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ABSTRACT 

Experimental verification of a technique for determining fixed-base 
natural frequencies of structures mounted on a single non-rigid support 
is provided. The feasibility of this technique of frequency determina¬ 
tion was explored by measurements on individual double cantilever beams 
while each was attached to a frame designed to simulate characteristics 
of shipboard mounting conditions. The beams' fundamental frequencies 
were distributed throughout the frequency range normally considered in 
shock design and thus each beam simulated a different lightweight equip¬ 
ment-foundation system. Response was measured at the required locations 
with high sensitivity (acceleration) transducers and circuitry. Instru¬ 
mentation normally employed for mechanical mobility measurements proved 
suitable in these vibration tests after modification to improve frequency 
stability and resolution. The scope of this experimental work is limited 
to the one-foundation problem. The two-foundation problem is expected to 
be the subject of future experimentation. 

PROBLEM STATUS 

This is an interim report on one phase of the 
problem; work is continuing. 

AUTHORIZATION 

NRL Problem No. 62F02-18 
RR-009-03-45-5757 (.101) 
NRL Problem No. 62F02-05 
SF 013-10-05-11655(.201) 
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of determining these frequencies is to mount the subject equipment- 
foundation system on a sufficiently massive and rigid base, apply a force 
excitation, and measure the system's resonances. These resonances would 
correspond to the FBNFs or normal mode frequencies of the equipment- 
foundation system. Obviously the above approach is limited by the fact 
that almost all mounting locations on a ship are non-rigid; also, removal 
of the equipment-foundation systems to a more ideal fixed-base is usually 
impractical, if not impossible. Therefore this report explores the fea¬ 
sibility of a method which determines FBNFs of systems while they remain 
mounted in-place at- relatively non-rigid locations aboard ship. 

METHOD 

From consideration of the pertinent theory, a technique for the 
determination of fixed base natural frequencies of equipment on a single 
non-rigid support has been developed by Petak and Kaplan (3). Its use 
is illustrated on the dynamic chain model shown in Fig. 1. The upper 
two masses and springs model an equipment-foundation system while the 
lower masses and springs represent the remainder of the ship, water, 
etc. The base is defined as the place where the equipment-foundation 
system is attached to the supporting structure of the ship. 

The technique is this: Drive at a point on or below the base of 
of the equipment-foundation system with a sinusoidal force swept through 
a frequency range and record the response motions of the base and of a 
point on the equipment. Note the locations of prominent valleys in the 
response vs. frequency plot of the base motion; these valleys occur at 
the fixed base frequencies of both the system above the base, and the 
system below the driving point. Next, plot the ratio of equipment 
response to base response as a function of frequency. The fixed-base 
frequencies of interest are the frequencies at which prominent peaks 
appear in the ratio plot. These peaks should coincide with those val¬ 
leys in the base response plot caused by the system above the base. 

TEST STRUCTURES AND APPARATUS 

Twelve double-cantilever beams were built so that each in turn would 
represent a different equipment-foundation system with several modes of 
vibration. The dimensions of these steel test structures were such that 
each beam weighed approximately 200 lb. while the calculated fundamental 
frequencies varied between 32 Hz and 949 Hz. Thus the frequency range 
usually considered in shock design was covered while each beam represented 
a "lightweight" shipboard structure, the type most likely to be mounted 
on a single foundation. The beam lengths varied from 28 1/4 inches to 
92 inches while the thickness varied from f inches to 2 inches. All 
beams were 4 Inches wide to allow for a standard mounting arrangement. 
Each beam was machined from rectangular bar stock and had bolt holes 

2 



ê 

3 

•»ui» 



drilled in the center of the length and A Inch width. Dimensions and 
weights of the beams, which are numbered 1 through 12, are given in Table 1. 

Each beam in turn was attached to a mounting frame by means of 
clamping blocks, which also provided a convenient attachment point for 
an accelerometer that monitored the motion of the system at the center 
of the beam. The arrangement of the six 1/2-inch diameter bolts, beam, 
clamping blocks, and the pedestal on the mounting frame is shown in 
Fig. 2. 

