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CALL FOR PAPERS!!

65th Shock & Vibration Symposium
October 31- November 3, 1994
San Diego, California

The Shock and Vibration Symposium, first held in 1947, is the oldest continuously-
held meeting dealing specifically with the structural dynamic behavior of air, sea, space, and
ground vehicles and structures. The Symposium was established as a mechanism for the
exchange of information among Government activities, private industry, and academia on
current work and new developments. Presentations on work in progress are encouraged.
Separate sessions are held for presentation of classified or limited distribution material.

Presentations in the following subject areas are welcomed:

* Active Vibration Control * Instrumentation

» Ballistc Shock ¢ Isolation Systems

¢ Biodynamics e Large Structures

¢ Blast Design e Live Fire Testing

» Combined Environments ¢ Machinery Diagnostics

» Computational Structural Dynamics ~ * Machinery Vibration

¢ Crash Dynamics ¢ Material Dynamic Properties
e Damage Identification * Modal Analysis and Testing
e Damping » Pyrotechnic Shock

¢ Data Analysis ¢ Shock Characterization

e Dynamic Analysis Methods » Shock Hardening

¢ Dynamic Measurement ¢ Simulation Methods

» Dynamic Scale Modeling » Specifications and Standards
¢ Dynamic Testing ¢ System Identification

e Environmental Databases ¢ Test Criteria

* Finite Element Analysis ¢ Test Tailoring

s Fluid-Structure Interaction e Underwater Shock Testing

¢ Ground Shock * Vibroacoustics

* Impact/Penetration Mechanics

Two categories of presentations will be accepted: full papers, suitable for publication
in the Symposium Proceedings, and discussion topics, consisting of viewgraphs with no
written paper. Full papers will have a 20-minute technical presentation time while
discussion topics will have a 10-minute presentation time.

Presentations will be accepted on the basis of their abstracts whichmust be submitted
by May 31, 1894. The Program Committee will review the abstracts in mid-June and
authors will be notified of acceptance by June 30, 1994. The full paper presentations must
meet the following standards: they must be previously unpublished and unpresented, must
be appropriate to community interests and must not be overtly commercial. Standards for
discussion topics are similar except that they may include previously presented or published
material.

Papers to be printed in Volume I of the Proceedings which will be available at the Symposiumn
are due August 31, Abstracts are due May 31. Abstract submission forms are available from the
SAVIAC office. Call: (703)412-7712, Fax: (703) 412-7500, E-mail: KOHNH@CPARK3PO2.ADS.COM.
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THis MoNTH IN TECHNOLOGY ReEViEw

Traditionally, if such aword can be used in this
case, our year-end issue is an index of all the
articles and abstracts we published throughout the
year. With the advent of the new Journal of Shock
and Vibration and the coming departure of this
publication, we decided to include a few articles to
make it that much more interesting.

In 1992, we invited Jerome Pearson to make a
presentation on high-intensity acoustic testing at
the opening session of the Shock and Vibration
Symposfum in Las Cruces, NM. He graclously
accepted and gave a very informative talk on high-

intensity acoustic testing going on at Wright Labo-

ratory. We are finally able to bring you the written
text of that presentation, which has made its way

through the stringent clearance procedures of Wright
Lab’s Public Affairs Office. Far be it from me to
make light of our national security interests, but
sometimes it wreaks havoc on our printing sched-
ule.

Our Feature article was submitted for presenta-
tion at the 64th Symposium in Fort Walton Beach,
but events prevented the author, Edward Fischer,
from attending. With the abstracts we have in-
cluded the papers appearing in Volume I of the
Proceedings of the 64th Shock and Vibration Sympo-
sium, thisissue might well be considered an adden-
dum to the Proceedings. SAVIAC is pleased to be
able to provide a format for this material, no matter
where it appears.
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FeATURE ARMCLE

DestrucTioN CAUSED BY THE QUASHRESONANCE EFFECTS
OBSERVED IN THE LOMA PRIETA EARTHQUAKE

oN OCTOBER 17, 1989

by Edward G. Fischer and Thomas P. Fischer
Edward Fischer is a consulting engineer and Thomas
Fischeris a senior testengineer for AEA O'Donnell, Inc.
in Pittsburgh, PA.

