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SUMMARY 

This repor t  describes three examples of  s m a l l  s c a l e  operat ions 
undertaken by the,  Seismic Measurements Group, UKAEA Blacknest, 

Versions o f  equipment and da ta  processing methods developed 
f o r  the  main seismic detect ion programme of  SSD have been used to  study 
the  e f f e c t s  i n  s t r u c t u r e s  c lose  t o  explosions and o t h e r  sources of s t rong  
vibrat ions.  In  p a r t i c u l a r ,  a caravan u n i t  o r i g i n a l l y  designed as a mobile 
seismic ar ray  s t a t i o n ,  has been especia l ly  useful  as a f i e l d  labora tory  
f o r  work o f  t h i s  kind and was used f o r  the  operat ions i n  P a r t s  2 and 3. 



PART 1 : SEISMIC MEASUREMENTS AT DARESBURY 
NUCLEAR PHYSICS LABORATORY 

INTRODUCTION 

A proposal t o  increase  the  length  of  the  e lec t ron  accelera t ion 
path f o r  the synchrotron apparatus a t  Daresbury involved a tunnel l ing  
opera t ion i n t o  an adjacent  h i l l s i d e  using explosives. It w a s  thought 
t h a t  b las ted  operat ions might cause v ibra t ions  o f  s u f f i c i e n t  amplitude 
to  upset the alignment of the  synchrotron magnets which had been 
hor izonta l ly  and v e r t i c a l l y  adjus ted  t o  an accuracy of  0.005 in. 

A s  t r i a l  boreholes had t o  be d r i l l e d  along the proposed e lec t ron  
path extension i n  o rder  t o  es tab l i sh  the nature  o f  the t e r r a i n ,  two of 
these were to  be  used f o r  test f i r i n g s  from which the e f  f s c t s  o f  explosive 
charges i n  t h e  weight range recbmmended by the  contrac tors  could b e  determined. 

The Seismic Measurements Group were asked t o  provide an instrument 
i n s t a l l a t i o n  s u i t a b l e  f o r  recording these e f f e c t s  and a l s o  f o r  monitoring 
over a period, samples of the seismic background noise produced by regular  
a c t i v i t i e s  i n  the Synchrotron-Electron Hall  complex. A simple seismic 
ve loc i ty  p r o f i l e  of the upper ground l ayer  of the  s i t e  was a l s o  required. 

This work was ca r r i ed  out  by the  Seismic Measurements Group during 
the  summer of 1968 under a contrac t  arranged by UKAEA Works Group, Risley. 

ARRANGEMENT OF INSTRUMENTS 

2.1 Vibration measurements 

lbo  v e r t i c a l  component Willmore Mk. I1 seismometers were 
i n s t a l l e d  i n  pos i t ions  se lec ted  by DNPL Engineers. These pos i t ions  were: 
(1) the f l o o r  o f  the main e lec t ron  h a l l ,  and (2) the  .synchrotron magnet 
mounting. 

The seismome,ter outputs  were amplified by l o c a l  ampl i f ier  u n i t s  
and connected by cables to  a twin jet ink recorder with c a l i b r a t i o n  
f a c i l i t i e s .  Figure 1 shows t h e  main fea tures  o f  the DNPL s i te  and the 
posi t ions  of  the  seismometers and boreholes. 

2.2 P r o f i l e  measurements 

These measurements wqre made on a f l a t  area of  the  site 
covering p a r t  of  the  proposed qew elec t ron path. Refraction l i n e s  
denoted by datum points  G149 Im f igure  2 were surveyed i n  turn  using 
Dynametric Model 117 p r o f i l i n g  equipment comprising s t r i k e r ,  geophones 
(seismic receivers)  and timer. Forward and reverse p r o f i l e s  were obtained 
along each l i n e  using datum points  a t  both ends f o r  geophone posi t ions .  

Sandstone samples weae obtained from the  near  borehole a t  40 f t  
depth s o  t h a t  the s p e c i f i c  gravity of  mater ia l  i n  the  l a y e r s  surveyed by 
the  p r o f i l e  could be determined. 

3. RESULTS 

Figures 3, 4 and 5 show records o f  t h e  p r inc ipa l  seismic noise  
measurements. Deta i l s  o f  these  a r e  summarised i n  t a b l e  1. 



TABLE 1 

Noise Measurements 

Mgures 6 and 7 s h w  records obtained from the shot  f i r i n g s  
and t a b l e  2 summarises t h e  main fea tures  of these records. 

Seismic p r o f i l e  measurements 

Seismome ter 
Posi t ion  

L 

Electron 
Hall Floor 

Electron 
H a l l  Floor 

Electron 
Hal l  Floor 

Synchrotron 
Magnet 

From these measurements a t ab le  o f  t r a v e l  times corresponding 
t o  s e v e r a l  d is tances  along each o f  the  l i n e s  1 - 4 was obtained. 

Dominant 
Frequency, 

H z 

4 

1 3  

2.7 

4 

Cause of 
Vib r a t i o n  

Normal seismic 
background noise  

Overhead crane 
mbving with load 

Overhead crane 
s t a t i o n a r y ,  
lowering 17 ton 
concrete block 

Vacuum pump 

The r e s u l t s  f o r  l i n e  1 which extended 160 f t i n  a NW/SE 
d i r e c t i o n  a r e  p lo t t ed  i n  f igure  8. 

Lines 2, 3 and 4 running NE/SW were prof i l ed  i n  80 f t  h a l f  
lengths. Line 3 r e s u l t s ,  typ ica l  of  three  l i n e s ,  a r e  p l o t t e d  i n  f i g u r e  
9. 

Maximum 
P a r t i c l e  
Velocity, 

C ~ / S  
Peak/Peak 

5 1ow4 

49 10'~ 

51 X 10'~ 

76 X 10'~ 

Each o f  the graphs has a f a i r l y  w e l l  defined "knee" above 
which the  s lope  trends t o  a new steady value. This change i n  s lope  
ind ica tes  t h e  presence of a higher veloci ty  l a y e r  o f  more compact 
mater ia l  l y i n g  near t o  the  surface. Values f o r  the seismic ve loc i ty  i n  
the sub-layer and f o r  t h e  depth o f  the l a t t e r  below surface  can be  
derived from the  p lo t t ed  data. 

Maximum 
Ground 

Displacement, 
c m  

Pealclpeak 

0.2 X 1oW4 

0.6 10'~ 

3 1 0 ~ ~  

3 X 10'~ 

The s p e c i f i c  gravi ty  of  sandstone samples from borehole No. 24 
was sa tu ra ted ,  2.19 and dry, 1.95. 



