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Denver, Colorado ‘ ' Tests' by C.:R, Daum

: . s R H. E. Hostn.cka )
Reviewed by D.. ITcHenry

Subject: IIee.surement of effects. on the Gorge Powerhouse and 1ts equ:Lp-
' ment and tunnels during blastmg in the adjacent rock.

sm‘nmy

In order to insure the mtegmt* and unlnterrupted operation of
the Gorge Power. Plant of the City of Seattle Skagit Project while blast-
. ing vias being conducted on the ad,]acent Tock, measurement of various ef-
fects at critical locations were mede during the blasting, with the re-
sult that limits were set on the magnitude of- individual blasts, * The
intent was to allow the maximum rate .of blasting compatible with the o
safety of the’ structure and its.- contents a.nd aUJCLllaI‘leS

. The purpose of the :anestlgatlon was strlctlj ut:.]:x.tar'lan, dJ.rected
toward determining the maxdimum safe rate of excavation-on the project.
The results are not adapted to wide ~eneral:1.za'blon, on the contrary, ‘
they appear to indicate that the -only feasible method .of handling such
~a problem is by measurement and observaticn, r rather than by analysis: in
advance of construction, The problem oceurs :frequently in civil engi-
neer:mg, however, and the present test methods and results may be useful -
. in detemmining the pattem for future mvest:.gatlons of a s:uzn.]ar nature.'

- Based on an mterpreta.‘bn.on of the mea.surements ma.de, a schedule was
drawn up stating the maximum quantity of exploswe ‘that -could be used at
..any glven station, ‘The schedule was revised in accordance with addl-

 tional data which’became availablé as the work progressed, ~Although *

considerable scattering occurred in the ‘correlation of effect to we:.ght
of explosive divided by distance squared, a concept of varying effec-
tiveness was used to define an upper boundary of the effect at maximum
transfer effectiveness, and therefore the relationship to be used in the
establishment of a conservative schedule,

) Tt was found that the size of the charge could be increased several
fold if milli-second delays were used, and that for delays of the order
~of seconds the size of the total charge could be increased almost writh--
out limit' due to the variation in actual time of detonation for delays-

of the same “1om:mal time,




o structural da.mage was observed although certa:m a.nnoy:.ng dlS-- '
turbances in the deln.cate apparatus of‘ the control room did occur.

A :.-r BACK(EOUI‘ID

Since 191;5, the Bureau of 'teclamat:.on has had an informal agree-
ment of cooperative research with the Department of L:Lght:mg of -the .
City of Seattle and the Coast and Geodetic Survey for determining the
best methods ‘of measuring the effects of: blasting and- earth tremors on
dams, po.qernouses, tunnels ; and snm:.lar structures. : S

" The development of. methods and: equlument by the Bureau of Reclana—-
tion has been directed toward the direct record:mg and measurenment of
those effects at critical locations:that can be most readily. interpreted
in terms of safety, such as strain, stress, pressure, and relative mo-"'
tion. The. fea.s:.bll:.ty of- this approach was demonstrated by measurements
made of the strain in the concrete of- powder storage igloos during large
‘blasts at Arco, Utzh, and of the strain in ‘the concrete of Barker Dam-
vwhile a small tunnel vas. blasted through its base._ s

 THE" FRC I‘LEI

:In oeptember of l%s the services. of the Bureau of 'ieclana.tlon
were requested by the admlnn.strat:.on of -the Lighting Department of the
"City of Seattle to assist in :Lnsurmg the. safety of the ‘Gorge hydro—-
electric. power plant while blasting was- ‘being conducted' to prepare-the:-
foundations and drive the penstock tunnel'for an addition to that- power-
house., It was desired to: mamta:.n the powerhouse in un::.nterrupted opern-
ation dum.ng the blastm ‘ : .

me Gorre Power Plant the lowest a.nd oldest of the developments

. on the Skaglt River, is‘at an elevation of ‘approximately 500 feetin

-the fascade Mowntains of Washlngton, appromnately 100 miles northeast .

of Seattle. It rests on a rock: foundatlon at the coni‘luence of: Ladder
Ureek and the Skazit ’hver... . : : : - -

- - It was arranged between the Depa.rtl.xent of nghtlno. City: of aeat £l e,--’"
- and the Branch of Design and Construction of the Bureau.of Reclq'latlcn
by means of a special contract, that’ the: Bureau of Reclamation would
conduct measurements of s:.gnlf:.cant effects at critical locations during
the progress of the blasting, in order to determine the mazdimum rate of
blasting consistent with the safety of the powerhouse, its equipment. and
appurtenant tunnels, Inasmuch as the power plant was at a distance from
any metropolitan center where equipment or materials could be secured,
prectically 211 of the eguipment required for the tests was shipped from’
the Denver laboratories of the Burea.u of Reclamatlon to the Gorge Power
Flant.
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The plant is- served by three steel—llned penstock tunnels ll 25
feet in diameter and approximately 400 feet long. The manifold sec-.
tion JOlnlng the three branch tunnels with the main tunnel is lined
with reinforced concrete. The main. tunnel, extendlng 10,715 feet-from
the manifold section to the Gorge lntake, is 20. 5 feet 1n dlameter and
lined with unrelnforced concrete. ' _

The addltlon to the powerhouse was to be attached: to the north
end of the existing powerhouse, and an additional branch tunnel 16 to -
18 feet in diameter was to be driven 674 feet through the rock to inter-
sect the existing tunnel 210 feet upstream from the manifold section, .
The. rock in which the- blasting took place was: ‘eontinuous with the rock '
upon which the existing powerhouse was built. The -addition had been
contemplated in the design of the exlstlng structure, and the north
wall of the main generator room, was built of timbers:and stucco so that
it could be easily removed. “Figures 1 and 2 show.the situation of the’
Gorge Power Plant with the building addltlon and the tunnel indicated.
The operating room of the powerhouse was’ situated. in the, north end of
the building closest to the blasting. The apparatus of the control
room was rather old, being the orlglnal equipment ‘installed in. l92h,
and was partlcularky vulnerable to v1bratlons caused by pressure waves
transmitted through the air. .~ S o