One aspect of the Loma Prieta earthquake that
continued to make news in Pittsburgh, PA con-
cerned the damage to some power circuit breakers
at the Moss Landing switchyard in California, about
halfway down along the Monterey Bay shoreline [1].
Originally, models of the damaged equipment had
been exhaustively computer analyzed and then
tested at the EERC (Earthquake Engineering Re-
search Center) in Richmond, CA [2]. Subsequently,
a careful examination of some published

accelerograms [3] immediately aroused attention
because of their low frequency vibration content. In
particular, one of the strong motion instruments
involved was located at the Capitola Fire Station
and the record 1abeled (CHN3-ODEG-0.54g) showed
a pronounced, repetitive effect at about 2-4 Hz,
Significantly, the Capitola seismic recorder was
located only 4.5 miles west of the Loma Prieta

earthquake epicenter and also along the Monterey -

Bay shoreline some 15 miles north of the Moss
Landing switchyard.

As expected, the special phenomena at Capitola
appeared to be related to news media reports of
simultaneous damage in the vicinity as follows:
Figure 1 shows the destruction of the subject power

Figure 1 Destruction of circuit breakers at the Moss Landing switchyard

by the Loma Prieta earthquake on October 17, 1989
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circuit breakers at Moss Landing, CA. An early,
tentative explanation of these seismic failures readily
followed from an investigation of a similar occur-
rence during the San Fernando earthquake on
February 9, 1971 [4]. Subsequently, the authors
eventually became aware of a comprehenstve com-
pilation of all the strong-motion records of the Loma
Prieta earthqualke [5]. (The Capitola ground motion
is plotted on Page 25. Also, in the companion
volume designated Report No. OSMS91-06, the
corresponding "response-spectra data” are shown
plotted on quadra-log graph paper on Page 2))
However, these reports make no mention of the
underlying time histories that the authors have
found to contain important sine-beat phenomena
that probably caused the quasi-resonance faflures
of the circuit breakers.

Seismic Response Plotted as an
Acceleration Time History
There is an inherent disadvantage to studying
the peak g-levels given by response spectra; namely,
the time history is lost and along with it the number

of "damaging” motion cycles at each frequency.

- Such information can be retrieved in a digital

computer program [6] by extracting the response
time-history plots at each frequency before the

maximizing procedure takes place.
This procedure was used for an earlier paper[7]

from which Figure 2 has been copied. It showsthe -

time-history response of a few stmple oscillators
excited by the well-known El Centro 1940 earth-
quake. By comparison, Figure 3 shows the re-
sponse spectrum for a 0.5¢ earthquake specifiedfor
the design of the circuit breakers located at the
Moss Landing, CA switchyard. At 5 percent damp-
ing, the peak g-levels shown on the Figure 2 plots
can be raised by 1.5 times to agree with the corre-
sponding design spectrumn plot at the designated
frequencies (see Figure 3). In effect, the E] Centro
earthquake is being used as a general design crite-
rion. It appears to have been caused by not one, but
a serles of four or five sequential tremors. The
result has been an unusually broadband response
spectrum with no pronounced quasi-resonance
effects.
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This early precedent has been commented upon
by Hudson [8] as follows: "It must always be kept
in mind that consideration of long term average
conditions may be of small comfort to the engineer
whose building (or equipment) was destroyed by an
earthquake which happened to depart from the
average." Housner [9] has added that the response
spectra yleld only peak g-levels, which are only "an
imprecise specification of intensify” (hence, low-
cycle fatigue).

Time-History Responses for the
Capitola Accelerogram

As mentioned previously, the Capitola record
was one of those recognized {before any computer
analysis) as being capable of producing unusual
quasi-resonance effects. Hence, as the main pur-
pose of this discussion, Figure 4 shows the calcu-
lated responses for this recording taken near the
San Andreas fault and situated on "alluvium,” The
time-history response of the 25 Hz simple oscillator
corresponds approximately to the original seismic
recording for the time interval from 4 to 9 seconds.

wherein most of the peak g-levels occur., The
maximum response of 2.13¢ was found at 3.6 Hz
and the persistent oscillations were considered to
represent damaging low-cycle fatigue in any struc-
ture at that natural frequency.

