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I n  order t o  insure the i n t eg r i t y  and uninterrupted operation of 
tile Gorge Pol,~sr Plant of the Ci ty  of S e a t t l e  Skagit Project  while blas t -  
ing  was being conducted on the  adjacent rock, measurement of various ef- 
f ec t s  a t  c r i t i c a l  locations were rnt?..de during tile blasting,  t n t h  t h e  re- 
sult that  l imi t s  were s e t  on the  magnitude of individual blas ts .  The 
in t en t  was t o  allow the  maximum ra te  of b las t ing  compatible r d t h  t he  
s a fe ty  of t h e  s t ructure  and i t s  contents and auxi l ia r ies .  

The purpose of the  investigation was s t r i c t l y  u t i l i t a r i a n ,  d i rec ted  
toriard determining the  ma-fmm safe r a t e  of excavation on the project. 
The resul ts  a r e  not adapted t o  rride generalization; on t h e  contrary, 
they appear t o  indicate  t ha t  the  only feas ib le  method of hmdling such 
a problem is by measurement and observation, ra ther  than by analysis i n  
advance of construction. The problem occurs frequently in  c i v i l  engi- 
neering, however, and the  present t e s t  methods and r e su l t s  may be useful 
i n  determining the  pat tern f o r  future investigations of a s imilar  nature. 

aased on an interpreta t ion of the  measurements made, a schedule was 
dra:m up s t a t i n g  the rn<&.mum quantity of expl-osive tha t  could be used a t  
any given s t a t i on .  .The schedule vras revised i n  accordance vrith addi- 
t i o n a l  data which became available as  t he  ~ioric ~rogressed .  Although 
considerilble sca t te r ing  occurred i n  the  correla t ion of e f f ec t  t o  weight 
of explosive divided by distance squared, a concept of v a ~ , i n g  effec- 
tiveness vras used t o  define an upper boundary of the  e f f ec t  at maximum 
t r m s f e r  effectiveness,  and therefore the  re ls t ionship t o  be used i n  the  
establishnent of a conswvativa schedule. 

b 

It lms found tha t  the  s i z e  of the  charge could be increased several  
fold  i f  ~nilli-second delays xere  used, and tha t  f o r  delays of t h e  order 

Q of  secorlds t h e  s ize  of the  t o t d  charge could be increased almost vrith- 
out l i m i t  due t o  the  var ia t ion i n  ac tua l  t i n e  of detonation fo r  delays 
of the  sac nomiiia3 t i ne .  
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tllrbances i n  the del icate  apparatus of the  control  room did occur. 

r B:ICKC;ROUI~JD 

Since 191+5, the Bureau of Reclamation has had an informal agree- 
ment of cooperative research with the Department of Lighting of the 
City of Sea t t l e  and the Coast and Geodetic Survey for  deternuning the 
bcs t  rnethods of measuring the e f fec t s  of blas t ing and earth tremors on 
dams, pmerhouses, tunnels, and similar s t ructures .  

The development of methods and equipment by the Bureau of Reclma- 
t ion has been directed toward the d i rec t  recording and measurement of 
those effects  a t  c r i t i c a l  locations t ha t  car1 be nost  readi ly  interpreted 
i n  terms of safety,  such as s t r a in ,  s t r e s s ,  pressure, and relahive no- 
tion. The f e a s i b i l i t y  of t h i s  approach was demonstrated by measurements 
made of the s t r a i n  i n  the concrete of powder stora-ge igloos during la rge  
b las t s  a t  Arco, Utsh, and of the stra.in i n  the concrete of Sarlcer Dam 
trhile a small tunnel was blasted through i ts  base. 

TI-E mcinrn: 

I n  September of 1948, the services of the Bureau of neclamation 
were requested by the administration of the Lighting Department of the  
City of Sea t t le  t o  a s s i s t  in insuring the safety  of the Gorge hydro- 
e l ec t r i c  power plant while blas t ing was being conducted t o  prepare the  
foundations and. drive the penstock tunnel fo r  an addition t o  t ha t  power- 
house. It vras desired t o  maintain the powerhouse in uninterrupted oper- 
at ion during the blasting.  

Yne Gorge Poirer Flant, the lowest and oldest  of the developnents 
on the Skagit River, i s  a t  an elevation of approxinately 500 f e e t  in 
the Zascade 14ountains of Washington, appro-ximately 100 n i l e s  northeast 
of Sea t t le ,  It r e s t s  on a rock foundation at  the confluence of Ladder 
' 1  reek a i c l  the  Skagit Xiver. 

It ::.as arr~mged between the Departlnent of Lightinz, City of Sea t t le ,  
and the Brz.nci~ o f  Design and Construction of the  Bureau of Reclarnaticn 
bj- nems 02 a specid.  contract, t ha t  the Bureau of IEeclvnation v.roul12 
conduct neasurenen.Ls of s ignif icant  e f fec t s  a t  c r i t i c a l  locations during 
the pro,.;ress of the bia.stixg, in order t o  determine the na:-5mm r a t e  of 
blas t ing consistent r d t h  the sa fe ty  of the  po~gerhouse, i t s  equirment and 
appurtenant tunnels. Liasmuch as  the power plant was a t  a d i s ta r~ce  from 
&?y metropolitan center vilere equipment o r  materials could be secured, 
practicLd-13- dl of the e q u i p e n t  required fo r  the  t e s t s  tras shipped from 
the Denver laborator ies  of the  Bureau of Reclair?tion t o  the  Gorge Power 
FJhlt  . 



f e e t  i n  d'iameter and approkimately 400 f e e t  long, The manifold sec- 
t i on  joining the three branch tunnels with t he  m a i n  tunnel i s  l ined 
with reinforced concrete. The main tunnel, extending 10,715 f e e t  from 
the  manifold section t o  the Gorge intake, is  2O,5 f e e t  in diarneter and 

b l ined  with unreinforced concrete. 

The addition t o  the powerhouse was t o  be attached t o  the  north 
P end of the  exis t ing powerhouse, and an addi t ional  branch tunnel 16 t o  

18 f e e t  i n  diameter was t o  be driven 674 f e e t  through the  rock t o  i n t e r -  
s ec t  the exis t ing tunnel 210 f e e t  upstream from the  manifold sect ion,  
The rock in i,*rhich the blas t ing took place was continuous with t he  rock 
upon which the exis t ing poriGrhouse was b u i l t ,  The addition had been 
contemplated i n  the design of the exis t ing s t ructure ,  and the  north 
w a l l  of the  main generator room bras b u i l t  of t inbers  and stucco so tha t  
it could be eas i ly  retr,oved. Figures 1 and 2 show the s i tua t ion  of the 
Gorge Power Plant with the  building addition and the tunnel indicated,  
The operating room of the  powerhouse was s i tua ted  i n  the north end of 
the  building closest  t o  the blasting.  The apparatus of the  control  
room was rather- old, being the or ig ina l  equipnent .installed in 1924, 
and .ims part icular ly  vulnerable t o  vibrations caused by pressure waves 
t ransn i t ted  through the  air. 