Blasting was started on the afternoon of October 11 w1th only 11vef
sticks of dynamite being used at Station 0£10 G.T., a distance of -ap-

proximately 240 feet from the closest ‘generator, - As exnected, the ef-
fects of the blast were small in comparison to the vibrations: to’ vhich
the building was constantly’ subJected by the operating’ equlpment, and’

in fact could not be separated from these continuous- vibrations in . uho
records obtained. The sizes of the subsequent blasts were 1ncreased
regularly wtil on November 28 it was considered ‘that the load increase
on the thrust bearing of Generator No. 23 due: to blastlng ‘had reached
what was probably ‘a reasonable limit of 80 tons. As the measured load
increase on this bearing was. the first effect to reach a magnltude ap- -
proaching what was considered to be ‘a safe 1limit, this effect was used
to compute the schedule-of powder quantity versus station in' the sub-
sequent blasts. However, other effects such as rotor ‘displacement, hy—f‘
draulic pressure on the scroll case; ‘strains in the -concrete lining in =~
the tunnel, and accelerations in the subbasement of the bulldlng ulosesb
to the blast were recorded in order to detect any change in the rature
of the blastlng that might shift the location of the greatest hazard.
Table 1 shows the schedule used up to November 9, 1948.

The table shows qnantltles up to 60 sticks of 60 percent dynamite
for Station 2410 P.H. At locations beyond Station 2£10 P.H. quantities
larger than 60 sticks of dynamite were permitted but the macdimm .quan-
tity 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 prodmity of other structures, Frequently
the quantities of dynamite actually used were less than the maximum
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1limit set because the h_mlts exceeded t,hc quant:_ty that the blasters '
would have used in those particular: cases regardless of limits. The .
largest single blast-was 150 sticks on the G. T. line where a charge of
more than twice that amount could have been tolerated. As e.&pected

the effects were slight. However, near the powerhouse the size of the
charges was more critical and did limit the quantltles of exp1051ves
that would otherw1se have been used.. ‘ -~

From the dimensions of the thrust bearn.ng, 1t was calcula.ted that
the effective area of the babbit bearing was 1 ,164 square inches. -The
estimated load supported by the bearing was 290 000 pounds;, g:w:mg a
total static load on the bearmg of 250 pounds per square mch

The load was measured An terms of the stra:m on the sp:Lder arms -
supportmg the bearing. A calibration in terms of tons of total load .
on the bearing per inch of trace deflection on the: osclllograph record
~ was obtained by jacking the rotor to completely relieve the load on the
thrust bearing, and then restor:.ng the load by releas:l.ng the Jacks ‘

- It was found that the load on the thrust bear:.ng reduced i‘rom 15
tons under static condition to appro:d.mately 90 ‘tons when" the mach:.ne
was$ operating at its rated load of 20,000 kva, (F:Lgure 3). Thus;
increase of 80 tons in the load as ‘a consequence of the d:.sturbance
caused by blasting would increase the. ‘bearing Joad over: the static con-
dition by only 17 percent. During the first part oi‘ the n.nvestlgatlon B
" this was considered a safe upper. hm:.t upon. which: to base the ca.lcula.—
" tions, recognizing the poss:Lb:.]_':.ty of a comb:.na.tlon of ‘factors which
might allow the effect of any one: ‘blast to.exceed the effects of the -
average blasts by as much as 100 percent ‘On"November 'L, a communica- -
tion was received by the City engineers from the West:mghouse Eleotr:.e ‘
Corporation, manufacturer of the Kingsbury type thrust: bearings used,
indicating that the maximum load on‘the: thrust. bear:.ng 'should not exceed
350 pounds per square inch during continuous ‘operation and 525.-pounds -
per square inch during blasting. They considered the critical factor to -
be not the wnit loading on: the bearing surface but_the strength of erit-
ical sections at the upper bracket and thrust collar mounting.- However,
in spite of their reassurance, some concern was felt: for-the ability of"
the babbit of the thrust bearmg to withstand ‘shock lnading of this
magnitude.

MEASUREMENT OF THE LOAD ON THE THRUST EEARING OF CEI\IEIRATOR.NOI; 23

The load on the thrust bear:_ng was determ:.ned by measuring the '
bending of the arms of the spider supporting the bearing... This bendlng
was measured by means of an SR-4 bonded resistance w:.re strain gage
attached to the top surface of one of the spider arms (Figure lj
gimilar gage mounted on a steel bar insulated from vibration and thermal
effects by resilient paper wadding was used as the reference gage. The
. gages were comnected to an amplifier by means of a shielded cable.. The
amplifier ras of the carrier frequency type using a 1,000-cycle current
applied to the bridge. The amplifier contained two legs of the bridge,

L
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the ‘ratio of which was adjustable over a narrow range by means of a ca.l—
~ ibrated micrometer screw acting on a cantilever beam on the surfaces of

which were cemented the gages compr:.sing the bridge arms A diagram of '

the a.mpb.i‘:.er clrcu::.ts ‘is shown by F:Lgure 5

A phenomenon which was observed but not daf:mrbely expla.:.ned was -

the presence of a continuous nearly sinusoidal indication from the gage- .

measuring thrust bearing load (See Figure 6). The amplitude of the
signal correlated very well with the power generated by the machine {see
Figure 7), but the frequency varied from day to day between 64 and 72
eycles per second with no. apparent correlation with any condition of
load, bearing temperature, or excitation. K Tests showed that. the signal
was assoc:.a.ted with actual strain and was not-due to electrical p:l.ckup,
The presence of vibrations of these frequencies could not be explained
in terms of forced vibration 'due to action .of the generator or the tur-
bine wheel since they would have to be even multiples of the speed'of
the machine, which revolved at 257 rpm. The explanation that the vibra-
tions were due to the periodic building up and breaking down of ridges
of lubricant in one of the bearings was supported by previous- stud::.es

