y  i n  excess of 
those  expected on NTS experience a lone ,  but  displacements some 
20% l e s s  a t  10 km. 

(c )  Improved p red ic t ions  when Gasbuggy d a t a  a r e  sca l ed  f o r  
y i e l d  emplacement depth (8625 f t  at  Rulison, 4240 f t  a t  
Gasbuggy1 , 



a l l  of which can be l a r g e l y ,  b t no t  completely,  explained on t h e  b a s i s  
of s e i smic  s c a l i n g  theory (Mu f Oa) a s  due t o  t h e  g r e a t e r  depth of b u r i a l  
and t h e  increased  se i smic  ene r  y e f f i c i e n c y  ( see  t a b l e  D1) of t h e ' d e n s e  
sedimentary formations i n  whict  Casbuggy and Rulison were explodei .  The 
r e p o r t  by Foote e t  a l .  (Fo 70) d i s c u s s e s  p r e d i c t i o n s  of peak p a r t i c l e  
motion f o r  o t h e r  y i e l d s  and em4lacement depths i n  media s i m i l a r  t o  those  
a t  Gasbuggy and Rulison. These p red ic t ions  a r e  given i n  d e t a i l  by Whipple 
and Williams (Wh 70) f o r  y i e l d  of 40, 80 and 120 kton and depths of b u r i a l  
of 4000, (2000) and 12000 f t .  he s c a l i n g  f a c t o r s  appl ied  t o  hard lrock 
observed va lues  from Rulison f d r  peak displacements and acce l e ra t sons  
a r e  those  of equat ions D-9 and D-10 r e spec t ive ly ,  a l though t h e  exp,onent 
of 0.33 f o r  y i e l d  i n  D-10 is prjobably too low ( see  t a b l e  D1) . The 
s c a l i n g  f a c t o r  f o r  peak v e l o c i t y  i s  derived from those applying to1 
pseudo-relat ive v e l o c i t y  ( see  s e c t i o n  D10). 

D8. Cra t e r ing  Explosions 

Data a r e  a v a i l a b l e  from a cons iderable  number of h igh  
explos ive  experiments and from s i x  nuc lea r  explos ions ;  re ferences  f o r  
t he  l a t t e r  a r e  given i n  t a b l e    b. 

TABLE D3 
l 

Ground Motion Datq f o r  Nuclear Cra t e r ing  Events 

I n  c r a t e r i n g  events  t e dominant se i smic  energy s h i f t s  t o  7 lower f requencies  a s  compared ~ 4 t h  contained (more deeply buried)  
events .  A s  expected from t a b l e  D2, peak v e l o c i t i e s  and a c c e l e r a t i o d s  a r e  
lower than  i n  contained events  df t h e  same y i e l d .  Over and above the  
spectrum change i t  appears (Mu 7Oa) t h a t  c r a t e r i n g  explos ions  prodyce 
less ground motion than contained explosions of t h e  same y i e l d .  Thils is  
reasonable i n  t h a t  as  t h e  scaled]  depth decreases  s o  should t h e  s e i s p i c  
energy e f f i c i e n c y  of t h e  explosipn (Mu 69b); t h a t  t h i s  i s  g e n e r a l l y  t h e  
case  can be  seen  from t a b l e  Cl. Other r e s u l t s  from c r a t e r i n g  explosions 
are:- 

,' 

(a) The p r e d i c t i v e  f o b u l a e  of t a b l e  D 1  g ive  conserva t ive  
va lues  of peak ground o t i o n  f o r  c r a t e r i n g  even t s  a t  NTS and 
i t  seems l i k e l y  t h a t  t 1 is  would be t r u e  f o r  p r e d i c t i v e  f o b u l a e  
f o r  contained explos iohs  appl ied  t o  c r a t e r i n g  explosions kit 
sites away from NTS. 

l 

1 

Event 

Danny Boy 

Sedan 

Palanquin 

Cabr io l e t  

Buggy 

Schooner 

Date 

5.3.62 

6.7.62 

14.4.65 

26.1.68 

12.3.68 

8.12.68 1 

l 

Y ield,  
kton 

l 

0.42 

BOO 

4.3 

2.3 

5 x l . 1  (row) 

35 
I 

Medium 

Basa l t  

Alluvium 

Rhyol i te  

Rhyol i te  

Basa l t  

Tuf f  

Re£ erences  

Lo 64 

M i  63  

Da 65b 

K 1 6 9  

Ca 69 

Ha 69 



(b) The p red ic t ive  equations (K1 69) shown i n  t a b l e  D4, based 
on analys is  of da ta  from Danny Boy, Sedan, Palanquin and 
Cabr io le t ,  gave reasonable predic t ions  f o r  Schooner. 

TABLE D4 

Regression Equations f o r  Peak Amplitudes, Cratering Nuclear Explosions 

Units of accelera t ion  veloci ty  and displacement a r e  g,  
cm/s and cm respect ive ly ;  R is i n  km and W i n  kton. 

Type of Motion 

Acceleration 

Velocity 

Displacement 

- 

These equations should be used with caution s ince  they a r e  
based on so  few da ta  points .  

(c) The peak ground motion from a row charge explosion ( f o r  
example, Buggy) of n t i m e s  W kton is intermediate between, 
but c lose r  t o ,  t h a t  from a s ing le  explosion of W kton than t o  
t h a t  from a s i n g l e  explosion of nW kton (Ca 69). Moreover, a t  
Buggy there  were no measurable azimuthal asymmetries i n  
the  seismic data. 

S ta t ion  Media 

Alluvium 

Hard rock 

Alluvium 

Hard rock 

Alluvium 

Hard rock 
1 

119 . The Concept of Spect ra l  Response Functions 

Peak values of the  ground ( p a r t i c l e )  accelera t ion ,  ve loc i ty  and 
displacement a r e  of considerable value i n  charac ter is ing  ground motion,. 
but  f o r  es t imat ions  of damage t h e  response of s t r u c t u r e s  must be 
considered. The ground motion i t s e l f  is measured with seismometers 
having non-uniform response t o  frequency and which a r e  sub jec t  t o  noise.  
Ikom the  seismograph records, corrected a s  f a r  a s  poss ib le  f o r  instrument 
response and noise,  i t  is possible t o  der ive  severa l  functions which 
cha rac te r i se  the  ground motion. 

Equations 

a 3.21 X 10-2~*497~-1*30 

a = 1.94 X 1 0 - 1 ~ * 3 0 0 ~ - 1 * 6 4  

v P 9.86 X 10-1~*724~-1*15 

v = 9.79 X 10'1~*475~-1*80 

d 9.76 x 10-2~*818~-1*02 

d = 1.53 X 1 0 ° ~ * 6 0 0 ~ - 1 * 7 0  

Damped Spring Response Spectra 

I n  many cases i t  is v a l i d  t o  consider a s t r u c t u r e  a s  a l i n e a r  
combination of single-degree-of-freedom systems having e l a s t i c i t y  and 
clamping. 