3las t ing .eras s t a r t cd  on the  afternoon of October U with only five 
s t f cks  of dynamite being used a t  Station 0$10 G.T., a distance of ap- 
proximately 240 fee t  from the c losest  generator, A s  expected, the  ef- 
f e c t s  of the b las t  were small in comparison t o  the  vibrations t o  which 
the  building Yras constantly subjected by the operating equ ipen t ,  and 
i n  f ac t  could not be separated from these continuous vibrations i n  the 
records obtained. The s izes  of the  subsequent b l a s t s  were increased 
regular ly  u n t i l  on November 28 it was considered t h a t  the  load increase 
on the  th rus t  bearing of Generator No, 23 due t o  blas t ing had reached 
what was probably a reasonable linit of 80 tons. A s  the  measured load 
increase on t h i s  bearing was the f i r s t  e f f ec t  t o  reach a magnitude ap- 
proaching what was considered t o  be a sa fe  limit, t h i s  e f f e c t  'irras used 
t o  compute the schedule of powder quanti ty versus s t a t i on  &-i the sub- 
sequent b las t s .  However, other e f fec t s  such as  rotor  displacement, lly-$ 
d r a d c  pressure on the s c r o l l  case, strains in the concrete Lining in 
the t.unne1, and accelerations in the subbasement of the building zlosest  
t o  the b las t ,  were recorded i n  order t o  detect  any change in the  r a tu re  
of t h e  blas t ing tha% might s h i f t  the  locat ion of the  greates t  hazard, 
Table 1 si1oi.l~ the schedule used up t o  Ifovember 9, 1948, 

b The t ab l e  shows quanti t ies up t o  60 s t icks  of 60 percent dynamite 
for Stat ion 2+10 P.H, A t  locations beyond Stat ion 2+10 P,H, quant i t ies  
l a rge r  than 60 s t icks  of dynamite were permitted but t he  max5mum q u a -  

y t i t y  of dynamite penfitted i n  these eases rias arrived a t  by using a r ~  
exbension of the  tab le  plus considerations involving the  tne of mate- 
r i a l  being blasted and the p r o : M t y  of other s t ructures ,  Frequeiztly 
the  quant i t ies  of dynamite actual ly  used were l e s s  t.l:an the maximum 



would have used in those par t icular  cases regardless of l irnits  . The 
l a r g e s t  s ingle  b las t  was 150 s t i cks  on the  G. T. l i n e  trhere a charge of 
Inore than twice t h a t  amount could have been tolerated.  A s  expected, 
the  e f f ec t s  were s l i gh t .  However, near the powerhouse the  s i ze  of the  

N charges was more c r i t i c a l  and did limit the quant i t i es  of explosives 
t h a t  would otherwise have been used. 

a From the dimensions of the  th rus t  bearing, it was calculated t h a t  
the  effect ive area of the babbit bearing was 1,164 square inches. The 
estimated load supported by the  bearing was 290,000 pounds, giving a 
t o t a l  s t a t i c  load on the bearing of 250 pounds per square inch. 

Tie load was measured in terms of the  s t r a i n  on the  spider arms 
supporting the bearing. A cal ibrat ion i n  terms of tons of t o t a l  load 
on the bearing per inch of t race deflection on the oscillograph record 
was obtained by jacking the ro tor  t o  completely re l ieve the  load on the 
th rus t  bearing, and then res tor ing the  load by releasing the jacks. 

It was found tha t  the load on the  th rus t  bearing reduced from l45  
tons under s t a t i c  condition t o  approximately 90 tons when the machine 
was operating a t  its rated load of 20,000 h a ,  (Figure 3 ) .  Thus, an 
increase of 80 tons i n  the load a s  a consequence of the  disturbance 
caused by blas t ing would increase the bearing load over the  s t a t i c  con- 
d i t i o n  by only 17 percent. During the f i r s t  par t  of the investigation 
t h i s  was considered a safe  upper limit upon which t o  base the calcula- 
t ions ,  recognizing the  poss ib i l i ty  of a combination of factors  rihieh 
night allovr the  e f fec t  of any one b las t  t o  exceed the e f fec t s  of the  
average b las t s  by a s  much as 100 percent. On November 4, a communica- 
t i o n  was received by the City engineers from the  Westinghouse Elec t r ic  
Corporation, manufacturer of the Kingsbury type th rus t  bearings used, 
indicat ing tha t  the maximum load on the th rus t  bearing should not exceed 
350 pounds per square inch d W b g  continuous operstion and 525 pounds 
per square inch during blas t ing,  They considered the  c r i t i ca l .  fac tor  t o  
be not the uni t  loading on the  bearing surface but the  strengt.11 of c r i t -  
i c a l  sections at the upper bracket and t h r u t  co l l a r  mounting, However, 
in sp i te  of t h e i r  reassurance, some concern was f e l t  f o r  the  a b i l i t y  of 
t he  babbit of the thrust bearing t o  w i t h s t a d  shock loading of this 
magnitude. 

IYiEASmmJT OF THE LOAD OI\I THE; THRUST EEARING OF GEXERATOR I?O. 23 

The load on the th rus t  bearing was determined by measuring the  
bending of the arms of the spider supporting the bearing. This bending 
was measured by means of ul SR-4 bonded resistance wire strain gage 
attached t o  the top  surface of one of the spider arms ( ~ i ~ u r e  4).  A 
s imi la r  gage mounted on a s t e e l  bar insulated from vibrat ion and thermal 
e f f ec t s  by r e s i l i e n t  paper wadding was used 2s the  reference gage. The 
gages were connected t o  an amplifier by means of a shielded cable. The 
amplifier ..rzs of the carr iep frequency type using a 1,000-cycle curren.t. 
applied t o  the bridge. The amplifier contained two legs of the bridge, 
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ibrated micrometer screw act ing on a cant i lever  beam on the surfaces of 
which were cemented the  gages comprising the bPidge arms. A diagram of 
the  amplifier c i r cu i t s  i s  shown by Figure 5. 

A phenomenon which was observed but not de f in i t e ly  explained was 
the  presence of a continuous nearly sinusoidal indication from tho  gage 
measuring thrus t  bearing load (see Figure 6) .  The amplitude of the  
s igna l  correlated very well  with the power generated by the  machine (see 
Figure 7), but the  frequency varied from day t o  dajr between 64 and 72 
cycles per second with no appment correla t ion with any condition of 
load, bearing temperature, o r  excitation.  Tests showed t h a t  t he  s igna l  
was associated with ac tua l  strain and w a s  not due t o  e l e c t r i c a l  pickup. 
The presence of vibrations of these frequencies could not be explained 
i n t e r n  of forced vibration' due t o  action of the  generator o r  the  tur- 
bine wheel since they would have t o  be even multiples of the  speed of 
t he  machine, which revolved at 257 ~ p m .  The explanation t h a t  t he  vibra- 
t i ons  were due t o  the  periodic building up and breaking down of r idges 
of lubr icant  in one of the  bearjngs was supported by previous s tud ies  
M r o  Cutler had made of similar action in d i f fe ren t  type bearings. The 
condition m a y  have been due a l l  o r  in part  t o  misalinement, Since the  
problem was not d i r e c t l y  re la ted  t o  the  purpose of the  t e s t s ,  no fur- 
t h e r  investigation was made beyond tha t  necessary t o  demonstrate t h a t  
the  vibrat ional  s t r a in s  were real and t h a t  the  i n d i c a t k ~ n s  on the  record 
were not the resu l t  of pickup o r  malfunction of the  ampEfying o r  record- 
ing apparatus. However, an investigation of t h i s  phenomenon might re- 
sult in some information of value. 