© Mr, Cutler had made of similar action in ‘different type bear:.ngs. ~'The .
condition may have been due all or in part to m:.sa.h.nement -Since the’
problem was not directly related to the purpose of the tests, no fur-
ther mvest:.gat:l.on was made beyond that’ necessary to demonstrate that -

the vibrational strains were real and that the indicatibris on the. record' »
were not the result of pickup or malfunction of the -amplifying or. record-
ing appara.tus. However, -an .mvestlga.tlon oi‘ th:.s phenomenon mlght ro-

sult in some :mforma.tn.on of . va'l.ue

INSTA....IATION OF CARISON S'IRAIN GAGL‘S IN TI-““ TUI\INEL

In order to measure the strain 1n the concrete l:.ning of the tun-‘ S

nel, Carlson strain gages were fastened directly to the inside of the,
tunnel by means of mounting brackets, illustrated in Figure 8.. To. make
. the installation it was necessary to unwater the tunnel, which was be-
g on the evening of Saturday, October 9. The installation was com-

plete and the tunnel sealed: 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 of anchor bolts, us:.ng lsad anchors.

A solid steel mandrel the same diameter as the flanges of the strain
gages was substituted for the gages during the time the bolt holes were
being located and while the set screws were being adjusted in order
that bend.mg of the Carlson gage would not occur while it was be:mg

secured in place. Figure 9 shows the manner in which the gages viere
attached to the surfa.ce of the tmmel

The leadw::.res were brought down through the tunnel to a manhoIe
cover that opened upward into the low-tension alley of the powerhouse
The wires were clamped to a steel cable every few feet and the steel
cable was supported to the tunnel roof zbout every 10 feet. The ivires
were brought through the manhole cover by means of spec:.ally—cons truoted
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bushings shovm in Figure 10, The bushings extending from the top of
the manhole cover are shown in Figure 11.  The bushings were so con-
structed that no.continuous - insulation extended through. the bushing and
thus no piping of water through the. insulation could occur even if the
insulaticn in the cable in the tunnel were broken, . During the first
weeks of the investization each strainmeter was connected to a strain
amplifier and the amplified: output recorded, lLater when higher sensi-
tivity ca.lvanom,tere became available due to the dlucontlnuance of the -
accelerometer recordings a unit was built containing separate bridges
for the strainmeters (F1~ure 12).- The outputs of these ‘bridges wvere
recorded u1thout anpllflcatlon. B S T ' el

“Four gages were Jnltlally 1nstalled in the tunnel servmnp Unlt 23:

two on the ceiling of the tunnel just beyond the adit plug, one on the Al

side wall of the tunnel near the adit plug, and one. brldgln ‘the 301nt
between the steecl penstock lining and the- sueel tronsition scction to-
the Johnson valve (see. Figure 1), -The gage at. the transition failed =
first, apparently. because of severance of. the lead wires’ by water-borne'u
debrls. Another gage, on the ¢eiling- of the tunnel, failed after 4 -
days. The gage on the adit wall falled next. . The exact cause- of fall—
ure was not determined for these two. gages or for the final ‘gage mounted
on the ceiling, which remained in operation for' 38 days, = After that
- portion of the 1nvest;;ﬁaon performed by the Bureau was concluded “the
City Light engineers installed a new set of. Carlson strain gages 1n the:
tunnel. They routed the lead wires: along the bottom:of the ‘tunnelto’
reduce the hazard to the cable. ' : Their experience was: that under similar
conditions of ‘blasting they obtained essentially the same indications
‘as were obtained from the original gages, but that when the blastlng
wes conducted in the new tunneling the magnitude of recorded: strain waStf
negligibly small untll the blgstlng was w1th1n a few feet of the gages,

& sample 0501llograph record of: tunnel strgln is shown as. Flgure 6,
The largest strain recorded was 133 ‘microinches ‘per inch, correspondlng .
to apnrOtlmntelv 400 psi. assuming a modulus of elasticity for the con-
crete of 3x100. :s this stress. was not considered critical, it ‘did not-
constitute e llﬂltlnL ;actor in ueter'anlng the pern1551ble ulze of tnn
charses.“. . A RO U S R : :

PRESSURE IBASURELEHTS

The hydraulic pressure in the scroll case of the wheel on Generator
Ko. 23 was recorded by means of an electric pressure cell, The cell
consists of a chanmber connected by means of a tube to the source of
pressure to be measured (Figure 13).. (ne wall of the chamber is-a dia-
phragn, and riovement cf this diaphragn causes an iron armature -to dis-
place between two coils. The coils constitute two arms of a 2,000~
cycles-per-second a~c¢ bridgze so that the chenges in inductive 1ﬁpeduncp -
crused by the movement of the armature cause chenges in the output of
the bridge., The a-c current is rectified to a glnnal proportional to
the pressure by means of o phase-sensitive circuit so that the sense of
the pressure change is preserved,
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The pressure increases observed durmg blasting were not great
enough to cause concern for the safety of 'the installation. The maxi~
mum pressure increase was 39 pounds per square inch.. l"::.gure 6 shows
a typ::.cal record

DISPLACEMENT OF ROTOR WITH RESFECT TO STATOR , N

In order to determine the- vertlca.l movement of the generator rotor S =
with respect to the stator during blasting, a gage was devised using ' C
the coil assembly from one of the hydraulic pressure. cells. - The coil
assembly was mounted on’a bracket comnected to the bottom stator sup-
ports in such a way that the air gap between the coil assembly and the -
top surface of the coupling cover varied®as the rotor shaft displaced
vertically with respect to the stator (F:.gu.re ). It was ‘found neces— .
sary to smooth the top surface of the coupling cover to’ reduce the var-
~ iations during the rotation of the shaft. ~This smoothihg was done
with a rigidly supported portable electr:Lc gr:.nder vhile the: machine
was in operation. The coil was made ‘part of a-bridge c:.rcu:x.t in-such -
a way that the output of the bridge depended on the air gap between the
~coil and the coupling cover. - The ‘output of the bridge was fed: into ‘one
of the oscillograph galvanometers. Thus a displacement of the rotor
with respect to the: stator resulted in a deflection of one of the traces
on the Zscluogranh record. A A tfp:.ca.l d:.splacement trace lS shown :Ln o
F:Lm.re . : K : .