A flexible base for the beams and a simulation of other shipboard 
measurement conditions were provided by the mounting frame which is 
shown in Fig. 3. Note that because of the mounting frame's flexibility 
the system resonant frequencies of a beam-frame combination are differ¬ 
ent from the resonant frequencies of the same beam mounted on an infi¬ 
nitely massive and rigid pedestal. So with a beam attached to the frame 
the combination had several system resonant frequencies in the measure¬ 
ment range; some were close to the fixed-base natural frequencies being 
sought. The four legs of the mounting frame were arranged for easy 
access to the under ¿Ide of the pedestal in order to Install a shaker. 
Each pair of legs was attached to a pair of channels that were bolted to 
a concrete floor. 

Sinusoidal force was applied to the under side of the pedestal (near 
the beam-frame connection) in a vertical direction with an electrodynamic 
shaker. A Wilcoxon Model F-A shaker was used for nine of the beams, and 
a Goodmans Type 790 shaker was used for Beams 3, A, and 5. The exciting 
force from either shaker was transmitted to the structure through a 
Wilcoxon Model 820 mobility head so the force waveform could be monitored 
by the head's force transducer. 

Acceleration characteristics of motions at the cantilever tips were 
measured with an Endevco Model 2218 accelerometer, and acceleration char¬ 
acteristics of motions at the base points were measured with a Wilcoxon 
Model 720 accelerometer mounted on one of the clamping blocks. Only 
3 oz. of weight was added by the tip accelerometer. The base accelero¬ 
meter's balanced electronic output facilitated use of a low noise ampli¬ 
fier circuit for improved null sensing ability. Base motion was not mea¬ 
sured with the accelerometer contained in the mobility head, partly 
because of local stiffness effects and partly because the head was not 
attached directly to the surface chosen as the base. 

General requirements of the electronic apparatus were to generate 
sinusoidal current to drive the shaker over the required frequency range 
(10-5000 Hz,) detect wide variations in acceleration signal levels-- 
espectally low signal levels in the base acceleration where the nulls 
are significant, filter each signal through a narrow band-pass because 
closely-spaced peaks and dips existed in the system response, and compute 
the ratio of the two signal levels. It was desirable that all these 
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functions be performed synchronously while under the control of c single 
local oscillator. Conmercially available dual channel wave analyzing 
and recording systems made for mobility/impedance measurements meet most 
of these requirements. 

In these experiments an early model Ad-Yu Type 1010 mechanical mobil¬ 
ity recording system was used to perform the above mentioned electronic 
functions. The circuit block diagram is shown in Fig. U. An essential 
feature of the basic recording system (not unique to the Ad-Yu) is the 
placement of a mixer and filter in the servo loop of each channel’s recorder. 
Consider the E1 acceleration signal. After Ej passes through the pre¬ 
amplifier it is attenuated by the logarithmic potentiometer. Next the 
carrier mixer converts the E, signal from the shaker driving frequency to 
a 20.5 kHz signal carrying the same information. The mixer output is 
passed through a narrow-band (10Hz) crystal filter centered on 20.5 kHz. 
The filter output signal is fed into a detector circuit where its voltage 
is compared to a reference voltage. Any difference between the detected 
filter output voltage and the reference voltage actuates the servo which 
adjusts the potentiometer setting in a manner which eliminates this dif¬ 
ference. Thus the adjusted pot setting is proportional to the magnitude of 
a chosen component of the accelerometer signal. This chosen component has 
a bandwidth of 10Hz centered on the shaker driving frequency. The E2 
acceleration signal is handled similarly. High quality filter performance 
is provided by this arrangement since the signal voltage at the crystal 
filter remains relatively constant even while the acceleration magnitude 
varies over a wide range. The mixer maintains a constant frequency at the 
filters, hence any change in filter characteristics with amplitude or 
frequency variations of the signal being passed are avoided. Thus accurate 
measurement of the E.îEj ratio precisely at the shaker frequency can be 
made even in the presence of large amounts of noise on the acceleration 
signal. 