INSTALIATIOI\J OF CARLSO14 STRAIN GAGES I N  TUNNEL 

In  order t o  measure the strain in the concrete lining of t h e  tun- 
nel, Carlson strain gages were fastened d i r e c t l y  t o  the  ins ide  of the.  
tunnel by means of mounting brackets, i l l u s t r a t e d  i n  Figure 8. To make 
the  i n s t a l l a t i on  it was necessary t o  unwater the  tunnel, which was be- 
gun on the evening of Saturday, October 9. The in s t a l l a t i on  was  com- 
p le te  and the tunnel sealed about 10:OO p.m, October 10, and the power- 
house went back on t h e  l i n e  at  12:40 a.m. October XL. The brackets were 
fastened t o  t he  concrete by means of anchor bol ts ,  using lead  anchors. 
A so l id  s t e e l  mandrel the same diameter a s  the  flanges of the  strain 
gages was subst i tuted f o r  tine gages during the time the  bo l t  holes were 
being located and while the s e t  screws were being adjusted in order 
t h a t  bending of the  Carlson gage would not  occur while it was b e h g  
secured in place, Figure 9 shows the manner in which the  gages were 
attached t o  t h e  surface of the  tunnel. 

The leadwires were brought down through the  tunnel t o  a manhole 
cover t ha t  opened upward in to  the  low-tension a l l e y  of the  powerht>use. 

" 

The wires were clamped t o  a s t e e l  cable every few fee% and the s t e e l  
cable was supported t o  t he  tunnel roof zbout every 10 f ee t .  The wires 
were brought through the  manhole cover by mans of specially-constructed 



the  r,~?~;hole covey a re  shol;nl in Figure ll, The bushings were so con- 
s t r uc t ed  t h a t  no continuous i n s u l a t i o ~ l  e;rl;ended through the  bushing and 
thus no piping of 71;~ter through ,the insu la t ion  could occur even i f  t he  
i n su l a t i on  in tho cnble i n  tile tunnel  rrcre broken. During %he f i r s t  
weeks of the  inves';i:r;ntion each s t ra i lmete r  vras coiutected t o  a s t r a i n  
x i ~ p l i I i e r  aid the  ai-;lpliIierl output recorded. Later vrllen higher sensi-  
tivit:r g:~lv,ulometcrs becane ava i lab le  due t o  the  discontinuance of t h e  
ncceleronetizr recordings a u n i t  ~ i a s  b u i l t  coritaini,n~ separate  bridges 
f o r  t ! : e  s t ra inne te r s  (~i,.;ure 12) .  The outputs of these bridges were 
recorded vritl~out a?plif icat ion.  

Four gazes vere j n i t i 2 l l y  i n s t s l l e d  i n  the  tunnel  serving Unit 23: 
two on the c e i l i n g  of the  tunnel  j u s t  be:;ond the a d i t  plug, one on the 
s i d e  r.rall of the  t u rne l  near the  a d i t  plug, and one bridging the  j o in t  
between the  s t e c l  penstock l i n i n g  and the  s t e e l  t r a n s i t i o n  sec t ion  t o  
t h e  Johnson valve (see Figure 1 ) .  The gage a t  t h e  t r a n s i t i o n  f a i l e d  
f irst ,  apparently because of severance of the  l ead  vrires b:j water-borne 
debris .  Another gage, on the ce i l i ng  of t he  tunnel, f a i l e d  a f t e r  4 
days. The gage on the  a d i t  r?all f a i l e d  next The exact cause of f a i l -  
ure vas not  d e t e r r i e d  f o r  these  two gages o r  f o r  the  final gage mounted 
on the  cei l ing,  which remained i n  operation f o r  38 days, After t h a t  
port ion of the  investigation performed by the  Bureau was concluded, the  
City Light engineers h s t a l l e d  a new s e t  of Carlsor, s t r a i n  gages i n  the  
tunnel. They routed the lead wires along the  bottom of the  tunnel  t o  
reduce the  hazard t o  the  cable. Their experience was t h a t  under similar 
conditions of b l ~ s t i n g  they obtained e s sen t i a l l y  the  same indicat ions  
a s  were obtained from the  origins gages, but tha,t when the  b l a s t i ng  
VE.S conducted in the  new tunneling t he  magnitude of recorded s t r a i n  was 
negl ig ibly  sn;all u n t i l  t h e  b l e s t i ng  was within a fevr f e e t  of the  gages. 

-'- sm,ple oscil lograph record of tunnel  s t r a i n  is shown a s  Figure 6. 
Tnc l a rge s t  s t r a i n  recorded was 133 rnicroinches per inch, corresponcii~lg 
t c  appro:.i-natel;- 400 psi assuming a modulus of e l a s t i c i t y  f o r  the  con.-. 
c r e t e  of 3 2 ~ 0 ~ .  i s  th is  s t r e s s  was na t  considered c r i t i c a l ,  i t  did  not  
cons t i t u t e  a l in i t in i - ;  f a c to r  iil deter..=ining the pemi s s ib l e  s i z e  of thz  
charges. 

Ihe h:idraulic pressure i n  the  s c r o l l  case of ttie ~ r h e e l  on Generator 
130. 23 was recorded by 1,:eans of zr e l e c t r i c  pressure c e l l ,  The c e l l  
ccns i s t s  of a chanber com~ected by mems of a tube t o  the  source of 
pressure t o  be rneasured ( F i s r e  13).  h e  wall  of the  c h z ~ b e r  i s  n dia- 
p h r a ~ n ,  and novment cf t h i s  diaphragm cnuses SJI i r on  axmature t o  ciis- 
place bet:*reen trro co i l s .  The c o i l s  cons t i t u t e  t : ~o  zms of a 2,000- 
cycles-per-secoild a-c bridge so t h a t  the  chzngcs i n  inductive hpedcnce 
c:usec! by the  lilovenent of the  am-ature cnuse chznges i n  the  output of 
t he  bridge. 3 l e  a-c c u r r e i ~ t  i.5 r e c t i f i e d  t o  c s igna l  proport ional  t o  
the  pressure b:. oeans of n phase-sensi"Yive c i r c u i t  so  t h a t  t he  sense of 
the pressure change i s  preserved. 



enough to* cause concern fo r  the  sa fe ty  of the  i n s t a l l a t i on .  The maxi- 
mum pressure incrkase was 39 pounds per square inch. Figure 6 shows 
a typ ica l  record, 