The dlsplacerent record was caln.brated by Jack:.ng the rotor of the
generator, measuring the d:.splacement with a micrometer, and making a e
short record of the galvanometer trace displacement. The calibration - ¢
factor was found to be 1,0 inch deflect:.on on the record for each O. 020 ‘
inch displacement of the rotor shaft. ' The correlation between ‘the ,
rotor shaft displacement and the thrust bear:l.ng load measured’ stat:.ca.lly
is shovm as Figure 15. The correlation of the rotor shaft displacement =
and thrust bearing load measured dynamically is shown in‘Figure 16.  For -
the static condition a change of 50 tens on the bea.r:.ng corresponded to
a deflection of .016 inch while the same change in bea.r::.ne: load corre-
sponded to only ,008 inch measured dynamcaﬂly., e - :

The difference in' the correlation. Iactors can be accounted for in
considering the difference in stress in the supportlng members under
the two conditions of load. When the load was removed from the thrust
bearing by means of jacking, the voint 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 actually
placed in compression, so the change in strain of the shaft is added to
the displacement. Possibly there was additional deflection in the sup-—
ports to which the deflection gage was attached due to the act:Lon of
the ‘jacks.. During dynamic loading the rotor acted as a seismic mass .
with inereased load on the bearing resulting in increased tensile stress
in the shaft, and the resulting strain then subtracts from the measured
deflection, 4ny action of a hyvdraulic pulse on tiie wheel acting to in-
crease the load would increase this tension.
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- MEASUREMENT OF STRAIN IN PENSTOCK

In order to measure the strains that occurred in the steel portion
of the penstock exposed between, the Johnson valves and that -portion em— .
bedded in the concrete of the building, two SR~4 gages were installed
on the outside surface of the penstock. One gage was oriented’ parallel
to the axis of the penstock and the other gage was at right angles to
the .axis so that in effect the former gage would: measure those strains
resulting from stresses due to differences in the motion of the embedded
portion of the penstock and the-portion ineluding the. Johnson: valve, b
scroll case, ete. -The maximum strain measured at this- pomt was 18
microinches per inch, correspond:mg to a stress of 540 psi, for a char;ze
of 28 pounds of dvna.m:.te located at station:2402. This stress was not.
considered s:.zm.f:.cant 'so th:.s mea.surement was dz.scont:.nued on October
30. T . g .

The gage. mounted at. r:.ght anzles 6 the axis of ‘the tunnel (or :
circumferentially) was - sens:.t:.ve .to the expans:.on of the tunnel:and .
therefore to changes of pressure of the water in the tunnel. = The strains
thus measured correspornded reasonably well to those’ calculated from in-
creases in. pressure of the water in the tunnel as measured by the’ pres-
sure cell described prev:.ously Therefore, after sufficient tests were
made to determine that the correlat:.on was. reasonable, the recordmz of
these sL,ralns was d:.scon'blnued : . = i :

PEASUREIIENT OF ACCELERATIONS AT G:I\TERATOR NO 23

A uhree—component carbon pJ.le accelermneter 5 hav:mg a na.tural fre~-
quency of approximately. 25 cvcles per second, was located on ‘the thrust.
bearing support spider of Generator No. 23 (Figure 17).: A relay was.
used to permit closing. the ba.ttex:y c:.rcu:l.t from ‘the- locat:.on -of the re-
cording oscillograph. The output of the.accelerometers was brought to .
the recording oscillograph and records were made up .to October- 30, “‘he
accelerations due to the blasts were smaller than those due-to the vi- -
brations of the machine operating in its normal. fashion until the charges
exceeded 6 pounds at a distance of 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-
tions could not be separated from the composite record with any reason-
able accuracy.

An analys:.s of records taken on OGtober 25 :Lnd:Lcated tha.t there was '
a reasonable correlation between the vertical- component of a.ccelera.t:.on
measured at the thrust bearing of the machine and the increase in bear-
ing load as measured by means of the strain in the support spider. For
instance, record No. 422, which gave one of the most readable vertical
acceleration records, indic-a.ted a vertical acceleration maxdmum of 0.275 g
during the blast. The corresponding increase in measured bearing load
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was 36 tons. Tbe incresse in bearing load calculated as the reaction
‘between the supnort'accelerating at 0,275 g and the rotor acting as a. -
seismic mass of 14) tons was 4O tons. '

The accelerations recorded were . verv near the netural freouency of
the acceleromete*, 25 nycles per. second and consequently the calibra-
tlon of the accelerometer in thls range was very dependent on. the demp- :

The damping was by means of dash pots using a viscous'fluid, and
- therefore was dependent on temperature, Lack of temperature control
gave the measurements & low accuracy. A o : :

Since the measurement of bearing load by means of the increase in
spider strain was a more -direct measure of the forces acting on the
bearing and was considered more rellable, the. recording of acceleratlon
at the bearing was discontinued in favor of recording penstock Dressure
and relative vertlcal motlon between the rotor. and stator.<

Dmmmm'ion OF ILAXTIUH mumm OF ViBRATIONS

An answer to the question of. tne Laﬁlnnm frequency at whlch energy
was being transmitted to the powerhouse structures as: a reau_t of the
blasting was obtained by means of a crystal acceleration plckup,-a cath-
ode ray oscilloscope, and a drum camera by which records -were obtained
of the trace on the oscilloscope- screen. produced bj the. cryutal Ppickup.”
This com olnctlon would record accelerctlons up. to the natural freqnenCV.
of the crystal, which wes 1,000 cycles per second, -and displacements up
to the limit oF the: 05011105cone emplifiers; uhlch was 70,000 _cyecles
per second, Thus, soule record of -vibrations at frequenc1es up to. 70 OOO
cyveles per second could be obtained with ‘this’ ‘appardtus.. Figure 18 _
shows -the apparatus. set up inthe’ Gorge: Power ‘Plant, However; the hlghm
est frequencv component on the traces actx..all1r recorded was . ?pproxlmately
780 cycles. per second, The p01nt chosen for. the measurement. of these
v~oraulons was the manhole cover on the penstock: -supplying Generator Io°

