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Subject: Measurement of ~ffeo·ts on.the Gorge,Powerhouse and:i.ts_equip­
J!lent and tunne~s during ?lasting•. in the. adjacent rock~; 

··· .. SUJ.iJ;~\RY 

In order to insure the ·integrity arid "uninterrupted. operation of 
the Gorge Po,...-er. Plant·. of the City-._of_.Sea.ttle S_ka.git ·Project uhile blast­
ing was being conducted on the adjacent -:rock.,_ measurement of- .various er:. 
.fects .at critical locations. were made ·dUI"ing t_he -blasting., id.th the re­
sult that limits were set on the magnitude 6f"iridividtial blasts,· The 
intent was to allcn;i the maximum rate oi''blasting·_:c:ompatibie "with the 
safety or the structure· and its -corit.ents: and.auxiliarie_s. · · · 

The purpose of ·the :investigation was . strictly utilit~an, directed 
. toward detemining the maxim.um sai'e rate_ o! excavation•on.the "project. 

The results are not adapted to wide generalization; on the ·cont,rary., _ 
they appear to indicate that the -only_ i'easible·method of handling such 
a problem is by measurement . and. observation.,. rather _than. by. analysis_ .in 
advance of construction •.. The problem occurs .,frequently· in civil' engi,:;;_ 
neering, however., and the . pre.sent. test. method~: and results. may be useful_ 
in detennining the pattern "for .tuture "investigations of :a .similar nature; 

. . . . .. ·. ' •. .-·~... . . . . . . . . . ·. . . . 

· Based on an interpretation. of _.the measurements· made., a· sche&ule. was .. 
drawn up stating the. mrodmum, quantity of explosive·:that could 1:ie ,used at 
any given station. ~The schedule was revised in accfordance with ad.di_;, 

.. tional data ,Jnich-~b-ecame ·a.va.ila.ble··:a.s. the ,io,rk'.progressed'~-- :·_Although., 
considerable scattering occurred in the· ·correlation" of e.f.fect to weight· 
of explosive divided by distance squared, a concept of varying effec­
tiveness ,-ras used to define an upper boundary of the effect at maximum 
transfer effectiveness, and therefore the relationship to be used in the 
establish.'llent of a conservative schedule. 

It was found that the size 0£ the charge coulc:i be increased several 
fold if milli-second delays were used., and that for .delays o.f the order 
0£ seconds the size of the total charge could be increased allnost .i·rl.th- · 
out limit"' due to· the variation in actutl time of .detonation -for. delays 
of the sa..'tle nominal time. 



 

l!o structural damage was ·ob~erved although certain annoying dis-. 
turbances .in the delicate. appa.I"atus or the control ~·om"did' occur. 

:-· .• . 

. :· BACKGROtnID • 

Since 1945; the _Bureau oi' Reclamation_ ha.,s ·had an ~formal. agree.:. 
ment or- cooperative research i·iith :t,he Del)l:lrtm~t of Liglrti.11g of ·the . 

. · City of Seattle and ·the -Coast a.nd Ge_pdetic S_urvey· .t'or determining:the 
bast methods . o;f measuring·: the eff eets. of. blasting .· and: earth tremors: on 
dams, powerhouses.,' fa.um els., _and simi,lar s~fyct~es:~: . . . ·. . . . 

. . . . .. •:... . . .. . . 

· The development of methods· and equipment by the Bureau of Reclama­
tion hQ.s . been directed toward . the direct recording. and measurement of 

. those effects at criticnl locations ,that:. can b_e. most readily_interpreted 
·in terms of safety., s_uch a.s strain.,·:stress; ,pressure.,and relative:mo~·· 
tion. The. feasibility. of this _approach ~ias demonstrated by .:measurements 
made of the strain in' the. ·concrete _'of· powder stora.gi:/ igloos during, large 

. blasts at Arc_o., Utah, and of the s:train in tl"le. concrete of Barker. Dam 
·while a small .tunnel was blas1ied through its bas·e •. · . · .... 

·. THE·· PRCiBLEH 

,.In September of 1948., th'e services-_of the;Bureau.o.r.·Reclamation . 
were ·requested by the administration of -_the :Lighting,.Departmerit 9f the . • 

· ·city of Seattle·: to assist. in>insuring. the :safety oi' the .Gorge hydro- _. ·· 
electric- poi:1er. plant while blasting:~was-· b~ing.condU:rited,to: priepare.:-the: · 
foundations and drive the- penstook_tilnnel.'\for_'ait addition·to.-:that,pol~er-:­
house. It•· was .. desired to, ma.:intain ·:.the,: po,-ierho~se·. • .in "uniriterrupted/oper~. . 
a.tion during the blasting~ . . _: . . ' . . . . ' . . . . . . ' . . 

.. T'ne Gorge Power Fiant, the lowest andi ol.dest 6!. the developmen~s '' .. 
on the Skagit :lo. ver., is at an_· elevation· of approximately 500 · f eetdri .. ·_ ·. · · 

· the Cascade Mountains oi' Washington,.-'appr6ximately 100 r.iiles northeast. :' • 
of Seattle, · rt rests on a: rook ·foundation at/the. confluence·Of'•Ladder · 
Creek md the Skagit River~ .. : . ·· · · · · · · · · 

· It w~s _arranged· between. the Departltent, •oi Lighting .. : QitY,.:•or .• ·se".1.t-cl~, : ' 
· and the BraYJ.ch of De_s_ign)nd .C,onstruction,·o("lihe Bur~~1,1·.oi'Re<i~mnat:i.on :·:·· .. 

by means of a. special contract., that· the' Bureau o:f Reclamation. trould · : . 
conduct measure1~ents of significant effects at critical locations during 
the progress of the blasting., in order to deterr!l:ine the ma:d.mum rate of 
blasting consistent ,dth the safety· of the powerhouse, its equipment and 
ap!)UI'tenant tunnels, Inasmuch as the polier plant ,-ra.s at a distance from 
a."ly metropolitan center where equipment or materials -could be secured., 
pra.ctical.ly all of the_ equipment required for. the tests was shipped from. 
the Denver laboratories of the Bureau of Reclanlll.tion to the Gorge Power 
Plant •. 
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Th~ plant is 'Servec(by three· steel.;..lined penstock tunnel~ 11.2,5 
feet 1n diameter and "approximately.400--i'eet .long •. The _manifold· sec~ .. · 
:t,ion· joining the three branch.tunnels with the ma:iri turinel.isl:ined 
with reinforced concrete, .Themain.tunnel, extending 10,715· feet from 
the manifold- section to the Gorge :intake, is 20.5 .feet in diameter_·and 
lined with unreinforoea··concrete. ·· · · · 

The ad.di tion to the' pow:erhmise .was to be : a.ttach_ea:: to· the north ·-· . 
end of the e=ti.sting powerhouse/ and an. a.dditi.9nal branch tunnel 16 to · 
18 feet in diameter-was to be driven 674 feet·:through _the rock .to .inte~~ 
sect the existing tunneL210 .feet upstream .f'roin the manifold section·~ ... 
The rockin .Which ·the blasting took .place· \·Tas :·continuous with the rock , 
upon which the_ e.."Ci.sting powfrhouse. ,:ras built. · .The ·ad<tltion had been 
contemplated in the ,design or:·the e:d.sting st_rii.cture,. and the<north 
wall of the 'main· generator- room: was·· buili; o.r· timbers:_ and- stucco 5() that 
it could be easily :-removed. ·. Figures l and 2 ·shm,r. tl1e situation of·· the. 
Gorge Power Plant with the building: addition and the tunnei _indicated. 
The operating room of the powerhouse was situated.in the,riorth end -·of 
the building. closest to the_ bl.a.sting. ·_The· appa.ra.t~- o.f<the contro1, 
room was· rather old, beilig theioriginal equipnent)nstalled.inl924, 
and was particularly vulnerable to :vibrations: caus"ed by·j:ire·ssure waves 
transr.rl.tted through the air. . · ' · · · · 

