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20. Abstract (continued)

The iso-pad motion correction system rolls off above 20 Hz to avoid
actuating the pad at or near its natural resonant frequencies of 59, 65 , and
67 Hz, thus avoi ding instabilities. A DC-20 Hz motion-correction frequency
band is also adequate for the inertial instrument tests conducted by the
Inertial Gui dance Research Laboratory .

The Inertial Test Table is invest igated for natural resonant frequencies
with in the 20-50 Hz range. Such resonances are known to exist and cause
instabilities in the system because the system frequency response is nc~t
completely attenuated at the frequencies where these resonances lie. The test
table is excited through the iso—pa d with vertical , horizontal , and rotational
motion, an d the resonant peaks are plotted across the DC-50 Hz frequency
spectrum for each of the three modes of vibration. The test table resonant
frequencies are detected by placing EV22C seismometers at various locations
on the test table.

.A strong resonant peak occurs at 22 Hz in both the vertical and hori-
zontal modes. The rotational resonant peak occurs at 34 Hz. Extensive
alterations to the test table structure caused no changes in amplitude or
frequency of the resonances. ,~‘.~1owever, the resonant peaks shi fted i n
frequency as the test table ifiöunting bol t lengths were varied. This m di-
ca tes that the test table resting on the three mounting bolts acts as a spring
mass system. Changing the length of the mounting bolts changes the spring
cons tant, which affects the natural resonant frequency of the system. The
resonan t frequency of the test table is a function of its mounting structure
and not due to a component wi thin the system.
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INTRODUCT ION

The Inertial Gu idance Research Division of the Frank 3. Seiler Research
Laboratory at the U. S. Air Force Academy emp l oys a Seismic Isolation Pad fir
use in inertial instrument testing. Ideally, the isolatio n pad , or ‘ iso-pad ’,
shoul d be free of any motion caused by external -influe nces such as building
vibrations or seismic activity of the earth . This motion~ess en vi ronmen t i s
required for successfu l inertial instrument testing.

The iso-pad construction is shown in Figure 1 on page 11. Twenty
pneumatic actuators support a 450 ,000 lb concrete block. Nine concrete piers ,
connected to the ma i n b lock , protrude through the labora tory ’s false floor.
These piers serve as the test locations for experiment~ requiring seismic
isolation. The false floor is rigidly connected to the building, whi le the
iso-pad floats freely-on the pneumatic actuators .

Attached to the concrete block is a seismometer and tiltmeter sensor
array which detects any motion of the iso—pad due to extern i disturbances.
The sensors will generate a signal which is proportiona l to the mechanical
motion in both amolitude and frequency . This signa l is am oli fied and directed
to the appropriate actuators which provide a correction to the nrin inal
disturbance , The pneumatic actuators provide low frequency moti on correction
below 0.1 Hz. This cutoff frequency is determined by a~ e

1 ectronic filter
network. Above 0.1 Hz, iso-pad motion correction is provided by ei ght electro-
magnetic actua tor s, or shakers.

PROBLEM

The upper cutoff frequency of the motion correct nn system has been
selected at 20 Hz by the designers as a performance trade-c~ff . The iso-pad
block resonates at 59, 65 and 67 Hz. If the motion correction system operates
at or near these frequencies , the seismomete rs will detect , ai c~ the shakers
will amplif y the resonance and introduce instabilities into the system.
Therefore , the l ow-pass cutoff frequency must be sufficiently below these
iso- pad resonant frequencies, while at the same time be h i ah enough to provide
adequate seismic isolation. The motion-controlled frequency band of DC—2O Hz
is also adequate for presently foreseen iso-pad applications , e.g., gyro and
accele rometer tests .

An Owens- Illinois Fecker Systems Division 2-axis Inertial Test Table is
located on the north-center pier of the iso-pad as sho~ i in Figure 1. The
table is known to resonate at various frequencies sliqh t ly above the 20 Hz
system cutoff frequency. Because of the close proxim ity of these resonant
frequencies to the system ’s active frequency spectrum , these resonances are
detected and amplified somewhat by the system , causing instability .

PURPOSE -

The purpose of this investigation is to determine where the natura l
resonant frequencies of the test table l i€ ~ithin the DC-50 Hz region , where
they occur within the structure , and whether the resonances are vertical ,
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horizontal , or rotational in nature . A determination will also be made as
to whethe r the resonances are caused by a single component withi n the table
or by the composite structure of the table. If a single component of the
tabl e i s caus ing the resonance , an attempt to l ocate the source will be made.

