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Preface

Unwanted vibrations at even very low levels of acceleration can lead
to serious problems in monitoring and control of industrial processes as
well as in the conduct of accurate measurements of many kinds.

At higher

levels of acceleration, vibrations can cause structural damage, degradation of
product quality, can directly result in human discomfort, and produce airborne
acoustical noise.

When possible,

at the source; however,

it is often preferable to control vibration

this may not be practical if to do so would require

costly redesign or modification of equipment or structures.

Modification of

the transmission path between a source of vibration energy and the equipment
that must be protected from excessive vibration is frequently the most
cost-effective means of vibration control.
In this handbook, Dr. Snowdon has carefully reviewed, evaluated and
synthesized a large body of literature concerned with the use and the
characterization of the performance of vibration isolators and has summarized
analytical and experimental procedures for characterizing the effectiveness of
antivibration mountings.

This state-of-the-art review also provides a basis

for further research in the development of improved techniques for evaluation
of vibration isolation.
We are pleased to make this report available as a resource for designers
and users of vibration isolation systems and for scientists and engineers who
are carrying out research on this important topic.

John A. Simpson, Director
Center for Mechanical Engineering
and Process Technology
National Engineering Laboratory

iv

Abstract
The results of a search and critical evaluation of the literature
pertinent to both the use and the characterization of the performance of
antivibration mountings for the control of noise and vibration are described.
First to be discussed are the static and dynamic properties of rubberlike
materials that are suited for use in antivibration mountings.

This is

followed by analyses of the simple (one-stage) mounting system and its
subsequent, impaired performance when second-order resonances occur either
in the isolator (wave effects) or in the structure of the mounted item
itself (nonrigid supporting feet).

A discussion is then given to the

performance of the compound or two-stage mounting system which possesses
superior isolation properties for high frequencies.

Next, the four-pole

parameter technique of analysis is described and applied, in general terms,
to the characterization of the performance of an antivibration mounting
with wave effects for both the cases where either the supporting foundation
or mounted item are nonrigid.

The adopted methods for the direct measure¬

ment of antivibration-mounting performance are described, followed by an
explanation of how this same experimental determination of transmissibility
can also be made using an indirect measurement technique based upon fourpole parameter analysis considerations.

Finally, recommendations for

future work in various areas of research on antivibration mountings are
given.

Key Words:
engineering;

Antivibration mounting; damping; dynamic properties; industrial
isolation; machinery and equipment; mechanical impedance;

mechanical vibrations; noise control;
isolation.

transmissibility; vibrations; vibration
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Introduction

This report is concerned with vibration isolation, with antivibration
mountings (resilient isolators), and with the static and dynamic properties
of rubberlike materials that are suited for use in antivibration mountings.
The design of practical antivibration mounts incorporating rubber or coiledsteel springs is described in Refs.
etc.) are described in Refs.

1-27; pneumatic isolators (air mounts,

5, 28-35.* Throughout the literature, as here,

attention is focussed predominantly on the translational
ness of antivibration mountings.

(vertical) effective¬

However, the two- and three-dimensional

vibration of one- or two-stage mounting systems is addressed in Refs. 4,
10,

12, 36-56.
Following a description of the static and dynamic properties of

rubberlike materials, the performance of the simple or one-stage mounting
system is analyzed, account being taken of the occurrence of second-order
resonances in the isolator and in the mounted item.

In the latter case,

as likely in practice, the bulk of the mounted item is assumed to remain
masslike whereas the feet of the item are assumed to be nonrigid (multi¬
resonant) .

Discussion is then given to the two-stage or compound mounting

system, which affords superior vibration isolation at high frequencies.
Subsequently, the powerful four-pole parameter technique (Ref.

57)

is

employed to analyze, in general terms, the performance of an antivibration
mounting with second-order resonances (wave effects) when both the foundation
that supports the mounting system and the machine are nonrigid.
The universally adopted method of measuring mount transmissibility is
then described,
* Occasionally

followed by an explanation of how transmissibility can also
in this report,

trade names are given

in order

to

provide

adequate identification of materials or products.
Such identification
does not constitute endorsement by the National Bureau of Standards.

2

be determined by four-pole parameter techniques based on an apparatus used
by F.

Schloss

(Ref. 58).

The four-pole measurement approach has not been

exploited hitherto, but it is apparently feasible and valuable because it
enables mounts to be tested under compressive loads equal to those
routinely encountered in service.

1.

Static Properties of Rubberlike Materials

The strain induced in a purely elastic linear material is proportional
to the stress that produces the deformation.

As explained in Ref. 59, two

fundamental types of deformation that a rubberlike material may experience
are described by two independent elastic moduli.

