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Measurement of the Dynamic Properties of Materials and Structures

Forced vibration techniques pro-
vide very powerful tools for the in-
vestigation of structures, structural
elements, and the materials from
which the structural elements were
formed.

Some very important concepts in
this type of investigation are those of
mechanical impedance and mechan-
ical mobiiity. They were developed
from the tirst electro-mechanical and
electroacoustical analogies which
were applied in the 1920's. In the
1930's and 1940's they were used
very much for the development and
refinement of vibration isolation in
submarines and airplanes.

In the years since then the use of
the 1mpedance concept has in-
creased steadlly both because the
understanding of the theory has
been improved and because the pos-
sibilities for measurement of the val-
ues have been developing rapidly,
especially in recent years.

One of the main advantages of us-
Ing the impedance or mobility theory
IS to avoid the solution of a classical
set of differential equations. This is
often achieved by application of elec-

_ =
Dynamic Mass = -;'

(Apparent Weight)

_ F
Mechanical Impedance = m

=
Stiff = —
Iffness "

By Hans P. Olesen

trical circuit theory to an electrical
analogy of the system in question.

However, although electrical ana-
logies are very useful for mixed elec-
tro-mechanical systems it is also
convenient to have rules developed
for and applicable to purely mechan-
ical systems. This has been consist-
ently pursued in the development of
vibration theory in "Steady State Vi-
bration™ by Salter. (1).

Mr. Salter shows how mechani-
cal systems can be simplified in a
way similar to electrotechnical the-
ory 1o vield fast reliable analysis by
means of the combination of the
simple responses of the three funda-
mental elements, mass, spring and
damper.

Definitions

The mechanical impedance and
mobility for simple harmonic motion
are defined as the complex ratios of
force to velocity and velocity to force
respectively. This is shown In
Table 1 where In addition, the simi-
lar ratios involving acceleration or
displacement are given.

(acceleration
through force)

Mobility

(Mechanical
Admittance)

Compiiance = %

073039

Table 1. Terminology for complex dynamic ratios of force and motion

The terms given in the table are
taken from the American Standard
USAS $2.6-1963: Specifying the
Mechanical impedance of Structures
(2). Other terms have been used in
some cases, for some of the values
given in the table but they are not
given here.

When force and motion values are
measured at the same point and in
the same direction the ratios are
termed driving point values or short
point values, 1.e., point impedance.

Practical measurements

When force and motion are meas-
ured at different points or at the
same point with an angle between
them they are termed transfer val-
ues, i.e., transfer impedance.

In  practical measurements a
choice must be taken of which ratio
should be measured. In many cases
the choice is not critical, and any de-
sired parameter may be chosen.

However, each of the ratios in
Table 1 has its own advantages and
It may be selected for certain appli-
cations.

The easy comparison with mathe-
matical models will often give pref-
erence to either mechanical imped-
ance or mobility. Similtarly, the dy-
namic mass, and acceleration di-
vided by force both take full
advantage of the accelerometer dy-
namic range. For small systems the
ratios in the left half of the Table
may be chosen to ensure constant
motion and for very large systems
one of the ratios of the right hand
side of the Table are to be chosen
because of their demand for con-
stant force. Thereby maximum sig-
nal level can be provided over the
whole frequency range for a given
vibration exciter.
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Fig.1. Measurement arrangement suitable for measurement of the ratios given in Table 1

Measurement of Modulus of
Elasticity

In Fig.1 is shown a measurement
arrangement used to measure the
stiffness of asphalt bars produced as
test specimens, or cut from a fin-
Ished road.

In this application which is fully
described in Ref.{4) the stiffness was
chosen to be recorded, as a constant
displacement was considered to
come nearest to the conditions for
asphalt in a finished road. The
measurements were carried out to
determine the modulus of elasticity
of asphalt at frequencies below the
first bending resonance and, there-
fore, both the stiffness and the
phase between force and motion
were needed.

The measurement set-up repre-
sents in fact a typical system for
measuring mechanical impedance,
mobility or other ratios. It contains
an Exciter Control which delivers a
sinusoidal signal to a Power Ampli-
fier and thereby to the Vibration Ex-
citer which directs a vibrational
force through a Force Transducer to
the application point. The motion is
picked up by an Accelerometer
which can be placed at the force ap-
plication point to measure the point
value {(as used in the above case),
or at another point to measure the
transfer value. The acceleration and

force signals are amplified in Condi-
tioning Amplifiers and filtered in a
two channel constant bandwidth
Tracking Filter which delivers fil-
tered signals to a Phase Meter and
to the Exciter Control. The Exciter
Control contains control circuits and
Integrating circuits to provide con-
stant force, acceleration, velocity or
displacement at the control point

-
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and to deliver any one of these sig-
nals to a graphic Level Recorder.

4

This system may, naturally, be re-
duced for simpler applications or
some of the instrumentation may be
interchanged with other instruments
which may provide optimal solutions
to other measurement problems,
(see also Ref.(3)).