Several modifications to the recording system were made to perform 
these tests. One noteworthy modification was the addition of a frequency 
synthesizer for use as an optional local oscillator for searching out the 
frequencies at the ratio peaks. It not only allowed the frequency to be 
advanced in steps of 0.1Hz, but its stable characteristics allowed a more 
accurate mixer balance adjustment, provided a more stable driving frequency, 
and more accurate tracking by the filters. Hence a better separation of 
nearby frequency components was achieved. 

The original devices which produced a dc-voltage proportional to the 
logarithm of each signal magnitude were replaced with devices of NRL 
design. A summing circuit was added so the ratio of signal magnitudes 
could be plotted on the phase recorder. Thus with a digital voltmeter in 
parallel with the ratio magnitude plotter, the recording system used for 
obtaining the following results was capable of either continuous sweep or 
intermittent digital operation. 
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PROCEDURE 

r-«^fter all8”íng the beaœ and clamping block:» to form a aynmetric double- 

iieCW2''8Ttl0;’ tÜe1beam 0f intere8t WaS b0lted t0 the »»untlng 
mlddU iJÍÍ i2 t1 b0lt8 Were tor<lued t0 *0 lb-ft except for the 
because olîtl Were tor<lued t0 only 35 lb-ft 
head tE! Î <* he he 8 Were CUt away t0 make room for the mobility 
bv ®<IulP»ent motion accelerometer was attached to the beam's tip 
iL t/ and the ba8e “otion accelerometer was attached to the 

„^ dV r 08 bl0îk ?y a 3/8'16 8tud- moblllty head îttlched 
ber fEmiL Eh!Vf ?la,"Pín8 bolt head8 on the underside of the frame mem¬ 
ber forming the beam s pedestal. The Wilcoxon F-4 shaker requires no 
•eparate suspension apart from the mobility head mounting s”ud îhE 

* «p«« su.Pe„.i„„ ïrr.“ »„?whIch 
was carefully aligned to properly mate the shaker to the mobility head. 

Electronic components were adjusted during preliminary sweeps of the 
* P1« of the ratio of UpLtloo «tîon 

I íoâârít^ ""“J y "lí f10“ °f the InhlvlJual motion level, during 
fï! rP . f ° HZ t0 2000 Hz or higher. The fixed base 

ch ÎHÎÏÎÎ'Îhl ÍÜÍ te? by îe‘k8 0r“ the r“ti0 plot uere noted •nd 
weíe a..ifîÎ?!î ” ,>l0t t0 as,ure that the r«t‘° peaks 
. !! °CU“d "1)th b,,a ""td°n "“H». Next the frequency synthesiser 

û ?V\l>1îce 0f the aueeP "»Pill«!« and the ratio peaks were 
obM^êd J, ?” ,ln °-1 Hz atePa “hile the magnitude changes were 
««« we!! !/s8!' voltmeter. Plnally the shaker and both accelero- 
meters were affixed to a suspended solid weight and the frequency spec- 

mot io^T Wlfh b0th acceleron,eter> responding to the same 

*s a horizontal Une ^ 8enerated and lt aPpear8 on the Plot 

RESULTS 

resuuí o tllll u Tu f°r Beam 1 are thfe flrat exa“Ple of the 
Eeaks Ld díír líí natural fre<*uency experiments. Numerous 
Eraíe IcLllrltin variations in amplitude characterize the sep- 
mEE! ac^leration responses measured at the tip and at the base loca¬ 
tions. These curves are plotted on a log-log scale in Fie. 5 On flr.f 
glance it is not obvious that a clearly defined ratio plot can result 
rí!!! ithe dlvl8íon of these 8Pectra, however, the ratio plot in Fig. 6 

1 arly shows five peaks which indicate the first five fixed-base natural 
frequencies Tip motion is nominally 100 times larger than the base 