Blasting was started on the aftemoori of Octo'oer u·with' only_ five_·_. 
sticks of. dynamite ·being· used a.t Station 0tl0 G. T. J a dHrt"ance of. ap- . 
proximately 240 feef from the closest. :generatc,r.·_: As' expected, the ef~. · 
f ects of the blast. :were ·small :iJ1 comparison to_·the vibration·s · to which 
the building 1·1as constantly' subjec:f;ed"bythe· opera.,~ing ~~uipnerit_,. and·.'· 
in fact could not be separated_ from these continuous• vibrations in_ ,the 
records obtaine_d~ The :sizes of th_e subsequent. blasts.\rere increased ' 
regularly until on November: 28 ·it was considered:that the load increase 
on the thrust bearing of. Generator No. 23 .due: to blasting:had:rea.ched . __ . 
what was probably 'a reasonable J.imit of 80'tons .•. As ·the measured·•load: .. 
increase on this . bearing· was. ~he : .first~ e.ff ect . .to reach_ a ~gni~tide : ap- · 
proaching ·wha.t was considered to· be ·a safe limit, this ·effect,· was used 
to.compute the schedule-of powder quantity versus station ir{ the· su~·-· 
sequent :blasts·. However; othe:r effect.es __ sucl:i_ ~ _ro~_C>l' _d;splaoen1~nt,. hy- · 
draulic. pressure on the scroll .. ca.se/·strains:iri the ·concrete:1iriing in,,. 
the tunnel, and accelerations in the subbasement of the building cl.osest 
to the blast, were recorded in order to detect any.change in the nature 
of the blasting that might shift the location of the greatest.hazard. 
Table 1 shows the schedule used up to November 9 .• 1948. 

The table shows quantities up to 60 sticks of 60 percent dynamite 
for Station 2fl0 P.H. At locations beyond Station 2f10 P.H~ quantities 
larger than 60 sticks of dynamite were permitted· put the ma.~_._qua.n­
tit.y of dynamite permitted in these cases was arrived at by.using·an· 
extension of the table plus considerations involving the type of mate-. 
rial being blasted and the proximity of other structures. Frequently 
the quantities of dynamite actually used were less than the max:iln.um 
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limit set because, _the llinits exceeded the quantity that the blru3ters 
. WOUld have used Jn 'those pa.rtic\iJ.a.I\ cases _rega.rdles's of liinits. -The -- _ 
_ largest single blast -was 150 sticks_ on the G, T. --l.irie -where a charge of 
more -than twice that amount -could have been tolerated~· _ As--expeoted, 
the effects were slight. However, riear-th~ powerhouse the :size oi',the 
charges was·more criticalariddid1mitthe:4uantities'oi' explosives 
-that would othe~rise ,have -been use~ •. - ,- -- - -- - -- - -

Fro~ the dimensions of the thrust bearing: it ~,riis ri~uiated that -· 
the effective area of the· babbit bearing -was-1;164 square inches~ -:-The 
estimated load supported by tlie· bearing was 290 ,cop pounds', ,:giving- a 
total static load on the . bearing of 250 pounds: -per 1:square inch~ - - -

.. . . . . :. . . ·• . ' .... . . .. . . 

The -load was -mea.sured -.in terms of -the str~in on the •spider arms- '. -
supporting the· bearing.- --A -calibration -in' terms·:of toris -_()f_'tota1·: load: _ 
on the bearing per inch- of' trace deflection· on· the :os,-cillc>~aplf record - ---­
was obtained by jacking t!ie- roiior -to: completely re:J.;ev1f' the-' load• on; _the -
thrust bearing, and_then restoring the/,lOad _by_ releasing j;h~ ,jacks~'._--_ 

·. • " • ·, ·., • :·:'.· •. • ,•, ', ' -: . ,' ·: ,: ', ·~ . '· •i., .' , I ,' :{ , :, • ' , ; ;>·, ,•~:~·. ,' , , , · ' , 

It was .found that the load on- the thrust;:bearing: reduced/from :145 
tons _ under static condition to approximately-' 90 -tons lfhen. ~he: machine _ 
was opera.ting at its rated load or 20,0p0 kva.: ':·,(Figure>3) /,-,Thus; :-an ___ ,. -
increase of 80 tons in the-_ load as -,a- consequence::-o:t: the disturbance -_:<: - -
caused by blasting. would incre-ase the_. bearing: J:e>ac(: ov:e:r: ~µe.-: s:t8:tief<c~-· 
dition by -on1y_ 17 percent. During the -f'irst ~~ 0£' the irivestigati<>n; -.­
this was considered a __ safe upper. ·limit:.:u:pon_ which"_-Jo base _thl cal.cula~ , 
tions, recognizing- the possibility:of-a_ combina:t~on-_of.'·ractors which:-_, 
might allow the effect of any -one blast-- to -exceed: the effects>of• th:e _< __ 
average blasts by_ as .much as 100 -per.cent~ : On: November 4:, a. commui.ii9a_. _. 
tiori was received by :the'.City ~gineers ~rom~he(Wes:l:,inghClus~ Eleo~ric·-­
Corporation, -manufacturer -- oi' -:the_ Kingsbury, type · thrust- b¢aringfi_- used, -_ ---. >• _ 
indicating that the· ri1axiJnum load on the-thrus_t :bearing :should- riot ,-exceed --
350 pounds per square inch durmg contin:iious :-oper,ition :aru:i 525,pouridif --­
per square inch during .blasting. -_---They_ c~Ill!iciered·t~e: critic:4. factor: :to 
be not the unit loading on -the bearing surf ace but.- the strengtfr_ of' -crit;.. 
ical sections at the upper :bracket_•and ~hrust,- collar 'mounting> However, 
in spite-o.r-_their rea.ssuraru:e,--sonie_ concem-_was ·fe.lt/for-:':the''.ability·or .· 
the babbit of the thrust bearing to withstand shock loading of this 
magnitude. - - -

MEASUREME?fr OF THE ID.AD ON THE -THRUST -BEARING OF- GENERATOR _NO_ •. 23 --
- . . . ' : . . ... . ·. . ·~ .· 

. . . . . 

The load on the thrust bearing was determined by measuring the -
bendL'lg of' the arms of the spide~ suppor:t;ing the bearing., This -beriding 
was -measured by means of an SR-4 bonded resistance t-rire strain e;a.ge --
attached to the -top -surface of _- one of -the spider arms (Figiire- 4) •• •_--_A -_: __ 
similar gage mounted ona steel bar insulated from vibration and thermal 
effects by resilient paper wadding was used as the reference gage~ - The 

- gages were _ connected to an amplifier by means of a shielded cable. _ The 
amplifier ~-·as of the carrier frequency type using a 1,000-cycle current. 
applied to the bridge. The amplifier contained two legs of the bridge, 
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the ·:ratio o:r whieh ·. was adj us table . over · a narro:w- range by . means . c:i! a. cal;.; 
' ibrated, micrometer screw acting',_on, a, cantilever beam on the 'surfaces,: of 

l'thioh were cemented the gages comprising the -bridge _arms~·· A diagram,:·o'f 
the amplii'ier circuits ·is shown by Figure 5~· · 

. . ~~ : . . . . . : . . . . . 

. A phenomenon which was· ol:>served but not definite~ 'exp1ainerfwas' . 
the presence of· a continuous .nearly sinusoidal indication from_ the gage .· 
measuring thrust bearing load (See Figure 6). .The· amplitude .ot· the . · ... 
sigµal correlated very well with the 'pol'Ter generated by the' machine (see 
Figure. 7)., but the frequency varied from • dq to. day between 6Lj: an!f 72 . . ' 
cycles per.second with no/apparent correlation with any condi:tion: of· 
load..,· bearing temp~rature., ·.Pr exc:ita.tion •. • ~e~t·s sll~ed ~pat: .the ::signal 
was associated witli actual strain and. was not --due to· electrical picku.p~ 
The presence of' vibratioris of these frequencies coiil.d not, be' 8*p1ain~d -
in t ems o.f · forced vibration· due to action of. the generator _ or the <tUI"- . ·_ 
bine wheel since they would:h~ve to be eyen multiples of the speed of. -
the machine., which revoJ.ved at 257_ rpm. :·The e:>..1)1.ana.tion that :the vibra­
tions were .due to -the periodic __ building .up and 'breaking dowriof ridges 
.of lubricant ·in one'_'of' the','bearings 'l-tas -supported by'., pre:vious '.·;studies 
Mr. -Cutler had ma.de of silililar action -in ·filfer~t 'type b~arings ~ :" The _ 
condition may have been ·due ·all or in part, .to misalinement~-: ;,Since_,the -
problem- W&f! not ~rect~ related to the purpose of' the_ t~sts J .no· fur- -
ther investigation was: ma.de beyond tha.t:necessary 'to dellionstr.ate._that - .-. 
the vibrationa.lstrains were,.re'il andth~t the_'indica.t:i:"bns on\the-,·~ecord· 
were not the result of pickup or ma.lfurictiori of thei-amplifying or- record- -
ing apparatus o Howe,rer, ari- investigation oi' this '.phenomenon .niight:,-~e~ · - -
sult in r:iome information of value. ' ' ' . . . .. . 