23 (Figzure 11). The location was chos,n because the steel on the pen~.
stcc at this point was “ecbanlcally coupled to. the. foundation: -rock, the "
building, and the water in the tunnel, and it seemed reasonsble to as—
sume that any viorations reaching crlulcal points in the powerhouse
would have some component at this point, The information thus obtained
was used as a criterion for determining the maxdmum frequency sensitiv-
ity to which the other elements would be carried, Because frequency
resgonse is obtained with recording galvanometers at the expense of
sensitivity, it was decided to .limit the upper frequency response of
the other instrumentation to 1,000 cycles per second, a vrlue just be~
yond the highest frequency to be expected.
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'LOCATION -OF THI. -RECORDING INSTRUI'ENTS

‘After a brief survey of. the problem, it was dec:.ded to locate the .
amplifying and record::.ng equipnent in the low-tension alley of the -
_ powerhouse, The bay. in the low-tens:Lon alley containing the bus switches
for Generator Unit No. 23 was chosen for the: location of the a.mpl:.fy:.ng
and recording equipment. -The reascns for this choice were pro;u.m::.ty to .
the points at which pickups were to be-placed, rela.t:.vely Low noise:
level, proximity to an oil filtration and storage. room-that could be
used as a darkroom, and. nn.n:n.mmn interference with the normal traffic and =
operation of the powerhouse. - The principal dlsa.dvanta.ge ‘of. the location -
was the presence of overhead conductors carrying large currents which &
resulted in strong a-c magnetic fields in the area. It was found im~ .
practical to provide sufficient magnetlc sh:.eld:l.ng for the transformers
in the strain amplifiers, so the a-c .pickup from the magnetic fields"
was reduced to a minimum by properly orienting the amplifiers. . Thus’, 4
it was found necessary to have'the amplifiers standing askew on end. '
(Figure 19) rather than in their normal horizontal position (Figure 20).
It was necessary to-change the orientation from time to time as the cur-
rent in the conductors was: changed in adjusting the operation of the
powerhouse to the power demands. ‘Another disadvantage was the safety
hazard due to the presence of- the bus switches which were quite old.
There had been instances when similar switches. had failed with explo~ -
sive violence. The risk was assumed to be small. However, during the
conduct of the tests a similar switch in another bay d.'Ld fa:.l splat-
tering hot oil over that area. o , .

}msummm -OF movmvmm AcRoss. CRACKS AND JOINTS ‘™ THE BULLDING -

In order to insure . the sa.fetv of' the nowerhouse bullda.ng dur:.ng
the blasting, an inspection of the _bu.:.ld.nng was made to locate the
apparent points oi‘ weakness 5 and attentlon wa.s concentra.ted or' these
points. o . : . o .

The uestern half of the north wa.]_l cJ.osest to the open cut blast—v -
_ing, was of temporary tlmber and. stucco conetmctlon, whereas the re~
. mainder of the structure was of reinforced concrete. " The plans of ‘the
building showed that the “emporary wall was tied into the permanent
structure by tie bolts at the level of the crane rail. i/here the tem-

. porary and permanent sections joined, a crack extended from the ceil-~
ing on both walls dowm to about 10 feet from the cperating floor. The
crack width was about 1/8 to 1/L inch near the ceiling and narrowed

gradually until 1t was no lonFer visible a.t about 10 feet from the
“loor. _

DeForest scratch gages were :.nsta.lled across these cracks at the
level of the crane rail. :

The only other crack that appea.red at all serious was located on
the center partition wall near its south end. The crack was about 1/8
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ineh wide near the ceiling and extended downward t'oward the ‘corner of .
the intersection of the partition wall and the south wall of the power-
house, diminishing in width .as it went down.’ A DeForest scratch ga.ge
was mstalled across tlus crack about 8 feet i‘rom tne ce:L'l:Lng.- :

_The DeForest scratch gage consists smply of a hghtwelght brass :
arm with an abrasive ‘tip that bears aga.mst ‘the polished surface of a.
small target in such a way -that relative motion between the ‘arm and the
target is recorded in the form of a seratch 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 plate. -The slot allows ‘the arm to move -~

- transversely over the width of the target- surface and- also Jongitudi-
nally in an arc over the: J.ength of the’ ta:rget. which is’ appro*mnatelv
1/2 inch. 1tially the arm is bent away from its center pos:Ltlon in an
arc, and in the absence ‘of vibration it will not’ move. However,’ when
motion between the arm and target occurs the arm;. in addition to moving
in the direction of the strain; migrates toward the center of the tar-
get; so that, in efrect, the separate vibrations:-are recorded on dif-

- ferent pa.rt= of the target to zive.a. crude time axis.: There was“some.
difficulty in adjusting the: tens:.on on the amms so that there would be
no migration of the arm toward the center of the target due to the '
normal vibration in.the building, and yet that the desired mlcratlon
would take place dur:l.n«r the sln.ghtly lar:rer v:.bratlons attend:.ng the
blasting. . . ‘

Dur:.ng the early pa.rt oi‘ the blast:_ng, these gages :md.:l.cated move~
ment of 0.1 inch across' the crack between the temporary and permanent
sections. This was considered excessive for the small-size blasts that
were being used., As a result, workmen were directed to break open -
small sections of the wall to gain access to the nuts cecuring the tie
bolts anchored in the reinforced concrete _section to. +he bearing plates
in the timber section, It was found . that the nuts were loose on -the -
bolts, apparently due to shrlnkage of the timbers and. p0551b1y also to -
sustained vibrations. The nuts were tightened down and no movements
greater than 0,0l inch were x.bser’ved during subsequent blasts, even:
though the size of the blasts was greatly increased. There was no
definite evidence of movement across the crack near uhe south wall

The scratch records ‘wers observed w:l.‘bh a f:we power- glass (Llnen :
tester) and measurements rade with a steel scale divided to 1/100ths
of an inch.