Somewhat arbitrarily, this Capitola record has
been assigned to the suspected phenomena at the
nearby Moss Landing site, where the circuit break-
erswere destroyed. Laterinthis paper, this seismic
record will be used to justify the preferred sine-beat
testing of the circuit breaker porcelain column on
the shaking table at the EERC located in Richmond,

CA during November - December 1973 (see Refer-

ence 2). In particular, the response at 2.6 Hz with
a 1.98g peak for 5 percent damping corresponding
to a horizontal ground motion, agrees closely with
the quasi-resonance, shaking-table motion per-
formed in anticipation of the actual seismic failure
in 1989. As discussed earlier, each peak g-level at
its corresponding frequency for the time history
plot can be transferred to Figure 5 to obtain the
response spectra curve at 5 percent damping.
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Figure 4 Acceleration [gevel) time history
response at Capitola Station to the
1989 Loma Prieta earthquake

Figure 5 Quadradog plot of the response spectra
at the Capitoia Station for the
1989 L.oma Prieta earthquake
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Shaking-Table Qualification Tests
at the EERC in November-December 1973

Figure 6 shows a single column of a QR (quake-
resistant) type circuit breaker subassembly mounted
on the EERC (Earthquake Engineering Research
Center) shaking table, where it was subjected to
three-direction accelerations. Quoting from [2] as
follows: “The available 20- by 20-foot test table area
could conveniently accommodate only one column
of the 500 KV gas circuit breaker (shown undam-
aged in the right-hand background of Figure 1). A
3,800-pound current interrupter was supported on
top of a 180-inch tall porcelain insulating column,
which was anchored to a flexible, steel base plate.”
(see Reference [2]).

Figure 7 refers to an earlier computer-aided
analysis of the entire 3-column circuit-breaker
assembly on its elevated steel platform, wherein the
1-column measured test response should be raised
by a factor of 1.3 times for the worst case of cross-
coupling effects found by the computer analysis of
the assembly. Hence, the 3-column assembly as
installed at the Moss Landing switchyard was ac-
cepted as "quake-resistant” in terms of the original
specifications [10]. Finally, this would mean that
the specification anticipated a peak response accel-
eration of about 1.63g (= 0.5x2.5x1.3) and no
damage. (Compared to transient loads caused by
lightning or short-circuit events, such seismicloads
are not considered important.)

SF Interrupter
W =3800 Ib,

Porcelzin Column
14 in. Dia. x 180 in.

Sleel Platlorm
S6in, x 310in.

Column Base Plale
33in. x 36 in, x1-3/4in,

Figure 6 1-column circuit breaker subassembly
seismic tested on shaking table at EERC at
Richmond, CA Field Station of University of California

During the specified shaking-table test, the
measured acceleration at the top of the interrupter
for an excitation of 1.5 times El Centro 1940 (the
required 0.5g earthquake) amounted to a magnifi-
cation of about 2.5 times, or about 1.2g, for either
longitudinal or lateral excitation (both horizontal).
Judging by the circumferential stress measured at
the base of the column due to bending, the porce-
lain was in no danger of surface "cracking.” (The
vertical hydraulic driver for the shaking table was
Inoperative, but of no consequence since the verti-
cal response of the column was negligible.)

Figure 7 Structural model of 3-column assembly
used with NASTRAN computer program

Innovative Sine-Beat,
Quasi-Resonance Testing at EERC

Additional, innovative tests were performed to
build up to the resonant-type circuit breaker fail-
ures originally caused by the 1971 San Fernando
earthquake [4]. Figure 8 shows the horizontal
shaking-table excitation to consist of a sine-beat of
5 cycles/beat with a 0.25¢ peak and at 2.6 Hz, the
measured natural frequency of the single column.
(This input happens to represent the peculiar fea-
ture originally noticed in the published accelerogram
[3) recorded at the Capitola Fire Station and labeled
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CHN 3 - 0 DEG ~ 0.54g). As previously mentioned
with regard to Figure 4, the corresponding 1-col-
umn response motion is quite similarto the Capitola
(computed) response of 1.98¢ at 2.6 Hz, except that
the peak test response is only 1.3g. Also, because
of rotational cross coupling, the 1-columnresponse
shows a delayed lateral response with a peak value
of 0.5¢. The similarity of the response motions at
2.6 Hz in both Figures 4 and 8 ofiers a highly
probable cause for the circuit breaker destruction
at Moss Landing during the Loma Prieta earth-
quake.

By comparison, the single peak g-level pro-
duced by the random type of excitation (1.5 times El
Centro 1940) was only slightly smaller than in the
sine-beat test. However, the low-cycle fatigue stress
measured at the base of the porcelain column (as
introduced by the quasi-resonance response to the
sine-beat input) meant that catastrophic damage
was imminent. For safety reasons, the quasi-
resonance testing had to be concluded. Since
engineers are always on the lookout for resonant-
type structural failures, the time-history response
plots become of more value than the usual peak g-
levels in the response spectrum.