Thus, the shear modulus

G describes a shear deformation for which the material does not change in
volume [Fig.

1(a)], and the bulk modulus

B

describes a volume deformation

for which the material does not change in shape [Fig. 1(b)].

Rubbers that

do not contain fine particles of carbon black reinforcement (filler) have
shear and bulk moduli of approximately 0.7 and 10

3

MPa (7 x 10

6

and

1 x 1010 dyn/cm^ or 100 and 10~* psi) .
A sample of material sandwiched between plane, parallel, rigid surfaces
in the configuration of Fig.

1(c)

is frequently said to be in compression,

but it is not homogeneous compression governed by the bulk modulus B.
fact, the mechanical behavior is governed primarily by

B

In

only when the

lateral dimensions of the sample are very large in comparison with the
sample thickness

[Fig.

1(d)].

In this event the material changes in both

shape and volume, and the ratio of stress to strain in the material is
described by a modulus

M

given by

M = B + (4G/3)

* B

(1)

3

(a)

(b)

(c)

/y////////////////7//7////////////////>/

(e)

(d)

Fig.

1

Simple deformations of a rubberlike material.

(Ref. 59.)

4

This is to say the resilience that is normally associated with the rubber¬
like material is not apparent because B » G.

If resilience is required

in this situation, it is necessary to use spaced strips of material or a
perforated sheet (Ref.

3), thereby leaving the material free to expand

laterally when it is compressed vertically.
Also considered must be the other geometric extreme, in which the
lateral dimensions of the sample are small in comparison with the sample
thickness; namely, the sample is a rod or bar and the stress is applied
along its axis as in Fig.

1(e).

In this event the ratio of stress to

strain in the material is governed by the Young's modulus E (approximately
2 MPa, 2 x 10

7

2
dyn/cm , or

300 psi for unfilled rubbers), and the ratio

of the resulting lateral to axial strain is described by Poisson's ratio
v.

For rubbers, it is well known that

E = 9 BG/(3B + G) « 3G

(2)

and
V = [(E/2G) - 1] ~ 0.5

.

(3)

An element of rubberlike material in the configuration of Fig.
possesses an apparent modulus of elasticity E
value to the moduli

E

and

M

[Figs.

1(c)

that is intermediate in

1(e) and (d)].

The rubberlike

material is usually bonded to the rigid surfaces between which it is
compressed, in which case (Refs.

21,

23, 60, 61)

it is possible to state

that

E

E(1 + BS2)
a

[1 + (E/B)(1 + BS2)]

(4)

5

where the so-called shape factor

S

(Refs. 3, 5,

11,

13, 15, 21-23, 26,

39, 59-75) is equal to the ratio of the area of one loaded surface to the
total force-free area, and

6

is a numerical constant.

of a rubber cylinder of diameter

D

and height

£

is equal to D/4£; the

shape factor of a rectangular rubber block of sides
£ is equal to ab/2£(a + b).

The shape factor

a

and

b

and height

For all samples except those with large lateral

dimensions (large shape factors), Eq. 4 can be written as

E

3

= E (1 + BS2)

.

(5)

Note that because E ~ 3G, the apparent modulus of elasticity E

3

is some simple

numerical multiple of the shear modulus G.
The dependence of the apparent modulus E
Fig. 2 for rubbers of various hardness (Refs.
figure have the form predicted by Eq. 4.

3

on shape factor is plotted in

21, 23).

The curves of this

Measured values of E, G, and B for

natural rubbers of increasing hardness (increasing volume of carbon black
filler) are listed in Table I
listed.

(Ref.

23); the related values of

For rubbers unfilled by carbon black,

3=2.

3

are also

Equation 5 is valid

for samples that are circular, square, or moderately rectangular in cross
section.

However,

for a pronounced rectangular rail-type sample--a so-called

compression strip for which b » a--a companion equation pertains (Refs.

21,

23); that is,

(6)

Ea = (2/3) E(2 + BS2)

where S = a/2£.
Hardness measurements can provide an estimate of
and 3, 5, 11,

13, 17, 39, 76, 77).

E

and

G

(Refs. 23

Hardness is readily measured but is

6

Fig.

2

Dependence of the apparent modulus E

on
cl

shape factor

S

for natural rubbers of

various hardnesses.

(Refs.

21, 23.)

Table 1.
containing (above 48 IRHD) SRF carbon black as filler.

(Ref.

23.)

Hardness and elastic moduli of natural rubber spring vulcanizates

7

to r\i

03 Q

to
CD
C

+ |

nJ 2
X

U X

O
to

LO
tO

O
oi-

LO
Of

O
LO

LO
LO

O
\£>

md

LO

r—

O

r—

LO

8

subject to some uncertainty, hence the tolerance in the hardness
values quoted in Table I.