In addition to the use of scratch gages, regular inspections were
made of certain locations in the building which &dppeared vulnerable,w
These included the north portions of the parapet wall on the roof and
certain cracks in the basement. As an aid to observation, existing
cracks that nad discontinuities were selected, and the limits of the -
cracks were marked and dated. However, no extensions of the existing
cracks were noted and no new cracks were observed.
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ILSTALLATICN Al LODIFIC -‘1'12'101‘r OF TH._- A(‘CELERGGY’..APH

The City of oeattle purchased from the Peters Compa.ny of Uas‘nngton,
D. C. two Type 52 three-component strong-motion accelerographs to.be
located in Ross Dam and on the right abutment of Ross Dam. At the time
that the Bureau tests were being conducted, the accelerographs | were in
the warehouse at Newhalem,  The sites were not vet prepared at the dam,’
so it was decided by kr. Cutler that:one of the accelerographs would be
installed temporarily-in the Gorge Powerhouse in order to.record the .
accelerations produced in the bulld:_nw due to. the’ blastn.ng. Consequently.,
one of the instruwients was uncrated and installed in the. subbasement in -
the corner of the pouerhouse closest to the blasting, The instrument
was calibrated by tilting to calculated angles, and it was. found that:
the three accelerometers had appro-:mately the' same- sens::.t::.v:_ty 01 10 -
percent of gravity for a l-inch deflection on the racord ~In:the first.
records obtained from. the accelerOgraph ‘the v:Lorat:Lons dec;yed slouly,
indicatin;_:‘a damping rate for the structure very much lower than was ex~
pected or in fact indicated by any of our other instruments. Tt was
suspected ihat the trouble was due to the vibration of the plate on
which the accelerometers were sunported, and to test. this. supposition
the spzce betirgen the mounting plate and the base plate was filled with
plaster, This, however, reduced the persistency of the vibrations by .
only a smell degree, and time did not permit a complete solution of the
provlem. Fowever, it vas determinied that the individual accelerometers
had a damping factor of at least 10 and ‘that the sustained vibrations
were real, but since the :mstrument was to be used only in-a: relat:.ve
manner for control purposes, this problem was considersd u.nmporta.nt
The slowly damped vibrations’ were suspected as bemg due to a nea.rby
struc uural column, ' : .

The seli‘-start:.ng i'eatures of the accelerograph were not used s:.nce :
a delay of approximately 1/4-second occurred between the recept:.on of ..
the first strong motion and the beginnlng of ‘the. -record. Th:Ls delay, .
althorgh tolerable in the recording of earthquake phenomena, was greater
than the total duration of the v:.bratlons caused by. blasting: and-was -
therefore prohibitive. .Lns‘bead .the instrument was wired for remote =
starting with the starter sw:.tch :located next to the switch used for -
initiating the blasts. Thus,’ the’ City Light inspector who fired.the. . .
blasts could start ‘the accelerograph a-few’seconds before: e~ f:.red the
shot., The operation of the: accelerograph was modified’ so that after
starting it would run cortinuocusly for 18 seconds and then stop., A set
of four oscillograph galvenometers and a light source vere installed in
the accelerograph so as to record on the same chart as the accelero-
neters, The galvanometers were connected to the outputs of Wheatstone
bridges containing Carlson strain gages as their active arms; so that a
record of the strains in the tunnel lining and on the spider oup,,ortlng
the thrust-bearing of Generator lo. 23 could be obtained., This.arrange-
nent was not as satisfactory as desired, in that a con51derab1e spurious
trace deflection was obtained due to vibrations in the lamp support and
gelvanometers, Of course, it was impossible to insulate the accelero-
graph from these vibrations, since they constituted a part of the
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accel erograph record. Another shortcom:.ng was that ‘the paper speed of
the accelerograph was too slow to resolve the individual waves of the '
phenomena recorded.

The commutator that determmed the length oi‘ each accelerograph :
record was removed and a similar commutator having twice as many con- -
tacts was installed in order to keep lengths of record short and con-—
serve paper. No recording paper was: supplied with the instrument. In
order. to place the instrument in operation an.adapter was made so that -
the 10-inch Linagraph paper used on the Hatha:ray oscillograph could be -
used in place of the regular 12-inch paper. To find the actudal accel-

eration i‘rom its three components, the formula A= /a A 2 Y, AT 7[ Ay 2

was used, with the maximum amph.tude of the longltudlnal transverse
and vertical accelerations used for Ay, Ap, Ay, respect:wely The: =
resolution of the individual waves on.the trace was not sufficient to
take into account the phase differences that ‘may have e.x:sted ‘between.
the components -of acceleration, and no pract:.cal method was' available -
to increase the paper speed to give sufficient resolution. Consequently,
the value of the computed accelerations represented an upper limit to
the possible values of the'a.cceleration, -rather.. than‘ the' true values.