APPARATUS

The test table vibrations are measured with matched pairs of EV22C
seismometers . (All subsequent references to seismometers will be to the
EV22C’ s .) Two ver ti cal seismometers and two horizonta l se i smometers are use d
in this investigation. A Random Noise Generator (RNG) is used to produce
white noise from DC-SO Hz. This signal is amp lified and used to drive the
shakers which in turn cause the enti re i so-pad to vibrate with random noise.
This noise is transmitted to the Inertial Test Table through the test pier.
The seismometers, mounted to the test table with cellulose-nitrate cement,
produce signals that are proportional to the amplitude and frequency of the
test table vibrations. The seismometer signals are then amplified and
equal ized by a four-channel Portable Seismic Monitor (PSM). The EV22C
electr ical characterist ics and PSM operation are explained fully in Reference
1. The PSM output signals are fed through a 50 Hz low pass f i l ter and input
to a Fourier analyzer. The analyzer processes one pair of sei smorneter si gnals
at a time . The anal yzer avera ges ten signal sam p les for eac h chann el an d
provides a decibel relationship for channel A , channel B, and (A-B) across
the frequency spectrum from DC-SO Hz. Results of the Fourier analysis are
recorded on an X -Y plotter. The resonant frequencies of the test table appear
as peaks on the dB plots.

PROCEDURE

Investigations of the table ’s natural resonant frequencies in the
vertical , hor i zon tal , and rotational modes were made . Figures 2 and 3 on
page 12 illustrate the methods of table excitation used to examine the various
vibrational modes.

Ve rti cal Measure ments

The nor th an d sou th shaker array s are actuated in phase to p rov id e
vert ical excitation as shown in Figure 2. Two vertical seismometers , la beled
“lV” and “2V ” , are used to measure the test tabl e vibrations. Sei smonieter lV
is cemented directly to the iso-pad pier and provides a pad-only vibration
reference signal. Seismometer 2V is located at six predetermined test points , TP1
throuqh TP6, on the table as shown in Figure 4 on page 13. These seisniometer
test locations trace the changes in frequency and amplitude of vibration
throughout the structure . The signal from the pad—mounted seismometer is
subtracted from that of the table-mounted seismometer , and the resultant
signal provides table-only vibration data .

Horizontal Measurements

Horizontal v ibrations are measured with a pair of horizontal seismometers
la beled “3H” and “4H’ . The north and south shaker arrays are actua ted out of

4
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phas e to p rovi de a hor i zon tal com ponent of motion as shown i n F i gure 2.
Seismometer 3K is a pad-mounted reference seismometer, ril’ il e seismometer 4K
is mounted at locations TP1 through TP6 on the test table. As with the
vertical analysis, the 4H—3H signal provides table-onl y vibrational data.

Ro tat ional Measuremen ts

Rotat ional vibrations are detected with a pair of horizontal seismometers .
The iso-pad is excited rotationally by a pair of horizontally-mounted electro-
ma gnetic shakers located at opposite corners of the iso-pad and actuated in-
phase as shown in Figure 3.

Because the shakers are moun ted at opposite corners of the iso-pad , the
pad ’s center of ro tation w i ll occur at the cen ter tes t p ie r. ideally, the
test ta b le shoul d be mounted on the cen ter p ier for ro ta ti onal anal ys i s .
Howeve r, the table is located on the north-center test pier , ten feet from
the iso-pad center of rotation. Therefore , the test table will travel in an
arc of ten foot radius about the center of the pad. Figure 3 shows the arc
about the center of the pad and the resultant rotational component vectors of
motion. For each shaker half-cycle , the iso-pad rotates through angle 0, and
the rotational component vectors will be of equal magnitude and oppos i te
direction. The seismometers are mounted in the same di rect ion with their
axes colinear with the rotational component vectors so that a halt -cycle
excitation of the iso-pad will cause out of phase signals to he generated by
the seismonieters . These out of phase s ig nals , when subtracted by the Fourier
analyzer , wi ll produce a sum signal showing rotat i onal resonant peaks. The
seismometers should be insensitive to the horizontal i1~ot ion component because
thei r sensi ti ve a xes are nearl y perpendicular to the rotational arc as shown
in Figure 4. Also, any horizontal component which moves the two ‘-~eismometers
equidistant in the same direction should cause the seismoiii eters to produce
in-phase signals which are canceled by the Fourier analyzer during the signal-
subtracting process. Ideally, therefor e, only rescnant peaks due to rota-
tional motion should appear in the final plots.