Number of 
Data Points  - 

16 

16 

18 

8 

* 

18 
l9 1 



Consider t h e  single-degree-of-freedom s t r u c t u r e  describd,d 
by 

my + c? + ky = 0 b-19 

l 
where m is the  mass, k t h e  s t i f f n e s s ,  c t he  damping c o e f f i c i e n t  and y 
t he  displacement r e l a t i v e  t o  thb  ground from some s t a t i c  equi l ibr iym 
pos i t i on .  On displacement of  t h e  ground by d i s t ance  X t h e  equat ion  of 
motion becomes 

where P ( t )  i s  the  e f f e c t i v e  e x t e r n a l  force .  

The s o l u t i o n  of D-20 t a n  b e  w r i t t e n  i n  t h e  form 

t 
~ ( r ) e - @ ~ ( ~ - ' )  s i n  [a(t - r ) ] d r  Y = ~ J  

D 0 

l 
where w = (k/m12 is  t h e  c i r c u l a r  frequency of undamped motion, 

uD = u(1  - B2 i s  t h e  dam4ed frequency, 
6 = c / 2 m  is t h e  damping Itatio,  

D-21 i s  v a l i d  f o r  c < cc - 2mu * 2 G ,  the  c r i t i c a l  damping c o e f f i i i e n t .  
The n a t u r a l  frequency f and the  per iod  T of undamped motion are giden 

By s u i t a b l e  manipulation of D-21 ("Duhamel's i n t e g r a l " ) ,  peak 
va lues  of  abso lu t e  and r e l a t i v e  displacement ,  v e l o c i t y  and a c c e l e r a ~ t i o n  
can be obtained. These w i l l  be dknoted i n  t h e  fol lowing by AD, RD, AV, 
e t c .  

I n  a d d i t i o n  t o  these  s i x  response s p e c t r a ,  t h e r e  a r e  two 
f u r t h e r  important s p e c t r a  which, a s  t h e i r  names pseudo-relative 
v e l o c i t y  (PSRV) and pseudo-absolute a c c e l e r a t i o n  (PSAA) imply, 
approximate under most condi t ion6 t o  t h e  r e l a t i v e  v e l o c i t y  (RV) and 
abso lu t e  a c c e l e r a t i o n  (AA) s p e c t r a  r e spec t ive ly .  

(Peak) Pseudo-RelativelVelocity (PSRV) 

This  i s  def ined  by , 

(Peak) Pseudo-AbsoluteAcceleration (PSAA) 

This  is def ined  by 



D1:L. Rela t ion  of Basic  Response Spect ra  and Pseudo-Spectra 

It can be  shown. t h a t  t he re  must be a f i n i t e  value of o ,  say  U+, 

f o r  which RV = PSRV ( J e  64) .  For undergro,und nuclear  explosions w+ usua l ly  
l i e s  between 6 and 10 while  f o r  ear thquikes w+ is  genera l ly  i n  the  range 
10 t o  20. U+ may vary s u b s t a n t i a l l y  and the  approximation RV = PSRV is 
good over a much wider range of w i n  undamped systems than i n  h ighly  
damped systems. Also, RV = PSRV i f  t he  following approximations a r e  made:- 

( i )  B smal l  so  t h a t  B '  = B(l - B)-$ = B. 

( i i )  I n  t h e  equation f o r  RV ( f i r s t  d i f f e r e n t i a t i o n  of D-21) t h e  
term B'  is dropped and 

cos wD(t - T) is replaced by s i n  wD(t - r )  . 
The j u s t i f i c a t i o n  f o r  t h i s  l a s t  approximation is t h a t  i t  gives 
reasonable r e s u l t s  i n  p r a c t i c e  (Mu 62) and enables a l l  q u a n t i t i e s  t o  be 
expressed i n  terms of t he  same i n t e g r a l ,  namely 

a ( ~ ) e - ~ ~ ( ~ - ' )  s i n  w(t - r)dr  I . D-26 

I n  the  equat ion f o r  RD, i e ,  t h e  peak absolu te  value of y i n  
D-21, wq +> replaced by w on the  assumption t h a t  B is small  [UD = 
w(l - B ) 2 J .  

From equat ions D-24, D-25 and D-26 i t  follows that:-  

and these  t h r e e  funct ions  a r e  r e l a t e d  i n  a simple harmonic fash ion  
(-t. W* i n  W 2 9  because t h e  absolu te  value is considered).  The v a l i d i t y  of 
t he  approximation has been demonstrated by Hudson (Hu 62) i n  t h e  case  of 
earthquake motion. , 

I n  Sec t ion  E i t  w i l l  be seen t h a t  PSRV and PSAA a r e  
s i g n i f i c a n t  i n d i c a t o r s  of l i k e l y  seismic damage i n  many cases.  A 
cons iderable  e f f o r t  is now devoted t o  the  measurement and p red ic t ion  of 
these  q u a n t i t i e s .  

D12. Representat ion of Peak Spec t r a l  Response Functions 

Figure 1 (page 24) shows a t y p i c a l  peak s p e c t r a l  response 
funct ion  SV p l o t t e d  on t h e  four  way logar i thmic  graph paper which is very 
u s e f u l  f o r  represent ing  such funct ions.  From D-27, D-28 and D-29 i t  fol lows 
t h a t  :- 

l o g  RD = l o g  PSRV - l og  w 

l og  PSAA = log  PSRV + l o g  W ,  



s o  t h a t  the  th ree  q u a n t i t i e s  cpn be represented on logari thmic pa$er by 
us ing  log  RD and log  PSAA axes a t  + 45' t o  the  log  PSRV axis. I n  
p a r t i c u l a r  example shown the  peaks of PSAA, PSRV and RD occur f o r  
decreasing frequencies as expekted, but i n  t h i s  case t h e  t h r e e  f r  
concerned a r e  p r a c t i c a l l y  equal. 

D13. Derivation of PSRV from Seismographs 

Seismograph da ta  can be analysed using e i t h e r  analog o r  
d i g i t a l  computers, Various methods have been described by, amongs 
o the r s ,  Hudson (Xu 62). Jenschle e t  al.  (Je 61). Schopp (Se 66). i rock  
e t  al .  (Fr  68) and Kennedy (Ke 69b, Ke  69c).  

D14. Four ier  Spectra I 

Jenschke e t  a l .  ( J e  64) have inves t iga ted  t h e  use of ~ o u k i e r  
s p e c t r a  a s  ind ica to r s  of s t r u c t u r a l  response although i t  is  immedibtely 
obvious t h a t  the transformation does not include any s t r u c t u r a l  f u  c t ion .  
These inves t iga t ions  were l imi tkd  by the  lack  of a computer progr t o  
generate the  inverse  Four ier  transform. 

4 l 

l 

D15.  Power Spec t ra l  Density 

There have been inves t iga t ions  i n t o  the  value of power s e c t r a l  
dens i ty  (PSD) a s  a cha rac te r i sa t ion  of seismograms ( J e  64, PO 69). 1 The 
concept is of considerable impottance i n  random noise  theory (Be 5 $ ) ,  t h e  
terminology der iv ing  from t h e  cbncept of t h e  power developed by a *rent 
flowing under u n i t  res is tance .  