TULE 2 

Shot Record Measurements 

Shot Details 

Shot 1: 50 lb ,  depth 65 f t ,  dis tance t o  Electron Hall 1300 f t  
(Borehole 21). 

Maximum 
Ground 

Displacement, 
cm 

Peak/ Peak 

0 . 2 3 ~ 1 0 ' ~  

2.1 X 1 0 ~ ~  

0.24 

2.3 X 10'~ 

0.3 X 10'~ 

1.4 X 1oW4 

0.4 X 10'~ 

1.9 X 10-~ 

Shot 2: 15  lb ,  depth 40 f t ,  d is tance  t o  Electron H a l l  650 f t  
(Borehole 24). 

Seismometer 
Posi t ion 

Electron 
H a l l  Floor 

Electron 
Hall Floor 

Synchrotron 
Magnet 

Synchrotron 
Magnet 

Electron 
Hall Floor 

Electron 
Hall  Floor 

Synchrotron 
Magnet 

Synchrotron 
Magnet 

Dominant 
Frequmcy, 

Hz 

33 

7 

3 3 

7 

25 

8 

2 5 

8.7 

Maximum 
P a r t i c l e  

Velocity, 
cm/ S 

Pealclpeak 

47 x10e4 

94 X 10'~ 

49 X 10-~ 

103 X 10-~ 

47 X 10'~ 

70 X 10'~ 

63 X l oW4 

104 X l O w 4  

7 

Shot 
No . 

1 

1 

Record Component 
Measured 

Largest cycle i n  
high frequency 
t r a i n  

Largest cycle of 
dominant low 
frequency 

Larges t cycle a t  
high frequency 

Largest cycle a t  
low frequency 

Largest cycle a t  
high frequency 

Larges t cycle a t  
low frequency 

Largest cycle a t  
high frequency 

Largest cycle a t  
low frequency 



4. CALCULATIONS 

The depth o f  sub-surf ace l a y e r s  can be  ca lcula ted  from the  
expression 

where d is  the average depth t o  t h e  l a y e r  under the  measurement path. 
I n  t h i s  expression Lx is the  d is tance  i n  f e e t  measured along t h e  X axis 
t o  t h e  point  where the  s lope  of the  t r a v e l  t i m e  graph changes from i ts 
i n i f i a l  value to  a  new, r e l a t i v e l y  steady,  value represent ing  change i n  
se ismic  veloci ty  from V 1  t o  V2. 

The v e l o c i t i e s  v1 and v2 can be obtained i n  f e e t  pe r  second by 
d i r e c t  measurement from the  graphs. The values of Lx a r e  est imated by 
assuming an abrupt  change o f  s lope  a t  a  po in t  where the projec ted  
i n i t i a l  and u l t imate  s lopes  i n t e r s e c t .  

In  f i g u r e  8,  from the r e s u l t s  with geophone a t  pos i t ion  G 1 ,  
l i n e  1, 

Lx = 12  f t ,  

= 4.7 f t .  

With geophone a t  pos i t ion  G2, l i n e  1, 

Lx = 24 f t ,  

and V2 = 4000 f t l s ,  

= 9.7 f t .  

I n  f i g u r e  9 from r e s u l t s  with geophone a t  pos i t ion  65, l i n e  3, 

Lx = 12.4 f t ,  

= 5 f t .  



and with geophone a t  pos i t ion  G7, l i n e  3, 

Lx = 19.4 f t ,  

= 7.8 f r .  

4.1 Modulus o f  e l a s t i c i t y  

(3A + 211) 
E = u  (A.,,) 

where E is  Young's modulus, 
A is  ~ a m 6 ' s  constant ,  
U is t h e  modulus o f  r i g i d i t y ,  
p is the  densi ty o f  the  mater ia l ,  
a is Poisson's r a t i o ,  
c  is the  ve loc i ty  of compressional waves i n  the material .  

For many common rocks a = 0.25, therefore from (3) A = v. 

5 2 
With t h i s  assumption (1) and (2) can be s impl i f i ed  giving 

E .7; PC. 

For sa tu ra ted  sandstone of  s p e c i f i c  gravi ty  2.19, densi ty  p i n  
lb / in . / s  u n i t s  

where 9.3 X 10'~ l b  s2 in? is the densi ty o f  water. 

From the t r a v e l  t i m e  graphs, the average m a x i m u m  value  of  C is 
3800 f t / s  3.8 X 12 X 103 in. /s ,  

5 the re fo re  E = g (2.19 x 9.3 X 10-5) l b  s2 in? (3.8 x 12 x 1 0 ~ ) ~  i n ?  s - ~  

= 0.35 X 106 1b 

5. DISCUSSION OF RESULTS 

The t e s  t sho ts produced vibra t ions  with maximum amplitudes 
about an o rder  above the normal background no i se  l e v e l  on the  site. 



However, these  amplitudes were somewhat less than the  v ib ra t ion  l e v e l s  
o f  3 microns peak- to-peak produced i n t e r m i t t e n t l y  by machinery already 
i n s t a l l e d  permanently i n  the synchrotron magnet area. The l a r g e r  
v ib ra t ions  were i n  the  frequency band 2 - 9 Hz. 

The observed v ib ra t ion  l e v e l s  were f a r  below those having any 
s t r u c t u r a l  s ign i f i cance ,  but  could possibly a f f e c t  o p t i c a l  measurement 
systems associa ted  with the synchrotron i f  the  o p t i c a l  components have 
resonant  frequencies i n  the main v ib ra t ion  band, 

The p r o f i l e  measurements give an indica t ion  of  the depth 
below s u r f a c e  o f  the sandstone l a y e r  under the site. Reference t o  
f i g u r e  2 and the  ca lcula ted  values o f  depth a t  points  G1, Gg, G 5  and G7 
suggest  t h a t  t h e r e  is between 5 and 10 f t  of  less consolidated mate r i a l  
overlaying the  sandstone, with the  g rea te r  depth i n  towards the  s i te  
area,  away from the  h i l l .  

A t  t he  depths measured the se ismic  veloci ty  i n  t h e  sandstone 
has a r a t h e r  low value f o r  t h i s  rock type, The ca lcula ted  value of 
Young's modulus has been compared with da ta  given by Brown and 
Robertshaw [ l ]  and a r e  p l o t t e d  f o r  comparison with these  da ta  i n  
f i g u r e  10. 

CONCLUS IONS 

On the b a s i s  o f  the  r e s u l t s ,  unduly l a r g e  v ib ra t ions  would 
no t  b e  expected from the  maximum instantaneous charges of  1 5  l b  suggested 
by I C I  f o r  f u t u r e  b l a s t i n g  operations. 