Figure 9 shows the response of a simple oscil-
lator to sine-beat excitation in terms of a Q-factor

(magnification number) for different values of the
"cycles/beat" and for "percent of critical damping.”
In the earifer discussion of Figure 6 it should have
been mentioned that three (3) vertically-acting ofl
dashpots were attached between "ground” and three
(3) horizontal, radially-disposed (120° apart) steel
cantilevers attached to the base of the porcelain
column. During the sine-beat tests, they supplied
about 5 percent damping, which explains the Q-
factor of about 5 times (= 1.3g/0.25g) given by the
5 cycle/beat curve,

Also, In the earller discussion of Figure 1, it
could have been explained that the damping devices
appeared not to have been installed, in which case
the colurnn damping of only about 1 percent would

" mean a possible Q-factor of at Jeast 8 times for a

sine-beat ground motion. The 500 kV circuit-
breaker porcelain columns that originally failed in
the 1971 San Fernando earthquake [11] had since
then been much strengthened for short-circuit load-
ing, but were still not adequate to withstand sus-
pected quasi-resonance effects, which were found
in the 1989 Loma Prieta earthquake.

In retrospect, the generally accepted specifica-
tion of a 0.5g earthquake did not anticipate the
"resonance” effects that caused the circuit breaker
failures in both March 1971 and October 1989.

r
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However, the additional sine-beat testing in No-
vember 1973 for quasi-resonance served to antici-
pate a "worst-case” scenario.

The Need for Investigation of
Local Seismic Damage Potential

The authors cannot directly relate the pecu-
larities found in the Capitola accelerogram to the
ground conditions at the Moss Landing switchyard,
some 15 miles away along the Monterey Bay shore-
line. However, an earlier quote {2,12) is worth
repeating, as follows: "The prime reason why a low
value of ground acceleration caused such surpris-
ing damage to modem reinforced concrete struc-
tures is concluded to be the resonance phenom-
enon arising from the natural period of the struc-
tures coinciding with the predominant period of the
soil." In addition, Rice |13] and Plunkett [14] have
shown that random motion during transmission
can respond as a "narrow-band, quasi-sinusoidal
waveform with a slowly varying amplitude." This
would amount to the low-frequency, amplitude
fluctuations first noticed in the Capitola recording,

As engineers depending upon local newspaper
accounts, the 1989 Loma Prieta quake was invari-
ably discussed in terms of isolated damage in San
Francisco, CA, with no explanation of how the
epicenter and widespread damage were concen-
trated some 60 miles to the south. Understand-
ably, emphasis was placed upon the 1ll-fated Oak-
land freeway (Interstate 880), designed some 40
years ago, without factoring in possible long-dis-
tant seismic effects in terms of local landfill consid-
erations. However, there were also the failures of
two new motels built on landfill near the main
airport. It would seemn that present-day analysis of
building structures will not guarantee safety when
the sefsmic specifications do not recognize possible
"resonance."”

In the December 1989 Minutes of the Congres-
sional Hearing [15] in San Francisco, the pertinent
discussion of the forementioned peculiarities ap-
peared as an afterthought with the inclusion of
[4,11] by Fischer. Subsequently, in some corre-
spondence with Congressman Doug Walgren, D-
PA, it was agreed that two important issues had
been suggested during the Hearing, namely: the
need for more micronization studies to indicate

local damage potential, and the need for adequate
insurance based on local seismic risk.

Conclusions

A resonant-type vibration buildup has caused
the destruction of similar 500 Kv electrical circuit
breakers during both the 1971 SanFernando quake
at Sylmar, CA and the 1989 Loma Prieta quake at
Moss Landing, CA. The specified 0.2¢ and 0.5¢
seismic design spectra, respectively, failed to an-
ticipate the quasi-resonance response of the equip-
ment with its damaging low-cycle fatigue effects. A
novel examination of the time-history response of a
Loma Prieta accelerogram obtained near the epi-
center at the Capitola Fire Station, showed low-
frequency, sine-beat ground motions that could
excite resonance in the circuit breakers under
reexamination. Also, it is well known that specified
random type ground motion during transmission
over large distances can develop into a "narrow-
band, quasi-sinusoidal waveform with a slowly
varying amplitude.”

Hence, when such quasi-resonance type of
structural response can be anticipated (based upon
local seismic risk evaluations using vibration equip-
ment) a conservative design approach should re-
quire structural naturalfrequencies above the seis-
mic range of excitation or the introduction of ad-
equate damping in the system. Regarding equip-
ment design, shaking tables should be used with
sine-beat excitation to both anticipate and protect
against a "worst-case" scenario.
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