IT\ICIDENTAL DAHAGE IN P(I‘IER:'IOUSE

_The damage done to the contents of the powerhouse .was conf:_ned to
that part of the building closest to the blasting. .The damage:can be
summarized as follows: The switches on the electric motors of the -
lubrication oil pumps in the subba.sement fell open on several occasions.
A cover glass on the governor :mdicator pedestal of Generator No. 23
fell out and broke on the floor. Indicating- targets on-the overload.
relays in the control room fell without the relays a.ctua.lly operat:mg. }
The operation of the voltage regulators was d:.sturbed on two occasions’ '
and the over-voltage breaker on.Generator No. 22 fell open on one occa-
sion., In every case the J.ncldents could be explained by the direct
action of the vibrations cn an msecurely held’ part of the apparatus
involved. Only in one case did actual damage result from these mal- -
operations. That was the: mc:xdent of November 10-when the: overvoltage L
relay on Generator No. 22 opened: When the operator disconnected: the -
generator from the lowr voltage -bus the circuit-breakers: did not break -
cleanly but blew the bushing out of the switch on one phase and burned-
the contacts on two phases. This damage was not directly due to the
blasting since the breaker should have handled the load without 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 much to accelerations imparted
to the building thriough its foundations as to the acceieratlon of the
control panels directly by the pressure waves in the air.
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Probably the best measure. of the accelerat:.ons :unparted to the con-
trol panels and associated equ:.pment in the powerhouse control room was
in the number of targets which fell on-the integrating type overload re- -
lays. The number of targets that fell ‘varied between 0 and 18.. Inasmuch
as a probability factor related the number of targets that- fell to ‘the
accelerations present, and a d:.fferent probab:‘.l:.ty factor related ‘the. ac-
celerations and the. d:.sturba.nce ‘of other: components s an exact: oorrela—
tion between the number of targets ‘that fell and the number of other
effects that occurredcould not:be expected However, the, number of -
targets that fell did indicate a trend as: shmm in-Table 2. The’ fa]l:mg
of the targets indicated no more thian that the target: arms:were moved -
by the action of ‘the: va.bratlons far. enough from: ‘their qua51-—stable posi-
tion so that the action of granty caused’ them to. fall There was no". -
“indication of any other. act:.on in the relavs S .

' THL BPF'ECT OF TF" USE oF Dnms m BIASTING B

“All of the blast::.nrr conducted pr:Lor to I\ovember 12 was done us:mg
instantaneous blasting caps wired together so-that: the’ whole charge
went off simultaneously.. When it became obvious that: ‘the size of the
"~ charges would have to be’ reduced below pract:.cal limits-in. ‘the area

closest to the pouerhouse ; the usé of delays:was: :mvestigated At first,
numbered delay caps were: used, where ‘the nominal delay of a.cap in. sec—
onds is -the nmnber of the cap: Thus a Number 3 cap has a nominal’ delay v
- of 3 seconds. then such caps. were used, the measured. effects were neg— -

ligible and from the record it ‘could be seen that there wes suff:.o:.ent o

variation in the actual time of detonation for caps 'with ‘the- same nom.—'.-‘.
‘nal delay that- the actual detonations were sepa.ra.ted far enouzh in time
.s0.that their effects were not additive. Thus, it appeared that. the
size of the charbes could be: :anreased practlca.]_'l.y vithout limit if"
this type of delay. were used. However, “the. fracture: of ‘the rock was -
poor when these delays were uSed and consequently faster ‘delays were e
investigated. The ‘type of ‘blasting cap des:n.gna.ted by letters A, B -G,
have a nominal delay of 1/2 of a'millisecond per letter. 'l’hus, an A .
car has a nominal delay of 0.0005 seconds and-a Type C cap has a delay
of 0,0015 seconds, While the effects measured when. blasting was done -
with these delays were greater than the effects when the longer delays
were used, the effects were still very. much ‘less” than ‘those obtained:

with smlla.r size charges using. mstantaneous fuses, and the’ i‘racturmg o

of the rock was at least equal to if not superior to that obtainsd by
instantaneous fuses. Consequently, subsequent to November 14 all of =
the shooting near the powerhouse was done with the millisecond delays.

"CON CLUSIONS

It was apparent from all oi' the attempts that- were made to corre--
late the magnitude of 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

1
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descrlptlon of the dlbpo ition of the charges than was actually obtained.
In order to arrive at some working limits, the scattered data were.con-~

sidered to define an area the upper limit of- which related. the’ navnltude,_“

of the effect to the size and locatlon of the charge wnder conditions -
favoring mastimu transfer effeetlvene Fl“ure 22 ‘shows: the relat;on- ‘
ship betueen the measured bearing loads and the size of the charge di-
vided- by D“,_uhere D is the distatics from the .center of the charged area
-to Generator llo. 23. The Juotl;lcatlon for using this relatlonahlp was
that the total charge was composed of a nuiaber of holes, each of which’
was loaded with approﬁﬁmatelv the same uelght of powder, usually 1<1/2
sticks or 3/L of a pound. Thus the effectiveness: of the total charge .-
was considered to’be proportlonal to. the. ulﬂple sum: of the 1nd1v1dual
charges rather than to the cube root of ‘the mess of the. powder,-as is’
used where the variant is the size of the single’ charve. The - effect of
diffraction on the summation of the:several single charges ‘at’the 'dis-
tance where the effects were measured was calculated and found.to be -
negligibly small for the conditions ‘obtaining - The D2 factor was justi- ]
fied on the assumption that the energy would: be propagated’ equallv in -
all directions and that the effect at a point would be proportional to
the energy reaching that point,  No.attempt will be made to -further:
justify this assumption, other. than that it fitted the data as’ well as,
or better than, eny of the other relatlonshlps tested

It was apperent thst the constant of uroportlonallty enterlng 1nto g
the relationship between the magnltude of ‘the'effect .at-any point and’
the size and-location of the explosive charge - could best be-arrived at
empirically. At the present state of the art our knowledge: .of ‘the
factors affecting the transfer. of energy. through materials.is.too meager -

te 2llow the solution of a. croblem of this complexlt" by purcly theo—(
retical methods. However, instrumerits and. technlqueu are available with:
wnlch the ma;nltude and charecter of the effects cen be detennlnea for

effects for Larﬂer cnarves can be predlcted ultb reasonable accuracv
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TABIE 1

SCHEDULE OF MAYTMUM POWDER QUANTITY
PERUTTTED AT ANY STATION

Station oﬁ 'v: | R 'Poﬁder i5;s£icksT‘.' ::_' _ .'_ Di$tahéezto': -
PH:Line _ of 60% Dynamite |  Generator No. 23

2410 | k0 90 £,
2423 N s | 77 fh.
243 1 .m0 TR 6:‘2'33:'. |
24us | | s

Larger quantities permitted beyond station -
24 10 computed for each location
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'TA.BI.E 2