The thickness of the  uppermost low veloci ty  l a y e r  on the  s i te  
is n o t  more than 10 f t .  



PART 2: INVESTIGATION OF STRUCTURAL FAILURES I N  A 
DOCKSIDE BUILDING 

7. INTRODUCTION 

The bu i ld ing  which w a s  t h e  sub jec t  o f  t h i s  inves t iga t ion  is  
s i t u a t e d  next t o  a  lock connecting the  Humber Estuary with the  Immingham 
dock inner  bas in  ( f igure  11). I t  serves  as a Mission t o  Seamen and is 
b u i l t  as a two-storey r e s i d e n t i a l  block with conjoining single-storey 
rec rea t iona l  a reas  ( f igure  12). 

The purpose of ' t h i s  inves t iga t ion  was t o  determine whether 
v i b r a t i o n a l  o r  some s p e c i a l  f a c t o r s  i n  the  environment could account f o r  
severe  cracking of the  wal ls  i n  the s i n g l e  s t o r e y  a rea  of t h e  building.  
In t h i s  p a r t  of  the  building the  ex te rna l  wa l l s  have moved i n  an outward 
d i r e c t i o n  above the  damp proof course l e v e l  s o  t h a t  they overhang the  
foundation course by 8 t o  1 in.  

This kind of  s t r u c t u r a l  f a i l u r e  is no t  d i s s i m i l a r  to  t h a t  seen 
i n  bui ld ings  subjected t o  hor izonta l  shea r  S tresses by earthquakes. 
( f igures  1 3  and 14). No s a t i s f a c t o r y  explanation had been found i n  
e a r l i e r  inves t iga t ions  by a r c h i t e c t s  seeking conventional causes of 
S t r u c t u r a l  f a i lu re .  

8. ARRANGEMENT 0 F INSTRUMENTS 

I n  an i n i t i a l  series of  measurements, groups o f  seismometers 
were placed a t  various p o i n t s  on the ground f l o o r  o f  the bui ld ing and 
on t h e  ground outs ide  ( f igure  15). With t h i s  arrangement, ho r i zon ta l  
and v e r t i c a l  component v ib ra t ions  were recorded f o r  a per iod  of  some 
days during which a l l  shipping and vehicle movements and o t h e r  a c t i v i t i e s  
i n  the  v i c i n i t y  of  t h e  bui ld ing were logged. A caravan equipped as a 
f i e l d  labora tory  with multi-channel t ape r  and char t  recording f a c i l i t i e s  
w a s  used i n  t h i s  f i r s t  s t a g e  of  measurements ( f i g u r e  12). 

A t  a  l a t e r  da te  hor izonta l  and v e r t i c a l  component v ib ra t ions  
a t  a  s i n g l e  point  i n  the bu i ld ing  were recorded continuously f o r  s e v e r a l  
weeks by a very slow speed, unattended tape recording system. A group 
o f  3 s t r a i n  gauges w a s  mounted on an external  wa l l  at a p o i n t  where the  
overhang above the damp course w a s  grea tes t .  Two of  t h e  gauges bridged 
the damp course i t s e l f  so  t h a t  they responded t o  any r e l a t i v e  movement 
across i t  and the  t h i r d  gauge was mounted on t h e  upper w a l l  brickwork t o  
serve  as a cont ro l  f o r  temperature e f f e c t s  e t c  ( f i g u r e  16). The outputs  
o f  these  gauges and t h e  output  of  a  s e n s i t i v e  e l e c t r o n i c  l e v e l  mounted 
on the bui ld ing f l o o r  were a l so  recorded on the  tape recorder together  
with marker pulses from a simple timing unit.  

A s h o r t  s e r i e s  o f  comparative measurements were a l s o  made a t  
a  higher t ape  recording speed with seismometers s i t u a t e d  on t h e  roof o f  
t h e  bui ld ing,  i n  a  window recess of the  south west w a l l  and on t h e  
ground outside.  



9 • RESULTS 

In  the  f i r s t  series of measurements, v ib ra t ion  pa t t e rns  from 
vessels  ranging i n  s i z e  from tugboats t o  a cargo s h i p  o f  30000 tons were 
recorded. Vibration pa t t e rns  f o r  vehic les ,  t r a i n  shunting and locking 
operat ions was a l so  -observed. 

For sh ips  i t  was found t h a t  v ibra t ions  were set up by the use 
o f  engines when manoevring i n  the  locks. The r e s u l t i n g  b u r s t s  of  
v ib ra t ion  sometimes l a s t e d  f o r  periods of minutes durat ion during which 
t i m e  the amplitude remained f a i r l y  steady and the  frequency assumed some 
value which w a s  c h a r a c t e r i s t i c  o f  the  p a r t i c u l a r  vessel.  The l e v e l s  o f  
v ib ra t ion  were s i m i l a r  a t  a l l  the  measurement points  on the  bui ld ing 
f l o o r  and ou t s ide  ground and the  v e r t i c a l  component motion w a s  general ly 
r a t h e r  g r e a t e r  than t h e  hor izonta l  motion. A typ ica l  r e s u l t  is i l l u s t r a t e d  
i n  f igure  17. 

For vehic les ,  v ib ra t ion  amplitudes produced on the bui ld ing 
f l o o r  were comparable with those f o r  ships. Large v e r t i c a l  component 
motion was always produced, the  hor izonta l  component amplitude w a s  very 
var iable ,  bu t  sometimes equally large ,  The durat ion of  v ib ra t ion  b u r s t s  
from vehic les  were s h o r t e r  than those from shipping, corresponding t o  
t h e  t i m e  required f o r  a vehicle to  pass the building. On the  o t h e r  hand, 
the  r a t e  o f  occurrence of these  b u r s t s  was very much g rea te r ,  t r a f f i c  
was very heavy a t  times with loaded trucks passing a t  frequent i n t e r v a l s .  
This r esu l t ed  i n  a semi-continuous spectrum of v ib ra t iona l  noise  during 
p a r t  of  each day ( f igure  18). 

Vibrations from most other  a c t i v i t i e s  such as shunting on 
nearby railway l i n e s  and crane movements on the opposite  wharf were 
r e l a t i v e l y  i n s i g n i f i c a n t  with the  exception of  the  opera t ion o f  the  
s l u i c e  gates  i n  the lock, The e f f e c t  of  closing these gates was t o  
produce a damped wave t r a i n  of  around 1 Hz. S l i g h t  impacts from sh ips  
on the  wa l l  o f  the  lock were found to  produce a s i m i l a r  result on the  
hor izonta l  component channels. ( f igure  19). 