FIGURE D1. TYPICAL PEAK SPECTRAL RESPONSE FUNCTION, S" 

D a t a  are f o r  r ad ia l  component a t  Rulison, 9 km 
from surface ground zero 
Damping is 5% ( P  = 0.05) 



E. SEISMIC DAMAGE l 

l 

E l .  In t roduct ion  
l 

i 
Blas t ing  opera t ions  using chemical explos ives  have been 

employed i n  c i v i l  engineering,  m4ning and quarrying f o r  many years .  
Sa fe ty  and damage c r i t e r i a  have been developed c h i e f l y  from empiric+ 
da ta .  These c r i t e r i a  usua l ly  depend on e s t ima tes  of ground motion 
v e l o c i t y  and period. For example, t h e  USA have employed f o r  r e s idenr$a l  
type s t r u c t u r e s  a  c r i t e r i o n  ( a ~ c e l e r a t i o n ) ~  X (frequency)'2 = 1 f o r  
n e g l i g i b l e  damage i n  the  frequencp range 1 t o  103 Hz approximately. kh i s  
c r i t e r i o n  is ca l l ed  t h e  "energy r a t i o "  (ER),  although i ts  dimensions a r e  
c l e a r l y  those of v e l o c i t y  squared (ER = 1 is equiva lent  t o  4.8 cm S': > 

With t h e  advent of PNE it was recognised t h a t  t h e  time 
of ground motion from nuclear  explosions would not  be the  same a s  
from chemical explosions,  and p a r t i c u l a r l y  t h a t  low f requencies  
enhanced. Nevertheless,  t he  ER c r t t e r i o n  was used i n  e s t ima t ing  dama e  
from e a r l y  PNE sho t s .  The concept of a  damage threshold  of 5 t o  10  c$ S-' 

was "rudely sha t te red"  a s  a  r e s u l t  of t h e  Salmon explosion i n  a   salt^ 
dome near  Bat t iesburg ,  Mississippit, on 27 October 1964 (Ho 71) .  Clailhs 
f o r  damage t o  40% of bui ld ings  were made a t  ve loc i ty  contours  down t b  
1.0 cm s'l o r  r a t h e r  l e s s .  l 

Since the  Salmon s h o t ,  g g r e a t  dea l  of work has been done 
understand the  mechanism of bui ldfng  damage and t o  f i n d  ground motio 
parameters which would be co r re l a t ed  with it. 

Experimental work has been c a r r i e d  ou t  a t  t h e  Nevada Tes t  i t e  
and the  surrounding o f f - s i t e  a reas ,  inc luding  t h e  c i t y  of Las Vegas,Yand 
on t h e  PNE sho t s  t o  da t e .  Some Ru$sian and French d a t a  a r e  a l s o  ava i t ab le .  
Most of t he  work, however, has been i n  t h e  form of mathematical anal$ses 
of bui ld ing  response t o  the  ground motion spec t r a .  F i n a l l y ,  methods $ave 
been developed of es t imat ing  by computer t h e  p robab i l i t y  d i s  t r i b u t i o d  of 
bu i ld ing  damage over  l a r g e  a reas  o r  even whole count r ies .  l 

l 
E2. Categories  of Seismic Damage I ~ 

The damage t o  s t r u c t u r e $  from ground motion can vary from, s a y ,  
s l i g h t  cracking of p l a s t e r  and mortar ,  s i m i l a r  t o  what o f t e n  happens t o  
a bu i ld ing  through normal ageing, t o  the  ca t a s t roph ic  d e s t r u c t i o n  ~ 
t y p i c a l  of major earthquakes. For PNE inves t iga t ions  damage is  o f t e n 1  
divided between "a rch i t ec tu ra l " ,  which may be undes i rab le  and annoyidg, 
but  does not breach t h e  i n t e g r i t y  of t h e  s t r u c t u r e  a s  a  whole, and 
" s t ruc tu ra l " ,  which is  defined a s  t h a t  which impairs t h e  funct ion  an 
use of a  s t r u c t u r e .  

4 
~ 

This d i v i s i o n  is obviously somewhat a r b i t r a r y  i n  p r a c t i c e  1 

s i n c e  i t  r e f l e c t s  n e i t h e r  the  a t tL tudes  of t he  occupants nor  t h e  c o s t s  
of compensation o r  r e p a i r  of bui ld ings .  ~ 



E3. Damage Ind ica to r s  and Corre la t ion  with Damage 

It w i l l  have been seen from Sect ion D t h a t  i f  c e r t a i n  
s imp l i fy ing  assumptions a r e  made, ground motion can be descr ibed i n  
terms of  simple o s c i l l a t o r s  covering a f a i r l y  narrow frequency band, 

. roughly from about 0 .1  t o  100 Hz. Any energy from nuclear  explosions 
m o u t s i d e  t h i s  band is  regarded a s  small  enough t o  be neglec ted ,  a l though 

f o r  s m a l l  chemical explosions frequencies  up t o  1000 Hz may be important.  

I n  a s i m i l a r  manner, any su r f ace  s t r u c t u r e  can a l s o  be 
regarded a s  a damped o s c i l l a t o r .  Sect ion D l is ts  and desc r ibes  s e v e r a l  
well-known methods by which t h e  response of t h e  s t r u c t u r a l  o s c i l l a t o r  
can be determined given the  imposed ground motion. The s o l u t i o n  may be 
11 exact"  ( i n s o f a r  a s  a l i n e a r  second degree equat ion does desc r ibe  t h e  
r e a l  environment) o r  s p e c i a l  func t ions ,  such a s  pseudo-relat ive 
v e l o c i t y ,  PSRV and pseudo-absolute a c c e l e r a t i o n ,  PSAA, may be developed. 

Typica l ly ,  t h e  frequency band t o  which s t r u c t u r e s  respond most 
v i o l e n t l y  is  an inve r se  func t ion  of t h e i r  he ight .  One o r  two s t o r e y  
bu i ld ings  w i l l  be s e n s i t i v e  t o  a band of from 5 t o  20 Hz approximately. 
Peak a c c e l e r a t i o n s  der ived  from a t y p i c a l  ground motion spectrum show 
comparatively l i t t l e  v a r i a t i o n  over  t h i s  range, by a f a c t o r  of 3 o r  l e s s .  
Hence, i n  t h i s  case,  small  v a r i a t i o n s  i n  frequency response a r e  un l ike ly  
t o  have much e f f e c t  on damage. Holzer (Ho 71) s t a t e s  t h a t ,  f o r  1 o r  2 
s t o r e y  US r e s iden t i a l - t ype  s t r u c t u r e  t he  threshold  of damage is  generally 
about 0.01 g and t h a t  50% complaints can be expected a t  about 1 g. 
These f i g u r e s  may r equ i r e  modi f ica t ion  f o r  o t h e r  than t y p i c a l  US 
s t r u c t u r e s  , 

Buildings h igher  than two s t o r e y s  may e x h i b i t  more complicated 
responses i n t r i n s i c a l l y  because of t h e  g r e a t e r  chance of multiple-mode 
o s c i l l a t i o n s .  Also, a t y p i c a l  ground motion spectrum shows t h a t  
a c c e l e r a t i o n  can vary by nea r ly  t h r e e  orders  of magnitude over  t h e  
frequency band t o  which t h e  t a l l e r  bu i ld ings  a r e  most s e n s i t i v e .  For 
t h e s e  reasons i t  would seem prudent t o  analyse the  response of each 
t a l l  bu i ld ing  sepa ra t e ly .  Tokarz and Bernreuter  (To 70) s t a t e  t h a t  both 
time-response and s p e c t r a l  a n a l y s i s  methods give reasonable p r e d i c t i o n s  
i f  t h e  e x c i t i n g  motion and bu i ld ing  mathematical model is known r e l i a b l y .  
The s p e c t r a l  a n a l y s i s  method is quicker  and e a s i e r  bu t  gives l e s s  
d e t a i l e d  information. I n d u s t r i a l  s t r u c t u r e s  may be analysed i n  t h e  same 
way a s  h igh- r i se  bui ld ings .  