Rubber hardness is essentially a measure

of the reversible, elastic deformation produced by a specially
shaped indentor under a specified load and is therefore related
to E.

Readings in International Rubber Hardness degrees (IRHD) and

on the Shore Durometer A scale are approximately the same.

An

objection to such hardness measurements is said to be that both
stress and strain vary throughout the test.

Thus, as the indentation

proceeds, the load is distributed by an increasing area of contact
between the indentor and the sample, so causing the average contact
pressure to diminish.
Creep is the continued deformation (drift) of a rubber under
static load (Refs.

23 and 11,

12,

15, 39, 62, 78-81).

When the

load is removed, all but a few percent of the original deformation
is recovered immediately;
may never be achieved.
termed permanent set.

further recovery takes much longer and

The incompletely recovered deformation is
Creep varies linearly with the logarithm

of time; for example, the amount of creep occurring in the decade
of time from 1 to 10 minutes after loading is the same as the
amount in the decade from 1 to 10 weeks after loading.

Creep

under load should not exceed 20% (for 70 IRHD) of the initial
deflection during the first several weeks; only a further 5 - 10%
increase in deflection should then occur over a period of many
years.
Load-deflection and stress-strain curves for statically com¬
pressed rubber are referred to throughout the literature (Refs.

3,

9

5,

11,

13,

17,

21, 23,

76, 77, 82-91).
shown in Fig.

27,

36,

39,

60, 61, 63, 64, 67, 69, 70, 73, 74,

A series of stress-strain curves from Ref.

11 is

3, which refers to various shape factors and deflections

up to 50% (a value seldom reached in practice) for a rubber hardness
of 40 Shore Durometer.

These data are said not to be limited to one

type of rubber but they do relate to room temperature and to rubber
samples bonded to rigid surfaces as in the manner of an antivibration
mount [Fig.

1 (c)].

To conclude,

it is appropriate to mention that the natural fre¬

quency fQ of a resiliently mounted item (Sec.
terms of the static deflection

d

3) can be expressed in

of the resilient element as follows:

f

= 0.4984/fcT Hz

(d meters)

f

= 3.1273/Zd Hz

(d inches)

(7)

or

Values of f

2.

.

(8)

can be read from the straight-line plot of Fig. 4.

Dynamic Properties of Rubberlike Materials

The dynamic properties of rubberlike materials that experience sinu¬
soidal vibration are readily accounted for by writing the elastic moduli

10

1000

600

400

COMPRESSION STRESS (psi)

800

200

0

Fig.

3

Stress-strain curves of 40 durometer rubber in
compression with various shape factors.

(Ref.

11.)

11
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Fig. 4

Natural frequency of a simple mounting system versus static
deflection of the antivibration mount.

12

that govern the vibration as complex quantities (Ref. 59).

For example,

the Young’s modulus and the shear modulus are most generally written

E

. = E
0 (1 +
(0,0
(0,0

.)
E(o,0

(9)

G

0 = G
Q
(0,0
(0,0

(1 + j<5_
J
G(O,0

(10)

and

Here, the star superscripts denote complex quantities and j = /-I; the socalled dynamic moduli E^ ^ and
*
E

q are the real parts of the complex moduli

*
Q and G

0 , and S_

_ and

n are the so-called damping or loss factors

associated with the Young's modulus and shear deformations of the material.
The subscripts
factors are,
ture 0.

oo

and

0

in general,

indicate that the dynamic moduli and damping
functions of both angular frequency

oo

and tempera¬

The damping factors are equal to the ratios of the imaginary to the

real parts of the complex moduli, and are directly equivalent to the reciprocal
of the quality factor

Q

that is employed in electrical circuit theory to

describe the ratio of an inductive reactance to a resistance.

The damping

factors are also equivalent to other commonly employed measures of damping
such as those listed in Fig. 5.
There is nothing magical in the concept of a complex modulus--it means
only that strain lags in phase behind stress in the rubberlike material by
an angle the tangent of which is the damping factor 6^^ ^ or 6^ q.

The

damping factors % 1.0 for "high-damping" rubbers, and « 0.1 or less for
"low-damping" rubbers--in which case the dynamic moduli and damping factors
vary only slowly with frequency through the audio-frequency range at room
temperature, as will be illustrated subsequently.

13

DAMPING FACTOR 6 = LOSS FACTOR 7? or ^

= TAN 6
= 2 (DAMPING RATIO C/C )
c
= (1/tt) (LOGARITHMIC DECREMENT)
= (1/2tt) (SPECIFIC DAMPING CAPACITY)
= l/(QUALITY FACTOR Q)
= (RESONANT BANDWIDTH)/uQ

(PROVIDED THAT THE DAMPING FACTOR IS LESS THAN APPROXIMATELY 0.3)

Fig.

