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SUMMARY 

An experiment is described i n  which t h e  se ismic  e f f e c t s  
produced by dropping a standard s t e e l  b a l l  used by demolition 
cont rac tors  on t o  a concrete foundation block were compared w i t h  those 
from small explosive charges detonated i n  shot  holes  d r i l l e d  i n  t h e  
block. Estimates a r e  given f o r  the  r e l a t i v e  demolition e f f i c i e n c i e s  of 
t h e  two methods when the  seismic e f f e c t s  a r e  equal  and f o r  t h e  e f f e c t s  
on seismic amplitude of varying the  b a l l  weight and height  of b a l l .  

INTRODUCTION 

During the  i n i t i a l  s tages  of demolition work a t  R i s l ey  ROF, 
con t rac to r s  t o  the  Warrington New Town Development Corporation (WNTDC) 
used a 762 kg (15 cwt) s t e e l  b a l l  suspended from a crane j i b  f o r  both 
side-ways impact and f a l l i n g  weight appl ica t ions .  While t h i s  method 
was adequate f o r  demolishing s t r u c t u r e s  above ground l e v e l ,  i t  seemed 
less l i k e l y  t o  be e f f e c t i v e  i n  deal ing with t h e  massive concrete 
foundations of some buildings on the  site. 

The p o s s i b i l i t y  of explosives being used i n  t h e  l a t e r  s tages  
of the  work, a s  an a l t e r n a t i v e  t o  the  f a l l i n g  weight, was of concern t o  
the  Reactor Group a t  UKAEA Risley because of the  proximity of l a b o r a t o r i e s  
t o  c e r t a i n  p a r t s  of the  proposed demolition area. In  reply  t o  a query 
from the Chief Engineer (C and A) UKAEA Risley about ground v i b r a t i o n  
l e v e l s  which might be expected from nearby explosions, the  Superintendent 
of UKAEA Seismic Detection Group (SSD Blacknest) pointed out  t h a t  a 
f a l l i n g  weight may be a more e f f i c i e n t  generator  of seismic waves 
than an explosion of equivalent  t o t a l  energy content ,  t h e  p rec i se  
r e l a t ionsh ip  being dependent on t h e  surface  geology of  t h e  s i te  of 
operations. 

I n  the  absence of a body of q u a n t i t a t i v e  information on t h e  
subjec t  , i t  was thought worthwhile t o  ob ta in  some s p e c i f i c  empir ica l  
da ta  by making comparative measurements of the  seismic e f f e c t s  of  
weight drops and small explosions a t  the  Risley ROF site. These 
measurements were ca r r i ed  out  by SSD Acoustics Section on 18 Apr i l  1972. 
Because of the  necess i ty  f o r  stopping demolition operat ions during t h e  
t e s t s  and the  involvement of individuals  from severa l  d i f f e r e n t  
organisa t ions  (UKAEA Risley,  Blacknest, I C I  Nobel Division,  WNTDC s t a f f  
and contrac tors) ,  t h e  tests were l imi ted  by the  t i m e  a v a i l a b l e  t o  a 
smal l  s c a l e  programme of weight drops and s h o t  f i r i n g  i n  pre-prepared 
holes. Some add i t iona l  measurements of the  e f f e c t s  of dropping a range 
of smaller  weights from various heights  were subsequently made a t  AWRE. 

2. EXPERIMENTAL ARRANGEMENTS 

2.1 Test s i te  

The s i te  of the  t e s t s  was on the  unreinforced concrete foundations 
of a disused water  pumping s t a t i o n ,  the  supers t ruc ture  of which had 



previously been demolished and removed down t o  ground l e v e l  by WNTDC 
be fo re  t h e  test date. This t e s t  a rea  ( f igure  1) imposed some r e s t r i c t i o n s  
on t h e  emplacement of seismometers, being p a r t l y  surrounded by s o f t  
ground and adjacent  t o  a l a r g e  empty walled rese rvo i r  and a smaller ,  
semi-underground rese rvo i r  containing some water,  but  i t  was not  
untypica l  of t h e  ROF s i t e  a s  a whole. An e a r l i e r  survey had shawn t h a t  
t h e  underlying geological  s t r u c t u r e  of t h e  ROF was a 10 m c lay  l aye r ,  
containing gravel  i n  the  lower 1.5 m, overlaying red  sandstone l aye r s  
down t o  a t  l e a s t  t h e  120 m depth of t h e  survey borehole. 