E4. S p e c t r a l  Matrix Method 

Obviously the  methods d iscussed  i n  Sec t ion  E 3  w i l l  be t i m e  
consuming and expensive i f  many s t r u c t u r e s  are involved, p a r t i c u l a r l y  
i f  t h e  a r e a  a t  r i s k  inc ludes  modern cities o r  i n d u s t r i a l  complexes. 

A Spec t r a l  Matrix Method (SW) f o r  r ap id ly  a s se s s ing  damage 
and c o s t s  of r e p a i r  o r  compensation has  been developed by Blume and 
Associates .  Bas i ca l ly ,  t h e  "capaci tyt t  of a s t r u c t u r e ,  i t s  y i e l d  p o i n t ,  
is  es t imated  and compared wi th  the  "demand", t he  fo rces  deduced from a 
p red ic t ed  ground motion spectrum. A monetary f a c t o r  can be introduced 
t o  e s t ima te  cos t s .  The p r e d i c t i o n  scheme takes  i n t o  account s t a t i s t i c a l  



var ia t ions  i n  the  fac tors .  The method is espec ia l ly  adaptable t o  compbter 
processing and a whole region can be included i n  one run. Deta i l s  a re '  
given i n  (B1 71) . 

Conclusions 

Methods a r e  ava i l ab le  f o ~ r  est imating damage t o  s t r u c t u r e s  fCom 
ground motion, but t h e i r  a p p l i c a t i ~ n  s o  f a r  has been t o  r a t h e r  small 
r e l a t i v e l y  undeveloped areas. Almopt the  only exception is the  c i t y  of 
Las Vegas, some 65 miles from NevaPa Test S i t e .  Thus, it  cannot be s a t d  
t h a t  any of t h e  methods have passed t h e  test of general experience. Indeed, 
t h e  only method regarded i n  t h e  USP as  generally v a l i d  f o r  many years 
f a i l e d  when applied t o  PNE. This sttggests t h a t  while predic t ions  based 
on t h e  methods mentioned may give fough est imates s u i t a b l e  f o r  e a r l y  
planning, i n  p rac t i ce  a c lose  inspection of t h e  chosen area  and of the  
s t r u c t u r e s  a t  r i s k  i n  i t ,  together with confirmation of t h e  area ' s  
predicted seismic c h a r a c t e r i s t i c s  by t e s t s ,  w i l l  be e s s e n t i a l  u n t i l  mcpre 
experience has been gained. 



F. ESTIMATION OF SEISMIC DAMAGE COSTS 

F1. Relationship between Explosion Yields and Earthquake Magnitudes 

Since the  most common experiences of ground motion and seismic 
damage a r i s e  from n a t u r a l  earthquakes, a comparison between them and PNE 
sho t s  i n  terms of energy re lease  would a p r i o r i  seem t o  be u s e f u l  i n  
assess ing damage. 

(a) Earthquakes ' ,  c 
. . 

Earthquakes a t  presetft can only be catego;ised i n  terms of 
t h e  e f f e c t s  recorded a t  a d is tance ,  although est imates of t h e i r  
t o t a l  energy re lease  have been made. Generally speaking,? t h e  
energy derived from an earthquake appears i n  a l l  of the  wave 
modes t h e o r e t i c a l l y  poss ib le  i n  an e l a s t i c  near-spher ica l .  
body, such as  the  ea r th .  These h ~ v e ' b e e n  discussed i n  Sections 
A and B ,  

A number of d i f f e r e n t  s c a l e s  f o r  denoting earthquake energy 
and e f f e c t s  have been s e t  up over the  pas t  century. Two s c a l e s  
commonly used a t  present  and one which has been proposed a r e  
described b r i e f l y  below. 

( i )  I n  1935 Gutenberg and Richter  suggested a logari thmic 
magnitude s c a l e  which could be cor re la ted  with energy re lease .  
Or iginal ly ,  the magnitude, M, was based on the  maximum 
amplitude of a standard shor t  period seismograph. Va'rious 
extensions have introduced some a r b i t r a r i n e s s . .  

On t h i s  sca le ,  the  "smallest f e l t "  earthquake is 
assigned a magnitude M 1.5 approximately. The l a r g e s t  
earthquakes experienced f a l l  between M = 8.7 and M = 8.9. 

The energy re la t ionsh ip  as  revised i n  1956 i s  

where E is  i n  joules.  

Since 1 kton = 4.2 X 1012 J by de f in i t ion ,  i t  i s  
poss ib le  t o  ca lcu la te  the  magnitude of a PNE sho t ,  knowing, 
o r  est imating,  t h e  seismic energy ef f ic iency.  

Magnitudes derived from seismographs may over- 
es t imate  the  energy of an explosion considerably. One reason 
f o r  t h i s  is t h a t  the  symmetry of an explosion generates a 
d i s t r i b u t i o n  of seismic waves d i f f e r e n t  from t h a t  of an 
earthquake. P, SV and Rayleigh waves predominate, s o  t h a t  the  
magnitude f igure ,  depending l a rge ly  on P wave amplitude, 
gives a f a l s e l y  high r e s u l t  f o r  t o t a l  seismic energy i n  
equation F-l, which is e s s e n t i a l l y  based on the  earthquake 
s i t u a t i o n  (Bu 63). 

( i i )  An earthquake " in tens i ty"  s c a l e  ( the  term is not 
p rec i se ly  defined) was developed by Mercal l i  and modified by 



Wood and Neumann i n  1931. I n  t h i s  t h e r e  a r e  twelve s c a l e  
numbers f o r  ground motion, from t h a t  " f e l t  by few people", 
t o  " t o t a l  damage" (Bu 63). 1 

( i i i )  A more soph i s t i ca t ed  "engineering i n t e n s i t y  s c a  
has been proposed by Blume (B1 70). 