INITIAL CALIBRATION

Because the rotational analysis makes use of very small differences in
seismometer signals , each seismometer/PSM amp lifie r chan nel of a vert i cal or
horizontal pair must be closely matched to its complement. The proper PSM-
to-seismometer matching procedure is explained in Reference 1 . However , the
P5f.1 amplifier gains should be matched for each channel pair by the experimenter
because previous channel matching does not have a lon g shelf life . The EV22C ’ s
are labele d lv , 2V , 3H , and 4K , as are the PSM channels. 1V and 2V are
vertical channels, while 3H and 4K are horizontal channels . The EV22C’s are
not interchangeable among PSM channels after a seisniometer has been matched
to a particular PSM amplifier per Reference 1.

Both vertical and horizontal amplifier matching are accomplished through
the same process , and only the vertical match ing procedure is described. The
paired seismometers to be used in the experimen t are mounte d side by side on
a glass plate. The glass pivots about two steel balls at one end and is
ac tivated by an electromagnetic shaker at the other end. The electromagnetic

5
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shaker is excited by an audio oscillator at 8 Hz and 32 Hz serarately. The
signals from the two PSM channels are fed to a differ ential amp lifi er , and
the subtracted signal is displayed on an oscilloscope. The E~’~2C ’ s naturally
resonate at 8 Hz. This resonant peak is attenuated b~ placing a resistor of
proper value across the seismometer terminals , providing an RL dampin g network
with the seismometer coil. The seismometers used in this investigation had
been previously damped and matched at 8 Hz. The 8 Hz test revealed that the
seisrnometers were still adequately matched with respect to damping after a
shelf life of approximately one year. The amplifier ’ gain matching was
accomplished at 32 Hz. The gain potentiometer of one PSM channel in each pair
is adjusted to its center of rotation . The gain potentiometer of the comple-
men tary channel is rotated until the signal from the diff erential amplifier
displayed on the oscilloscope shows a minimum amplitude. At this point , the
amplifier gains should be as closely matched as practicable. As a final check
for proper channel matching across the entire frequency spectrum , the RNG is
used to excite the shaker with white noise from DC -50 Hz. The plot of the
2V-lV signal across the frequency spectrum is then compared to the plot of
the lV signal alone to determine the degree of channel matching. The PSM
channel matching results a~-~ shown in F igu re 5 on page 1~- .

T he vertical ch annel ma tch i ng error i s un der 8h~ while the horizontal
error is under 1.1% with respect to voltage level in the 20-50 Hz band.
Although the mismatch error is higher at l ower frequencies , the vibrational
anal ysis onl y focuses on the 20-50 Hz band. The norizont al channel matching
is the more critical of the two because the rotational \iib~’a~ion~l anal ysis
relies on closely-matched horizontal seismometers.

ISO-PAD REFERENCE SIGNALS

The ve rti cal , hor i zon tal , and rotational pad-only reference ciqna l s are
presented in Figure 6 on page 15. The vertical and horizontal si gnals are
each generated by a single seismometer cemented to the pad , while the rota-
t i onal s ig nal i s the dif ference between the two s i gnals generated by seis-
mometers arranged as shown in Figure 3. The three plots in Figure 6 show no
si gnificant peaks in the iso-pad itself across the frequency spectrum. There-
fore , any peaks which appear in the test table plots will indicate test table
resonan t frequencies.

VERTICAL TEST DATA

The plots of the vertical test seismometer signals are presented in
Figure 7 on page 16. The plots presented are of the reference signal
subtracted from the test signa l, or th e “corrected” signal. Refer to Figure
4 to trace the progression of the test procedure. TP1 through TF’3 indicate a
consistent resonant frequency at 22 Hz throughout the main test table
supporting structure . TP4 through TP~ also indicate a strong and consistent
resonant peak at 22 Hz, as well as min or peaks at 31 Hz and 34 Hz. Because
the 22 Hz peak is consistent throughout the entire test table structure , it
is suspected that this resonant frequency is a function of the composite test
table structure. However , because the 31 Hz and 34 Hz peaks appear only at
TP4 through TP6, the resonant source is suspected to be somewhere within the
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center section of the test tab le, and a possible source is tti e bearings which
allow the structure to rotate about axis C-C shown in Fiqure 4.

HORIZONTAL TEST DATA

The plots of the corrected horizontal tes t s ig nals a re p resente d in
Figure 8 on page 17. As with the vertical signals , a large resonant peak
occurs near 22 Hz. However , unlike the vertical signals, minor resonant
peaks occur at 31 Hz and 34 Hz throu ghout t he en ti re tes t tab le . Once aga i n ,
the consistent 22 Hz peak throughout the structure indicates the possibility
that this resonant frequency.is a function of the composite test table struc-
ture . However, the 31 Hz and 34 Hz peaks appear to be strongest at TP4,
which indicates that these peaks could possibly be caused by the counterweight
structure .