5

Equivalence between the damping factor

6

employed

in this report and other commonly employed measures
of damping.

14

For rubberlike materials, the complex shear and Young's moduli exhibit
the same frequency dependence (Ref.

E

0),

59); that is to say,

Q = 3 G
„
0
CO, 0

(ID

and

(12)

6Eoo,0 = 6Goo,e

The dynamic moduli of Eq.

11 are found experimentally to increase in value

when frequency increases or when temperature decreases.
visualized by reference to Fig.

This is best

6, where, for example, the dynamic modulus

G^ q and damping factor <5^ q are shown diagrammatically as a function of
angular frequency co (hereafter referred to simply as frequency) and tempera¬
ture 0.

The transition frequency co

and temperature 0

refer to the transi¬

tion of rubberlike materials at sufficiently high frequencies or sufficiently
low temperatures to an "inextensible" or glasslike state, G^ g becoming so
large that the characteristic resilience of the material is no longer
apparent.

At the so-called rubber-to-glass transition, the damping factor

passes through a maximum value that lies approximately in the frequency or
temperature range through which G

Q is increasing most rapidly.

co, 0

Much effort has been expended over the years to develop test apparatus
to yield values of the dynamic moduli and their associated damping factors
(Refs.

13,

17,

21, 66,

75, 92-119).

One apparatus has been particularly

criticized (Refs. 110, 120-127), but for soft rubberlike materials and data
recorded away from regions of fluctuating response, the results obtained are
thought to be reliable.
Any single piece of apparatus is limited in that dynamic measurements
cannot be made through an extensive frequency range; however, it is generally

15

(b)

Fig. 6

Dependence of (a) the dynamic shear modulus

q

and (b) the shear damping factor <5^ q °f a
rubberlike material on angular frequency
temperature 0.

(Ref.

59.)

w

and
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straightforward

to make measurements through a wide temperature range.

Then,

with a well-established technique known as the method of reduced variables,
the dynamic moduli and damping factors can be predicted through a very broad
frequency range at a single temperature of interest such as room temperature.
The method of reduced variables (Ref.

59), although originally semiempirical,

is now well validated both by theory and by successful usage.
Examples of data established in the foregoing way (Ref. 59) are re¬
produced in Figs.

7-9, where the dynamic shear moduli and damping factors of

unfilled natural rubber, natural rubber filled with 50 parts by weight of
high-abrasion furnace (HAF) black, and Thiokol RD rubber are plotted versus
frequency in the audio frequency range 1 Hz - 10 kHz at 5°C, 20°C, and 35°C.
Other measurements of the dynamic shear and Young's moduli and their
associated damping factors are reported in Refs.
94-96, 99,

100,

102,

104,

105,

108,

21, 59, 62, 65, 73, 79, 86, 92,

110, 111, 116-118,

128-142.

Rubbers are reinforced with carbon black to increase their stiffness,
tear resistance, and abrasion resistance--to an extent that depends on the
type of black utilized.

Furnace, channel,

lamp, and thermal blacks cover a

wide range of particle sizes; furnace and channel blacks are the most finely
divided.

Note that the presence of carbon black (1) has increased the

dynamic shear modulus of the natural rubber of Fig. 8 by a factor of
approximately 10 above that of the unfilled rubber of Fig.

7, and (2) has

increased the value of the damping factor, particularly at low frequencies.
It should be recognized, however, that the addition of carbon black may
reduce the damping factor significantly at frequencies above the range
considered here.
Although G

Q and

co y y

Q increase only by a factor of two or three at

(jgq y y

room temperature through the four decades in frequency considered in Fig. 8,
it is well to remember this fact if satisfactory engineering design is to
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Frequency dependence of (a) the dynamic shear modulus, and (b)
the damping factor of unfilled natural rubber at 5, 20, and 35°C
(41, 68, and 95°F).

(Ref.

59.)
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Frequency dependence of (a) the dynamic shear modulus, and (b)
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9

Frequency dependence of (a) the dynamic shear modulus, and (b)
the damping factor of an unfilled rubber Thiokol RD.

(Ref.

59.)
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be achieved when high-frequency vibration is of concern.
dynamic modulus G

co> 0

By contrast, the

of high-damping rubberlike materials increases greatly

with frequency, and

^ and 6^ ^ are strongly dependent on temperature,

as the curves of Fig.

9 for Thiokol RD rubber illustrate.

Thiokol RD was

produced some years ago as an experimental copolymer of butadiene-acrylonitrile
and, most probably, chloroprene.