INSTALLATIO~ OF CARLSON 'STRAIN GAGES IN THE 'TUNNEL ' 
. . ·' . . .. 

In order _to measure the strain ~l the concrete' lining of- the tun'... -
nel., Ca,.rlso,n strain gages were fastened directly to· the insid.e_ of the. . .. 
timnel by means oi' mounting brackets., illustrated in Figure .s·: : T~)11ake -
the.installation it·was necessary to tmwa.ter the tminelj.which was be;:. 
gun on the e"irening of Satur<iay., October: 9 •. _The. insta.lla.tion .was -cpm.:.. 
plete and' the tunnel ·sea.led::about 10:00 p~m: October,10,)and: the power:;_ - · 
house went back on the line 'at 12:40 a.m:. October 11·.: The brackets were 
fastened to the concrete by means or anchor bolts !I using lead anchors. 
A solid steel mandrel the same diameter as the flanges of' the strain 
gages was substituted !or the gages during the time the bolt holes were 
being located and while the set screws ,1ere being adjusted in order 
that bending of the -Carlson gage would not occur while it was .being . 

 secured :in place. Figure 9 .shows -the manner in _which-the·· gages were 
attached to the surface' of -the tunnel. -

- - ' 

The le~es were bI'bught down through the tunnel to a:lllallhbie' 
cover that opened upward into the low~tension'alJ.ey of the powerhbuse. 
The wires were clamped to a steel cable every few feet and the steel 
cable 'tras suppc,rted to the tunnel roof' about every 10 feet._ The j~res _­
were brought through -the manhole cover by means of special.ly-cons'~ruoted 

~··:, i/ ·:t 
- I 
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. . . . . . . . 

bushings shcn-m in .1''igure _ 10. The bushings extending from the .. top of 
the manhole coyer are shown in Figu:i;-e llo. The bushings;were.so _con­
structed that 110. continuous irisw.ation. e):terided through.:-the bushine and 
thus no piping oi' ,-rnter through the .. insulation could occur:'even. i.f the· 
insulation in the cable in th,~.·.tunnel 't·rcre broken. During .the first 
weeks of the investiio.tion:eachstrainmeter WD.S·connected to.a'stra.µi 
amplifier and the .ai"Jplified. output· recorded. Lo.ter:~·rhen higher sensi-. 
tivity galvanometers became availB.ble due to the ·discontinuance· ·of the . 
accelerometer recordings a .unit wa.s .built conta.in~ng separat·e bridges .. 
for the ·s·trainmeters (Figure 12) ~--· The :outpl.lts -~or ·th,ese ,bridges l1er·e · 
recorded ,-rithout a..-:1plificatiori~ ·' · · · ·. '' · ·.. · ··· 

.'Four gages WeJ:'.e :tnitially/installep. irtthe ·tunnel se.r.vine Unit..·23: 
two on the. ceiling of the. tunnel juf3tl'be;/ond: the ad.it plug/ one on the .·· 
s1:de,, wall of the .tunnel r1ear. the· ~dit plug, and ,on_e .. bri~gin·g ,the_ joint_ 
between the steel penstock lining·:and th~:steel .. tro.risiti()ri:··scfotion to: 
the·.Johnson va:Lve {see Figure 1). ·The ·gage :at: the trap.sitioit· failecf . .. 
first., apparently. because. of_ sP.verance of. the.:le_ad i-rires by-j-,a.ter~bcirne . 
debris. Another_ gage, cm_. the c;ei~g-:or the. turin~lj. !ailed .a~ter •4 :.. · .. 
dayso . The gage on,· the. adit 'wa11 · failed:.next;,C:: .. • .. The· exact: cause of. :£ail.;;., 
ure was not deterrrd.ned for '.:these tw'o'. gage:s or _for the .final;:ga.ge: mounted . 
on the ceiling., which: remained -in, operatiol'.1 for' 38 •- days:~ After .. that· ·. 
portion of the :mvestjgation . perform~d .by the Bureau iras conclud~d/.:the 
City Light engineers installed a riet{ sei; o.f Carlson strain gages in the 
tUIU1el. They routed the :i.ead .tdres: ·ai~ng the· bottom. of -the ~unriel :to, .. 
reduce the hazard to.· the: cable~: . Their experience ias that under similar 
conditions of ble.sting they obt_a.ined ess~ntially the. same indications·· . 
as were obtained from. the· o:rigincl, :gages; ... but that "t'l'hen?the blasting :: .. 
,-,as conducted in . the new tunneling the magnitude of recorded strain was:· 
negligibly small ·until the:blasi;,;ng :was'·:,.iithin_ a .re;;,_ fee:t;.··or•·the gages.: . 

. '· . . :-: .. ··, . . , ._, . . 

A sanp1e oscillog.raph reco:i;-d 9f;._tunnel str~ is sh~wn as Figur~ 6. 
. T'ne largest strain. recorde_d was · lJJ'micr~inclles per inch~ .corres_pohdiug 

to. appro,-:i.matgly 400 psi: assuming a modulus . of elasticity for .the: con;...: -
crete of J:;:10 • As· ·chis stress: \·ras-hot,ce>risidered c:dtical., it 'did'. n.ot 
constitute a limitinc.; f~ctor in det_en:dnin,g the permissible size· of. ths. 
charges.. . .. ·'·""··, , ..... 

· F!ESSURE 1-.:EASUREl.EHTS 

The hydraulic pressure in the scroll case of the 1·1heel on Generator 
Ho. 23 was recorded by mC3ai1s of. 2.."l electric pressure cell., The celi 
consists of a chariber · connect_ed by 1nea.ns of a .. tube to the source . of 
pressure to be_:r.i.ea.sured_(Figure lj). One wail of the chamber is a dia­
phragm, and :r.iovement . cf this diaphragrn causes an· iron armature ·-to dis­
place between fa;TO coils. -The coils Constitute two ilrJns Of a, 2,000-: 
c:rcles...;.per-second a.;;.c_bridge so that the changes in inductive irn.pedmice 
cc-used by the movement of the ar.r.iature cause chenges in the output.of 
the bridge. The a-c current is rectified to l'.. signal proportional to 
the pressure by a.eans of l'.. phase-sensitive circuit so that the sense of 
the pressure change is preserve~. 
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. . . . . . 

Thepressure increases observedduringblastingwere not great 
enou.i;i:h to ·ca.use concern · for the safety of ·the installation. . The Jlla.Xi­
rnum pressure increase ·,ra.s 39 pounds ·per. square inch~. Figure 6 shoi-rs 
a typical record. · '· 

. . . 