Fig.2. Photograph of a CIMA hobbing machine subjected to a constant force from a vibration

exciter




In applications where measure- tween the active elements and the same housing. This unit, naturally,

ments are to be taken on very light structure. In such cases the Force must aiso be used in conjunction
structures,; an electronic mass com- Transducer may advantageously be with a suitable mass compensation
pensation unit must be introduced to interchanged with an Impedance when i1ts 1 gramme mass below the
compensate for that part of the Head which combines both force active elements may introduce errors
Force Transducer mass which is be- transducer and accelerometer in the In the measurements.

The properties of a hobbing
. machine

Accelerometer 4370

Fig.3 shows the measurement ar-
rangement used for a narrow band
frequency analysis carried out during
the cutting of a gear wheel. The
vibration at several points was an-
alyzed to obtain information about
transverse and longitudinal vibration
levels at different frequencies. The
¢ results measured at one point are
given in Fig.4.

As mentioned above the limiting
factor Iin measurement on heavy
structures i1s the available force.

Hobbing Machine

This was partly the case for mea-

~ Conditioning _
Amplifiers 2626 surements on a CIMA hobbing ma-
e chine which were carried out at Bo-
i e logna in 1971. Here measurements
- ";l'

were taken with the instrumenta-
tion and arrangements shown In

Figs.2, 3 and 5.

Leve! Recorder 2307

| . ' -
. . 85 @8
- - | []
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e —
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Heterodyne Analyzer 2010

Mechanical
sweep drive

273234/1

Fig.3. Measurement arrangement for frequency analysis of the signal from the hobbing ma-
chine during operation
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Fig.ba. Measurement arrangement for measurement of acceleration as a function of frequency
at constant force for the hobbing machine

To obtain knowledge about the
structural response of the hobbing
machine and to compare this with
the results from frequency analyses
the machine was excited by a Vibra-
tion Exciter by means of a push rod
while the exciter was suspended
from a crane. The arrangement is
shown in Fig.b.

The instrumentation 1s similar to
that of Fig.1 except that a smaller
Vibration Exciter 1s used and that
the Phase Meter and the Tracking
Filter is omitted. The force was ap-
plied first to a gear wheel at 90°
and 45° angle to the machine axis
as indicated in Fig.bb. The mass of
the vibration exciter acted as reac-
tion to the applied force which was
kept constant over the frequency
range from 10 to 1000 Hz.

Vibration Exciter 4801/4814

/‘

i

Hobbing Machine

IaN\n il

Cutting Wheel

Accelerometer 4370

8200
g Gear
Force Wheel
Transducer

A -

b)

Vibration Exciter
4801/4814

Accelerometer 4370

N\

Dummy Cutting Wheel

Hobbing Machine

v

Force Transducer
8200

Gear |
Wheel

273230/

Fig.5b and ¢c. The measurement arrangement of Fig.5a. as seen from above
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Fig.6. Acceleration as a function of frequency for a constant force applied at 45° to the machine axis. Above: In the transverse direction, below:
In the longitudinal direction |

17Hz 0,0B?Q
(,0644¢
0,059g
0,051g
0,049¢
0,047g .
0,042g For each force application mode
'/g’gigf 100N the application point accelerations at
0,044 90° and 0° for constant force of
0,034g 100N were recorded as shown in
0,0279 Fig.6 for 45° excitation of the gear
0,046¢ wheel. It is seen that a number of
frequencies show resonance peaks.
273238
Fig.7. The acceleration levels at 17 Hz measured in transverse direction at different points of The frequency sweeps of the vi-
~ the machine bration exciter were stopped at some
001 0,033 of these frequencies while accelera-
33,7Hz -0 0,0304 tion was measured at several points
0,035 | across the hobbing machine;
0,023g _ _
0,022g The results of transverse vibration
0,023g at 17Hz are shown in Fig.7. They
g'ggig indicate that 1/Hz is a rocking fre-
0,028g - quency of the whole machine which
100“?{*}0333 is not interesting for this investiga-
0,0186g fion.
0,012g
0,013g | |
Fig.8 shows the figures for
273241 33,7 Hz. It is seen that the reso-
“ ' nance is related to the machine tail-
Fig.8. The acceleration levels at 33,7 Hz in transverse direction stock.



0,064 0,065 014 Figs.9 and 10 show the results for
190Hz | 0,06¢ 190 and 397 Hz. Both show indica-
0,084 tion of resonance in the gear wheel

0,119 fixture.
0,13g

?{,3323 Similar measurements were con-
0,054 ducted at the cutting wheel dummy,
0,12g for excitation at 45° to the ma-
5?3%“; chine’'s axis. The acceleration was

0,12 measured at 0° and 90° to the ma-
™ 0,13g chine’s axis and two such recordings
_l are shown in Fig.11 for excitation of

the cutting wheel dummy.