The pumping s t a t i o n  foundation ( f i g u r e  2) provided an a r e a  of 
concrete of about 84 m2 varying from 0.91 t o  1.53 m depth, giving a 
s u f f i c i e n t  volume of ma te r i a l  i n  which each of a sequence of  small 
charges could be  detonated i n  a f r e sh  zone of t h e  block, unfractured 
by t h e  previous explosions. 

A row of 13  shot  f i r i n g  holes each 32 mm i n  diameter was bored 
along a s e c t i o n  of t h e  th icke r  p a r t  of t h e  foundation block, with h o l e  
spacings of 0.46 o r  0.61 m a s  shown i n  f i g u r e  2. A ho le  depth of about ha l f  
t h e  block thickness was chosen t o  give optimum demolition r a t h e r  than 
seismic e f f e c t ,  b u t  p r a c t i c a l  d i f f i c u l t i e s  encountered i n  boring gave 
a spread of ho le  depths between 0.46 and 0.76 m (as indica ted) .  The 
weight-drop impact a rea  was on another s i m i l a r l y  th ick  p a r t  of t h e  
concrete a t  t h e  opposi te  s i d e  of t h e  foundation. 

2.2 Instrumentat ion 

Ver t i ca l  and r a d i a l  components of ground motion were recorded 
a t  two p o s i t i o n s  f o r  each of the  sho t s  and weight drops by 4 Willmore 
Mk I1 seismometers which gave outputs  d i r e c t l y  propor t ional  t o  the  
parameter ground veloci ty.  The instruments were located  on t h e  only 
hard-standings ava i l ab le  a t  ground l e v e l  near t o  the  test a rea  using, 
i n i t i a l l y ,  pos i t ions  1 and 2 ( f igure  1)  a t  about 50 and 30 m respect ive ly  
from t h e  explosion/impact source point  and, l a t e r ,  pos i t ions  1 and 3, a t  
about 50 and 20 m d i s t ance  from the  source. The s i g n a l  outputs  from the  
seismometers were recorded on magnetic tape and paper char ts .  

Weight drops and sho t  f i r i n g  

Only one demolition b a l l ,  weighing 762 kg, was a v a i l a b l e  f o r  
the  weight drop t e s t s  which were r e s t r i c t e d  by c e r t a i n  on-si te  
opera t ional  d i f f i c u l t i e s  and time ava i l ab le  t o  a number of drops 
s u f f i c i e n t  t o  s e t  up recording l eve l s  and e s t a b l i s h  the  r ep roduc ib i l i ty  
of r e s u l t s  from drop t o  drop. Records from each of the  th ree  
seismometer pos i t ions  were obtained from a t o t a l  of four  drops from a 
height  of 9.14 m (30 f t ) .  

Four 57 g (2 oz) charges were detonated i n i t i a l l y  t o  determine 
s i g n a l  l e v e l s  a t  the  recording pos i t ions  and t o  provide a preliminary- 
b a s i s  f o r  comparison with , the  weight drop seismic e f fec t s .  The charge 
weights were then increased by 57 g s t eps  t o  a maximum of 171  g t o  
s t r a d d l e  the  amplitude range of the  measured v e r t i c a l  and hor izon ta l  seismic 
components from weight drops. The shot-hole pos i t ions  used i n  t h i s  f i r i n g  
programme were a s  follows:- 



3. RESULTS, CALCULATIONS AND DISCUSSION I 

l 

Explosion 

1 
2 
3 
4 
5 
6 
7 

3. 1 Results  from the  experiment a t  ROF Risley l 
I 

~ e p r e s e n t a t i v e  waveforms of v ibra t ions  from weight drops and 
explosions a r e  i l l u s t r a t e d  i n  f igures  3 t o  7. 1 

Hole Used 

No. 1 
No. 3 
No, 2 
No. 5 
No, 7 
No, 10 
No. 13  

In  the  weight drop waveforms of f igures  3 and 4 it can be seen 
t ha t  a high frequency t r a i n  of waves, which appears a t  the beginning 
of each v e r t i c a l  component record t race ,  was recorded a s  a r a t he r  lower 
frequency wave- t r a i n  of shor te r  duration when the  n e a r  i n  instrument 
p a i r  was t ransferred from posit ion 2 t o  posi t ion 3, nearer  t o  the  source. This 
implied t ha t  the high frequency was more associated with charac te r i s  tics 
of the  seismometer hard-standings and resonance8 induced i n  nearby 
s t ruc tu res ,  such a s  the roofed underground reservoir ,  than with the  
source, 