DISPLACEMENT OF. ROTOR WITH RESPECT TO STATOR · . _: 

In order to · determine the ,,:erticai movement· ~! th_e generator·· rotor 
with respect to the stator. during blasting; . a .gage . was devised using . . 
the coil assembly .from one of thehydra.ulic pressu:i:-e. cells°.;~ The_ coil 
assembly was mounted on a bra.cke:f,' connected to the bottom·· stator su~· 
ports in such. a way· that the _ air gap be~~eenO"the:· coil ~semb1y·· ·and the.-· 
top surface of tile coupling cover varied'' as the rotor._ . shaft'. dis placed 
vertically·with·respect to the.stator (Figure Jli;)/ It was·found neoes­
sa:ry to ·smooth-_.the_ top" ~urface ·or I the "coupling·· cover to·'reduc·e _:t11e···var~ 
iations·_ during the rotation. of the . shaft."; :Thif> smoothing was done 
with a rigidly supported portable ·electric ·grinder while:the machine· .. 
was in operation. The coil was:· made. . pa.rt of :a bri9,ge_ c:ii-cui t. in: ·such_ .. 
a way that the output of the bridge depended .:m: the air gap'.betwe~-the·. : 

. coil and the coupling cover •. · . _The output ·of the bridge was. -.ted : into one 
of .the oscillograph_ ·galvllllomet~rs·.· ·: Thus'.' a clispla(?ement :or the rot"or.: 
with respect to the stator resulted iri a.. deflection o! one of the· "traces 
on the oscillograph record. .A typicaLdisplacemerit: trace is," shotm in . Figure 6. . . . . . . .. . . . , ·.. . · · . . · · .. 

The displacement record was . calibrat,ed by jac~g :the rotor ;r the· 
,g;enerator., measuring the dis_pla.cement"with a micrometer;.and JILaki.ng a 
short record of the galvanometer .t~ace· displacement~ ·The_ calibration 
.f.'actor was fourid ·to be l'.O inch dei'iection on· the record £or. each: 0.020 
inch displacement o! the rotor.· shaft •. · The correlation bet,,i:een "the .· ·: 
rotor shaft ·disw.acement and-the thrust bearing load "measured:·s.tatically 
is shoi-m as Figure 15. ··The :correla.tion:·of'-the roto:r shaft· displacement_-·· 
and thrust bearing load measured d,.vnamicall.v- is_ shown .in . Figure· 16. .. For 
the static condition· a chan.e;e of 50 tons on the_ .. bea.ring:·correspond.ed: to 
a de.flect:i:on of ~016 inch while the same change inbearing:loa.d_corre-: 
sponded to only ~008 inch measured.dynamically·. . · · · · · 

The difference . in. the .cor~elatiori f acto~s can -be -acco~ted ·.·for. in. 
considering the difference in stress in the· supporting members under 
the two conditions of load. \fnen the load was removed .from _the thrust 
bearing by means of jacking, the point at which the jacks acted was 
near the point of deflection measurements; consequently, most of the 
rotor shaft involved was relieved of its tensile stress and actuall..v 
placed in compression, so the change in strain of the shaft is added t,o 
the displacement. Possibly- there was additional deflection·in the sup­
ports to which the deflection gage· was attached due to the action of · 
the·jackso During dynamic loading the rotor acted as a seismic mass 
with increased load on the bearing resulting :in increased tensile stress 
in the shai't, and the resulting strain then subtracts from the measured. 
deflection, Any action of a h.vdraulic pulse on the ,meel acting to in­
crease the load would increase this tension. 
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. }!&\SUREMENT OF_ STRAIN.Di J.'ENSTOCK 

In order to measure"the strains that 09curred·1n the steel portion 
of the pens tock ex.posed between, the John,son v~v.es _and t_hat : portion ·.em-
bedded i.11 the concrete of ·the ·huilcling., ,two SR:.,;,4'.gages were'.installed · ___ · 
on the outside surface. cif the penstook. : One gage _was oriented· p::ira.JJ..el . 
to the . axis. of the penstock and the other gage ~~ .. :at. righ~ angles to· 
the -axis so that in effect_ the former gage would• measure those strains 
resultin~ from stresses due to differences in the.motion of the\embedded 
portion. of the penstock and the ·.portion ":including. the:. Johnson .:.valve,' 
scroll case, etc.- The maximum ~tra,jn measured_ at. ·this· point'i~as 18 · 
rnicroinches · per :irich, C(?rrespondirig to ·a: st~ss. of • 51.0·. psi,· ·tor. a charge 
of 28 pounds of dvnamite··1ocated a~ station:2,'02. -. This stress was•not_. 
considered simi.fi"cant, ·so this :measurement ·was discontinued orf October JO. . . . . . .. :·. ·. . . . . . . . . . .. 

: The gage mounted at" ;ight_· _anJ~s t-6:: the : axis i of ·.the. turmei_::(or _:• .. 
circumferentially) was ·sensitive::to-~he exparisio:n.of the tunneLand . 
therefore . to changes of .. pressure ·_·or. the.: .water in t.he .tunnel~: . The .strains 
thus . me_asured corresponded reasonably. well'- to.· "those •. ~alcµJ.a.ted. 'from . in-. 
creases .in. pressure of the water· in t,he tUill'le;t. as' measured; bi the(.pres;_; _·, 
sure. cell . described. previously •... Therefore, a£ter; sufficient .te_sts ,iere . 
made to . determin_e that . the. correlation was reasonab1e_' the "recording of .. 
these strains was· discontinued .•. ·. . . . . . . . '. ..· . . . .. 

MEASUREMENT OF ACCELERATIONS .AT GENERATOR NO. 23 . 

. A .t~ee~component carbonj>i.J.e 'a.cceleramet~r,: ha.~g a ria.tura.l. rr_e­
quency of approximately. 25 cycles: per. second., _was ilocated_.on{the: thrust 
bearing support spider of .Gerie.'rator No~· ,23;.,,(li'fgtll'.e 17)~'-: A relay•"was . · 
used to permit clos:i.n.e;.the·ba.ttery,circuit-fromthe,loca.tionof'.the re~ 
cording osc:illograph.· · The output, 'or the_: a¢celeronieter~ 1-tas.,brought to ' 
the recording oscillograph and records were~ up to October'JO,: 'The. 
accelerations due to the blasts were srnaJJe:r than those-dtie-·to .the vi- . • .. 
brations of the machine operating in.-its -normal. .. fashion- until the charges . 
exceeded 6 pounds at a distance o.f 80 feet. Even·with the largest blasts, 
the accelerations did not exceed three times the accelerations due to 
operation, and consequently it was considered impractical to attempt ·an 
interpretation of the record since the contribution of'the normal vibra.­
tior.s couJ.d not be separated from the composite record with any_ reason-
able accuracy. · · · 

· An analysis of . records taken on Oc~ober 25 indicated. that there ;;as 
a reasonable correlation"betweenthe vertical:component.ofa.cceleratiori 
measured at the. thrust bearing o:f the machine and ,the" "increase in bear­
ing load as measured by means of the strain in the suppoi-1{ spider~ .. For 
instance, record No. li22, -which gave one of the most readable vertical 
acceleration records,· indicated a vertical acceleration maximum of 0.275 g 
during the blast. The corresponding increase m measured bearing load 
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wa.s 30 tons. Tue incrauso ·· ii, · baar:i.nr, load onlculo.t~d o.s the reaction 
between the support: accelerating a.t 0.275 g and the rotor acting as a. 
seismic mass of 145 tons wn.s 40 tons • · 

. - . . . 

The accelerations recorded were/very near the natural £rJquency of 
the accelerometer., 25 cycles per seifond., and' consequently the··ca.J:!.bra~ · 
tion of the accelerometer in this range l·Tas very· dependent on the drunp­
ing. 

. . 