ROTATIONAL TEST DAT A

The plots of the rotational test signals are presented in Figure 9 on
page 18. A pair of plots is presented for each test point. The plot on the
left i s of the 3H s i gnal only, which is very similar to the 4K signal plot.
The plot on the right is the 4H-3H signal. The resonant peaks due to rotation
are determined by comparing the 4H -3H plot to the 3H-only plot.  The peaks
which appear si gnificantly larger in the 4H-3H plot than in the 3K plot are
peaks due to rotation. Peaks which appear unchanged or smaller in the 4H-3H
plot are due to horizontal motion . This si gnal evaluation method is described
under “Rotational Measurements ” on page 5. A rotat ional peak appears consis-
tently at 34 Hz from TP1 through TP5. A minor peak also ~purars at 32 Hz at
the same table locations. Vibrational analysis in the rotational mode is very
difficult due to the horizontal components introduced into the testing which
ard of much greater magnitude than the rotational components. An ideal method
of performing a rotational analysis on the test table would involve mounting
the test table on the center pier , so only rotational motion would be present.

POSSIBLE RESONANT SOURCES

The vertica l and horizonta l resonant peaks at 31 Hz and 34 Hz, which only
appear in the cente r of the test table structure , indicate that the coun ter-
weight structure or the A-A and C—C rotational axis bearings may be the
resonant sources . Refer to Figure 4 for the following i nvest ig at ion . T he
counterweight structure appeared to be a probable source of resonance. The
nuts were tightened on the counterweight bolts and an increase in frequency
of the 31 Hz and 34 Hz peaks was expected . However , the resultant plots
revealed no chan ge in resonant frequency . Half of the counterweights and
finally all of the counterweights were removed. Aga in , the 31 Hz and 34 Hz
peaks remained unchanged. A removal of the counterweight bolts from the
structure also cdused no changes in the plots. The 22 Hz peak also remained
constant throughout the test.
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As a second measure , the air pressure , normally at 90 PS I , was completel y
removed from the air bearing along the A -A rotational ax is .  Agair , the 22 Hz ,
31 Hz , and 34 Hz peaks remained unchanged.

Finally, the center sect ion of the tes t tab le was ro tated thr ou gh 90° to
a horizontal position in an attemot to isolate the mechanical beari nqs along
the C—C axis as a resonant source. Once again , the resul tan t p lo ts s howe d no
changes when compared to the plots of Figures 7 , 8, and 9. T he resonan t
peaks , then , because of their constant freouencies throughout the test table
an d throughout al terations to the structure , must be a function of the
composite test table structure . The test table mounting structure was
suspected to be a resonant source because of the constant frequency of the
resonant peaks despite structura l alterations.

TEST TABLE MOUNTIN G STRUCTURE

Refer to Figure 4 for the followin g descri pi ion of the test table
moun ting structure . The test table , weighting 1 500 ~~unds, jc supported by
three 5/8 inch leveling bolts. The normal ex~o~ed ~~r jth o t the threaded
portion , or shaft of the bolt is typica ll’i one inc h . The t e s t table is
secured to the pier with three 14—1 /2 inch hold-down bolts which are fastened
at the top with nuts and are threaded into toe mounting ring. The mounting
ring is rigidly fixed to the test pier. The hold -down bolt s ore both
tightened and loosened completely, but the resultant plots showed no changes
i n resonan t f reau ency.

Finally, the effec t o f the leve l i ng bo l ts on the resonant f -euuency was
investigated. The test table , resting on the three bolts , forms a spring -
mass sys tem , with the table being the mass , and the leveling bolts serving as
the spring. The natura l resop.~J1t frequency of a spring-mass system , n’
given by the equation = / ~~

.
, where k is the spring constant and m is the

mass of the system . By l owering the test table , the effective shaft length
of the leveling bolts is shortened to 3/4 inch. This procedure would raise
the spring constant , caus ing wn to increase . Therefore , by l owering the test
table , the resultant olots should show an increase in the natural resonant
frequency . The test table was l owered and the effects were recorded at TP5,
which provides a representation of the effects on the entire tcst table.

Figures lOa and lOb on page 19 show that the 22 Hz peak has shifted to
25 Hz upon sho rtening of the leveling bol ts. The 31 Hz and 34 Hz peaks have
not shifted but have decreased in ampli tude to nearly insignificant levels.