The r e s u l t s  o f  t h i s  s t age  o f  measurements can be summarised as 
follows :- 

Ground motion 100 X lom4 c m  peaklpeak ) 
) Average 

P a r t i c l e  veloci ty  0.05 cm S-l ) m a x i m a  f o r  
) both sh ips  

Acceleration 1.0 cm S-* ) and vehicles. 

Ship engine v ibra t ions  f e l l  i n  a frequency band between 0 - 11 Hz and 
produced t h e  systematic ground motion shown by the p a r t i c l e  o r b i t  
representa t ions  o f  f i g u r e  20. These were produced by applying the 
recorded r a d i a l  and transverse hor izonta l  components respect ively  to  
the  X and Y p l a t e s  of an osci l loscope.  The corresponding o r b i t s  f o r  
vehic le  v ibra t ions  i n d i c a t e  a random type of ground motion. Vehicle 
v ib ra t ion  frequencies were predominantly around 3 - 5 Hz. 



10. DISCUSSION 

C r i t e r i a  f o r  damage t o  bui ld ings  from v ib ra t ion  have been 
pos tu la ted  i n  the  pas t  by various a u t h o r i t i e s ,  o f t e n  t o  def ine  limits 
f o r  acceptable  l e v e l s  of  v ib ra t ion  from b l a s t i n g  operat ions.  Acceleration, 
displacement and p a r t i c l e  ve loci ty  have each been favoured by p a r t i c u l a r  
writers, but  i t  has been shown by Duvall and Fogelson [2]  t h a t  a 
c r i t e r i o n  based on p a r t i c l e  ve loc i ty  can apply t o  a v a r i e t y  of  physica l  
conditions. These authors quote a value f o r  p a r t i c l e  ve loc i ty  o f  5 cm S'' 

as t h e  threshold a t  which minor damage may be caused i n  buildings.  This 
is  a l e v e l  below which the  p robab i l i ty  of  damage is s m a l l ,  b u t  never the less  
i t  has been noted more recent ly  by W a l l  [3]  t h a t  v ib ra t ions  wi th  p a r t i c l e  
v e l o c i t i e s  o f  t h e  o rde r  of 0.1 c m  s'l can hasten the  onse t  o f  what is 
described as "natural" cracking i n  the w a l l s  of  r e s i d e n t i a l  buildings.  

The s u p e r f i c i a l  conclusion t o  b e  drawn from the  f i r s t  s t a g e  
of  measurement w a s  t h a t  the  v ib ra t ions  to  which the bui ld ing w a s  subjec ted  
w e r e  not  l a r g e  enough t o  cause t h e  degree of  damage observed. However, i t  
was supposed t h a t  the prolonged na tu re  of  the  v ib ra t ions  must tend t o  
cause the  damage threshold t o  be low r a t h e r  than high,  a l s o  t h a t  amplitudes 
i n  o t h e r  p a r t s  o f  the  s t r u c t u r e  might be g rea te r  than those measured on 
the  floor. Angenheister and Fot tsch  (41 s t a t e  t h a t  i t  is v i r t u a l l y  
impossible t o  p red ic t  what the  e f f e c t s  o f  p a r t i c u l a r  l e v e l s  o f  v i b r a t i o n  
on a s t r u c t u r e  w i l l  be, a s  the  dynamic p roper t i e s  a r e  h ighly  dependent 
on shape, method o f  cons t ruct ion  mater ia ls  etc .  Shepherd and Walpole [5] 
show t h a t  foundation compliance can allow coupled modes of  v ib ra t ion  t o  
occur when a n a t u r a l  period of  a bui ld ing corresponds to  a v ib ra t ion  
period i n  the  foundation subsoils .  I n  such cases o f  resonance f l e x i b l e  
bui ld ings  on s o f t  s o i l s  a r e  penalized compared t o  s t i f f e r  s t r u c t u r e s .  

Another, longer series o f  measurements seemed necessary to  
resolve  a number o f  po in t s ,  ie,  (1) by providing a longer s t a t i s t i c a l  
sample t o  show whether occasional  episodes o f  l a r g e r  amplitude v ib ra t ions  
occurred (eg, from g r e a t e r  s h i p  impacts with the  lock wa l l s ) ,  (2) t o  attempt 
t o  r e l a t e  the  occurrence of  any new S t r a i n s  i n  the bui ld ing t o  such 
episodes, and (3) t o  obta in  some comparative measurements of  v ib ra t ions  
a t  and above ground level .  

Results  and analys is  o f  t h i s  second set of measurements are 
summarised below. 

11 . S W Y  OF RESULTS, STAGE 2 

11.1 Vib ra t ions  

Daily average maximum l e v e l s  o f  v ibra t ion  on the  f l o o r  were 
s i m i l a r  t o  those previously obtained. sh ips9  engines commonly produced 
p a r t i c l e  ve loc i ty  values i n  the  range 0.03 t o  0.05 cm S-' f o r  one o r  
two minutes durat ion s e v e r a l  times each day. Occasional days were 
exceptionally noisy with heavy sh ip  and vehic le  t r a f  f ic.  Rather 
inf requent ly ,  the  average maximum l e v e l  was exceeded by v ib ra t ion  
b u r s t s  of  s h o r t  durat ion which were thought t o  be episodes o f  s h i p  
"bumping" and gave values o f  p a r t i c l e  ve loci ty  of  the  o rde r  o f  0.1 cm sol. 



Examination of  severa l  weeks combined seismometer and S t r a i n  
gauge records using f a s t  tape replays d id  no t  i n d i c a t e  sudden changes 
i n  s t r a i n  associa ted  with the l a r g e r  b u r s t s  of  vibrat ion.  On two 
occasions, s l i g h t  changes i n  s t r a i n  were observed a t  the same time as 
changes i n  tilt and s t rong  vibra t ions  on the v e r t i c a l  component 
seismometer. These e f f e c t s  were o f  s h o r t  durat ion and may have been 
caused by an exceptional  vehicular  load passing c lose  to  the  building. 
No o the r  s i g n i f i c a n t  t i l t i n g  e f f e c t s  were apparent fram the  records 
produced by the  e l e c t r o n i c  level .  

11.2 S t r a i n  va r ia t ions  

The r e s u l t s  of s t r a i n  gauge checks made at  2 week i n t e r v a l s  
i n  a continuous period of  operat ion from 5th June t o  31st  Ju ly  1969 are 
shown i n  t a b l e  3. Pos i t ive  values of s t r a i n  i n d i c a t e  an outward movement 
of the  wa l l  above dpc l e v e l  and the  t a b l e  shows t h a t  an apparently steady 
outward trend was occuring. 