The da.r.iping was by means of dash pots using a viscous fluid., and 
. therefore was dependent on temperature. La.ck o.f temperature contro1 

gave the measurements a low • accuracy. · · 

Since the mea.surernent·of bearing load.by means of the increase in 
spider strain i·ras a more · direct measure of· the · forces a~ting · ·on the · 
bearing and. was considered more reliable, the: recording .'o'.f acceleration 
at the bearing was discontinued in £avorof_recording pensto~k pressure 
and relative vertical motion .bet,,,.een the rotor. and:.stator. · · 

DET.i!..''lEIIJATION OF }i."J.IJ.iUH FaEQUEIJCY· OF.VIBRATIONS 
lm answer to the question o:f tne I!'.a.ximlmt fre~ue11cy: at, which energr . 

l·ras beine tr.:i.11sr.rl.tte,d' to the powerhouse structures as a. fesult of' the 
blasting W'.:!.S obtained by means. 0£.·a. crysta:l acceJ.era.tio:n. picktlp1 · a ca.th~ 
ode ray oscilloscope., and a. drum· camera.by t-mich re-cords ·i-rere obtairied 

. 0£ the trace on_.the ·ascilloscope· scre:en. pror'!uced bf the.·~rystai',pickup.' 
This CO."r.bimi.tion·would record. accelera.-:tions· Up. to: the natural: frequency. 
of the c:r7stul.., i·rhich ~ .... e.s· 1.,000 cycles._per secsmd,··~d di.oplace:rnents up 
to the lii:nit of. the oscilloscope a:mpli:t'iers,; ·hnic::h was 70.,0.00,_cycles .· 
per second. _ Thus., sot'1e ,rec9rd>of'.;.vibrations at f'requencie1;;'_up to._70.,000 
cycles per second could be obtained 1.·r.i.th this·. apparatus.. Figure is . · 
sho1.;:s :the appara.tus .. ·set tip in·.the .. Ge>rge P61,rer ·.Plant. Ho'\fever..,: . .-the higli­
est frequency cor.1.pcnent on th~, traces actuall:;sr recorded :i.ias . apprfo:imately . 
7 80 cycles per second •. T"rie point .chos'en i'or. the::raeasurement-.'of .these ·. · 
v:.brations was the manhole ·_cover on the pen,stock',supplying Generator Hoo 
23 (Figure 11). · The location l·ras. cho.seri because the steel on ,the -pen-. 
stock, at .this point ,was mechaniccip:y:·c<>upled·::to,:the::fcnm4a.~ioiirock/thei 

·. building; and the water in the tunnel~. ·and· it· seemed reasona.bl:e to ·as- .. 
smne that any vibrations reaching critical points in the powerhouse 
would have some component at this point. The informat,ion thus obtained 
was used as a criterion for determining the maximum frequency sensitiv­
ity to which the other elements would be carried. Because frequency 
response is obtained 'id.th recording galvanometers at the expense of 
sensitivity., it was decided to limit the upper frequency response of 
the other instrtunentation to 1., 000 cycles per second.,. a v:i.lue just be­
yond the hig.riest frequency to be expected. 
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LOCA'fIOH' ·· OF THE RECORDING INSTRUMENTS. 

After a brief survey of.th~ problem, it was decided ~~locate the. 
a.i11plifying andrecord.ing equipment in the low-tension alley of the 
powerhouse, 1,he bay in the low...;.tension alley containing the bus switches 
:for Generator Unit No. 23 was choserif'or the location·of' the:amplifying 
and recording equipmen~. The reasons • .forthis choice were proximity to 
the points at which pickups were to be 'placed, relatively low noise · 
level, proximity to an oil.filtration and storage room that could be 
used as a darkroom, and miri:i..mmn int~rference with the normal. traffic and 
operation of the powerhouse. The· principal.disadvantage of. the location .. ·· 
was the, prese..Yice of overhead conductors carrying large currents ,mch . 
resulted·mstrong·a-c magnetic fields in the area. :It wa.sfouridiJn~ 
practical to provide sufficient magnetic shielding for the transformers 
in the stra:in amplifiers, so the a-c pickup from the magnetic : fields 
was reduced to a minimum by properl.y orienting the amplifiers. . Thus, 
it was found necessary to have the ainplifiersstandini:t askew on end · 
(Figure 19) rather than in their normal horizontal position (Figure 20). 
It was necessary to change the orientation from t:ime to tini.e as the cur­
rent in the conductors· was· changed in ad.justing the 6-peration of the · 
powerhouse to the power demands·. Another disadvantage was the safety 
hazard due to the presenceofthe.busswitcheswhichwerequite <?ld. 
There .had been instances when similar s-t:ritches had failed with explo- ·. 
sive violence. The risk was assumedto be small .• However, during the 
conduct of the tests a sin:ii.lar S\·Titch in another bay did' fail, splat~ 
tering hot oil over that area.. . · · · 

·- . . - . . . . .. 
. . . . 

MEASUREMENT OF l•IOv.Et•IENT ACROSS CRACKS Allfl) JOINTS: IN THE 'BUII.DillJG 
·. . .... ' . . --_·--.· : . . "," . ' ' ·. '·. 

In order to _insure the safety of the ·pm,;erhouse, building during 
the blasting., an inspection ofthe building l-ias made to locate ,the 
apparent points of weakness, an~ attention was concentrated on these 
points. .· ..•. ·. ..·.. ·. . . · . . ·. •. · . . . . . 

The western. haJ.f of the north 1-iall, • ciosest . to the open cut blast~ 
ing, . was· of tempora.r:r timber and st,ucco co;rii::~ruction, 1:i"l'1ere~,ithe re- · 

.. mainder of the str-u.cture~ras of 'reinforced concrete.· The plans of .the 
building showed that the ~emporary waJJ. ,-,as tied into the permanent 
structure by tie bolts at ,the level of the crane rail. Where the tem-

. porary and permanent sections joined, a crack extended from the ceil­
ing on both walls do'l'm to about 10 feet from the operating floor. The 
crack t·d.dth was about 1/8 to 1/4 inch near the ceiling and narroi·red 
gradually until it ,1as no longer visible at about.10 feet from the 
floor. 

DeForest scratch gages were installed. across these cracks at the 
level of the crane rail~ 

The only other crack that appeared at all serious was located on 
the center partition wall near its south end. The crack was about 1/8 
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inch wide near' the oeilin~ and extended downward· toward the· corner of. 
the. :intersection. of the .partition wan··· and ·the,· south' wall· of. the . power'.";". 
house, diminishing in width .as it -went _down~·- A D..eForest scratch gage 
was installed across tllis OI'ack a~out 8 feElt ·from the. cei;ting. . . . . . ~ -·:·. . . 

. The DeForest scratch gage consists· simply of a. lightweight brass 
arm with an abrasive ·tip that bears a.ga.:lri'sti:t,he. polished' surface o:f.'. a. 
small target. in such a. way ·_that relative mo~iori·· between the: arm'· and ·the 

. target is r'ecorded in the, form of a scratch: on the ·polished· surface of. 
the target· (Figure 21). The.·arm is held in contact .with the target· by 
means of a slot .. in the target plat.e. · The s1ot allows ':~he . arm to move . 

· transversely over the . ·width of the target surface , and: also .longitudi"."' 
na.lly ' in. an arc over the, •. lengi;h . o! the· targ~t; .• which is' appr~~!,el.Y '', ' 
1/2 inch. Initia.lly- the a.rm is .bent away.'from its center·.positi<ln.in :an 
arc, .and in the absence :or Vibration it will-_not' move. iiowever/·_when . 
motion between the a!'lil and target occurs the am;.iri.addition to_moying 
in the direction of the.stra:i.ri, migrates· toward'1;he cent~r of the tar.::._ 
get; so that J in effect,. the separate vibrations 'are. recorded 9n dif"."' 
i'erent parts of the .target to_ give:.a.. crude time a:d.s ~ · ·There was::=--sfane .. 
dif'i'ie;ulty in adjusting ·the tension' on the -~ so· that there would be' 
no migration of the arm towa.rcf .the center oi< the target due 'to tlie .. 
noma.l vibration in . the building, . and yet that . the, desired migration 
would take place during' the slightly larger~'vibrations attending th~. 
blasting. · · · · · · · 

During the ~arly p~t o:f the bla~ting, the.se gages indicated. move­
merit of Ool inch across the crack beti-reen th!=) .temporary' and permanent ·· 
sections. This was considered.excessive 'for.the small.;.size.blasts that 
were being usedo As a result, worknten were directed ·to bI"eak open, , 
sma]+, sections of the wan: to· gain· ac_cl9ss to thEf nufa-i · ~,curifig :th_e tie. 
bolts anchored in the reinforced, concrete .section to. the· bea.r:ing,_pla.tes 
in· the timber section. •' It was found.that -the. nuts ·i:irere loos'e on ,the .. 
bolts, ·apparently dlie. to shrinkage' of' the: t:imbers<and ·ip<>ss°lbly: als<f to 
sustained vibrations • The nuts ,~ere· iiightened down: and. no· mOv~nts· 
greater than 0.0l 'inch were obsel".Ved· during subsequent :blasts,: even·.· 
though the size o! the blasts. ,-ias gt9ea.tly increa.secL There · was : no· 
definite evidence of movement across iihe era.ck near cthe··south Wallo 

,: . .... .: ... 