DISPLACZIBNT OF ROTOR NITH RESPECT TO STATOR - 

t In order t o  determine the velvtical movement of the  generator ro tor  
with respect t o  the s t a t o r  during blasting,  a gage was devised using 
t h e  c o i l  assembly from one of the  hydraulic pressure ce l l s .  The c o i l  
assembly was mounted on a bracket connected t o  the  bottom s t a t o r  s u p  
ports  in such a tiajr that. the  air gap between the c o i l  assembly and the 
top  surface of the  coupling cover varied as the  ro tor  shaf t  displaced 
v e r t i c a l l y  vnth respect t o  t he  s t a t o r  ( ~ i g w e  a). It was found neces- 
sary t o  smooth the top surface of the  coupling cover t o  reduce the  var- 
i a t i o n s  during the rotat ion of the  shaf t .  This smoothing was done 
with a r ig id ly  supported portable e l ec t r i c  grinder vJhile the  machine 
was in operation. The c o i l  was made par% of a bridge c i r c u i t  in sue11 
a way t h a t  the output of the  bridge depended on the  air- gap between the 
c o i l  and the  coupling cover. The output of the  bridge was fed in to  one 
of t he  oscillograph galvanometers. Thus a displacement of the ro to r  
with respect t o  the  s t a t o r  resulted i n  a deflection of one of t h e  t races  I 

on the  oseillograph record. A t n i c a l  displacement t r ace  i s  sham i n  
1 Figure 6 ,  
I 
i The displacement record was c a b r a t e d  by jacking the  ro to r  of the  

generatoy, measuring the displacement with a micrometer, and making a 
shor t  record of the galvanometer t race  displacement. The cal ibrat ion 
f ac to r  was found t o  be 1 , O  inch deflection on t h e  record f o r  each 0.020 
inch displacement of the  rotor  shaf t .  The correla t ion between the  
ro to r  shaf t  displacement and the thrust bearing load measured s t a t i c a l l y  
i s  sho~rn as Figure 15. The correla t ion of the  ro tor  shaf t  displacement 
and t h r u s t  bearing load measured dynamically is  shown in Figure 16. FOP 
the  s t a t i c  condition a change of 50 tons on the bearing corresponded t o  
a deflect2on of .016 inch while the same change ix bearine: load corre- 
sponded t o  only ,008 inch measured dynanically, 

The difference in the correlation factors  can be accounted fop in 
considering the difference i n  s t r e s s  in the supporting members under 
the  two conditions of load. ITnen the load was removed from the t l w s t  
bear in^ by means of jacking, the  point a t  the jacks acted was 
near the point of deflection measurements; consequently, most of the  

I ro to r  shaf t  involved Tias relieved of i ts  t ens i l e  s t r e s s  and actualLv 
placed in  compression, so  t he  change in strain of t h e  sha f t  is added t,o 

I 

I the  displacement. Possiblv there  tias addi t ional  deflection i n  the  sup- 
I ports t o  which the deflection gage was attached due t o  the  action of 

the  jacks. During dynamic loading the ro tor  acted as a seismic mass 
with i.ncreased load on the bearing resul t ing in hc reased  t ens i l e  s t r e s s  
in the  shaft, and the  resu l t ing  strain then  subtract.^ from the measured 
deflection.  Any action of a hydraulic pulse or1 tile vrheel acting t o  in- 
crease the load would increase t h i s  tension, 



I n  order t o  measure the s t r a in s  t h a t  occurred in the s t e e l  portion 
of the penstock exposed between the  Johnson valves and t h a t  portion em- 
bedded in the concrete of the building, two SR-4 gages were i n s t u e d  
on tne outside surface of the  penstock, One gage was oriented' parall-el 
t o  the axis of the  penstock and the  other gage was at r i gh t  angles t o  
t he  WAS so  t h a t  in ef fec t  the  former gage would measure those s t r a i n s  
resu l t ing  from s t resses  due t o  differences in the  motion of t he  embedded 
portion of the  penstock and the portion including the Johnson valve, 
s c r o l l  case, e tc .  The maximum s t r a i n  measured a t  t h i s  point was 18 
microinches per inch, corresponding t o  a s t r e s s  of ~ L L O  psi ,  fo r  a charge 
of 28 ponds of dynamite located a t  s t a t i on  2f02. This s t r e s s  Tias not 
considered s i m i f i c a n t ,  so  t h i s  measurement was discontinued on October 
30 * 

The gage mounted a t  ri&t a n d e s  t o  the axis of the tunnel (or  
circumferentially) was sensi t ive  t o  tho, expansion of the  tunnel and 
therefore t o  changes of pressure of the  water in the  tunnel. The s t r a i n s  
thus measured corresponded reasonably w e l l  t o  those calculated from in- 
creases in pressure of t h e  water in t.he tunnel as measured by t h e  pres- 
sure c e l l  described previously. Therefore, a f t e r  suf f ic ien t  t e s t s  were 
made t o  determine tha% the  correlation was reasonable, the  recordinn of 
these s t r a in s  was discontinued. 

Pr%MmiE!jT OF A C C E m T I O N S  AT CZIERATOR NO. 23 

A tlree-component carbon p i l e  accelerometer, having a na tura l  fre-, 
Guency of approximately 25 cycles per second, was  located on the  th rus t  
bearing support spider of Generator Ido, 23 ( ~ i , w &  17) .  A r e l ay  w a s  
used t o  permit closing the  ba t te ry  c i r c u i t  frola t he  location of the  re- 
cording oscillograph. The output of the  accelerometers w s  brought t o  
t h e  recording oscillograph and records were made  up t o  October 30. The 
accelerations due t o  the  b l a s t s  Irere smaller than those due t o  t he  v i -  
brations of the  machrne operating in i ts  normal fashion u n t i l  t he  charges 
exceeded 6 pounds a t  a distance of 80 feet;. Even with t h e  l a rges t  b las t s ,  
t h e  ac.celerations did not exceed three times the  accelerations due t o  
operation, and consequentlj it was considered impractical t o  attemp.t an 
in te rpre ta t ion  of the record since the  contribution of the  normdl vibra- 
tioris could not be separated from the composite record with any reason- 
able accuracy. 

An analysis of records taken on October 25 b d i c a t e d  t h a t  there  was 
a reasonable correlation between the v e r t i c a l  component of acceleration 
measured a t  the  th rus t  bearing of the  machine and the  increase in bear- 
i n g  load as  measured by means of the s t r a i n  in the support spider.  For 
instance, record No, 422, which gave one of the  most readable v e r t i c a l  
acceleration records; indicated a verticdl, acceleration maximum of 0.275 g 
d u r k g  the b las t .  The coPresponding increase in measured bearing load 



1)et::reen the  s u p p r t  acce le ra t ing  zt 0,275 g a d  the  r o t o r  a c t i n z  as  a 
s e i s ~ i c  riic~~s of 145 tons ?ms 40 tons. 

The accelera t ions  recorded were very near  t h e  r laturnl  freq.tiency of 
t h e  accelerometer, 25 cycles per  second, and corisequently the  ca l lbra-  
t i o n  of the  accelerometer in  t h i s  r a g e  was very dependent on the  dmp- 
ing .  

The da,,ping xias by means of dash pots  using a viscous f l u i d ,  and 
the re fo re  1.12s dependent on temperature. Lack of temperature con t ro l  
gave the  measurements a low accuracy. 