H SE Pe!k8, °ther ratl° peak8 occSr! for eXu at 165 Hz and 350 Hz, but they are discounted because of beine 10 times 
Smaller in height and having little area under them. Note that the FBNFs 
indicated by the peaks in the ratio plot (Fie 61 are differed T J 

complete system frequencies indicated by the peaks in thf tip acceUrÍ^ 
tion plot (Fig. 5a). T*e zero db reference line or c.libríuon uíe u 
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Fig. 5a - Tip motion for Beam 1 on the frame 

•00 200 500 
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1000 2000 

Fig. 5b - Base motion for Beam 1 on the frame 
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the dashed line at the unity ratio level. The base motion plot (Fig. 5b) 
shows definite nulls at the frequencies of the ratio peaks, thus there Is 
reassurance that the fixed base natural frequencies of the double canti¬ 
lever portion of the system were measured. The relatively sharp downward 
change In tip acceleration level at the frequency marked by an X In Fig. 
5a is due to a manual change In shaker current at that point of the fre¬ 
quency sweep. A less obvious but corresponding change Is seen In the 
base motion level. The change was gradual, although It appears sharp 
because of the slow sweep rate. While Beam 1 ratio data Is representa¬ 
tive of the ratio plots for Beams 1-6, Beam 7 ratio data shown in Fig. 7 
is representative of the ratio plots for Beams 7 - 12 where only one prom¬ 
inent peak appears below 2000 Hz. A definite first mode frequency can be 
seen at 291 Hz. The second mode peak is expected slightly above 1500 Hz 
but no definite approach to a single peak appears. The bane accelerometer 
location was switched to the center of the top clamping block for beams 8 
through 12 which brought out the second mode frequencies for beams 8 and 
11. Apparently the protruding portion of the lower clamping block became 
less representative of the base motion for high modes as the beam thick¬ 
ness Increased. Except for beam 7 this difficulty appeared above 2000 Hz 
which Is well above the frequency range normally considered for shipboard 
shock design. 

Table 2 lists the frequencies measured for each beam and compares 
them with calculated values for lower modes. Overall agreement is good. 
The calculations neglect damping and use classic beam theory with a cor¬ 
rection factor for shear and rotary inertia effects (4); this correction 
factor was available for only the first three modes. The end conditions 
imposed by the clamping blocks on the beam were not considered to be those 
of a perfectly rigid clamp. The calculations account for this non-ideal 
end condition by using an effective length which Is slightly longer than 
the cantilevered length. Calculated frequencies in Table 2 were based on 
the arbitrary assumption that the effective root of the cantilever was 
inside the clamped region a distance of 1/3 the total length of the clamp¬ 
ing contact. The true effective root is expected to vary slightly from 
beam to beam as well as from mode to mode. The second mode frequency was 
strongly hinted in measurements for beams 7, 9 and 10 but it was not 
entirely clear. See Fig. 7 for an example. The frequencies in Table 2 
were chosen without any reference to the calculated values, otherwise fre¬ 
quencies might have been chosen for the second modes marked by an asterisk 
in Table 2. The asterisk or "strongly hinted" designation was determined 
after comparing measured and calculated values 

Plots for the measurements on other beams are not shown, but the obser- 
vations were made for frequencies up to 3 kHz for beams 2, 3, and 8. up to 
4 kHz for beams 4, 5, 9, and 10, and up to 5 kHz for beams 11 and 12. 

Higher mode fixed base frequencies were detected from data obtained at 
frequencies up to the 3 kHz region. TMs was about as high as one could 
hope to go because at frequencies above 3 kHz the local effects in the 

13 



(3SV8v/dllV) SBSNOdSBH dO OllVd 

14 

F
ig

. 
7
 
- 

R
a
ti

o
 o

f 
ti

p
 m

o
ti

o
n
 t

o
 
b

a
e
e
 
m

o
ti

o
n
 f

o
r 

B
e
a
m
 

7
 o

n
 t

h
e
 
fr

a
m

e
 



clamping blocks became noticeable. They eventually dominated as the fre¬ 
quency was swept higher. The modal effective mass acting in the higher 
beam frequencies is a very small percentage of the total beam weight and 
thus these fixed-base natural frequencies became harder to detect and per¬ 
haps less significant. The lower limit of the useful frequency range was 
between 10 and 20 Hz because of shaker limitations and transducer sensi¬ 
tivity. 