Charge, g 

5 7 
5 7 
5 7 
57 

114 
114 
171 

Similar  sets of r e su l t s  were a l so  obtained a t  posi t ions  2 and 
3 when the  57 g i n i t i a l  proving shots were f i red .  The seismometers 1 
were l e f t  a t  pos i t ion  3 fo r  recording the  sequence of shots  from 
57 to 1 7 1  g weight;' the  more d i s t an t  seismometer p a i r  remained a t  
posi t ion l throughout the experiment, Seismograms from t h i s  shot  sequence 1 
a r e  shown i n  f igures  5, 6 and 7. I 

The overa l l  s im i l a r i t y  between waveforms of t he  weight drop and 
shot  e f f e c t s  a t  each recording posit ion made i t  pess ible  t o  treat both 
the  high and low frequency components of the observed s igna l s  as va l i d  
pa r t s  of the  t o t a l  induced seismic disturbance caused by each event f o r  
the  purpose of a comparative analysis. The r e su l t s  of t h i s  analys is  a r e  
shown i n  graphical form i n  f igures  8 and 9. 

I n  the  graphs the  amplitudes of v e r t i c a l  and hor izonta l  
components of ground motion a r e  p lo t t ed  a s  functions of d is tance  from 
source f o r  both weight drops and shots. Maximum peak p a r t i c l e  veloci ty  
values from the  b a l l  weight drops a r e  indicated by shaded and unshaded 
c i r c l e s  fo r  l w  and high frequency components respectively,  Low and 
high frequency amplitude maxima from the shots  a r e  s imi la r ly  represented 
by shaded and unshaded t r i ang les  linked by v e r t i c a l  bars. Because of the 
s im i l a r i t y  of weight drop and shot  induced waveforms, l i k e  frequencies 
could be used f o r  these comparative amplitude measurements of the  low 
and high frequency components of s igna l s  observed a t  each recording 
point ,  although the  values of the frequency components measured were 
r e l a t i ve ly  luwer a t  the  more d i s t an t  posi t ion as  high frequencies a r e  
at tenuated more rapidly with distance, 



It can be  seen from f igures  5, 6 and 7 t h a t  t h e - r a t i o  of the  
high-to-low frequency waves recorded by the  n e a r i n  v e r t i c a l  seismometer 
a t  pos i t ion  3 increases  with shot  s i z e  (but note  t h a t  f igures  3 t o  7 1 

i l l u s t r a t e  wave-shapes only and do no t  have equivalent  vertical sca les .  
For exact  amplitude re l a t ionsh ips ,  see f igure  8 and 9). The equivalent  
t r ace  from the  weight drop waveforms of f igure  4 show t h a t ,  i n  t h i s  
respect ,  t he  b a l l  drop r e s u l t  most c lose ly  resembles t h a t  of detonating 
the  171 g charge. 

Also from f igures  8 and 9 i t  can be seen t h a t  t h e  b a l l  drop 
e f f e c t s  were about equal i n  amplitude t o  those of t h e  171 g charge, 
although one of the  two 114 g charges used, which was f i r e d  i n  a s l i g h t l y  
deeper ho le  (No. 10), produced about the same amplitude a t  low frequency 
a s  the  l a r g e r  charge. For the  purpose of the  following argument, based 
on our r e s u l t s ,  we s h a l l  the re fo re  assume, a r b i t r a r i l y ,  t h a t  the  
b a l l  drop e f f e c t s  were se ismical ly  equivalent  t o  those of a 142 g (5 oz) 
charge. 