TABLE 3 

A d e t a i l e d  examination o f  the  s t r a i n  gauge tape records w a s  
made to  determine how the w a l l  movement took place i n  the  i n t e r v a l s  
between s t r a i n  measurements. This revealed a considerably more complex 
behaviour than w a s  apparent from the simple spot  checks on cumulative 
s t r a i n .  Diurnal swings of  double the amplitude of  the t en  day cumulative 
s t r a i n  l e v e l  (Y1 - Y2) can be seen i n  the sec t ion from a replayed s t r a i n  
record shown i n  f igure  21. The output  of  t h i s  gauge w a s  recorded on a 
high gain tape channel. 

Date 

Cumulative Gauge 
S t r a i n ,  1 
in. X 10'~ (dpc) 

Gauge 
t l  1 

(dpc) 

Gauge 
I t  3 

Control 

11.3 Meteorological e f f e c t s  

A study w a s  made of  meterological da ta  from the  n e a r e s t  
Meteorological Sta t ion,  Kilnsea, on the nor th  bank o f  the  Humber 
Estuary and, showed t h a t  the  peaks o f  S t r a i n  occurred when hours o f  
sunshine and ambient temperatuxe were highest.  

To enable a q u a l i t a t i v e  est imation o f  the apparent r e la t ionsh ip  
of s t r a i n  va r ia t ions  and warm weather conditions to  be  made, an electrical 
analogue model approximating to the t o t a l  hea t  received by t h e  bui ld ing 
was produced. 

June 5th 

0 

0 

0 

Ju ly  17th 

+18.5 

+18.5 

+ loo  

June 19th 

6 . 5  

6 . 0  

-0.5 

July  31st  

+21 

+25 

-2.5 

July  3rd 

+12.5 

f12.5 

0 



This analogue was derived by summing two voltage waveforms 
( f igures  22(a) and (b)) which represented the  heat  assumed t o  have 
been received by the  bui ld ing from s o l a r  r ad ia t ion  and the  ambient 
environment. These wavef orms were produced by i n t e g r a t i n g  c i r c u i t s  
i n t o  which voltage input  s t e p s  based on the Daily Meteorological Data 
f o r  sunshine hours and ambient temperature were fed a t  sca led  t i m e  
i n t e r v a l s  of 24 hours. 

Some a r b i t r a r y  assumptions were made about r a t e s  o f  rise 
and decay of temperature i n  t h e  brickwork i n  o rder  to  a r r i v e  a t  s u i t a b l e  
sca led  time constants  f o r  the in tegra tors .  I f  the movements o f  the w a l l s  
a r e  f u r t h e r  assumed to  be proport ional  to the t o t a l  heat  f lux ,  then the  
summed waveform ( f igure  22(c)) can a l so  represent  w a l l  movements and 
these  a r e  seen from the  f igure  to be revers ib le  over the  ten day per iod 
(as shown by broken l i n e  X1 - X2). 

To t h i s  waveform was added one o t h e r  function represent ing 
an ex t ra ,  i r r e v e r s i b l e ,  component of  s t r a i n .  This w a s  chosen f o r  
s impl ic i ty ,  t o  be a voltage ramp (broken l i n e ,  f igure  22 (d)) which rose  
to  a f i n a l  value equivalent  to about ha l f  the  voltage of  the l a r g e r  
d iurnal  swings. The r e s u l t  o f  summing these three  simple analogues can 
be seen i n  f igure  22(d)., which compares the  simulated and a c t u a l  s t r a i n  
reco rds . 
11.4 Noise power s p e c t r a  

A number of  the tape recorded noise  samples were Fourier  
analysed a f t e r  d i g i t i s a t i o n ,  using a computer program due t o  A. Douglas, 
Blacknest. Noise power spec t ra  produced i n  t h i s  way provided comparisons 
between ground and building vibra t ions ,  

The spectrum shown i n  f igure  23  is typ ica l  of results obtained 
from a hor izon ta l  seismometer or iented  t ransverse ly  t o  the south w e s t  
w a l l  on the ground ou t s ide  the building. 

Figure 24 is from a transversely al igned hor izon ta l  seismometer 
on the  roof,  time r e l a t e d  to  the  ground sample. It shows a s i m i l a r  spectrum, 
bu t  wi th  an enhanced high frequency content. 

Figure 25 is from a v e r t i c a l  se i smmete r  mounted on t h e  ledge 
of  the window aper ture  on the  South West w a l l ,  i n s i d e  the building. 

Figure 26 is the  time r e l a t e d  spectrum from a hor izon ta l  
seismometer mounted on the  ledge next  t o  the v e r t i c a l  instrument. This 
result ind ica ted  t h a t  the  wa l l  had resonant modes a t  5.1 and 13.6 Hz. 
Examination o f  the analogue replay of  t h i s  noise  sample showed t h a t  
p a r t i c l e  ve loc i ty  frequently reached 0.05 c m  s'l i n  v ib ra t ion  b u r s t s ,  
although the  s i te  background noise a t  t h i s  time was low. 

DISCUSSION OF STAGE 2 RESULTS 

Beard e t  al. [6J have recently published r e s u l t s  o f  s i x  years'  
measurement o f  unrestrained experimental w a l l s  and a l s o  descr ibe  a case 



h i s to ry  of movements i n  the  w a l l s  of a s i ng l e  s to rey  factory  building. 
These authora conclude t h a t  b r ick  w a l l s  can expand when there is 
in su f f i c i en t  r e s t r a i n t  and tha t  the r a t e  of  expansion soon f a l l s  from 
an i n i t i a l l y  higher r a t e  to  a r a t e  which remains steady f o r  years. 

Much of  the  movement is  the r e s u l t  of thermal cycling. On ho t  
summer days the  maximum temperature of  a l l  walls of a bui ld ing can exceed 
maximum shade temperature because even north facing w a l l s  receive i n d i r e c t  
s o l a r  radiat ion.  W a l l s  receiving d i r e c t  r ad ia t ion  can reach mean temperatures 
of over 100°F. 

Thermal movement is  subs t an t i a l l y  revers ib le  but ,  i n  t he  case 
of  an unrestrained wal l  l a i d  on a bituminous clamp proof course of  low 
shear  res is tance ,  a s l i d i n g  movement may occur which is i r revers ib le .  
This is because numerous f i ne  cracks develop i n  the w a l l  due to  t e n s i l e  
stresses. Such movement occurs only i n  the  brickwork above the  dpc 
s i nce  t h e  lower brickwork is res t ra ined by i ts  bond t o  the  foundation. 