Since t h e  measurement of bearing load by means of t h e  inc rease  i n  
s p i d e r  s t r a i n  was a more d i r e c t  measure of the  fo rces  a c t i n g  or. t h e  
bear ing  and vas considered more r e l i a b l e ,  the  recording of acce le ra t ion  
a t  the  bearing was discontinued in favor of recording penstock pressure 
and r e l a t i v e  v e r t i c a l  motion between the  r o t o r  and s t a t o r ,  

DJTd2.I iIIJATIOlJ Or' ; L'LUJJl.1 FIX 'iW21dCY OF VIBXllTIOPE 

fin uzs:,ier t o  the  questior, or" tile r ~ a r i m ~ u n  frequeiicy a t  which ener jg  
oras being transr2itted t o  the  p i e r h o u s e  s t r u c t u r e s  a s  a r e s u l t  of the  
b l a s t i n g  wc?s obtained by neans of a c r y s t a l  acce le ra t ion  pickup, a cath- 
ode ra2r osci l loscope,  a d  a d.rm~ c m e r a  by rihich records were obtsined 
of the  t r a c e  on the  osci l loscope screen ~ r o d u c e d  by t h e  c r y s t a l  piclmp, 
This co:sbinztion vrodd record acce le rz t ions  up t o  tlie l l a tu ra l  frequency 
of the  cr;..s'ial, :filich T;.2s 1,000 cycles per  secoricl, aid displacerrients up 
t o  t h e  limit of t h e  osci l loscope ~ m p L i f i e r s ,  vdlick oras 70,000 cycles 
per  second. soi;ie record of v ib ra t ions  a t  frequencies up t o  70,000 
c:,-cles per  second could be obtainsd ~;ri_th t h i s  apparatus,  F i ,y re  1 8  
s h o ? ~  the  apparatus set, up i n  t h e  Gorge Power P l a t .  Horiever, t h e  higli-- 
e s t  frequency cor.:l;onent on t h e  t r a c e s  a c t u a l l y  recorded +res appro:.-Aately 
7 80 cycles per  second, ?me point  cliosen f o r  the  i:leasureinent of these  
7rrLSrations xas t h e  manhole cover on t h e  penstock supplying Gei~erator  130, 
23 (Figure 11). The loca t ion  o:as chosen because t h e  s t e e l  on t h e  pen-  
st.cc!: a t  t h i s  point  was mechanically coupled t o  t h e  foundation rock, t h e  
building, m d  the  rrater i n  t h e  tunnel,  and it seemed reasoncble t o  as- 
sume t h ~ t  aqy v ib ra t ions  reaching c r i t i c a l  points  i n  t h e  p ~ r e r h o u s e  
1.rould i lwe some coxnponent at t h i s  point ,  The information thus  obtzined 
?:as used as a c r i t e r i o n  f o r  determining t h e  n&um frequency sens i t iv -  
i t y  t o  rihich t h e  o the r  elements ~sou ld  be ca r r i ed ,  Because frequency 
resFonse i s  obtained with recording galvanometers a t  t h e  expense of 
s e n s i t i v i t y ,  it was decided t o  l i m i t  t h e  upper frequency response of 
t h e  o ther  i n s t r ~ r n e n t a t i o n  t o  1,000 cycles per  second, a v,qlue j u s t  be- 
yond t h e  h ighes t  frequency t o  be expected. 



After a br ief  survey of the  problem, it was decided t o  locate  the  
anplifying and recording equipment in the  low-tension a l l e y  of t he  
powerhouse. The bay in the low-tension a l l ey  containing the bus srcLtches 
f o r  Generator Unit No. 23 was chosen f o r  the  location of the  amplifying 
and recording equipment. The reasons f o r  t h i s  choice were proximity t o  
the  points a t  which piclcups were t o  be placed, re la t ive ly  low noise 
level ,  p r o x b i t y  t o  an o i l . f i l t r a t i o n  and storage room t h a t  could be 
used as a darkroom, and minimum interference with the normal t r a f f i c  and 
operation of the  powerhouse. The principal disadvantage of the  location 
was the presence of overhead conductors carrying la rce  currents ~ h i c h  
resul ted in strong a-c magnetic f i e ld s  in  the  area. It was found im- 
prac t ica l  t o  provide suf f ic ien t  magnetic shielding f o r  the  transformers 
in the  strain amplifiers, so  the a-c pickup from the magnetic f i e l d s  
was reduced t o  a mhimurn by properly orienting the amplifiers. Thus, 
it was found necessary t o  have the  amplifiers standinn askew on end 
(Figure 19) ra ther  than in t h e i r  normal horizontal  position (Figure 20). 
It was necessary t o  change the  or ientat ion from time t o  time as the cur- 
rent  i n  the conductors was changed in ad,justing the operation of the  
poprerhouse t o  the power demulds. Another disadvantage was the sa fe ty  
hazard due t o  the  presence of the  bus switches which were qui te  old. 
There had been instances when s imilar  switches had f a i l e d  with explo- 
s ive violence. The r i s k  was assumed t o  be small. However, during the 
conduct of the  t e s t s  a similar switch in another bay did f a i l ,  spla t -  
t e r ing  hot o i l  over t ha t  area. 

ME;ASUREIBJT OF l*iOVEIvIEIdT ACROSS CRACKS AIJD JOIIJTS I N  THE BUIL1)IIiG 

In order t o  insure the sa fe ty  of the  powerhouse buildinq during 
t h e  blasting, an inspec%ion of t he  building was made t o  locate  the  
apparent points of weakness, and at tent ion was concentrated on these 
pints . 

The western half  of the  north wall, closest  t o  the open cut  blas t -  
ing, was of tenpormr timber and stucco construction, ril~ereas t h e  re- 
mainder of the  s t ructure  was of reinforced concrete. The plans of the  
building showed t h a t  the  f e m p o r w  trail was t i e d  i n t o  t he  permanent 
structure. by t i e  bo l t s  a t  , the l e v e l  of t he  crane r a i l .  llhere the  tem- 
porary and permanent sections joined, a crack extended from the  ce i l -  
i n g  on both ~ ~ r a U s  down t o  about 10 f ee t  from the  operating f loor .  The 
crack vndth was about 1/8 t o  1/4 inch near t he  ce i l ing  and narrowed 
graduallv u n t i l  it vras no lonaer v i s ib l e  at about .10 f e e t  from the  
f loor .  

DeForest scratch gages were ins ta l led  across these cracks at the  
l e v e l  of the crane rail. 

The only other crack t h a t  appeared a t  a l l  serLous was l ~ c a t e d  on 
the  center par t i t ion  wall near i t s  south end. The crack Isas about 1/8 



the  intersect ion of the  par t i t ion  wall and the  south w a l l  of the  power- 
!-touse, diminishing in v~5dth as  it went down. A DeForest scratch gage 
was in s t a l l ed  across t h i s  crack about 8 f e e t  from the  e e i l h g .  