3.2 Estimation of demolition e f f i c i ency  f o r  equivalent  seismic e f f e c t s  

From da ta  recorded i n  a s e r i e s  of experiments i n  which the  
e f f e c t s  of buried charges were measured, OIBrien [ l ]  tabulated percentages 
of t o t a l  a v a i l a b l e  chemical energy appearing a s  radia ted  seismic energy 
f o r  s e v e r a l  weights of explosives f i r e d  a t  2 depths i n  2 d i f f e r e n t  
media. This t a b l e  ind ica tes  t h a t  l a rge r ,  shallower sho t s  a r e  appreciably 
more e f f i c i e n t  generators  of seismic energy than smaller, deeper ones 
and t h a t  a r a t h e r  higher f r a c t i o n  of the t o t a l  energy a v a i l a b l e  appears 
as seismic waves f o r  sho t s  i n  sandstone compared t o  those i n  clay. The 
tabled percentages range from 0.752 from a 0.4 kg sho t  f i r e d  a t  60 m depth 
i n  clay t o  7% from 10.0 kg a t  15 m depth i n  sandstone; the  smal les t  
shal lowest  s h o t  i n  sandstone (0.4 kg a t  15 m depth) produced 2.6% of 
radia ted  energy. 

We have assumed an equivalence f o r  t h e  Risley weight drops t o  
the  seismic e f f e c t s  from 0.142 kg of explosive f i r e d  a t  about 0.6 m i n  
a concrete block set  i n  a c l ay  medium. The explosive used, Specia l  Gela t ine  
80, has a s p e c i f i c  energy content  a t  4.2 kJ gw1 giving a t o t a l  energy of 
596 k J  from a 0.142 kg charge. Using O'Brienls d a t a  a s  a bas i s ,  w e  ncrw 
make a second a r b i t r a r y  assumption t h a t  perhaps 5% of the  t o t a l  energy 
from t h e  explosion may appear a s  seismic radia t ion .  Thus, the  seismic 
f r a c t i o n  of t h e  t o t a l  energy i s  

Now the  k i n e t i c  energy of a b a l l  of weight 762 kg dropped from a height  
of 9.14 m 

where v2 = u2 + 2as, i n i t i a l  ve loc i ty  U = 0, acce le ra t ion  a = 9.8 m s-2 
and d i s t ance  s 9.14 m. 

Thus, 29.8/68.3 X 100 = 44% of the  b a l l  energy appears a s  
seismic waves. The energy ava t l ab le  f o r  useful  work i n  breaking up the  



concrete is  therefore 68.3 - 29.8 = 38.5 kJ i n  the case of the b a l l  
drop and 596 - 29.8 = 566.2 kJ f o r  the explosive, i e ,  there i s  a f a c to r  
of 566.2138.5 = 14.8 i n  energy avai lable  f o r  demolition i n  favour of 
the  explosive. This is  amply demonstrated by the photographs i n  
f igure  10 which show the e f f ec t s  of weight drops and explosions on the  
concrete foundation block. 

It should be noted, however, t ha t  a demolition eff ic iency 
r a t i o  f o r  the  seismically equivalent explosive charge and f a l l i n g  
weight calculated simply on a bas i s  of ava i l ab le  energy w i l l  be very 
conservative. This is because the calcula t ions  take no account of the  
inherently more favourable site of appl ica t ion of forces from a 
demolition charge ins ide  an unreinforced concrete mass where i t  can 
exer t  l a rge  t e n s i l e  s t r e s s e s  on the  mater ia l  (which is weak i n  tension) 
compared t o  the mainly compressional forces of a weight drop. 

The extrapolat ions from other da ta  and necessary assumptions 
made i n  the  preceding argument might have been avoided i f  t he  experiment 
had been on a l a rger  sca le ,  so  hhat demolition e f f ec t s  of weight drops 
and explosions could have been equalized on a su i t ab l e  test a rea  and 
the r a t i o  of the  seismic e f f ec t s  then found by d i r e c t  measurement f o r  
equivalent demolishing capab i l i t i e s  of the  b a l l  and some weight of 
explosive established by t r i a l  and error .  I n  a small  s c a l e  experiment, 
however, i t  i s  ea s i e r  t o  equalize the  seismic e f f e c t s  by observation 
and est imate instead,  a s  we have done, the  r a t i o  of energies available.  