It is referred to here because, in analytical

studies of antivibration mountings that are described subsequently, its pro¬
perties have been considered to typify those of high-damping rubbers.
The data of Figs.

7-9 relate to small amplitudes of vibration for which

the rubberlike materials exhibit linear behavior.

Whereas unfilled and

lightly filled rubbers remain linear for increasing strain, up to relatively
large strains, the dynamic moduli and damping factors of moderately and
heavily filled rubbers show a strong amplitude dependence (Refs.
86, 98,

103,

106,

curves of Figs.
The data of Fig.

107,

135, 136,

143-154).

15,

73, 81,

This fact is exemplified by the

10 and 11, which are drawn from Refs.

144 and 135, respectively.

10, for example, which refer to exciting frequencies in the

range 20 - 120 Hz,

show that the dynamic shear modulus of natural rubber

containing 40 parts by volume of medium processing channel (MPC) black is
more than halved when an alternating shear strain of 3% breaks down the
three-dimensional aggregates or so-called matrix of carbon particles within
the rubber.

The greatly increased damping factor that accompanies this

strain amplitude is primarily a reflection of the reduction in value of the
dynamic modulus--rather than an increase per se in the imaginary part of the
complex modulus, which remains essentially constant.
In conclusion, it

is appropriate to note that the static load experienced

by a rubber sample can also influence its dynamic properties.
addressed in Refs.

62, 82, 88, 95, 96, 109, 112,

For example, data from Ref.

115,

96 are reproduced in Fig.

This fact is

119, 142, 155,

156.

12, where the dynamic
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Fig.

10

Dependence on vibration amplitude (% shear)
of (a) the dynamic shear modulus, and (b)
the damping factor of natural rubber filled
with various parts by volume of MPC carbon
black per 100 volumes rubber.

(Ref.

144.)
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Fig. 10(b)Dependence on vibration amplitude
(% shear) of the damping factor
of natural rubber filled with various
parts by volume of MPC carbon black
per 100 volumes rubber.

(Ref. 144.)

LOSS FACTOR

DYNAMIC SHEAR MODULUS (MPa )
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DYNAMIC SHEAR STRAIN AMPLITUDE (m/m)

Fig.

11

Dependence on dynamic shear strain amplitude of the dynamic shear
modulus and damping factor of natural rubber filled with 50 parts
by weight of carbon black per 100 parts rubber.

(Ref.

135.)

MAGNIFICATION

24

Fig.

12

Dependence on static stress of the dynamic
stiffness and magnification Q = (damping
factor) 1 of natural rubber.

Excitation

frequency 60 Hz; rubber hardness approxi¬
mately 50 Shore Durometer.

(Ref.

96.)
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stiffness and magnification Q = (damping factor)

of a natural rubber sample

having a hardness of approximately 50 Shore Durometer are plotted versus static
stress in the range 0.35 - 1.05 MPa (0.35 - 1.05 x 10
50 - 150 psi).

7

2
dyn/cm , or

Superimposed on the static displacement produced by

this stress is a small displacement of 60 Hz frequency and rms amplitude
of 0.5 - 1.8 x 10_5m (0.2 - 0.7 x 10_3in.).

3.

Simple Mounting System

The simple mounting system (Refs.
133,

157-178)

is shown in Fig.

4, 9,

11,

13,

20, 24, 59, 68, 81,

13, where an element of mass

M

is supported

by a linear rubberlike material utilized so that its behavior is governed by
k

the complex shear modulus

q (Sec.

2).

Here, and subsequently, it is
k

assumed that the temperature remains constant, so that

q may be written

as

G

The mounted item

M

= G

(1 + j6

)

.

(13

is assumed to be supported at its center of gravity, and

to vibrate only in the vertical direction; it is excited either by a sinu¬
soidally varying ground displacement x , as in Fig.
dally varying force F , as in Fig.

13(b).

13(a), or by a sinusoi¬

If the transmissibility

T

across

system (a) is defined as the magnitude of the displacement ratio |x^/x^|, and
if the transmissibility across system (b) is defined as the magnitude of the
force ratio

|F^/F |--then, at any one frequency,

t =

iq/xj =

liyql

(14)

26

(a)
Fig.

13

Simple mounting system with rubberlike material.
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where x

is the displacement of

M

in Fig.

13(a) and

mitted to the ideally rigid foundation in Fig.

13(b).

is the force trans¬
Thus, the results of

a single calculation or measurement of transmissibility have dual signifi¬
cance.

Further, because sinusoidal motion is of concern, T can equally well

be expressed as the acceleration ratio

[A^/A^l, where A^ = (jto) x^,

i = 1, 2.

The transmissibility across the simple mounting system is given
(Ref.