Changing the tip accelerometer location from one tip to the other tip 
of the beam made no detectable change in the frequencies measured. Ratio 
peaks are primarily caused by nulls in the base motion, so the base accel¬ 
erometer location was the more sensitive. Three possible positions were 
provided for the accelerometer on the clamping blocks. Differences in 
fixed-base frequ ncies were small but detectable when the locations were 
changed for the longer beams, but the shorter beams required the use of 
the top center location as mentioned earlier. 

Data for beams 3, 4, and 5 were measured twice; in each Instance a dif¬ 
ferent means of external support for the Goodmans shaker was used. The 
first time the usual soft suspension was employed while the second time the 
shaker was supported rigidly from the floor. This allowed the applied 
force to reach the system through the legs of the mounting frame as well as 
the driving point under the pedestal. Frequencies measured were the same 
in both cases indicating that the idea of applying a force either at or 
below the point chosen as the base is valid. 

General features of the ratio plots are the sharp peaks and broad flat 
valleys where the ratio rarely passes below unity. These two character¬ 
istics appear because the "equipment" accelerometer was on tip of the beam, 
(end mass of the dynamic chain). See Table Al, page 15, Ref. 3. If there 
had been portions of the system above the equipment accelerometer the ratio 
plot would have contained sharp dips with ratio magnitudes much less than 
unity. These sharp dips would have frequencies corresponding to the fixed- 
base frequencies of the part of the system above the "equipment" accelero¬ 
meter and to the part of the system below the base accelerometer. Hence, 
when dips do appear in the ratio plot of an actual equipment one knows that 
the "equipment" accelerometer is not on the end mass (or at the tip of the 
beam in this case). 

CONCLUDING REMARKS 

The foregoing results provide experimental verification of the tech¬ 
nique of FBNF determination proposed by Petak and Kaplan. The feasibility 
of measurements on equipment-foundation systems while mounted on a flexi¬ 
ble support structure is demonstrated with Instrumentation of the mechan¬ 
ical mobility measuring type. But actual shipboard measurements must be 
attempted before one can be entirely sure this technique is practical for 
such purpose. In these experiments accurate measurements were made 
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throughout the frequency range usually considered in shock design with 
simulated equipment-foundation systems mounted on a laboratory fixture 
which represented field measurement conditions. The mounting frame 
caused the base point to exhibit complicated modes of vibration which 
imposed difficulties similar to those expected during field teats. Even 
though these measurements were made in the vertical direction, the method 
and techniques apply to the other orthogonal directions as well. However 
attaching the shaker to the base of shipboard equipment will probably be 
more difficult than attaching it to the underside of the frame member 
forming the base pedestal for the beams used in these experiments. 

The primary Importance of FBNF measurements is their use in the devel¬ 
opment of new shock design values for use as inputs during the design of 
contemplated equipment. Design input data presently in use (5) was devel¬ 
oped while using indirect measurements or calculations of FBNF. Adequacy 
of the present data has been substantiated by tested designs (6) as well 
as a separate check of input values by another laboratory (7), but new 
ship types and new applications of the DDAM will require additional input 
data. The method of FBNF measurement described herein is intended to per¬ 
mit efficient and accurate determination of frequencies needed to develop 
these new inputs. Furthermore, direct measurement of FBNF adds strength 
to the DDAM by making it possible to verify assumptions and to evaluate 
the importance of other factors and thus guide efforts to further develop 
shock design theory. p 

The scope of this experimental work was limited to the one-support or 
one-foundation problem. The two-foundation problem is dealt with theoret¬ 
ically by Petak and O'Hara in Ref. (8), where they develop a procedure for 
measuring the FBNFs of in-place two-support structures capable of rotation 
and translation while excited in one translational direction. 

This experimental work, performed on structures attached to a single 
support, has relevance to a large number of Navy shock problems because 
this technique can lead to broader applications of the DDAM. Moreover, 
this experiment s success encourages experiments in measuring the FBNFs of 
in-place structures on two supports. 
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