I n  the  s i x  year  measurements, expansion rates of  0.005% per  
annum were obtained from north facing leaves of  f r e e  standing cav i ty  
w a l l s  and 0.01% per  annum from south facing leaves. S l igh t ly  lower 
rates o f  expansion occurred i n  long continuous w a l l s  of the s i ng l e  
s to rey  factory  building. 

Whilst ext rapola t ion of these S t a t i s  t i c s  t o  o the r  s t r u c t u r e s  
should be made with some caution, i t  does seem va l id  t o  compare them 
with the  measurements obtained a t  Immingham i n  view of severa l  point  
o f  s i m i l a r i t y  between the  Mission bui ld ing and the  cases described by 
Beard. 

The age of the various s t r uc tu r e s  a r e  s im i l a r  and t h e  s l i d i n g  
evident  i n  all ex te rna l  s i n g l e  s to rey  w a l l s  of the ImminlJlam bui ld ing 
is g rea t e s t  f o r  wal ls  with southerly aspects. The absence of s l i d ing  i n  
the 2 s to rey  block can be explained by the  shear  s t reng th  of  t he  dpc 
being increased above some c r i t i c a l  value by the g rea te r  weight of  the  
s t r u c t u r e  above it. 

Applying the  higher rate of 0.01% to  the  Ixnmingham case, an 
expansion of  0.54 in. f o r  the 90 f t longest  s i d e  of the s i ng l e  s to rey  
p a r t  would be expected i f  the w a l l  were one continuous length without 
abutments. The ac tua l  expansion is  0.8 in. and there  a r e  wa l l s  abu t t ing  
a t  two points  along its length. For the  40 f t south west wal l  a length 
expansion of 0.25 in. would be expected, whereas the  ac tua l  overhang is 
0.625 in ,  

A t  the  most westerly end, which has only very s h o r t  adjoining 
walls around a corner with somewhat complex contours, approximately only 
0.1 in. movement would be expected, bu t  i n  f a c t  the whole south w e s t  
w a l l  is t h ru s t  o u t  by over 1 in. a t  t h i s  point. On the nor th  s i d e  of  
the  building,  sho r t  w a l l s  surrounding an enclosed yard have moved 
s u f f i c i e n t l y  to  deform the  wooden framework of  the  entrance. The 
expected expansion of  these wal ls  would be negligible.  



Clearly,  these l a r g e  movements a r e  d i f f i c u l t  to  explain i n  
terms of  the  experimental wa l l  s t a t i s t i c a l .  da ta  alone. I t  might b e  
expected t h a t  t h e  more in tegra ted  s t r u c t u r e  of an ac tua l  bu i ld ing  
would resis t expansion t o  some degree and produce smal ler  movements 
than those i n  f r e e  s tanding w a l l s ,  y e t  f ac to r s  of between 1.5 to 10 
times g r e a t e r  a r e  seen t o  e x i s t  i n  t h i s  building. 

S imi lar ly ,  i f  t he  v ib ra t ion  measurements a r e  considered i n  
i s o l a t i o n ,  the  maximum l e v e l  observed appear to  b e  a t ,  o r  j u s t  below, 
l e v e l s  which might i n t e n s i f y  n a t u r a l  cracking, b u t  n o t  of an o rde r  
which would cause s i g n i f i c a n t  movements. 

A combination of  thermal cycling,  v ib ra t ion  e f f e c t s  and a 
timing f a c t o r  seems t o  o f f e r  the  t r u e  explanation. Thermal hea t ing  of 
the  walls provides the l a r g e  motive force  tending t o  move them outwards, 
v ib ra t ion  a c t s  as a lubr i can t  which, by overcoming s t a t i c  f r i c t i o n  a t  
t h e  s p l i t  plane of  the  dpc, enables them t o  move f r e e l y  a t  t h a t  point.  
The thermal expansion taking place during a ho t  summer day might be 
expected t o  b e  wholly r eve r s ib le  during the cooler  n i g h t  as suggested 
by t h e  graph i n  f i g u r e  22(c). However, because of t h e  t i m e  p a t t e r n  o f  
a c t i v i t i e s  i n  the dock, v ib ra t ion  is g r e a t e s t  a t  the  t i m e s  of  g r e a t e s t  
expansion i n  the  afternoons and l e a s t  a t  the time of  cont rac t ion  a t  night .  
This d i f f e r e n t i a l  s t r a i n i n g  of  the  w a l l s  involving t h e  d i f fus ion  of  f i n e  
cracking throughout the  s t r u c t u r e  has caused t h e  un id i rec t iona l  creep 
outwards shown q u a l i t a t i v e l y  by t h e  dot ted  l i n e  i n  f i g u r e  22(d) and by 
t h e  chronological observations i l l u s t r a t e d  i n  f i g u r e  27. 

13. CONCLUSIONS 

(1) I r r e v e r s i b l e  s l i d i n g  movements can take p lace  i n  l i g h t l y  
loaded w a l l s  with a hor i zon ta l  bituminous damp proof course due 
t o  the e f f e c t s  of thermal cycling. 

(2) The ex i s t ence  o f  semi-continuous v ib ra t iona l  energy i n  t h e  
environment can, by reducing the  s t a t i c  f r i c t i o n  bond a t  t h e  dpc, 
increase  these movements t o  unacceptable proportions. 

(3) The p a r t i c l e  ve loci ty  of damaging ground v ib ra t ion  i n  t h i s  
p a r t i c u l a r  context  may be  more than an order  below l e v e l s  usually 
considered t o  be t h e  threshold of damage t o  buildings.  

(4) Vibration amplitudes may be g rea t ly  increased by w a l l  
resonances . Resonant modes have been found a t  frequencies 
commonly occurring i n  t h e  v ibra t ion  spectrum produced by 
shipping and vehicles. (Energy may be received from both 
seismic and acous t i c  propagation, b u t  the  f r a c t i o n s  from each 
have not been separated i n  these measurements.) 

(5) With the  general  increase  i n  volume of i n d u s t r i a l  t r a f f i c ,  
s i t u a t i o n s  o f  t h i s  kind could possibly recur. The damage i n  t h i s  
bu i ld ing  could have been minimised by a s t i f f e r  form o f  w a l l  
construct ion,  the  use of  s tanchions f o r  reinforcement and damp 
proof course mater ia l  of  much higher shear  s t rength .  



PART 3: THE NEAR-IN EFFECTS OF A DEMOLITION BY EXPLOSIVES 

INTRODUCTION 

Because o f  the d e t e r i o r a t i o n  i n  t h e  s t r u c t u r a l  condit ion of  
4 cooling towers a t  Ince  Power Sta t ion ,  Cheshire, t h e  Central  E l e c t r i c i t y  
Generating Board has begun a phased programme f o r  demolition of  these  
s t r u c t u r e s .  