The scratch records were obfservel\:r.i.th a fiv.e' power:. glass (Linen . 
tester) and measurements r..ade with a. steel scale 'divided to 1/lOoths . 
of an inch. · ·· 

In addition to the use of scratch gages, regul.a?" inspec:tions were 
made of certain locations in the building which ~ppeared vulnerableo~ 
These included the north portions of the parapet ·-vrall on the roof' arid 
certain cracks m t-he basemento As an a.id to observation, existing 
cracks that llad discont,inuities were selected, and the .limits of the. 
cracks were marked' and dat,ed. However, no· e::g,ens.fous of' the eY.isting 
cracks were noted and no new cracks were· observed.. · · 

ll 
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Il;STALLAl'IC-i,~ Al!D 1-:0DIFICATIOI! OF TIil!: ACCELERCGP..APH 

The Citv of Seattle purchased from the Peters.Company:of Washington.,. 
D. C. two Type S2 three-component strong-motion' accelerographs to/be 
located in Ross Dam and on :!;he, tight · abutment'. of Ross Dam. At_ -~he·, ~:l.me 
that the Bureau· tests were bein'g,, conducted., · the_ accelerogra.phs ·,;rere · in . 
the w·arehouse at Netihalem~ ··_·The ss'ites ,:rere not yet prepared. at ·the dam; 
so it was decided by Mr: Cutler that:orie _of,tlle ac"celeJ'.'.OgI'aphs \fOuld be 
installed temporariljr• in the Gorge Powerhouse 'in order. to, record: the . · 
accelerations produced in_.the bu_ilding d:ue to.·the blasting.·· _:Coris.i!quen~ly~ 
one or the instruments was uncrated and installed in·'the',subbasement "in 
the corner of the po,-,erhouse' closest· tq the bllLsting.; The inst:rwuent . ' ' 
wo.s calibrated by tilting to. calculated nJie-,les/'_and it ,m1.s.i'ourid that· 
the three acceleromoters had appro:-::irinit~ly __ the slime· :s"cni:;it~vity: o_i' 10 ·._. 
percent or gI'U\rity f<?r a l".'."inch de.i'lectior( oil the rec~rd~ :· Iri it~e· firs"t 
records obtained froni. the accelel:'ograph, .the vibratioI1s decayed:·slot-rly.; 
indicatini .e. daI.,ping rate .fqr the str.uc_tl.U'e yery much: 1ower tho.n ~Tas. ex•• 
Pectecl or in fact ·indicated by any oi'. our 'other-·instrur.ients. · .. -rt··~ias · 
;uspected that the trouble was due _.to· the vibration of _the:pla.te;.·oii" 
which the accelerometers \fere· supported.,. arid to t"est;,this SUpJ>Osition . 
the space· between the :mounting. plate .ond the· bas~ plate· ,,re.s f'illed with 
plaster. This, however, reduce~ the_ pors_istency of '.'the vibratio~s by .. · 
only a small degree, and tim:e did ,not:_ pennit a complete so;t.,ition of .the 
problem. H01-reve:::-·, it uas dete!'I!'.iried; __ th~t: the individµal:· a.cceierometers 
had a da111pirig factor ·or .at_ least,_10 and·'that. the _sustained :vibrations 
.were rea.1., but sface the instrument was to be µsed onJ..v in ·a relative 
manner for controLpurposes;·:this problem was c.oils~dered unimportant. 
T'ne slowly damped vibrations:· -i-Tere suspected. as being _:due . to a n~arby : 
structural column~ · · .. · · · · 

_ The self-startirig. features .di "the\ ac:celer&~a.ph\'i-1e:r13' -n~t used;.s'irice. 
a· delay of approx:imately-·l/~:sec6nd tjccurred :bl:!tl!een _the. reception-·-~£.: .·· 
the first strong motion and the begirui:U:ig of thif::r~cord~: "niis,delay.., . 
al thon gh tolerab~e. iri the recorcling >of' :·earthquake .'phenomen!!., was. grea,.~er . 
than the total duration of the. vibratit>ns ·. cau_seci ,by, blasting· and' was·,,: : 
therefore prohibitive. ·Ins.tead.,·\th~f'iristrumerit. was wired· for.remote_·· 
starting ,-ti.th the starter switch 2.looated next tc>'the switch used for . 
initiating the bl_asts. · Thus., .. the: City' Light. illspec:t9;r_ wh.o.' fired the ;. : 
blasts. collld .start tlie':acceJ.-er6gr~ph',f.fe1:1:··seconds ·. b~,for~\"he :.rli.e& ,the( 
shot. The._ operation of theiacc¢ier6graph}ras modified' so· that'a.fter· ... 
starting it wow.cl ruri co:rtmuously !or 18 seconds an'd then stop. A set 
of four oscillograph gc>.J.vanometers and a light source were in_stalled in 
the a.ccelerograph so as to record on the same. chart as the accelero­
meters. The galvanometers were connected to the. outputs of Wheatstone 
bridges containi."lg Carlson strain gar;es as their active anns; _so that a 
record of the strain~ in the tunnel lininu and on the spider supporting 
the thrust-bearing of Generator I-Jo. _23 could be qbtained.. This: arrange-
1nent \·Ta.S not as satisfactory as . desired:, in that)i. considerable spurious 
trace deflection was obtained due -to vibrations· in the larap stippor~. and 
galvanometers. Of course., it was impossible to insulate the accelero­
graph i'rorr. ·t;hese vibrations., since they constituted a part of the 
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.. - . _. . . . , : .. · .. 

accelerograph reCOI'd, . Another. S~Ortcoming W~S that :the pa.per speed O:f .. 

the accelerograph· was too slow to. resolve .. the. individual,_wave·s of .the. 
phenomena recorded. ' ,' ' ' ' '' ,' ' ' '' ' ' 

The commutator that d~termined the length of each a.cicel~rograph ' 
record was removed and a similar. commutator having tw:i.ce·_as' many con- .,·· ·• ' 
tacts .-ra.s installed in order to keep lengths of· record short< and con- · · 
serve paper. No recordine paper was ·supplied _with.'the instrument. In 
order. to place the :instrument ·in .. operation an ,_adapter :wa.s:Jllade s9 ·that 
the· 10-:inch Linagraph paper. used on the -Hathaway oscillograph could. be 
used in place of the regular l2-inch·, paper. ':i:'o !'ind· .the actual.· accel-

eration f'rorn its three corapon~ts, the ·fo~ula_ +=.li.-t:.'i -~2. l:~2.: : . 
was used., with the.maxiniumamplit11de.of :th.e long:i.tudinal, ,tranE3verse ,_· 
and vertical acceleration~ used· £~r. :AL, AT.• Av,·'.respeo-td.v~~ < The: · :. 
resolution of the individual waves oil .. the' trace ,;ras not ·sutficient to 
take into accoi.mt the' phase di££e~ences'ithat_:may:l:la~e existed:bet11een 
the components ·of acceier~tiori, .~d.no·pra.cti'aaJ.method ~ras·.available· 
to increase the paper speed to:give su.i'i'icierit re.solution~; .Consequent:cy., 
the value of the computed accelerations. r.epresented- an··upper· limit .to 
the possible . values of the · acceleration, : rather. thim the· .true values ·• 

'INCIDENTAI. :DAMAGE Il{' PCliERHOUSE 

. The .damage don~ to the contents of the po~erhouse,',WaS ,~O?ifhl~d to 
that part of the building closest to the _blastirlg~ The .'damage,:can be.· 
summarized as ·-follows : The switches: ion the electric motors 'of· the>- ' 
lubrication oil pumps in' the subbasement fell open' on several. e>ccasions •. 
A cover glass on the governor_· indicator pedestal · of Generator. No,: 23 
:fell out and broke on the· .fl.oor.. Indicating targets on the ()Verload­
rela.ys in the control, room' fell<,dthout the reli.3,ys actually. operating~ .. 
The operation of the -voltage regulators was disturbed on two occasions_'' 
and the over-voltage· breaker on J}enerator No. 22: i'ell: operi on·: one· ·occa- . 
sion. In every case the incidents could :be explained·:ey: the direct ·. ' 
action or the vibrations en an'·msecurely hel.d':part ot.'t1ie apparatus.· 
involved. Only in one case did actuaJ.:'damage· resuJ.~ 'rrom these mal~ . 
operations. That was the : incident of November .10 when the: overvoltage · · 
relay onGen.erator No;.'_22•e>pened.· .Jihen ·tl'le ·opera,'.t.qr_;·dis!lOililected·':the... .. 
generator from the low ,voJ.tage ,bus the -circuit/breakers>ciicl not break',: ' 
cleanly but ble\•T the bushing out . of' 'the. Sl-i:i.tch on one phase and burned· 
the contacts on two phases . This damage l'ras not directly due to the 
blasting since the brea.1ter should have handled. the loa.d ,-iithout damage. 