The p lo t t ed  ground motion response (c f ,  f i g u r e  1 )  
is div ided  i n t o  nine s tandard bands f o r  both period and p eudo- ! r e l a t i v e  ve loc i ty  (PSRV) . Bands a r e  numbered i n  ascending l order  
from 1 t o  9. The period bands a r e  taken i n  succession and the  
PSRV band number i n  which the  t r a c e  f a l l s  is noted. Fhoul one 

each empty band. Thus, i n  a l l  cases a n ine-d ig i t  code is 

d 
o r  more period bands be empty, t h e  symbol "X" i s  marked f q r  

obtained,  descr ib ing  the spectrum t r a c e  f u l l y .  By simple 
averaging, t h ree  - o r  one - d i g i t  codes can be given f o r  ~ 
broader  approximations. I 

(b) Nuclear Explosions 

The "yield" of a nuclear  explosion is  gene ra l ly  consijdered 
t o  be its t o t a l  energy r e l ease .  There is a t  present  no didlect  
method of measuring t h i s  t o t a l  energy i n  any environment. For 
t h e  planning and es t imat ing  necessary f o r  PNE it  would applear 
t h a t  t h e  "maximum credib le"  designed y i e l d  would be s u f f i c i e n t l y  
accura te .  The y i e l d  of underground nuclear  explosions can e b measured close-in t o  an accuracy of about t 10% (Sect ion  B,6a). 
A t  long d i s t ances ,  y i e l d  can be found from t h e  amplitude ok 
Rayleigh waves. Thirlaway (Th 72) s t a t e s  t h a t ,  a £  t e r  corre(ceions, 
y i e l d s  from Rayleigh waves measured above 100 kton should be  
wi th in  50% and those below wi th in  a f a c t o r  of two. 1 

(c) Conclusions 1 
l 

Paragraphs (a) and (b) may be summarised a s  follows:-l 

Earthquakes 1 
E f f e c t s  a t  a d i s t ance  can be measured accura t e ly ,  I 

Source energy is known only by inference .  l 

Sources of damaging earthquakes a r e  extended over man$ 
cubic  ki lometres ,  

F u l l  gamut of e l a s t i c  waves is produced. 
l 

Explosions 

The seismic energy e f f i c i e n c y  and t h e  e f f e c t s  a t  a d ib tance  
must be i n f e r r e d  before  t h e  shot .  

l 

Tota l  energy y i e l d  is  known beforehand t o  a good accukacy. 

Source is almost a poin t  i n  r e l a t i o n  t o  t h e  volume of t h e  
e a r t h .  



Mainly P, SV and Rayleigh waves a r e  produced with P'waves 
predominating. 

It t h e r e f o r e  seems un l ike ly  t h a t  an attempted c o r r e l a t i o n  
between ear thquake magnitudes and PNE y i e l d s  would c a s t  much 
l i g h t  on t h e  c o s t  of se i smic  damage from PNE a t  presen t .  
However, t h e  "engineering i n t e n s i t y  s ca l e "  of Blume would seem 
a u s e f u l  t o o l  f o r  comparing the  ground motion e f f e c t s  of 
ear thquakes and explosions on a r a t h e r  more q u a n t i t a t i v e  b a s i s  
than t h e  p re sen t  "magnitude" and " in t ens i t y "  s c a l e s .  . 

F2. The Seismic Damage Ef fec t s  of t h e  Kie lce  Explosion 

(a)  On 22 Ju ly  1967 t h e  wreck of t h e  s h i p  Kie lce  blew up 
.about 5 km o f f  Folkestone Harbour. There was some damage t o  
r e s i d e n t i a l  bu i ld ings  i n  Folkestone and about C9000 was pa id  
ou t  i n  compensation. An a n a l y s i s  of t h i s  event  has been made 
by Yeo (ye 72).  This sub-section w i l l  cons ider  se i smic  damage 
e f f e c t s  only;  t h e  imp l i ca t i on  on damage c o s t s  is d iscussed  i n  
Sec t ion  F3. 

(b) Although i t  was known t h a t  Kie lce  was ca r ry ing  explos ives ,  
t h e  na tu re  and q u a n t i t i e s  were not  on record.  Seismic 
record ings  of t h e  explosion gave a magnitude of 43 2 $. Using 
t h e  r e l a t i o n s h i p  i n  equa t ion  F-l, t h i s  impl ies  a se i smic  energy 
y i e l d  of 0.033 kton f o r  t he  median va lue ,  w i th in  a range 
0.006 t o  0.19 kton. These f i g u r e s  may not  be p a r t i c u l a r l y  
u s e f u l  i n  t h e  presen t  context  bu t  do s e rve  t o  i n d i c a t e  t h e  
spread of energy va lues  inheren t  i n  t h e  earthquake magnitude 
s c a l e .  

(c) From t h e  observed P-wave ampli tudes,  Thirlaway has  
es t imated  t h e  explosion t o t a l  energy y i e l d  a s  equ iva l en t  t o  2 
k ton  i n  water  o r  hard rock. From t h i s  Yeo f i n d s  t h a t  t h e  0.02 g 
PSAA contour  was about 9 km r ad ius  from ground zero  and t h a t  t h e  
maximum PSAA on land ,  i n  t h e  Folkestone harbour a r e a ,  was about 
0.065 g. I f  a PSAA of 0.01 t o  0.02 g is accepted a s  t h e  
th reshold  f o r  minor damage t o  r e s i d e n t i a l  s t r u c t u r e s ,  t h e  above 
va lues  a r e  c e r t a i n l y  c o n s i s t e n t  wi th  t h e  descr ibed s c a l e  and 
na tu re  of t h e  damage due t o  t h e  explosion.  

(d) One of t h e  b e s t  documented US PNE s h o t s  is Rulison. This  
was a 40 kton device emplaced a t  8400 f t  i n  s a t u r a t e d  sandstone- 
s h a l e  and f i r e d  on 10 September 1969. The d a t a  from t h i s  event  
have been widely used and quoted. For example, Rizer  (Ri 70) has  
given genera l  p r e d i c t i o n  formulae f o r  se i smic  damage and 
compensation c o s t s  based l a r g e l y  on Rulison. H e  c o r r e l a t e s  
s c a l e d  d a t a  from s h o t s  Handley, i n  t u f f ,  and P i l e d r i v e r ,  i n  
g r a n i t e ,  t o  Rul ison and develops s c a l i n g  laws f o r  t h e  
dependence of PSAA on y i e l d  and depth of b u r i a l  (DOB) a s  
fol lows : - 
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Yield f a c t o r  = ( 4 0  " )  kton 



/ DOB \ 0 ' 5 8  
factor = \, 8400 f t ,) 

PSAA sought = p s u S T D  X y i e l d  f a c t o r  x DOB f a c t b r .  
l 

PSAASTD is read from t h e  appropr ia te  curve f o r  1 
emplacement rock type, der ived from t h e  Rulison, Handley (and 
P i l e d r i v e r  events .  l 

( e)  An at tempt  was made t o  c o r r e l a t e  t h e  Kie lce  d a t a  w i t  
those  of Rizer .  It was a t  once not iced  t h a t  t he  PSAA-dist 1 nce 
curves f o r  Rulison-Handley-Piledriver were a l l  less s t e e p  than  
those  used by Yeo and t h a t  t he  PSAAs read o f f  were, i n  mo t 
cases ,  i n  a l l  cases  f o r  hard rock si tes,  considerably gre  t e r  
than those used by Yeo ( t a b l e  F l ) .  

t 
l 

TABLE F1 

*These were sca l ed  from 100 kton by w1I3. l 
l 

tThese were sca l ed  t o  4 0  kton and 8400 f t  DOB by F-2 and F-13. 