The programme w a s  designed to allow the  s t a t i o n  t o  remain 
opera t iona l  during the  work and involved the  i n i t i a l  demolition of  t h e  
worst  damaged, tower and construct ion of a s i n g l e  l a r g e  tower 
o f  new design to  replace  a l l  four towers. It was proposed t h a t  as much 
information as poss ib le  s1.rod.d be  obtained about the  tower col lapse  and 
t h e  nearby e f f e c t s  because of the  proximity to  the  power s t a t i o n  of  o t h e r  
towers scheduled f o r  demolition. Also, as only a few comparable demolitions 
had been made, the re  w a s  a s c a r c i t y  of da ta  i n  t h i s  f i e l d  and i t  was 
des i red  t o  increase  the knowledge of the sub jec t  f o r  app l i ca t ion  to 
f u r t h e r  opera t ions  of the  kind l i k e l y  to be needed i n  t h e  nea r  fu ture .  

15. INSTRUMENT ARRANGEMENT 

A plan of the  cooling tower s i te  a rea  is shown i n  f i g u r e  28. 
By arrangement with CEGB the  instrumentat ion of  the  s i te  w a s  t o  be  shared 
between J.H. Crockett and Associate and UKAEA Blacknest. The former were 
t o  make a number o f  dbrograph  recordings, acoust ic  tape  recordings and 
arrange c i n e  f i l m  coverage, UKAEA were t o  provide add i t iona l  v ib ra t ion  
measurements and an atmospheric overpressure measurement. 

The UKAEA recording van was s i t u a t e d  near  to  No. 2 cooling 
tower and cables were run to  groups of  Willmore seismometers i n  various 
pos i t ions  and t o  2 diaphragm s t r a i n ,  b l a s t  gauges mounted i n  an open 
s e c t o r  adjacent  t o  No. 3 tower which was to  be  demolished. 

The seismometers were s i t e d  as shown i n  f igure  28. These 
pos i t ions  were a s  follows:- 

(1) Horizontal  seismometer on ground near  tower 4 base, 105 f t  
from tower 3. 

(2) Ver t i ca l  seismometer on ground nea r  tower 4 base, 105 f t  
from tower 3. 

(3) Horizontal se i smmete r  on pond wal l ,  tower 4 base, 110 f t  
from tower 3. 

(4) Horizontal seismometer on ground f a r  s i d e  tower 4,  330 f t  
from tower 3. 

( 5 )  Horizontal seismometer on pond w a l l ,  tower 2 base, 110 f t  
from tower 3. 

( 6 )  IIorizontal seismmeter on upper r i m  tower 2, 250 f t  above 
ground l e v e l ,  v e r t i c a l l y  above i n s  t a l l a t i o n  pos i t ion  5. 



(7) Horizontal seismometer on ground beyond tower 2, 600 f t  
from tower 3. 

(8) Ver t ica l  seismometer on ground beyond tower 2, 600 f t  
from tower 3. 

A l l  hor izonta l  seismometers were al igned with the instrument 
a x i s  i n  the  d i rec t ion  of the  explosion. 

16. SHOT DETAILS 

The demolition technique employed was to  emplace 130 l b  of 
explosives i n  1390 shot  holes d i s t r ibu ted  i n  the concrete legs which 
supported the cooling tower she l l .  To ensure t h a t  the tower would f a l l  
away from the  adjacent towers, shot holes were not  d r i l l e d  i n  the l egs  
i n  a s e c t o r  of the base perimeter facing towers 1 and 2. 

DISCUSSION AND SUMMARY OF RESULTS 

The equipment i n  the  mobile un i t  is designed b a s i c a l l y  t o  
record weak s i g n a l s  from d i s t a n t  seismic sources. Because of the  high 
s e n s i t i v i t y  of the  Willmore seismome t e r s  and the associated recording 
system it  was therefore  necessary t o  introduce very l a r g e  amounts of 
a t t enua t ion  i n  each channel to  l i m i t  outputs t o  l eve l s  s u i t a b l e  f o r  
the  tape recorder. 

I n  a r r iv ing  a t  the a t tenuat ion fac tors  required,  considerat ion 
was given to  the reduction of seismic amplitude which might r e s u l t  from 
exploding a given charge weight d i s t r i b u t e d  i n  numerous small holes i n  
a s t r u c t u r e  above ground l e v e l  as compared to instantaneous detonation 
of the  same t o t a l  weight i n  a s i n g l e  hole  i n  the ground. When the 
records were replayed a f t e r  the demolition i t  was found t h a t  a l l  se ismic  
channels had been overloaded by the s i g n a l  ac tua l ly  received. From t h i s  
it was concluded t h a t  the s p a t i a l  d i s t r i b u t i o n  of charge had i n  f a c t  
provided a very e f f i c i e n t  generator of seismic waves r a t h e r  than the 
reverse,  producing amplitudes not l e s s  than those given by Teichman and 
Westwater [7]  f o r  a s i n g l e  fully-tamped charge of equivalent  weight. 

From the r e s u l t s ,  i t  w a s  noted t h a t  the dominant frequencies 
a r e  of the order of 6 Hz. A s  the explosive charge was d i s t r i b u t e d  around 
an a rea  of approximately 80 m, the source was thus extended to  dimensions 
comparable t o  wavelengths of components i n  the recorded s ignals .  

Table 4 summarises the r e s u l t s  of a l l  the  seismic recordings 
and f igure  29 s h w s  the output  of seismometers 1 - 6. Because of the 
overloading of the system i t  is  only poss ib le  to give est imates of the 
ground displacement and p a r t i c l e  veloci ty  . The es t imates  given apply t o  
the  probable average maximum amplitudes i n  the wave t ra in .  Individual  
pulses i n  any of the  seismometer outputs may have exceeded these  est imates 
by an unknown factor .  

The seismometers mounted on the pond wal ls  of towers 2 and 4 
both recorded a v ibra t ion component of  22 Hz and 2 - 3 s duration. 

The hor izonta l  motion recorded on tower 4 pond wal l  was lower 
i n  frequency producing a f a c t o r  of 2 g rea te r  i n  est imated amplitude than 
t h a t  f o r  tower 2 . It may be va l id  t o  ex t rapo la te  t h i s  f a c t o r  f o r  
movement a t  the  tops of  towers 2 and 4 where only one of the  towers 
(NO. 2) was instrumented. 