59) by

r2

(1
T =
{[1 -

.

<VGw Y2

(15)

(u/uiof(Go/GJ]2 ♦

From this general equation, the transmissibility of any linear rubberlike
material can be calculated, provided that the dependence of
frequency is known.

and 6^

upon

The quantity Gq is the value of G^ at the natural fre¬

quency wq of the system, which is defined as the frequency for which,

in

the absence of damping, T becomes infinitely large; that is

w2 = kG /M
oo

where the constant
cross-sectional area

k

,

(16)

has the dimensions of length.
A

and length (height)

For a rubber mount of

£ , reference to Eq.

5 shows

that

k = 3(A/£) (1 + gS2)

more simply,
drawn in Fig.

(17)

if the rubber element is used directly in shear, rather than as
13, then k = (A/£).
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The parallel spring and viscous dashpot combination of Fig.

14(a) is

frequently discussed in the literature concerned with antivibration mountings
(Refs.

6, 27,

36, 39,

55, 59, 77,

important to recognize (Ref.

78, 88, 175, 176,

179-190); however, it is

59) that the dynamic properties of the combina¬

tion poorly represent those of rubberlike materials.

In fact, the damping

factor of the combination is directly proportional to frequency--in contrast
to the damping factors of either low or high-damping rubbers (Sec.

2).

Again,

it is important to recognize that the three-element combination of two springs
and one dashpot shown in Fig.
180,

182,

184,

187,

188,

14(b)

(Refs.

39,

59, 98,

159,

170,

175,

176,

191-193) also fails to provide a satisfactory

representation of a rubberlike material, even though (1) the combination
does exhibit creep under constant stress (Sec.

1), and stress relaxation

under constant strain, and (2) the combination does stiffen by a small
constant amount as frequency increases and, by association, is said to
possess a transition frequency.

However, the overall stiffness increases

by a factor that is of the order of units rather than hundreds or thousands
as observed for rubberlike materials in practice (Sec.

2 and Ref.

59).

Consequently, analyses based on the spring and damper combinations of
Fig.

14 can provide misleading conclusions unless the springs and dampers

are viewed solely as mechanical devices.
The transmissibility of natural rubber, natural rubber filled with
carbon black, and the high-damping rubber Thiokol RD is shown in Fig.
Data have been taken from Figs.

15.

7-9 for these rubbers and inserted numeri¬

cally into the expression for transmissibility given by Eq.

15.

The natural

mounting frequency has been chosen as 5 Hz and the ambient temperature is
20°C.

Transmissibility is plotted on a decibel scale; thus, a displacement

ratio or a force ratio
(dB).

T

appears on a decibel scale as 20 log^T decibels

Negative values of T(dB) mean that the input displacement or force

29

2

X,

Fig.

14

Simple mounting system with two- and three-element
spring- and viscous-dashpot combinations.
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171.)
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has been attenuated by the introduction of the rubber mounting; positive
values of T(dB) mean that undesired magnification has occurred.
An antivibration mounting is required to provide small values of transmissibility at all frequencies that are contained in the Fourier spectrum of
the displacement applied to its foundation, as in Fig.

13(a), or in the

spectrum of the force applied to the item of equipment or machinery that
it supports, as in Fig.

13(b).

Thus, an effective antivibration mount

should afford
(1) a low natural mounting frequency co ,
(2) a low transmissibility at resonance,
and
(3) a transmissibility that decreases rapidly with frequency at fre¬
quencies greater than ooq.
A low natural frequency can be obtained by employing a mount of suitably low
stiffness (or by increasing the mass of the mounted item).

Because the

lateral stability of the mounting system must be maintained, the extent
to which the stiffness of the mounting can be reduced is limited.

In

practice, the natural frequencies of mounting systems are generally
selected to be equal to or greater than 5 Hz.

The use of a high-damping

rubber can ensure that the resonant transmissibility will take small values.
The rate at which transmissibility decreases with frequency above co^
varies considerably with the type of rubberlike material utilized in the
mounting.

Transmissibility decreases most rapidly with frequency for natural

and other low-damping rubbers--essentially in proportion to 1/co
octave).

2

(12 dB/

The transmissibility of Thiokol RD and other high-damping rubbers

decreases at a much slower rate.

This is one of the major drawbacks to the

use of high-damping rubbers in antivibration mountings; the low resistance
to creep (Sec.

1) of some high-damping rubbers is another drawback.

The

32

poor performance of these rubbers at high frequencies is predominantly caused
by the significant increase in value of their dynamic moduli
quency (as in Fig. 9).

with fre¬

Contrary to the supposition often made, the inherent

high damping of the rubbers has relatively small influence upon the values of
transmissibility above resonance.