Source 

Yeo: - 
100 kton on hard rock s i t e s  

100 kton on alluvium sites 

/ *40 kton on hard rock sites 

1 *40 kton on alluvium sites 
1 

R izer  Figure 4 

Rulison ( sa tu ra t ed  sandstone- 
s h a l e )  

tHandley ( sa tu ra t ed  tuf  f )  

t p i l e d r i v e r  (unsa tura ted  g r a n i t e )  

( f )  An attempt w a s  a l s o  made t o  s c a l e  t h e  Kielce explosdon 
f o r  y i e l d  and D 0 8  using equat ions F-2 and P-3. The major ~ 
problem here was t h e  s e l e c t i o n  of a reasonable DOB. The 
l i t e r a t u r e  gene ra l ly  s t a t e s  t h a t  explosions under water  a lre  
l i k e l y  t o  have high seismic energy e f f i c i e n c i e s .  Ear ly  
e s t ima to r s  considered t h a t  20 kton a t  30 m under water  wohld 
have about t h e  same e f f i c i e n c y  a s  20 kton a t  300 m underg~ound 
(Bu 63). 

Another problem w a s  t h a t  t h a t  range of DOB f o r  which 
equat ion F-3 w a s  v a l i d  was not  known. 

I 
PSAA, cm s-2 

Range 10 km 

250 

550 

190 

4 10  

800 

500 

350 

I 

* Range 100 kq 

2 . 5  
l 
l 

5 .5  I 
l 

1 .9  
l 

4 . 1  

l 

20 
I 

15 

10 
l 



Fina l ly ,  i t  was decided t o  use the  underground " j u s t  
contained" DOB of 350w1 l 3  f t,  s i n c e  apparent ly f o r  t h e  
Kielce explosion the re  was l i t t l e  dis turbance above t h e  sea  
sur face .  The r e s u l t i n g  PSAAs a r e  compared i n  t a b l e  F2 wi th  
those obtained by Yeo. 

TABLE F2 

(g) It  is considered t h a t  the  sca led  PSAAs a r e  i f  anything 
low, s ince ,  a s  has been sa id ,  a high seismic energy e f f i c i e n c y  
has always been a t t r i b u t e d  t o  immersion i n  an aqueous medium. 
The problem then is t o  explain the  d iscrepancies  i n  t h e  
context  of t he  known damage from t h e  Kielce explosion. 
Perhaps the  Folkestone s t r u c t u r e s  were s t ronge r  than t y p i c a l  
US ones, but  t h i s  seems unl ike ly .  It is f e l t  t h a t  ~ e o ' s  quoted 
f i g u r e s  f o r  PSAA cannot be f a r  wrong, a t  l e a s t  not  by a f a c t o r  
approaching two. 

There is a p o s s i b i l i t y  t h a t  the  t o t a l  energy y i e l d  of 
t h e  Kielce explosion was over-estimated by a t  l e a s t  a f a c t o r  
of t h ree ,  and poss ib ly  by a f a c t o r  of more than ten .  (See 
Review No. 4. No Rayleigh waves were recorded from Kielce.)  

I 

l 

A f u r t h e r  p o s s i b i l i t y  is t h a t  seismic energy e f f i c i e n c y  
s c a l e s  with y i e l d  t o  an exponent g rea t e r  than one-third. This 
is t o  some extent  borne out  by seismic energy e f f i c i e n c y  
f i g u r e s  from US sho t s ,  although i t  must be remembered t h a t  
d i f f e r e n t  workers have obtained values which may be 
i n t e r n a l l y  cons i s t en t  but d i f f e r  appreciably i n  absolu te  
magnitude from one s c a l e  t o  another (c£, t a b l e  Cl ) .  For 
example, a comparison between Rulison and Gasbuggy, of roughly 
the  same y i e l d s ,  wonld appear t o  confirm t h a t  se ismic  energy 
e f f i c i e n c y  inc reases  with DOB. On the  o the r  hand, Boxcar, 
1.2 Mton a t  one-eighth t h e  Rulison sca led  DOB, shows about 
t h e  same seismic energy e f f i c i ency .  Accepting equat ion F-3 
as c o r r e c t ,  t h i s  s i n g l e  ins tance  would give a y i e l d  f a c t o r  i n  
equat ion F-2 of about WO*'. It is probably co inc iden ta l  t h a t  
t h e  same f a c t o r  would a l s o  account roughly f o r  t h e  Kie lce  PSAA 
discrepancies .  However, Rizer  'S w1 l 3  s c a l i n g  l a w  apparent ly 
depends on Holzer 's  work published l a t e r  (Ho 71). Holzer 
considers  rock displacement and pressure  and, by means of 
Four ier  transforms, gives an energy-frequency r e l a t i o n s h i p  f o r  
a spectrum 0.5 t o  20 Hz. It is known t h a t  smal l  explosions 

PSAA 
quoted by Yeo, 

g 

PSAA sca led  by Rizer ' s  Method, g 

t o  P i l e d r i v e r  
(unsaturated g ran i t e )  

t o  Rulison 
( sa tu ra t ed  sandstone-shale) 



produce a spectrum weighted towards h igher  f requencies ,  u p  t o  
1000 Hz. Probably t h e  most l i k e l y  explana t ion  f o r  t h e  enerigy- 
damage r e l a t i o n s h i p  of t he  Kielce explosion is t h a t  much ehergy 
was concentrated i n  h igher  frequency bands t o  which t h e  ~ o h k e s t o n e  

l bui ld ings  were not  p a r t i c u l a r l y  vulnerable .  I n  any event ,  t h e  
seismic energy-damage r e l a t i o n s h i p  on Kie lce  does n o t  f i t  
e a s i l y  i n  ~ i z e r ' s  p red ic t ion  scheme which pu rpor t s  t o  have, 
wide g e n e r a l i t y  . , 

F3. The Cost of Seismic Damgge 

(a) In t roduc t ion  

Although t h e r e  doe$ not  appear a s  y e t  t o  be a s tandar f  
US method of e s t ima t ing  t h e  cos t  of se i smic  damage, a numbgr 
of schemes have been proposed. The tendency is t o  r e v i s e  
methods from t h e  experience of success ive  PNE s h o t s  s o  t h a  i t h e  l a t e r  schemes, p a r t i c u l a r l y  f o r  r e s i d e n t i a l  s t r u c t u r e s *  
a r e  i n  t h e  main empir ica l .  I n  t h e  fol lowing a few t y p i c a l  

l 
methods developed a f t e r  t he  Salmon sho t  (1964) w i l l  be  
descr ibed and discussed b r i e f l y .  l 

(b) Res iden t i a l  Type S t r u c t u r e s  I 

The term " r e s i d e n t i a l  type s t r u c t u r e s "  i s  usua l ly  taken 
t o  inc lude  a l l  one o r  two s to rey  s t r u c t u r e s  as w e l l  as ! 
dwell ing houses, eg, churches,  f i l l i n g  s t a t i o n s ,  sma l l  o f fqce  
blocks and shops, e t c .  l 

(i) Hughes (Hu 68) es t imates  t h e  c o s t  of s e i smic  damage 
by d iv id ing  t h e  a r e a  around t h e  de tona t ion  i n t o  t h r e e  zone4 
l i m i t e d  by PSAA values ,  a s  follows:- 

Zone 

"Complaints Factors" (CF) a r e  given f o r  a l l  t h r e e  
zones and a d d i t i o n a l l y  a "Darnage Factor" (DF) is  given f o r  
Zone I11 only. Costs a r e  then est imated a s  follows:- 

Zone 

I T o t a l  s t r u c t u r e s  i n  zone X CF X $400 

I1 To ta l  s t r u c t u r e s  i n  zone X CF X $1000 

I11 Tota l  s t r u c t u r e s  i n  zone X CF X DF X avetage 
value of s t r u c t u r e s .  