The other effects measured and the effects observed in the control 
room correlated only very approximately, and it appeared that the ef­
fects in the control room were due not so llDlCh to accelerations imparted 
to the building through its foundations as to the a.cceiex:ation of the 
control panels directly by the pressure waves in the air. 

JJ 
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_ - Probably the best measure of the -· accelerations JJ11parted to the con- -
trol panels arid associated equipment in the powerhouse control room was 
in the number of targets which fell on the integrat:il1g t:vpe overload re-:­
lays. · The number of targets that fell varied· beti'reen O. and 18. Inasmuch 
as a. probability factor related the number of' targets that fell to the _ 
accelerations present; and· a different probability.:factor related the ac~ 
celerations and the disturbance oi' other components, an exact correla~ -
tion between the number oft argets that fell and. the number or other . 
effects that occurred could not be expected. However," the numb_~r of -
targets that fell did indicate a trend as' shO"t·m in Table 2. ;The filling 
of the targets indicated nomo?'e thanthat_tl"lr:i target.-a.rms_w~re mo,ved 
by the action of the -vibrations far enough i'rom<their, qutiSi-stable posi~ 
tion so that the action of gravity.caused theill to i'aJ.l~ _ There ,~s no -
indication of any other action in the relays. · · 

THE EFFECT. OF THE : USE OF DEWS IN BL\STING . 

All of the blasting conducted p;i~i-< to I~oveinber J.2 was done usin.g " 
instantaneous blasting· caps wi:red tol;ether so -that the 'W'hole charge· 
went off simultaneously. When it became obvious that -the size of<the 
charges would have to be reduced __ below practical ].imits in the area ' 
closest to the: powerhouse~ the use of' delays was· investigated.~: At first, 
numbered delay caps were used/ wher~ the nominal delay of_ a cap in sec .... · 
onds is the number of the cap~ . Thus a Nuinbe;-) cap has. a nominal _delay 
of 3 seconds. - When such caps .. were used, the -measured. effects wer~ neg-­
ligible and .from the record it -could be seen that there we.s suf£icie11t 
variation in the actual tini.e of "detonation for caps ·with ,the same. nomi;.. 
nal delay that the actual detonations 1-rere :separated i'al:" enough :in t:i..ml'3 

. so that their effects were not additive". Thus~ it appeared that>the 
size of the charges·_ could be increased practica.J..l.y without limit : if · 
triis ty-pe of delay. were used. However, the fracture of the rock was 
poor when these delays were ll.Sed and conseq~ently .faster del~s -were 
investigated. The type or blasting cap designated by 1etters A, R, c., -
have a nominal delay o.:f 1/2 of a.rniJlisecond per leti;er~ Thus, an A • 
cap has a nor.rinal. delay of o .ooo; .s·econds and a T-<JPe G cap has _ a delS¥ 
of Oe0015 seconds. While -the effects measured t-rhen .blasting was done 
Ni_th thes_e_ delays tiere greater than the effects When the longer delays 
Were used, the effects ·l•Tere still very ip.uch:less tllan 1:,hose'obi;aine_d 
with similar size charges using instantaneous 'fuses, arid the'fra:cturing· 
of the rock was at least equal tci if not superior to that ohtain2d by 
instantaneous fuses. Consequently, subsequent to November 1.4 a1.l of· 
the shooting near the powerhouse was done with the millisecond dela.ys. 

CONCLUSIONS 

It was apparent from all of the attempts that were made. to corre.:.. 
late the magnittideof the effects measured with the size and location 
of the charges used that no simple relationship existed and that a cor­
relation would have to include the condition of the rock, the effective­
ness of the charges in breaking the rock, and a much more accurate 
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descriptionof the di~position 0£ the charges than ua.s actuo.11.y:obtained.· 
In order to arrive· at some worldng liitltµ, .the scattered datawe·i-:e ,.con-:- · .. · 
sidered to define 31'1' area tl1e upner ·:1irnit, of :wbich related .the'r.iagnitude :· 
or th_e effect to the size and locatiorCo:f the charge uiider con'ciitioris , : ·• 

. favoring rna,;.:im,m;i tr.ms.t'er. effectiveness~ . :Figure -22::shows•·the:'rel.?.tion..:. ·,. 
ship bet\•teen the measured bearing loads a.rid :the·: s_ize o.r: the : charge di..; '. . 
vided· by D2, where D is t~1e:dieita.rice from:-,the .cei~ter\,of. the :charged a.rea. . 

. to Genarator JJo.. 2;. The 'justifica:t,ion for using: this, 3:'.elntiohship wa~ 
that ·the tota,l charge was.· composed of' a: nuialJer ·()f hole.s; .:each', o:.t'.wh;tch 
was .loaded. idth, appro:dmately the sarn.e \-teight 9f powder, ·)isually lfl/2 
sticks or 3/4 of a. pound •.. 'l'hus · the, e'ffectiveness of. the total: charge . 
was ·considered to'be proportional.toe. the ,simple sum .. of the :i.ridividuai: 
charges .. r~ther_ than_·to·'.the cub·e ioot Br:.t.he ~a.ss'·of\,the pm-.der.;'ia.S:'is: 
used ;where the variant is, tne: s1ze of the single", charge'.,' . The· effect cir . 
. diffraction on the summation of the 'several :sirigle ch~i~es at ''the'\:iis- . 
tance where the effects were measured was cal.culated:-and found.-to be . 
negligibly ~mall for' the ccmdit~cins 'obtail'ling~> The'.n2 factor :;as justi- _· 
i'ied on the assumption t,llat 'the. energy :would: be prop~gated _· equally, in 
all directions and that.the effect.at a point·would _be·p~~por.iiClnalto 
the energy reaching tJrn.t J:oint •. '. .Ho.attemp:t, will be made ·to ,further,· . ·. : 
justify this assumption,··?t}:ler:'than i;h_a.t it fi~ted:~he da.ta; a.s\1.fell_a.s,. 
or better than, any or the other. relationships· tested. · · · · .·. 

. . . . .. ·:· . ,·.· .. ," , ..... ·.·,··: '.:.• .. : .:': ·., ,:._ .·. . 

.. rt was apparent tha:t _the constciJ:?.t. or:propor:tionality, entering into · 
the relationship between ·the magnitude of' :tlie·'.effect .at-any,'point· arid · . 

. the_ sizo · arid·-locntion··. of-,the explc;,sive.'cr1arge :coui&,best be arrived· 'at. 
empirically.·. At the _present· state :of' the art_ 'our lmowledge:- of the'.· _ 
factors affecting. the transfer,._9f _enermr>th:rough mat_erials':is .. too'._1fteager_. 
to allow the solution of ~ .problem of' :t,,.11is complexi:ty by· .pu~eli theo;.. ... 
retical methods. However, instruinerits arid tec)?nj,ques are. ayaila'ble Hi th_· 
which the :r.,.agnitude and character of the effects. ctn.· be dete:rndried :f'or . 
conserv.itive charges and fro1:1 tliese measureinertts the. magrdtude·o'.f'.··the · 
effects f'or larger charges. Call be pred:i,cted '•:Jith reasonable ·2.CCUrac~~ .: , . . . ... ., ., . . . . ,. .. . .·. . . 

15 
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Station on 
. PH:Line 

2. 10 

2 2 

2 28 

2 

2 8 

2 

2 

..... 
· TABLE 1 

SCHEDULE OF -MAXIMUM POWDER QU,mTITY 
PER1'1:C'!TED. AT.ANY STATION 

.. 
J; .. ...... 