I n  making t h i s  est imate we note t ha t  there a r e  d i f ferences  of 
opinion about the  proportion of t o t a l  energy appearing a s  seismic 
rad ia t ion  i n  an explosion and t ha t  t h i s  f rac t ion  is dependent on the 
charge shape, density and coupling t o  the  surrounding medium. Thus, f o r  
example, Nicholls [2 ]  describes measurements which indicate  a t r an s f e r  
t o  the  surrounding medium of 1.8 - 3.7% of the  t o t a l  energy, bu t  quotes 
e a r l i e r  work where est imates of 10 - 18% have been given. I C I  [3] s t a t e  
t ha t  a seismic energy transmission of 40 - 50% of the  t o t a l  is possible. 
~ ' ~ r i e n ' s  data seem more i n  accordance with our own observations and w e  
have some knowledge [4 ]  of the circumstances i n  which i t  was acquired. 
Clearly, from a consideration of the  data  from the  Risley t e s t s ,  t h e  
proportion of energy appearing a s  seismic radia t ion from the  t o t a l  of  
596 kJ ava i lab le  i n  a 142 g charge would be only 113% i n  the  extreme 
case where it is assumed t ha t  100% ra the r  than 44% of t he  energy from 
a seismically equivalent 68.3 kJ  b a l l  drop is t ransferred t o  the  ground 
as  seismic waves. 

Results  from addi t ional  weight drop experiments 

As the  WNTDC contractors were unable t o  obta in  an addi t ional ,  
l a rge r  demolition b a l l  (of weight around 2000 kg) f o r  the  Risley tests, 
Bome fu r t he r  small s ca l e  experiments were ca r r i ed  out  a t  AWRE to  
determine a re la t ionship  between seismic amplitude and s i z e  of weight. 
The e f f e c t s  of varying height  of f a l l  was a l so  investigated i n  these 
l a t e r  tests. I n  the f i r s t  t e s t ,  steel b a l l s  ranging i n  weight from 0.7 t o  
14 kg were dropped on (a) concrete, and (b) s o f t  ground from a height  
of 7 m and the  seismic e f f ec t s  a t  30 m distance were recorded by 
v e r t i c a l l y  and rad ia l ly  or iented Willmore Mk I1 seismometers emplaced on 
a concrete slab.  



The r e s u l t s  of t h i s  test a r e  i l l u s t r a t e d  by t h e  graphs of 
f i g u r e  11 i n  which peak p a r t i c l e  ve loci ty  is p l o t t e d  aga ins t  b a l l  weight 
f o r  both v e r t i c a l  and hor izon ta l  components of ground motion and hard 
and s o f t  ground impacts. It can be  seen tha t ,  with the  p a r t i a l  exception 
of the  r a d i a l  component produced by s o f t  ground weight drops (where t h e  
t r u e  maxima from t h e  heavier  weight drops were masked by d i s t o r t i o n  of  
the  main pulses  due t o  the  presence of mutually i n t e r f e r r i n g  waves of 
d i f f e r e n t  frequencies) ,  t he  seismic amplitude was a l i n e a r  funct ion  of 
the  weight dropped i n  each case. 

I n  t h e  second t e s t s ,  i n  which the  b a l l  weight was kept  constant  
and t h e  height  of b a l l  varied,  the  r e s u l t s  were of  the  form shown i n  
f i g u r e  12. Here the  r e l a t ionsh ip  between the  amplitude, A, of p a r t i c l e  
ve loci ty  and the  hefght  of f a l l ,  H, is of the  kind 

I n  t h i s  case,  n has an i n i t i a l  va lue  of around 0.5 f o r  very low he igh t s  
of f a l l  bu t  is evidently becoming asymptotic a s  t h e  he igh t  of f a l l  
increases.  I n  t h e  range of more p r a c t i c a l  he ights  of drop, say 3 - 1 0  m, 
with which w e  were concerned i n  these various t e s t s ,  a value f o r  n of 
0.25 seems most appropr ia te  f o r  amplitude versus he ight  of f a l l  
ex t rapola t ions .  (Data f o r  these  r e s u l t s  were obtained a t  two test sites. 
The absolute  values of seismic amplitude d i f fe red  a t  the  two sites, 
p a r t i c u l a r l y  f o r  s o f t  ground drops, bu t  the  r e l a t ionsh ips  governing 
amplitude dependency on weight and height  of f a l l  va r i a t ions  were similar 
a t  each s i t e . )  