The DeForest scratch gage consists simply of a lightweight b ~ a s s  
am with an abrasive t i p  t h a t  bears agaLnst the  polished surface of a 
small t a rge t  in such a way t h a t  r e l a t i ve  motion between the arm and the 
t a r g e t  i s  recorded i n  the  form of a scratch on the polished surface of 
the  t a rge t  (Figure 21)" The ara i s  held in contact with the t a rge t  by 
means of a s l o t  in the t a rge t  plate.  The s l o t  allows the arm t o  move 

\ 

transversely over the width of the t a rge t  surface and also longitudi- 
cci2.l~ in an a r c  over the length of the  target ,  which is  a p p r o x b a t e l ~  
1/2 inch. I n i t i a l l y  t he  arm i s  bent away from i ts  c e n t e ~  position in an 
arc, and in the  absence of vibrat ion it v f l  not move, However, when 
rnoticn between the am and ta rge t  occurs the arm, in addition t o  moving 
in the  direct ion of the  strain, migrates toward the center of t h e  tar- 
get; so tha t ,  in ei'fect, the  separate vibrations a r e  recorded on dif- 
fe ren t  parts of the  t a rge t  t o  give a crude time =is.  There was 'sorne 
d i f f i cu l ty  in adjusting %he tension on t h e  arms so tha t  there  wodd be 
no ~n ima t ion  of the arm toward t h e  center of the  ta rge t  due t o  the  
normal vibration in the. building, and ye t  t h a t  the  desired migration 
would take place during the s l i g h t l y  la rger  vibrations attending the 
blas t ing . 

During the earxy p a r t  of the blasting, these gages indicated move- 
ment of 0 , l  inch across the  crack between the  temporary and permanent 
sections.  This was considered excessive fo r  the small-size b l a s t s  t h a t  
were being As a resu l t ,  workmen were directed t o  break open 
small sections of the  wall t o  gain access t o  the  nuts cscuring the  t i e  
bo l t s  anchored in the rejnforced concrete section t o  the bearing plates  
in the  timber section. It was found t h a t  the  nuts were loose on the 
bol ts ,  apparently due t o  shrinkage of the  timbers and possibly a lso t o  
sustained vibrations.  The nuts were tightened dorm and no movements 
 eater than 0 ,01  inch were observed during subsequent blas ts ,  even 
though the  s i ze  of the  b las t s  was p e a t l y  increased. Tnere Tias no 
de f in i t e  evidence of movement across the crack fie= t h e  south wall, 

The scratch records were observed with a f i v e  power glass (Linen 
t e s t e r )  a i d  measurements made with a s t e e l  sca le  divided t o  1/100ths 
o f  an inch. 

&I addition t o  the  us2 of scra%c.h gages, re,aular inspections were 
made of cer ta in  locations in the building which a?peared vulnerable, ., 
These included the  n o n h  portions of t h e  parapet limU on the  roof and 
ce r t a in  cracks ir~ the  basement, As an a id  t o  observation, ex is t ing  
cracks t h a t  ilac! d i s c ~ n t i n u i t ~ i e s  were selected, and the  M t s  of" the  
cracks were ~ ~ m l t e d  and daLed, Ho~iever, no e:-tensions of the  exist-ing 
cracks rseye noted aid no cracks were observed, 



'i'he City of Sea t t l e  purchased from the  Peters Company of llashington, 
D. C. two T;fpe 22 three-component strong-motion accelerographs t o  be 
l o c ~ t e d  iri Ross Dan1 and on t he  r i gh t  abutment of Xoss D m ,  A t  the  time 
t h a t  t he  ijureau t e s t s  were being conducted, the  accelerographs were i n  
t he  vrarehouse a t  EJerrhnlem. The s i t e s  were not ye t  prepared a t  the  dar,~, 
so  i t  was decided ~ J J  1 . r .  Cut ler  t h a t  one of the  accelerographs would be 
i n s t a l l e d  temporarily in the  Gorge Po~verhouse i r ~  order t o  record t he  
accelera t ions  produced i n  t h e  building due t o  the  b l a s t i ng ,  Consbquently, 
one of the instruilents was uncrated and i n s t a l l e d  i n  t he  subbasement i n  
A .  ~ n e  c0rntr.r of the  potrerhouse c loses t  t o  the  blas t ing,  The ins t r~mient  

vrcts c a l i b r a t ed  E>y t i l t i n g  t o  ca lcula ted angles, and It was fouzd t h a t  
the  t h r ee  accelero!neters had czpproxi?r;lately the  save scns 5- t iv i ty  of LO 
percent  of p;~.trit;r f o r  a 1-inch def lec t ion on the  record. I n  the  f i r s t  
records obtained froc: the  accelerograph, t he  v ib ra t ions  d e c ~ y e d  slorrly, 
indicat i i iz  c da.iping r a t e  f o r  t he  s t r uc tu r e  very much lower than was ex-. 
pected or  in f a c t  indicated kjr ang of our other i n s t r m e n t s .  It iras 
suspectcd Ylat t h o  t rouble was due t o  the  viiiration of the  p le te  or? 
which t h e  accelerometers were s u ~ p o r t e d ,  and t o  t e s t  t h i s  sup;~osit ion 
the space beheen  the  mounting p l a t e  and the  base p l a t e  was f i l l e d  ~.ritl? 
p las te r ,  !his, hovever, reduced the  persistency of t h e  v ib ra t ions  by 
only a s n a l l  degree, and time did not pe rn i t  a complete so1iltio:l of t he  -. problem. cowever, It rras determined that the  ind iv idua l  accelerometers 
had a. damping f ac to r  of a t  l e a s t  10 and t h a t  the  sus ta ined vibra t ions  
:,rere r e a l ,  but s ince  the  instrument was t o  be used only in a r e l a t i v e  
rnmner f o r  control  plrposes, t h i s  problem vr2s considered uninport,mt. 
Tne s l o ~ r l g  damped vibra t ions  were suspected as being due t o  a nearby 
s t r u c t u r a l  column. 

The se l f - s ta r t ing  fea tu res  of the  accelero,graph were no t  used since 
a delay of approximately l/k-second occurred between t he  reception of 
the  f i r s t  s t rong  motion and t h e  beginning of the  record. This delay, 
althol-gh to le rab le  in the recording of earthquake phenomena, was greater  
than t h e  t o t a l  duration of t h e  vibra t ions  caused by b l a s t i ng  and was 
therefore  prohibit ive.  Instead,  t he  instrument Yras wired f o r  remote 
s t a r t i n g   nth the  s t a r t e r  switch located next t o  t he  svritch used f o r  
i n i t i a t i n g  the b las t s .  Thus, t he  City E g h t  inspec to r  who f i r e d  the  
b l a s t s  could s t a r ~  the accelerograph a fex  seconds before he f i r e d  the 
shot. %.e operation of %he accelerograph lras ~ o c i i f i e d  so  t h a t  a f t e r  
s t a r t i n g  it r.rould run cort inuously f o r  18 seconds ~md then stop.  A s e t  
of four  o s c i l l o ~ ~ a p h  gr23vanometers and a l i @ t  source were i n s t a l l e d  in 
the  accelerograph so  as t o  record on t he  same char t  as t he  accelero- 
ne tc r s .  The ;;alvanoneters were connected t o  the  outputs of Wheatst.one 
bridges contaitling Carlson s t r c i n  Gages as  t h e i r  a c t i v e  m s ,  so ,that 
record of the  s t r a i n s  i n  t he  tunne l  l i n i n ~  and on t h e  sp ider  sup;:orting 
the thrust-bearing of Generator Iio. 23 could be obtained. This arritnge- 
ment was riot ads s a t i s f ~ ~ c t o q r  a s  desired, in t h a t  a considerable spurious 
t r a c e  def lec t ion rras obtained due t o  v ibra t ions  i n  tine l m p  support 2nd 
g r l v a ~ o z e t e r s .  O f  course, it was inposs ible  t o  i n s u l a t e  zho accelero- 
graph fror. these vibrations, s ince  t!ley const i tu ted a p a r t  of tlie 



the  acce&rograph was too  slow t o  resolve-the individual-waves of the 
phenomena recorded. 