Parker  (Pa 70) has  consol ida ted  Hughes' method i n t o  
a diagram from which damage c o s t s  can r e a d i l y  be ob ta ined  
from a y ie ld-d is tance  curve. 

( i i )  Rizer  (Ri 70) has  compared complaints and pa id  
claims f o r  a number of NTS s h o t s  wi th  those  from Rulison. 
Regression curves were obtained f o r  t h e  percentage of 
complaints ,  and the  lesser percentage of  pa id  claims,  a g a i n s t  
PSAA. The t o t a l  c o s t  is then  obta ined  by mul t ip ly ing  t h e ,  
number of claims by $400. This  sum is t h e  crude average pa id  
p e r  c la im up t o  16 October 1970 (30 J u l y  1970 f o r  Rul ison) .  
The f i g u r e  ob ta ined  does no t  inc lude  admin i s t r a t i on  c o s t s  nor 
t h a t  of any pre-shot survey,  e t c .  

(c) A l l  S t r u c t u r e s  

I n  t h e  S p e c t r a l  Matrix Method (SMM) of  Blume . ( B 1  71),  a 
" d o l l a r  exposure", Ezk, is def ined  a s  t h e  c o s t  i f  a l l  t h e  
s t r u c t u r e s  of c l a s s  k i n  zone z were t o  be rep laced  completely.  
To o b t a i n  t h e  probable  t o t a l  c o s t  of c l a s s  k, Ezk is m u l t i p l i e d  
by a dimensionless  damage p r o b a b i l i t y ,  Fk. F ina l ly ,  a l l  classes 
and zones a r e  summed t o  g ive  c o s t  p r o b a b i l i t i e s  over  t h e  
e n t i r e  a r e a  considered. This  method inhe ren t ly  g ives  t h e  
p r o b a b i l i t y  of  no t  exceeding any s p e c i f i e d  gross  c o s t  f o r  
s e i smic  damage. 

(d) Discussion 

( i )  For t h e  purpose of t h i s  sub-section i t  w i l l  be  
assumed t h a t  se i smic  e f f e c t s  can be p red i c t ed  wi th  an 
accep tab l e  degree of accuracy. The remaining v a r i a b l e s  a r e  
t he  response of t h e  s t r u c t u r e s  and t h e  cos t  of t h e i r  r e p a i r  o r  
replacement.  

( i i )  It seems un l ike ly  t h a t  modern c i t y  bu i ld ings  and 
i n d u s t r i a l  p l an t  gene ra l l y  i n  any p a r t  of t h e  world would have 
s i g n i f i c a n t l y  d i f f e r e n t  responses  t o  ground motion from those  
s t u d i e d  i n  t h e  USA. The only except ions  might be t hose  
s t r u c t u r e s  d e l i b e r a t e l y  designed t o  resist ear thquake ground 
motion. 

R e s i d e n t i a l  type s t r u c t u r e s  a r e  l i k e l y  t o  be  more 
v a r i e d  i n  bu i ld ing  type. For example, t h e  wood-frame house 
s t i l l  common i n  North America is almost unknown i n  B r i t a i n  
and is  not  u sua l  i n  Europe genera l ly .  On t h e  o t h e r  hand, 
Europe has  a preponderance of  load-bearing b r i c k  w a l l  
s t r u c t u r e s ,  of which many'are o l d  and may have been cheaply 
b u i l t .  There appears t o  be  few d a t a  on t h e  comparative 
response t o  ground motion of t h e  va r ious  types  of r e s i d e n t i a l  
s t r u c t u r e  and t h i s  is an obvious gap i n  ou r  knowledge of  t h e  
e f f e c t s  of PNE shots .  It may be  r ea s su r ing  t h a t  t h e r e  i s  
l i t t l e  d i f f e r e n c e  i n  t h e  response t o  air  b l a s t  between wooden 
and b r i c k  two s t o r e y  houses, whether f o r  moderate damage o r  
t o t a l  de s t ruc t ion .  



On t h e  above reasoning,  i t  is thought t h a t  the1US 
scales of damage t o  a l l  types of s t r u c t u r e  can be somewh t 
t e n t a t i v e l y  accepted a s  v a l i d . f o r  a l l  t h e  "developed" a r  a s  
of t h e  world. 1 I 

( i i i )  It w i l l  have been not iced  t h a t  t h e  methods of jughes 
and Rizer  g ive  c o s t s  a s  a d i r e c t  func t ion  of PSAA. S inceg round  
motion w i l l  vary continuously outwards from t h e  explos io  , i t  
w i l l  be necessary t o  d iv ide  t h e  a r e a  i n t o  s u i t a b l y  smal l  zones, 
wi th  l i t t l e  change i n  PSAA ac ros s  them, and then sum a l l  zones 
t o  ob ta in  t h e  p red ic t ed  t o t a l  c o s t ,  This  could be a some h a t  
lengthy and ted ious  procedure i f  t h e  a r e a  under cons ider  t i o n  

s t o r e  of d a t a  on s t r u c t u r e  dens i ty  and type  i s  assumed. 

I 
is l a r g e  and has a f a i r l y  high s t r u c t u r e  dens i ty .  The Sp c t r a l  
Matrix method is b a s i c a l l y  s i m i l a r  bu t  has  d e l i b e r a t e l y  een 
designed f o r  rap id  computation. I n  a l l  c a ses ,  a cons ider  b l e  Ihis 
would appear t o  make a pre-shot survey mandatory i f  r e l i  b l e  
r e s u l t s  a r e  des i red ,  un less  t h e  a r e a  is a l r eady  very w e 1 4  
known o r  is very spa r se ly  populated. l 

i ( i v )  The methods of Hughes and Rizer  a r e  used below1 
t o  p r e d i c t  t he  damage c o s t s  of t h e  Kie lce  explosion.  ~ 

Location: Folkestone, Kent ~ 

Population: 44000 , l 

Area: 4000 a c r e s  (16 km2) 

Number of Res iden t i a l  S t ruc tu re s :  12000 ( t h i s  1s t h e  
f i g u r e  given by Yeo. It seems 
low i n  r e l a t i o n  t o  populat ion a 
f o r  t h e  "Res ident ia l  Type S t r u c  
which a r e  not  dwell ing l~ouses )  

Explosion : 2 kton a t  5 km SE of t h e  harboui  

Ground Motion*: 0.065 g a t  5 km I 

Procedure , 

Divide t h e  land area i n t o  annular  r eg ions  based on P$AA. There 
is no t  s u f f i c i e n t  information t o  d i sc r imina te  f o r  v a r i a t i Q n  i n  
geology. Estimate t h e  number of s t r u c t u r e s  i n  each r e g i o n a s  a 
func t ion  of a r e a ,  From t h e  1 in .  OS map t h e  b u i l t  up a r e a  is 
about 12 km2 = 3000 acres. 