The energy, E, of a weight of mass, m, f a l l i n g  from height ,  H, 
is given by 

where m X g = fo rce  i n  newtons, and H = height  i n  metres. Hence, the  
t o t a l  energy a v a i l a b l e  is d i r e c t l y  proport ional  t o  both weight and 
height  of f a l l  and the  experimental observations of near-in se ismic  
amplitudes i n d i c a t e  therefore ,  how t h a t  f r a c t i o n  of the  t o t a l  energy 
which is t r ans fe r red  t o  the  ground a s  e l a s t i c  wave motion v a r i e s  i n  
r e l a t i o n  t o  a l t e r a t i o n s  i n  t h e  values of these two parameters. Because 
of t h e  non-l ineari ty of t h i s  t r a n s f e r  function i n  the  case of increas ing 
he igh t  of f a l l ,  we can s e e  t h a t  a l a r g e r  change i n  seismic amplitude is 
obtained when the  t o t a l  energy is increased by increas ing t h e  weight, 
than when i t  is increased by r a i s i n g  the  height  of f a l l .  Spec i f i ca l ly ,  a 
doubling of the  energy l e v e l  by increasing t h e  weight from 7 t o  14 kg i n  
our experiments doubled t h e  seismic amplitude, whereas doubling the  
energy l e v e l  by increasing the  height  from 3.5 t o  7 m increased t h e  
amplitude by 161%. 

Conversely therefore ,  f o r  demolition purposes i t  should be  
r a t h e r  more useful  t o  increase  the  t o t a l  energy ava i l ab le  f o r  breaking 
the  su r face  ma te r i a l  by increasing t h e  b a l l  he ight  r a t h e r  than weight. 

F ina l ly  w e  consider the  a t tenuat ion  of seismic amplitude ( i e ,  
t he  maximum peak p a r t i c l e  ve loci ty  a t  any frequency) which occurs as the  
r a d i a l  d is tance ,  r, from the  source increases. From the  d a t a  recorded 



a t  Risley and AWRE the amplitude dis tance  re la t ionsh ip  a t  d is tances  i n  
the range 10 - 70 m was seen t o  be of the  order A = ~ r - ~ .  Within t h i s  
d is tance  range, it should therefore  be poss ib le  t o  s t a t e  a sca l ing  l a w  
from which approximate est imates of the  seismic amplitude from weight 
drops of various weight and height  of f a l l  values may be derived. Thus, 
s ince  w e  have previously es tabl ished l i n e a r  and 0.25 power law amplitude 
re la t ionships  with weight and height  of f a l l ,  the amplitude of ground 
motion from a weight drop can be predicted from 

where A1 is the  peak p a r t i c l e  veloci ty  recorded a t  d is tance  rl from a 
weight W1 f a l l i n g  through height  H I ,  and A2 is  the  unknown amplitude 
from weight W2 f a l l i n g  through height  H2 a t  r a d i a l  d is tance  r p .  

Using the  above expression, peak p a r t i c l e  veloci ty  data  
recorded i n  the  tests a t  the AWRE s i t e s  can be  used t o  p red ic t  t h e  
amplitude f o r  the  Risley tests f o r  comparison with the a c t u a l  r e s u l t s  
recorded. A t  the  f i r s t  site at  AWRE, a v e r t i c a l  component amplitude of 
28.7 v m  was recorded a t  30 m from a weight of 1 4  kg f a l l i n g  on t o  
concre te  from a he igh t  of 7 m. A t  tlie second s i t e  t he  ampli tude was 
49 pm S-l a t  17.5 m from 8.8 kg f a l l i n g  3.5 m on t o  concrete .  From 
Data S e t  1 

where the  distance of the near seismometer at Risley was 19.5 m, and from 
Data Set  2 

The ground motion amplitude maxima ac tua l ly  recorded a t  Risley by the 
v e r t i c a l  seismometer a t  19.5 m were 3600 and 2400 vm s'l f o r  t h e  high 
and low frequency components respectively. This is  an ext rapola t ion of 
54 times on the  weight and takes no account of d i f ferences  i n  t h e  
c h a r a c t e r i s t i c s  of t h e  sites. Nevertheless, from t h i s  example, i t  seems 
not  unreasonable t o  conclude tha t ,  f o r  s i t e s  no t  too d i s s imi la r  t o  the  
ones used i n  these  tests, t h i s  expression could be used t o  obta in  an 
approximate est imate,  say within a f a c t o r  of 2 up o r  down, f o r  ground 
motion a t  d is tances  of a few tens of metres from weight drops with 
heights  of f a l l  i n  the range 3 - 10 m. 