TABLE 4 

P r i n c i p a l  
Frequency 

Components, 
H z 

3.2, 8, 22 

7.8 

3.6, 22 

4. 8 

4.8, 22 

5.2 

6.0 

5.8 

Corresponding 
Estimated PeakIPeak 

Ground Motion, 
cm X 10'~ 

18,  7, 3 

1 5  

33, 5 

20 

15,  3 

30 

5 

6 

Duration 
o f  Wave 

Train,  
S 

6 

7 

1 6  

7 

9 

2 5 

1 3  

11 

t 

I Estimated 
Seismome ter 

Output, 
V 

1.25 

2.5 

2.5 

2.0 

1 0  5 

305 

0. 7 

0. 7 

Seismometer 
P o s i t i o n  

1 

2 

3 

4 

5 

6 

7 

8 

Corresponding 
Pealclpeak 

Par t ic le -Veloc i ty  , 
cm S-' 

0.37 

0.74 

0.74 

0.59 

0.44 

100 

0 . 2 

0.2 



Although the  explosion record f o r  the 250 f t  high instrument 
on tower 2 was s p o i l t  by overloading, good records of the  very l a rge  
na tu r a l  v ibra t ions  prevai l ing were obtained p r i o r  t o  the explosion. 
Port ions from these noise  records were d ig i t i s ed  and Fourier  analysed 
using a program which gave both numerical and graphical  outputs. 
Analysis of  long and shor t  port ions of noise data  gave very s im i l a r  
r e su l t s ,  an example of the  frequency spectrum is shown i n  f igure  30. 

From these r e su l t s  i t  becomes apparent that  the explosion 
exci ted  the  4th  harmonic of the  tower's fundamental mode of 1.3 Hz. 
The 2nd, 3rd and o the r  harmonics of t h i s  mode can be seen i n  the 
spectrum analys is  of the tower noise. 

17.1 Air b l a s t  results 

The S t r a i n  b l a s t  gauge s i t e d  a t  130 f t  d is tance  from the  base 
of tower 3 produced an overpressure record with the c l a s s i c  Friedlander 
waveform (f igure  29). The peak amplitude of  the overpressure phase was 
5 p s i  and t he  duration 0.65 S. The underpressure phase had a negative 
maximum of 1 p s i  and duration of 4 S. 

The b l a s t  gauge a t  300 f t  f a i l ed  t o  record. This may have been 
the r e s u l t  of  f a i l u r e  of a cable connection. Many of the  cables i n  the 
b l a s t  recording area  were disturbed by t he  b l a s t  and connecting leads 
to  the  b a t t e r i e s  supplying the gauges were h i t  by f l y ing  debris. 

17.2 Photographic r e s u l t  

A photograph ( f igure  31) taken a t  an ea r l y  s t age  i n  the 
col lapse  o f  tower 3 a f t e r  the explosion shows t ha t  v e r t i c a l  cracks 
were spreading downwards from the  upper r i m  of t he  tower. This suggests  
t h a t  the s t r u c t u r a l  steelwork of the  r i m  must have f a i l e d  immediately 
a f t e r  the  i n i t i a l  b l a s t  from the explosion. The t i m e  f o r  the tower to  
col lapse  completely was about 7.5 S and the success of  the demolition 
can be  judged by the  i l l u s t r a t i o n  i n  f igure  32 which shows t h e  debr is  
with the  130 f t  b l a s t  gauge mounting i n  the  foreground. 

CONCLUSIONS 

Although only estimates of  the ground motion could be  obtained 
from the  records i t  is c l ea r  tha t  the d i s t r ibu ted  explosive charge w a s  a 
no less e f f i c i e n t  generator of seismic waves than a point  source would 
have been. 

However, the  resu l t ing  vibra t ions  i n  the  adjacent towers would 
appear from these estimates unlikely t o  have p a r t i c l e  ve loc i t i e s  i n  excess 
of a few centimeters pe r  second. These values a r e  below the l e v e l s  given 
by various authors f o r  the threshold of minor damage t o  s t r uc tu r e s  [2,7,8]. 

Experience has been gained i n  the requirements f o r  work of  t h i s  
kind. With the  e x i s t i n g  cabling and interconnections of the  caravan 
recording un i t  i t  is necessary to  include a l l  the  associated f i e l d  and 
caravan amplifiers. Using Willmore seismometers a t  such c lose  range to  
l a r g e  explosive charges makes these items redundant and t he  system 
becomes unnecessarily complicated. A simpler system using the  minimum of 
cable  connectors and a n c i l l i a r y  un i t s  is  to  be preferred. 
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FIGURE I DARESBURY NUCLEAR PHYSICS LABORATORY (DNPL)  S I T E  - 
SHOWING SH0T;POINTS AND SEISMOMETER POSITIONS 

34 















W I T U D I N A L  WAVE VELOCITY, f t l  A s 

F16UUE 10. RELATION BETWEEN LONGITUDINAL WAVE VELOCITY AND 
YOUNG'S MODULUS O f  ELASTICITY FOR ROCKS 



PIfXRE 11. IHMINGIIAM DOCK AREA - ~ 



FIGURE 12. MISSION BUILDING WITH RECORDING VAN I N  RIREGROUND 



MISSION BUILDING AT IMMINGHAM 

FIGURE 13. S 
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FIGURE 14. TWISTING EFFECTS 
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FIGURE 15. PLAN OF MISSION BUILDING AT IMMINGHAM SHOWING INSTRUMENT POSITIONS 



FIGURE 16. STRAIN GAUGES MDUNTED ON SOUTH WEST WALL 
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FIGURE 20. PARTICLE ORBITS 

ORBIT INSTRUMENT SITE VIBRATION SOURCE 

A AND B 1 AND 2 SHIP NO. 1 

C A N D D  1 AND 2 SHIP NO. 2 

E AND F 1 LARGE VEHICLES 
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FIGURE 22 (CONT.) 



FIGURE 23. N O I S E  POWER SPECTRUM FROM TRANSVERSE HORIZONTAL 
SEISMOMETER ON GROUND OUTSIDE BUILDING 





FIGURE 25. NOISE POWER SPECTRUM FROM VERTICAL SEIStDMETER ON 
SOUTH WEST WALL O F  BUILDING 
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FIGURE 27. MOVEMENT AT SOUTH WEST WALL CORNER 

47 







FIGURE 30. FREQUENCY SPECTRUM OF COOLING TOWER VIBRATIONS 
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FIGURE 31. EARLY STAGE IN COLLAPSE OF TOWER NO. 3 



FIRJRE 32, D W L I S H E D  COOLING TOWER WITH BLAST 
GAUGE MOUNTING I N  FOREGROUND 