To explain these facts, it is helpful to

refer again to the general transmissibility equation (Eq. 15).

Thus, at

frequencies well above ooq, this equation may be approximated as

T »

f1 + W

(18)

(C0/U3 )

o

The values of

possessed by natural and other low-damping rubbers increase

only slowly with frequency, and 6^remains small; consequently, T decreases
almost in proportion to the square of the exciting frequency.

By contrast,

the values of G^ possessed by high-damping rubbers increase rapidly with
frequency--a fact that, as mentioned, is primarily responsible for the large
values of transmissibility observed for these rubbers at high frequencies
(Ref.

59).
Although natural rubber and other low-damping rubbers such as neoprene

are the rubbers normally utilized in antivibration mountings, high-damping
rubbers would have greater application if they could be produced such that
their dynamic moduli G
quency.

O)

remained constant or increased only slowly with fre-

To date, it has proved impossible to satisfy this requirement; how¬

ever, the suggestion has been made (Ref. 59) that natural rubber be used
mechanically in parallel with a high-damping rubber of suitably smaller crosssectional area.

In this way, the dynamic modulus of the combination of

rubbers can be adjusted to increase relatively slowly with frequency, while

33

the associated damping factor takes values of significant magnitude inter¬
mediate to those of the constituent rubbers.

4.
4.1

Simple Mounting System —Impairment of Performance

General Discussion
It is appropriate now to mention some reasons why larger values of

transmissibility (reduced isolation) may occur at frequencies above resonance
than the curves of Fig.

15 predict.

ical or (b) they may be basic.

These reasons (a) may simply be mechan¬

Thus,

(a) Vibration isolation may be impaired by mechanical links that have
significant stiffness and hence that bypass, to some extent, the anti¬
vibration mounts.

For example, vibration from a resiliently mounted diesel

engine may reach its foundation via an exhaust pipe that is still rigidly
connected to a surrounding enclosure, or it may reach the foundation via
a bearing pedestal that supports a rotating shaft extending from the engine.
(b) Vibration isolation may be inadequately predicted at higher fre¬
quencies for the basic reason that the mounting system of Fig.
simplified a model of the practical situation.

13 is too

The mounting system can be

criticized for three primary reasons, which are outlined in what follows:
First, values of transmissibility have been derived theoretically
from knowledge of the mechanical properties of rubbers measured at small
dynamic strains.

It may be thought, therefore--particularly in the case of

rubbers filled with substantial proportions of carbon black (Sec.

2)--that

the performance of the rubbers under greater strains would differ from the
performance predicted by curves such as those of Fig.
comments may be made.

15.

However, two

First, although it is possible that the character

of the transmissibility curves of filled rubbers will be strain dependent

34

near resonance

~ w ), well designed mounting systems normally possess

(00

natural frequencies that fall significantly below the spectrum of fre¬
quencies that the mountings are required to isolate.
the exciting frequencies should fall where

10

In consequence,

» a)Q, and where the strain

is relatively small and is decreasing rapidly as

oo

increases.

Second,

even should a filled rubber exhibit nonlinear properties at frequencies
above resonance, the dynamic stiffness of the rubber would decrease in
magnitude (Figs.

10 and 11), so that the transmissibility of the mounting

system would also decrease; that is, the effectiveness of the mounting
would become greater.
Second, "wave effects" may be observed at high frequencies when the
mount dimensions become comparable with multiples of the half-wavelengths
of the elastic waves traveling through the mounting.

Alternatively, wave

effects may be thought of as occuring when the elasticity and the dis¬
tributed mass of the rubber mounting interact at high frequencies.
effects are discussed in Refs. 4,
162,

164,

165,

170,

171,

182,

6,

189,

20,

157,

158,

161,

194-203 (waves in individual springs

and rubber mounts are discussed in Refs.
evident,

39, 59, 68, 81,

Wave

156, 204-206).

Wave effects are

for example, in the measured transmissibility curves of Fig.

16,

which relates to a small natural-rubber mount containing 40 parts by
weight of EPC carbon black (Ref.

59), and Fig.

17, which relates to a

helical-spring and two natural-rubber mounts (Ref.

164).

Other measure¬

ments of the transmissibility of rubber mounts in the simple system are
described in Refs.
195,

201,

207-209.

13, 21,

59, 68,

145,

152, 157,

158, 161, 165-171, 194,

Although many pronounced wave resonances occur in the

transmissibility curves of springs, as in Fig.

17, the resonances in the

transmissibility curves of practical rubber mounts are not always of
primary concern.

In fact,

(a) the resonances are suppressed reasonably

TRANSMISSIBILITY

(dB)
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Fig.