3,4 Effec t  of seismic v ib ra t ion  on buildings 

A peak p a r t i c l e  ve loci ty  l e v e l  of around 50000 p& s'l has f o r  many 
years been accepted a s  t h e  threshold of minor "archi tec tura l"  ( i e ,  non- 
s t r u c t u r a l )  damage i n  ordinary buildings. More recent  inves t iga t ions  
[5-81 have shown t h a t  p a r t i c l e  v e l o c i t i e s  a s  low a s  1000 - 2000 pm s'l can 
i n  some circumstances acce le ra te  the  r a t e  of de te r io ra t ion  (minor 
cracking, b r i t t l e  f r a c t u r e ,  e t c )  which occurs n a t u r a l l y  i n  buildings.  
A rounded-up es t imate  based on our experimental r e s u l t s  is t h a t  ( fo r  
concrete impact and recording pos i t ions  a t  a s i t e  with clay-gravel 
overburden) a peak p a r t i c l e  ve loc i ty  of 1000 pm s'l would be experienced 
a t  a point  30 m from the  f a l l  of a 1000 kg weight from 10 m height.  Also, 
from the  r e s u l t s ,  t he re  is  a correspondence f o r  t h i s  l e v e l  of ground 
motion t o  the  detonation of a near-surface explosive charge of weight i n  
the  range 113.5 - 227 g (4 - 8 oz). A t  d is tances  g rea te r  than 30 m, t he  
ground motion r e s u l t i n g  from e i t h e r  of these se ismical ly  equivalent  events 
would therefore  be l e s s  than the  lowest l e v e l s  now believed t o  be of 
s ign i f i cance  t o  ordinary buildings.  The r e l a t i v e l y  weak ground motion 
which would occur a t  r a t h e r  g rea te r  ranges might, however, be considered 
sti l l  s i g n i f i c a n t  i n  t h e  s p e c i a l  case  of buildings such a s  l a b o r a t o r i e s  
containing d e l i c a t e  apparatus (although t h i s  motion would i n  f a c t  b e  
l e s s  i n  amplitude than the  v e r t i c a l  v ib ra t ions  normally a r i s i n g  from 
nearby road t r a f f i c ) .  Approximate est imates f o r  ranges g r e a t e r  than 
those involved i n  the  present  t e s t s  (10 - 70 m) could b e  obtained by 
using a l / r  re la t ionsh ip  towards which amplitude tends a t  t h e  higher 
end of our measurement range, 

4 • CONCLUSIONS 

(1) The peak p a r t i c l e  ve loc i ty  of ground motion produced by a 
f a l l i n g  weight has been shown by experiment t o  be of t h e  order  of 1000 pm s-l 
a t  30 m d i s t ance  from a weight of 1000 kg f a l l i n g  from a height  of 10 m 
on t o  concrete,  This ground motion i s  d i r e c t l y  proport ional  t o  t h e  s i z e  
of weight and propor t ional  t o  the  4th root  of t h e  he ight  of f a l l .  

(2) An equivalent  seismic e f f e c t  would be produced by the  detonation 
of an  explosive charge of about 0.2 kg but  the  demolition capab i l i ty  of 
the  bur ied  explosive f o r  breaking up a s o l i d  concrete mass is estimated 
t o  be a t  l e a s t  f i f t e e n  times g rea te r  than t h a t  of a f a l l i n g  weight. 

(3) A t  d i s t ances  g rea te r  than 30 m the ground motion r e s u l t i n g  
from e i t h e r  of these  events would be l e s s  than the lowest l e v e l s  now 
believed t o  i n i t i a t e  damage to  ordinary buildings.  

( 4 )  Within reasonable l i m i t s ,  simple ext rapola t ions  t o  compare t h e  
seismic e f f e c t s  of small  buried demolition explosions with b a l l  weight 
drops can be made from (1) and (2) above by using a l i n e a r  law f o r  t h e  
r e l a t ionsh ip  between seismic amplitude and both b a l l  weight and charge 
s i z e  and assuming a simple inverse  law t o  apply f o r  d is tances  i n  excess 
of 30 m. The e f f e c t  of v a r i a t i o n  i n  h a l l  drop height  can be assumed t o  
be neg l ig ib le  f o r  he ights  of t h e  order  of 10 m a s  f a r  a s  t h e  seismic 
annl i tude  is concerned. 
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FIGURE 11. AMPLITUDE VERSUS S IZE OF WEIGHT RELATIONSHIP FOR COMPONENTS OF 6RWMD MOTION 
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