Figures lla and l lb on page 20 also show the same increase in frequency
of the resonant peak from 22 Hz to 25 Hz. A minor peak also apoears at 20 Hz
as a result of the chan ge. This minor peak appears inconsistently througho ut
the testing process and is suspected to have been possibly transmitted through
the iso-pad from a separate source on another test pier wit hin the laboratory .
Finally, Fi gures 12a through d on page 21 show an increase in rotational
resonant frequency from 34 Hz to 38 Hz upon l owering of the test table. The
plots also reveal that the rotational peaks are more easily discern able from

8



the horizonta l peaks during rotational testing wh ~ ‘ t°~ mounting bolts are
shor tened.

A preliminary conclusion is drawn that the mounting structure plays a
significant role in introducing test table resonant frequencies. To further
ver ify th i s claim , the test table was mounted on three 4 in. x 4 in. x 2 in.
woo den b locks , allowing no contact to be made between the leveling bolts and
the mounting ring.

Because the wood blocks are a much softer material than the leveling
bolts , the sPring constant should be l ower , resulting in a decrease in 

~
iri .

Fig ure lOc shows that the ver tical peak has sh ifted from 22 Hz to 14 Hz w hen
a wooden mountin g structure is used. The 38 Hz peak has shifted down into
the DC—50 liz range from a previous freouency above 50 Hz. ‘Je r i m inor neaks
at 30 Hz an d 34 Hz are still present , indicating that they nost li kely are
not func t ions of the moun ti ng structure .

Fi gure l lc indicates that the horizontal resonant peak at 22 Hz has
shifted to 14 Hz when the test table is mounted on wood bl ocks. Again , this
resonant peak appears to be a function of the mounting structure .

Figures l2e and l2f indicate that the rotational peak at 34 Hz has
shifted to 25 Hz when the table is mounted on wooden blocks. The data
presented in Figures 10, 11 , and 12 indica~e that the 22 Hz resonant neak
is a function of the test table mounti ng structure , while Figure 10 indicates
that the 31 Hz and 34 Hz peaks are possib ly independent o~ the n~ inting
structure.

CONCLU S IONS

The test table naturally resonates at 22 Hz throughout the entire
structure both in vertical and horizontal modes when the length of the
level ing bolt shafts is one inch. Under the same conditions , a 34 Hz rota-
tional resonant frequency occurs consistently throughout the table. ~linorresonant frequencies occur at 31 Hz and 34 Hz in the vertical modes from 1P4
through TP6. However , these minor resonant peaks appear consiste nt1~ through-
out the test table in the horizontal vibra tional mode , but anpear strongest
at TP4.

Va rious alterations to the test table structure produced no perceptible
changes in resonant frenuency in any of the three vibrational modes . How-
ever , when the leveling bolts were effectively shortened to 3/4 inch by
l owering the test table , the vertical and horizont al resonant peaks shifted
from 22 Hz to 25 Hz , while the rotational resonant neak at 34 Hz shifted to
3R Hz. Mounting the test table on wooden blocks l owered the vertical and
horizontal resonant frequencies from 22 Hz to 14 Hz, while the rotational
resonant frequency shifted from 34 Hz to 25 Hz. The 31 Hz and 34 Hz peaks,
howeve r, were not significantly affected by the alterations to the mount ing
structure.

9



The test table forms a spring —mass system wi th its natural resonant
frequency a function of the mounting structure . The minor peaks at 31 Hz and
34 Hz possibly originate from within the test table. They most likely are
not transm itted to the table via the iso-pad from a remote structure on
another pier because no peaks at 31 Hz nor 34 Hz appear in the pad-cn ly
refe rence s ignal plots in Figure 6. The transmission of these two frequencies
th rough the pad is possible, however , because the iso—pad m otion correction
system i s onl y effective up to 20 Hz .

RECOMMENDATIONS

Various types of mounting structure materials should be substituted in
place of the wooden blocks and the various effects on the table ’ s na tural
resonan t frequencies should be investigated . Materials such ~s alum i num
or s teel woul d not be su bjec ted to chan ges in dens ity due to com p ress i on ove r
a len gth of time , as is the wood. Therefore, the frequency -damping character-
i s ti cs of these mat erials woul d rema i n cons tan t.

All of the seismometer test points used in this invest igat ion are
external tes t tab le locations. Seismome ters shoul d be p lace d i ns i de the
center portion of the test table structure in an attempt to locate the source
of the 31 Hz and 34 Hz resonant peaks.

Finally, an investigation into the iso-pad itself shou ld he conducted to
determine if the 31 Hz and 34 Hz resonant frequencies are transmitted through
the iso-pad to the test table from a remote location on the iso-pad.

REFERENCES

1. Sininons , Bill J. Portable Seismic Monitor User ’s Gu ide , Frank J. Seiler
Research La boratory Report No. SRL-TR-74—0006, Ma rch 1974.
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