The commutator t h a t  determined the length of each accelerograph 
record tras removed and a similar commutator having twice as many con- 
t a c t s  vms ins ta l led  in order t o  keep lengths of record short  and con- 
serve paper. No recording paper was supplied i.+ith the  instrument. In 
order t o  place the instrument in operation an adapter w a s  made so t h a t  
the  10-inch Linagaph paper used on the Hatharay oscillograph could be 
used i n  place of the regular 12-inch paper. To find the actual  accel- 
e r a t i on  froir. i t s  three coilponents, the formula A = /AL2 + %2 + fv2 
was used, vrith the maxbmm - amplitude of t h e  longitudinal,  transverse 
and v e r t i c a l  accelerations used f o r  AL, AT, AV, respectively.  The 
resolution of the individual  waves on t h e  t r ace  was not suf f ic ien t  t o  
take in to  account t he  phase differences t h a t  may have existed between 
the  conponents of acceleration, and no p rac t i ca l  method was available 
t o  increase the paper speed t o  give su f f i c i en t  resolution.  Consequently, 
the  value of the computed accelerations represented an upper limit t o  
t he  possible values of the  acce le~a t ion ,  ra ther  than the  t rue  values. 

IIJCIDENTU Dr\l@GE IN PCWERHOUSE 

The damage done t o  the  contents of t he  powerhouse was confined t o  
t h a t  part  of the building closest  t o  the  blas t ing.  The damage can be 
summarized as follows: The switches on t h e  e l e c t r i c  motors of t h e  
lubr icat ion o i l  pumps i n  the  subbasement f e l l  open on several  occasions. 
12 cover glass on the governor indicator pedestal  of Generator No. 23 
f e l l  out and broke on the f loor .  Indicating t a rge t s  on the  overload 
relays in the  control  room f e l l  without t h e  re lays  ac tua l ly  operating. 
.The operation of the voltage regulators w a s  disturbed on two occasions 
and the  over-voltage breaker on Generator No. 22 f e l l  open on one occa- 
s ion.  In  every case the  incidents could be explained by the  d i r ec t  
action of the vibrations cn an insecurely held par t  of t he  apparatus 
involved. Only i n  one case did actual  damage r e su l t  from these m a l -  
operations. 'I'hat was the  incident of November 10 when the  overvoltage 
r e l ay  on Generator No. 22 opened, When t h e  operator disconnected the 
generator from the lotr voltage bus the c i r c u i t  breakers did not break 
c , lemly but blew the bushing out of the.switeh on one phase and burned 
the  contacts on two phases. This damage was not  d i r ec t ly  due t o  the  
b las t ing  since the breaker should have handled the  load vrithaut damage. 

The other e f f ec t s  measured and the e f f ec t s  observed in the control  
room correlated cnly very approsimately, and it appeared t h a t  the  ef- 
f e c t s  21 the control  room were due not s o  m c h  t o  accelerations imparted 
t o  t he  building through its foundations as t o  t he  accexeration of the 
control  panels d i r e c t l y  by the  pressure waves i n  the  a ir ,  



t r o l  panels &d associated equipment i n  the  povrerhouse- control  room was 
in  t h e  number of t a rge ts  which f e l l  on t h e  in tegra t ing  t e e  overload re- 
a The number of t a rge t s  t h a t  f e l l  varied between 0 and 18, Inasmuch 
a s  a probability f ac to r  re la ted  the number of t a rge t s  t h a t  f e l l  t o  the  
accelerations present, and a dif ferent  probabi l i ty  fac tor  re la ted the ac- 
celerat ions  and the disturbance of other components, an exact correla- 
t i o n  bettieen the number of t a r g e t s  t ha t  f e l l  and the number of other  
e f f e c t s  t ha t  occurred could not be expected. However, the  number of 
t a r g e t s  t ha t  f e l l  did indicate  a trend as shovm i n  Table 2. The f a l l i n g  
of t h e  ta rge ts  indicated no more than t h a t  the  t a rge t  arms were moved 
by t h e  action of the vibrations f a r  enough from t h e i r  quasi-stable posi- 
t i o n  so tha t  the action of gravity caused them t o  f a l l .  There w a s  no 
indicat ion of any other action in the re lays .  

TIG EFFECT OF TI% USE OF DELAYS IN BLISTING 

A l l  of the blas t ing conducted pr ior  t o  IGovember 12 was done using 
instantaneous blas t ing caps pired together so t h a t  the  whole charge 
went off  simultaneously, Iihen it became obvious t h a t  t he  s i z e  of the  
charges vrould have t o  be reduced below p rac t i ca l  l imi t s  in the  area 
c lo ses t  t o  the,pov~erhouse, t he  use of delays was investigated. A t  first, 
numbered delay caps were used, tihere t he  nominal delay of a cap in sec- 
onds i s  the number of the  cap. Thus a Number 3 cap has a nominal delay 
of 3 seconds. then such caps were used, the  measured e f f ec t s  were neg- 
l i g i b l e  and from the record it could be seen t h a t  there  was suf f ic ien t  
var ia t ion  i n  the  z c t u d  time of detonation f o r  caps with the sane nod-  
n a l  delay t h a t  the  actual. deto~lations were separated fa r  enou~h irz time 
so t h a t  t h e i r  e f fec t s  were not additive. Thus, it appeared t h a t  t he  
s i z e  of the charges could be increased prac t ica l ly  trithout limit i f  
this t n e  of delay were used. However, the  f r ac tu re  of the  rock was 
poor ?hen these delays vrere used consequently f a s t e r  delays were 
in-restigated. The type of b las t ing  cap designated by l e t t e r s  A, B, C, 
have a nominal delay of 1/2 of a raillisecond per l e t t e r .  Thus, an A 
cay: has a noninal delay of 0.0005 seconds and a Type C cap has a delay 
of 0.0015 seconds. Phi le  t h e  e f fec t s  measured when blas t ing was done 
rJith these delays were grea te r  than the  e f fec t s  tihen the longer delays 
were used, the  e f fec t s  were s t i l l  very much l e s s  than those obtained 
with similar s i z e  charges using instantaneous fuses, and the f ractur ing 
of the  rock was a t  l e a s t  equal t o  if not superior t o  t h a t  obtained by 
instantaneous fuses. Consequently, subsequent t o  Idovember l4 all of ' 

t h e  shooting near the  po~ierhouse was done rd th  the millisecond delays. 