Relay Targets Tripped and. Incldantal Damage‘ ’

_ November 3

November 3- :

N
-
L
L
5
5
5
5
5
.
6
6
7
.
g .
8

No Targets -
No Ta.rge'bs i

5 Targets dropped Lube, o:.l pumps dropped out

No damages

Done by Blast:.ng

30 m
3:10 m

No da.ma.ge

1 Targe‘b d:ropped gla.ss on Gen. No 23 'oedestal lO 09 pm

lcnocked off.
No targets Py
2 Targe‘bs, :

No Targets

No Targets

6 Targsts:
. 9 Targets

11 ‘Targets :

: 7 Targe‘bs" '

2 Targéts

No Targets

6 Targets =~

2 Targets
8 Targets
7T Targets
L Targets
13 Targets

1 Target

No da:ha,gé
| Lube. pumps out

Lube pumps out

Com
ks
"i"-lfé:‘)'O'Pm
."]:1.206 b
10 26 am
. 12 o4 pml -
1:58 m.
30 m
v' "6.~20 pm
1_1 55 pm

No damagé
No dama.ge

Boulder :.nto carpenter shop

Lube pumps out - Glass ‘window out - 9 05 am

No damage 8'00 P
Lube pumps out W:Lndow blown out 11:55 pm
No damage 2:00 mm
No damage 21:26 yo

9:30 am

Lik5 pm

No damage

Blast close under window



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


5 Targets = No damége S 1:18 pm
1 Target No dama.ge ' JR o . 6:55 pm -

10 Targets e -Lube pumps ‘out Generator No. 23 8_:33 am
Voltage regulator broken . o

18 Tarzets, Over voltage brkr on Gen No. 22 4:05pm
Openecl by blast. L : S

‘2 Targets ~ Close to bldg. S emm

13 Tergets  Nodamsge . 30 m
7 Targets . Knocked. out Lube 0il pump :ll 55 m
1 Targe£‘ - : LJ.c-h'b bla.st no: dama,ge o B | . _:' ll°25 am
B 9 Ta:r'.gets‘ . ,’vNo dama.ge : o o l 32 pm
9 Targets N:V'No damage "_ - ' 1_]_ oo am '
11 Targets . RKVA to zero on Gen. No.,21 RKVA 1 os o o
.7 to.full scale on.Gen, No. 22&23 :

- Voltage Regulator on 2 No. 21
: Broken

N ‘No.dama.g_e-:f" o
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FIGURE |

PLAN OF GORGE POWERHOUSE SHOWING.AREAS OF ROGK EXGAVATION FOR ADDITION TO'
POWERHOUSE AND LOGATION OF CARLSON STRAIN METERS IN UNIT No. 23 TUNNLL
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MAGHINE | AVERAGE | nvmamic ronc |
LOAD _ |TOTAL LOAD| DOYNAMIC LOAD

" M.V.A, - “TONS TONS o REQUENSY |
21 - 97 - . 83 - . S 75
10 lorer Ca2 |73
5 . | 37T .26, . 12 . |
-0 o a2 e .74 -
-2 - | 140 ez [ 68

,,Nominé I \geiigh"r of" rb*oﬁng mcss='i451-oAns. .

4

7
L
Y

~—
. : — L

AVERAGE TOTAL BEARING LOAD IN TONS

T 20
- . MACHINE'LOAD IN M.V.A.
FIGURE 3.

AVERAGE TOTAL BEARING LOAD VS. MAGHINE LOAD
(AS MACHINE LOAD IS REDUCED BY CLOSING WIGCKETS)
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SR-4 strain gages attached to upper surface of thrust bearing
support arm of Gensrator No. 23. Two gages were cemented to the
arm, one for a spare in case of damage to the other. The duwmmy
@age 18 mounted on a bar inside the junction box and insulated from
the vibratious.
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1,000t . : ’ . STRAIN AMPLIFIER ~CIRCUIT DIAGRAM
5,000
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Carlsori strain gages -e.ttached. to concrete lining of tunnel. Cable :
splices are cmclosed in sleeves. Steel messenger wire is used to
support the cables.
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Lead wire sealing chambers mounted in manhole cover to penstock of
Unit No. 23. .
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Figwe 13

Hydraulic pressure tranamitter mounted to measwre dynsmic pressures
in the scroll case of Unit 23.
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Position tranmuitter mounted to msasure the relative motion between

the rotar and statcr of Unit No. 23,
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BEARING LOAD IN TONS

BEARING LOAD IN TONS

= 3 Tons perlkl0-3_inches- '

.10 ‘ 2 . 30 7 - 40 = .-
SHAFT DISPLACEMENT IN. INCHES X 1073
"FIGURE 15 .

| BEARING LOAD VS. SHAFT DISPLACEMENT RELATIVE

7O STATOR FRAME MEASURED STATICALLY ‘

2.5 5 7.8 10
SHAFT DISPLAGEMENT IN INCHES x 10-3
FIGURE 16
BEARING LOAD VS. SHAFT DISPLACEMENT RELATIVE
TO STATOR FRAME— MEASURED DURING BLASTS
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Three component accelercmeter mounted on spider of Unit Ro. 23.
Relay to ensrgize the accelercmeter is in the box to the left of
the accelerameter.
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Anplifying and recording apparé.tus used in tests. Cathode ray
oscilloscope and drum camera set up in operating position on right-
hand side of tabdle.
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Anplifying andreooruzgxpm wsed 1n. teste.. S‘h.-a‘.ln

amplifiers, right faoreground, are u-iaa:hd. - nmm«. the. eﬂ'eots
- of the magnetic fields in the area. The oscillator and trddges :
for the pressure gage and relstive position tranmmitter are in the

left foreground,
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Amplifying and recording equipment used in tests. Iﬂft to rights
sigoal lights from blaster; 12-chamnel recording oscillograph; -
12-channsl strain amplifiers and powsr supply; cathode ray oscilloscape.
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