\\"-=‘l!"

ﬁ

:

"In

i

-/

273238

Fig.9. The acceleration levels at 190 Hz in transverse direction From the lowest curve it 1S seen

that a rocking frequency is present
0,359 in the longitudinal axis at 20,9 Hz.

20,1g At 82 Hz there is a strong longitudi-
3*223 nal vibration caused by a resonance

g,gg of the hobbing wheel support. None
79

. 2'8g of the resonances seem to be hit by

'.g 0,39 any frequency in the measured fre-
n.‘ 0.2 quency spectrum (Fig.4) and only
g 19%24 further analysis, including phase
0.2q measurements would reveal if the
0,15¢ construction could be further opti-

mized.

397Hz

0,2

N

:

273240

Fig.10. The acceleration levels at 397 Hz in transverse direction
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Fig.11. Acceleration as a function at frequency for a constant force applied to the dummy cutting wheel at 45° to the machine axis. Above: Trans-
verse direction, and below: Longitudinal direction



Rudder resonances of a large
tanker

Measurements were carried out in
June 1973 at Odense Staal-
skibsvaerft A/S, Lindg to verify calcu-
lated resonances of the rudder of a
2850001 tanker. The measurement
arrangement is given in Fig.12, and
by the cover photograph.

A Vibration Exciter 1s suspended
by wire straps from the scaffolding
on the top of the rudder. The exciter
mass acts as reaction to a constant
force of TO00N which s directed
into the side of the rudder via a push
rod and a Force Transducer as seen

Both force and acceleration sig-
nals are led via Conditioning Amplifi-
ers Type 2626 to a two channel
Tracking Filter from which the force
signal 1s led to the measuring cir-
cuit and the compressor of the Exci-
ter Control Type 1047 which feeds
the Vibration Exciter via a Power

Amplifier. From the other Filter
channel the acceleration signal Is
led to the Level Recorder Type

2307 on which the signal level is
recorded in a decibel scale. Taking
two signals from the Tracking Filter
to a Phase Meter allows phase
measurement between ftorce and ac-
celeration (or between two accelera-
tion signals if the force signal by-

on Fig.13. The resulting acceleration passes the Tracking Filter). The
signals at different points on the phase measurements can be re-
rudder are picked up by Accelerome- corded on the Level Recorder in a
ters Type 4370 and 8306. separate run.
Accelerameterfi?ﬂ N
Wire Suspension )
Rudder

~Vibration Exciter
4802/4819 !

[

ii I

; J;I

I | e———————————{ F orce Transducer

:l: ﬁ; +— -

R )
Accelerometer 8306
i \ | Y Accelerometer 4370
Y
':'\ :':" :E' Conditioning
e ®® o & Amplifiers 2626
IR SOt e T
Power Amplifier
2708
! ' ' J

Level Recorder
2307

;
+

- oo

'Y

|

Exciter Control 1047

Tracking Filter
K716

1| Phase Meter
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Fig.12. Measurement arrangement used to obtain the point and transfer mobilities of a ships

rudder

For the purpose In guestion the
signal frequency was varied with a
sweep speed of 0,1 Hz/s in the fre-
quency range from 4Hz to 30H:z
while recording the accelerations for
constant force from the rudder tip,
the rudder bottom and the rudder
horn, as well as from the force ap-
plication point (see Fig.14).

The recorded accelerations (exam-
ples in Fig.1b), were used to con-
struct a diagram (Fig.16) from which
the point and transfer mobilities
measured at the different points
could be compared.

From this diagram it is seen that
at 7,5 Hz the force application point
experiences an antiresonance while
the transfer mobilities showed peaks
at this frequency, thereby indicating
that the rudder is vibrating around
an axis through this point. This can
be confirmed by using the phase
measurements (example in Fig.17)
together with the acceleration values
to draw figures of the acceleration
modes at certain frequencies. Such
figures are shown for four frequen-
cies in Fig.18 and it is clearly seen
that the vibration modes are chang-
ing rapidly as the frequency is varied
across the antiresonance at 7,5 Hz.

A further knowledge can be ob-
tained of the stiffnesses and
masses, as well as of rotary inertias
involved in the rudder and rudder
nost construction from a compar-
ison of the measured values with
calculated rudder models.

Further measurements of rudder
response will be carried out by the
shipyard laboratory during the trial
runs. These tests on a rudder in nor-
mal submerged condition with pro-
peller excitation will, Iin conjunction
with the above mentioned results,
reveal information about the water
mass to be accounted for in the cal-
culation of future new construc-
tions.

An improved knowledge of these
factors has a great economic import-
ance. Even very slight decreases in
service speed because of rudder re-
sonances that coincide with pro-
peller frequencies, would reduce sig-
nificantly, the profit of the ship oper-
ators, and thereby the competitive
situation for the shipyard would be-
come less favorable.
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