COIJCLUSIONS 

It was apparent from a l l  of the attempts t h a t  were made t o  corre- 
l a t e  the magnitude of the  e f f ec t s  measured with the s i z e  and location 
o f  the charges used t h a t  no simple re la t ionship e e s t e d  and t h a t  a cor- 
r e l a t i on  ~rould have t o  include the condition of the  rock, the  effective- 
ness  of the charges in breaking the rock, and a much rnore accurate 



In  order t o  s r r ive  a t  sone r.rorking lk.Isits, the scat tered data were con- 
sidered t o  define area the upper l i m i t  of ~d l ich  rclatccl the  r,iagnitude 
of the effect  t o  tile s i ze  and location of tile ctiarze under conditions 
Savorin:: n a - k , ~ ~ . ~  ti-cinsf e r  effectiveness. Figure 22 sho:.~ the re la t ion-  
ship betvre$n the rneasured bearing loads and the  s ize  of the charge di- 
vided by DL, vrhere D i s  the distance frorn the center of the charged area 
to  Generator IJo. 23. The jus t i f ica t ion  fo r  using t h i s  re la t ionship Isas 
tha t  the t o t a l  charge was composed of a nw'lber of holes, each of which 

b 

was 1 oaded 1,rith appro;.&aat el2.r the  sane weight of powder, usually 1-1/2 
s t i cks  or 3/4 of a pound. Thus the effectiveness of the t o t a l  charge 
was considered t o  'be proportional t o  the  simple sml of the  individual 
charges ra ther  than t o  the cube root of the  cass  of the  powder, as i s  
used where the variant i s  the s ize  of the s ingle  charge, The e f fec t  of 
d i f f rac t ion  on the slrmmation of the several  s ingle  charges a t  the dis- 
tance where the  e f fec t s  were measured rias cczlculated and found t o  be 
negligibly small fo r  the conditions obtaining. The factor  tras jus t i -  
f i ed  on the assumption tha t  the  energy riould be propagated equally i n  
a l l  directions and tha t  the e f fec t  a t  a point viould be proportional t o  
the  energy reaching thn t  p i n t .  Flo attempt r f i r i l l  be made t o  fur ther  . 
j u s t i f y  t h i s  assumption, other than t h a t  it f i t t e d  the data as  well as, 
o r  be t t e r  than, any of the other relationships tes ted.  

It rias appczrent th8t the constant of proportionali ty entering in to  
t he  re la t ionship betvieen the magnitude of the e f fec t  a t  my point and 
the s i ze  and locntion of the explosive charge could best  be arrived a t  
m-pirically. A t  the present s t a t e  of the  a r t  our knowledge of the  
factors  affect ing the t ransfer  of ener,T through rnaterials i s  too 1near;er 
tc a11011 the solut ion of a problem of tfiis complexity by purcpj theo- 
r e t i c a l  methods. Howver, ins tmnents  and techniques a rc  aveilrtljle ; n t h  
which the 12a'~itude mc! charactsr of t!ie effects  ccri b e  deterrriined for. 
conse~vzt ive charges alcl fro:;i these nieasurements t h e  r;ia,pitude of the 
e f l ec t s  fo r  i a r ~ e r  charges can be predicted v r i t l :  rezsonal~le accuracg-. 





Relay Targets Tripped and Incidental  Damage 
Done by Blasting 

November 3 No Targets No damage 2:12 pm 

November 3 No Targets No damage 3:03  an 
11 3 5 Targets dropped Lube. o i l  pumps dropped out 3 :10 pm 

I I 3 1 Target droppedglass on Gen. No. 23 pedestal  10:09 pm 
lolocked off .  

I I 4 No ta rge ts  9:kO am 

I I 4 2 Targets No damage 4:15 p 

I I  4 1Jo Targets lO:5O pm 

I I  4 No Targets u:06 pm 

I I 5 6 Targets No damage 10:26 

11 5 9Targe ts  Lube pumps out U:04 pm 

11 5 ll Targets Lube pumps out 1:58 p 

I I 5 7 Targets No damage 3:50 p 

11 5 2 Targets No damage 6:20 p 

11 5 No Targets Boulder into c q e n t e r  shop U:55 p 

11 6 6 Targets Lube pumps out Glass windm out 9 :O5 am 

II  6 2 Tsraets No damage 8:OO p 

11 6 8 Targets Lube pumps out l?indow blown out 11: 55 p 

11 7 7Targe ts  No damage 

t t  7 4 Targets No damage u :26  p 

11 8 13 Targets No damage 9:30 am 

I I 8 1 Target Blast close under whdow 4:45 P 











SR-4 straln geges attached t o  upper surface of thrut bearing 
anpport arm of Generator ]Po. 23. W geges were cemented to the 
am, one for a a p m  In case of dazuge to t h e  other. The d m  
gage l a  mounted on a bar ineide the j u n c t l a  box and insulated F r c l m  
the vibrations. 





BEARING LOAD F I G U R E  6 
OSCILLOGRAPH RECORD OF THRUST BEARING LOAD,TUNNEL STRAIN, 

ROTOR DISPLACEMENT AND HYDRAULIC PRESSURE IN SCROLL CASE 



indicated load over intervals o f  t ime  less t h a n  l/sosec. and 
which are present in normal operat ion.  

FIGURE 7 
D Y N A M I C  BEARING LOAD VS. MACHINE LOAD 

BASED O N  DATA TAKEN 10-30-48 





Cmlson strain gages attached to concrete of tunnel. Cable 
splices are c-closed in eleeves. Steel messenger wire l a  used to 
~ ~ ~ ~ 0 r - t  Ghe cables. 



I ASSEMBLED T U B E  I 



Lead wire sedlng ahmahere nrr>u&ed In nnrihole cover Lo penetock of 
W t  No. 23. 





HydrauUc preaeure t r d t t e r  laounted to lneaslure dyaaPllic p e e u r e a  
In the e m U .  case of Unit 23. 



PoaItiQP -ttrrr 110\11~ted t o  uulu?e fbo rdatln mtios between 
the rotfa? atld rta* &Unit No. 23. 





'Phree cqonent accelerometer mounted on spider of Unit Ilo. 23. 
Relay to energize the accele~nneter is -the box t o  the left of 
the acceleroeaeter . 





- e n d r e c m d A n g a p w m s e d a t c w t ~ .  I3tmdn 
qllfiers, rQht -, ae cwl& 4m-mhdmlze the effeats 
of the ~ t - l o  fields in the  are^. !&B oeoi-l;hrrtnr d M@es 
f o r  the preesure w e  crrriL relative position traPsaitter are ia -t;he 



APlpllf'yiug and recarding equipment used in tests. Lef t  t o  rleht: 
signal lights fraan blaster; 12-channel recordiag oscillograph; 
U-channel strain q l i e i e r s  and power supply; ca-thode rey oscilloscope. 