Powder. in'sticks 
of 6o% D ·anil.te 

Distance.to· 
Geriera.tor·No. 2 

I 2·· 

2 

20 

Larger q1.1&1tities .permitted beyond station. 
2 .J. 'l() com}'.)Uteci for, each locatio.n . . . . .· 

ft.··. 

rt .. 

:'·6 . .ft. 

. 62,ft. 

2,f't~ 

.. ~ .. ·:. :... .. .: 
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TABIE 2 

Relay Targets Tripped and Incidental Damage 
Done by Blasting 

November 3 No Targets . N~ damage· 2:1.2 pm 

November 3 - No Targets No damage· .3 :03 pn 

II 3 5Targets dropped Lube. oil pumps dr6pped out ,3:10 pm 

II 3 1 Target dropped glass -on Gen. No. 23 pedestal· 10:09 pm 
knocked off. 

II 4. No targets.· · 9:40 am 

II 4 2 Targets Ifo damage ·• 4:15 pm 

II 4 No Targets · 1q:50 pm 

II . 4 Mo Targets ll:06 pm 

II 5 ·6 Targets _No damage 10:26 am 
" 

II 5 ·_ 9 Targets Lube pumps· out 12:04 pm 

II 5 ll Targets Lube pumps out 1:58 pm 

II 5 · 7 Targets No damage 3:~ pm . 

II 5 2Targets No damage 6:20 pn . 

11 5 No Targets Boulder into carpenter shop ll:55 pm 

·11 6 6· Tar~ets- Lube•·pumps ·out. Glass window out ·9:05_am_ · 

II 6 2 Tar.Gtets No damage 8~00 pn 

11 6 8 Targets Lube pumps out Window blol'm out ll:55 pm 

II 7 7 Targets No damage 2:00 pn 

II 7 4 Targets No damage ll:26 pn 

. 
II 8 13 Targets No damage 9:30 am 

II 8 1 Target Blast close under w'.mdow 4:45 pm 
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November 9 5 Tar~ets · -l~o damage 

No··damage·. 

·l:18 J:m1 . 

6:55 pm II 

II 

II . 

II 

II 

II 

II 

II 

- II 

II 

II 

9 · ·l Target 

10 . 10 Targets·: · Lube_ pumps out_ .Generator No. 23 · -· 8:33 am 
Vol~age regulator _'broken. :; 

10 18 Targets, Oter voltage brkr. on aen; No. 22 
. Opened by-·bl'.ast •. · : ·. . 

.· 4:05 pm 

. . 

10 . 2 -Targets Close .to bldg.: 
. . .. · .. 

: .. ·. _:-

. ll . ·JJ Targets · · · No .. damage 

· 9:54 pn 

.3~03°pn.· 
. .ii":;, pJi : 

ll 

12·. 

13 

lA 

lA 

7 Targets .. 

l-Target 

9 Targets.· 

9 Targets 

n··Targets 

15 . 2 Targets . 

. . ... . 

Kno~ke_d out J.ube . oil pump _ ... · .. · .... ; . ''·' . 

Light b~_t;n~ -~ge : 11:_25 am·· 
No damage· 
·,· -... - ·, .. _ .. 

.. ·.· 1:32 pm .. · 

:·No_~~ge_ ·. 11:00 am·- • 

. RKVA ·to zero on Gen:~ :No.· 21 RKVA -1:05. pm 
·to :f'ull scale· on.Gen·. No.-22&23·_.: 
Yoitage Regula.tor 'on No. 21 .. · .. 

. -Broken ... · .. 

:· . --~- .. ; ., . . :. . . " - ,,. .... --.~ •· ... 
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AT TRANSITION FROM PENSTOCK 
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AT TUNNEL ·sTA. 2+U AT TUNNEL STA. 2 ... , AT TUNNEL STA. 2~90 

SCALE 1•• 50"-o• 

SECTIONS OFTUflNELANDMEtERS NOT TO SCALE, 

FIGURE I 

PLAN.OF.GORGE POWERHOUSE SHOWING.ft.REAS OF ROCK EXCAVATIO'N FOR ADDITION TO 
POWERHOUSE AND·LOCATION OF CARLSON STRAIN METERS IN UNIT .No. 23 TUNNl:.i.. 

I:, 
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I 
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•adj:. · .. ·. L -~,$.""'*'-4$:-l · · · · .· . . ·. . . . . ~,... I I 

I' : 
I 
I ... . : . . . 

--~-- -. -- -. -.-- 120'. , · - ... ---· .... 
~1 _____ ;~,. -____ 1-~ 0 -~-1~ .... ~~ 

I 
I 
I 
I· 
I 
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: ELBOW. I·. 18'DIA; .. 
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I. . ., .T,U .. NIIEL 

. ,. .• .· . .. .... . ... I 
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• I 

-<------- 3180 C,F.S, TO UNIT 24 
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HORIZONTAL. SCIILE: 1"•40' 

FIGURE 2 .. 
PROFILE OF TUNNEL UNIT No.24 -GORGE POWER PLANT 
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Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



Figm-e 4 

SR-4 stre.:ln sases attached to upper surf'ace ot thrust beariDg 
support arm of' Genora-tor Jio. 23. Two gaees were cemented to the 
C"JII., om far a 8l)«rO in case of damaee to the other. The: d'IJIIIQ" 
sase is :mcuntecl on a bar inside the Junction box and ·insulated frCIII. 
the vibrations. 
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-' BEARING LOAD ..... _ .. . FI_GURE ~ .. .· . 
OSGI LLOGRAPH RECORD OF THRUST BEARING LOAD, TUNNEL STRAIN, 

ROTOR DISPLACEMENT AND HYDRAULI<; PRESSURE IN SCROLL.CASE 
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FIGURE 7 

DYNAMIC BEARING LOAD VS. MACH.I NE LOAD 
BASED ON DATA TAKEN 10-30-48 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



I'' -----1- . - --. 2 
0 

111 j I I .. 1 . I II . . . I I II I ~.!.,; a·~ ... 4------1a -----4>, -, a_ 
· I . "I 
I· - - 711.- -, -,_, 
i..r- -- -----1---------+1 
I · 8 · ··1 

FIGURE 8 

CAR.LSON METER ATTACHMENT BRACKET 
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:rigure.9 

Cer1sou strain sages . attached to concrete J 1n1ng of tumiel. Cable 
splices 8.1."e <'~.closed 1n e1eeves. Stee1 messenger 'Wire· 1s used to 
support the cab1es. 
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RUBBER STOPPER 

NO:rE.S 

I. -Pr:o~ide l"standord pipe plugs to 
·• pl~g manhole cover toter. 

2. Heat brass tube before pouring 
compound. 

3, Insert stopper while compound 
is hot • 

4, For ground wire it required. 

LEAD WIRE SEALING CHAMBER FOR MANHiOLE COVE;R 
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Lead 1f1re aeallng chambers 110.mted 1» nenbnle cover 'to penstoclc of 
lJnit Ro. 23. 
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~aulic lll'9SBUre trBllSlllitter J110unted. to measure ~c pressures 
1n the scroll caae o~ Unit 23. 
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Position teana1.tte JIO\llltecl to MU\ZN tha .i-elatiw .,tian between 
the :rotezo ml natcr ot Umt 11o. 23. 
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Fl GURE 16 
BEARING LOAD VS. SHAFT DISPLACEMENT RELATIVE 

TO STATOR FRAME- MEASURED DURING BLASTS 
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.Ampl.1fying 8Dd Ncard1.ne apparatus used 1n tests. Oatho4o r,q 
oscilloscope and. drum. osme:ra set up 1n OJHJ.l."&tins pos1.t1on. on r:1sb-t-
hel'ld. side of 'babl.e. · 

f. . •. ·-
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Ampl1171ns mld recording equipment. used 1n teats. Lett to r:lsht: 
aisnal lights tram..bl.aater,; 12-cbannel. recorcliDs oacillosraph, 
12-chazmal. strain ,npl1f1,ers 8Dd power supp:q; ca1ihode 'r~ 011c1Uoscope. 
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