*As obta ined  from Hughes - Rizer  would have p r e d i c t e d  h igher  
a c c e l e r a t i o n s ,  see t a b l e s  F1 and F2. 



Region Region Radii ,  Median PSAA, 
No. km g Area' NO. of S t r u c t u r e s  km2 

Estimate damage c o s t  by Hughes' method:- 

Region 1. 2000 X 5.0% X $1000 = $10n300 

Region 2. 6000 X 2.5% X $1000 = $150000 

Region 3. 4000 X 1.0% X $1000 = $40000 

To ta l  $290000 

Est imate damage c o s t  by R ize r ' s  method:- 

Region 1. 2000 X 1.0% X $400 = $8000 

Region 2. 6000 X 0.5% X $400 = $12000 

'Region 3. 4000 X 0.2% X $400 = $3200 

To ta l  $23200 

There is w e l l  over an o rde r  of magnitude between 
t h e  two e s t ima te s  but  i t  should be remembered t h a t  Rizer  
p r e d i c t s  PSAAs two o r  t h r e e  t imes as high a s  those  of Hughes 
f o r  t h e  same s i t u a t i o n .  Applicat ion of t h e s e  PSAAs would 
roughly t r e b l e  h i s  damage cos t s .  

The a c t u a l  compensation pa id  ou t  on Kielce was 
£9000, o r  say  $23000, exc lus ive  of insurance companies' 
overheads. 

(v) There a r e  two f u r t h e r  p o i n t s  of d i f f i c u l t y  which 
cannot be decided here.  Af t e r  t h e  Kie lce  explosion,  50% of t h e  
compensation was paid out  on only 5% of t h e  claims. It seems 
t h a t  no c o s t  e s t ima te  scheme t o  d a t e  could have p red ic t ed  
t h i s .  The second is t h e  "real"  r e l a t i o n  of t h e  pound s t e r l i n g  
t o  t h e  US d o l l a r .  A nominal r a t e  of L 1  = $2.50 has been used 
above because, although US incomes are known t o  be much h igher  
than  t h e  B r i t i s h  on t h i s  exchange r a t e ,  i n  t h e  USA t h e  c o s t s  
of houses,  and durable  consumer goods gene ra l ly ,  do no t  seem 
t o  be  over-priced a t  t h i s  r a t e .  



General Conclusions 

(a) The P red ic t ion  o f  Ground Motion 
l 
l The p red ic t ion  of ground motion amplitude f o r  a g i v e r  

y i e l d  and environment does not  a s  y e t  seem t o  be an exac t !  
sc ience .  This is perhaps t o  be expected when t h e  comparatfvely 
small number of underground nuclear  explos ions  documented i s  
con t r a s t ed  with the  many p o s s i b l e  v a r i a b l e s .  

I n  PNE planning, at p re sen t ,  t h e  "worst caset '  shou ld ,  be 
chosen with a reasonable assurance t h a t  i t  w i l l  no t  happeil. 

(b) S t r u c t u r a l  Response 

The Damped Spring Response method seems adequate t o  
p r e d i c t  t he  response of s t r u c t u r e s  given v a l i d  da t a .  There 
would appear t o  be no reason a t  p re sen t  t o  depar t  from se+- 
c l a s s i c a l  so lu t ions  of t he  b a s i c  equat ion nor  t o  adopt h i4her  
t ime d e r i v a t i v e s  o r  non- l inea r i t i e s  i n  t h e  d e s c r i p t i o n  of t h e  
s t r u c t u r e s .  

( c )  The Extent of Seismic Damage 

There is some unce r t a in ty ,  a t  l e a s t  a f a c t o r  of two qnd 
perhaps a s  much a s  a f a c t o r  of s i x  o r  seven, i n  t h e  thresdold  
ground motion acce l e ra t ion  f o r  damage t o  r e s i d e n t i a l  t y p e ,  
s t r u c t u r e s ,  which a r e  Likely t o  be t h e  bulk of those  a t  r i s k  
i n  most circumstances.  Conservative p red ic t ions ,  and a 
l i b e r a l  a t t i t u d e  towards compensation, would appear t o  be 
necessary i n i t i a l l y  i f  only on t h e  grounds of p u b l i c  r e l a t i o n s .  
Complex s t r u c t u r e s  a r e  l i k e l y  t o  be r e l a t i v e l y  much fewer and 
w i l l  be more c a r e f u l l y  analysed and appraised.  These, ther 'g fore ,  
should not c o n s t i t u t e  any g r e a t  problem. 

(d) The Cost of Seismic Damage 

Est imating the  cos t  of se i smic  damage, i n  a c t u a l  repalirs 
o r  i n  compensation, is l i k e l y  t o  remain a d i f f i c u l t  proble 'p  
s i n c e  sub jec t ive  and emotional f a c t o r s  a r e  involved. It hqs 
been shown (Sect ion F3(d) ( i v ) )  t h a t  a f a i r l y  r ecen t  US method 
would have predic ted  eleven t i m e s  t h e  compensation a c t u a l l y  
pa id  ou t  a f t e r  t h e  Kie lce  explosion.  A more r ecen t  and lesls 
conserva t ive  US es t ima te  is  high by a f a c t o r  of t h r e e .  PNE 
planners  f o r  t h e  t i m e  being may w e l l  be  faced wi th  t h e  dilemma 
of tak ing  an uncalculated r i s k  o r  a r r i v i n g  a t  an unacceptably 
high f i g u r e  f o r  damage compensation. It seems c l e a r  t h a t  t h e  
c o s t  of se i smic  damage needs t o  be inves t iga t ed  f u r t h e r ,  but  
i t  is not s o  c l e a r  how t h i s  can be  done without  more PNE s h o t s .  
An a n a l y s i s  of e x i s t i n g  raw da ta ,  i f  a v a i l a b l e ,  might be  
worthwhile s i n c e  the  US method of us ing  unweighted averagqs 
seems unnecessar i ly  crude. The only r ecen t  well-documented 
case of ex tens ive  se i smic  damage i n  t h e  UK, t h e  Kie lce  
explosion,  h i g h l i g h t s  t h i s  f a c t  s i n c e  wi th  an average of L95 



per paid claim, the  highest  sum paid was E1200 and the  lowest 
C2. There may a l s o  possibly be untapped sources of d a t a  on 
t h i s  subjec t  i n  the  commercial. world. A fu r the r  p o s s i b i l i t y  
is the  c lose r  study of damage from moderate earthquakes. In  
p rac t i ce ,  however, on-the-spot s c i e n t i f i c  study of f o r t u i t o u s  
n a t u r a l  phenomena has usually proved very d i f f i c u l t .  
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