16

Transmissibility of a simple mount of natural rubber filled with
40 parts by weight of EPC carbon black at 19°C.
has been calculated from Eq.
quency independent.

(Ref.

15 assuming that G

59.)
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(Ref.

164.)
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well by the internal damping of the rubber mounts, and (b), as will be
demonstrated, even the first of the wave resonances invariably occurs at
frequencies in excess of 20 o)o, where significant isolation has already
been achieved.
Third, the mounted item

M

may not behave as an ideally rigid mass.

For example, the flanges or feet on which

M

is mounted may fail to

remain ideally rigid and may resonate because of their poor design, so
giving rise to other peaks in the transmissibility curve at high frequencies-even though the bulk of the mounted item may continue to behave as a lumped
mass well into the high-frequency region.

The peaks in the transmissibility

curve may be troublesome because the internal damping of the metal feet will
be at least 5 or 10 times smaller than the damping of the rubber mounts in
which the previously discussed wave effects occurred.
from the bottom of the mounted item, or from its sides.

The feet may protrude
This will be the

case if the usually beneficial step is taken to locate the mounts in a
plane that passes through the center of gravity of the mounted item (so
minimizing the rocking motion it experiences if subjected to horizontally
directed vibratory forces).

Analyses of a mounted item with self resonances

will be described subsequently; other discussions of the problem appear in
Refs.

4.2

30,

160,

162,

164,

165,

173,

174,

188, 210.

Wave Effects
The geometry of the rubber components of antivibration mountings is

frequently complex, which makes precise theoretical calculations of trans¬
missibility difficult at high frequencies.

A guide to the character of

wave effects in antivibration mountings has been obtained, however, by
considering the transmissibility of "mountings" that obey the simple wave
equation for the longitudinal vibration of a rod of uniform cross section.

38

This approach has been taken by all earlier workers although, on two occasions
(Refs.

199 and 200), "mountings" have also been considered to obey the wave

equation for a transversely vibrating uniform beam.

A disadvantage of these

analyses is that they relate to "long" rods and beams with lateral dimensions
that remain small in comparison with the wavelength.

However, wave effects

in a cylindrical rodlike mount of significant lateral dimensions have been
analyzed (Ref.

59) using a "corrected" wave equation given by A. E. H.

Love.

In the Love theory, the radial motion of the plane cross section of the
mount caused by axial compression and extension is, in some measure, accounted
for.
The transmissibility

T

derived from the simple wave equation for a

"long" rod with internal damping can be written

•k

T = |[cos n ft

"k

k

(19)

y(n ft) sin n ft]|

-

k

where n

is the complex wavenumber of the rodlike mount.

The mass ratio

M _ M
Y “ Md
pAft

(20)

K

where

p

and

A

are the density and cross-sectional area of the mount and
k

ft is its length.

The dimensionless product (n ft) is conveniently written

(n ft) = (p + jq)

,

(21)

where

r

P =

nft
3Eco l

>

E
E

o

WJ

r

\

n

+ 1

Eoo
2

(22)
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and
*s

r

E
q =

0

fD

-

1 I

E03

E

(23)

2

l

(

J

In these equations, the dynamic Young's modulus

E

o

at the natural

mounting frequency coq.

n = co(p/Eo)'

(24)

and

Eco

It can be demonstrated that,

=

(1

(25)

6eJ

if the dimensionless quantity nil takes the

value N_ when go = oo ,
R
o

n£ = (oo/o)o) Nr -* (o)/(oo) (y) ^

•

Consequently, as nil is varied, corresponding values of
because N_ and oo

will have been designated.

will be known for each value of
for

p

and

q

oo

can be determined.

(26)

go

will be specified

In turn, values of E

(e.g.. Figs.

and 6„

7-9), so that the expressions

In practice, it appears that the mass

ratios for the majority of mounting systems take values in the range
50 < y < 350.

The smallest value of

missibility curve.

y

yields the least favorable trans-

Thus, the wave resonances correspond closely with the

natural frequencies

03.
1

= i 7T o)

o

/y

i = 1, 2, 3,

..

(27)

40

of the mount when clamped rigidly at each end; consequently, the smaller the
values of y , the lower the frequency at which the first wave resonance occurs
(i = 1) and the more apparent the departure of the transmissibility curve
from the predictions of the simple one-degree-of-freedom theory (e.g., Fig.
Note that,

if

> 50, then

y

1

The transmissibility
in form to Eq.

>

oo,

1

T

tt go

/50 > 20

o

to

o

15).

.

determined from the Love theory is identical

19:

T =

*
*
*1-1
|[cos N Z - y(N Z) sin N &]

(28)

In this equation, the parameter N Z represents the complex number (P + jQ),
where

P

and

Q

are functions of the foregoing quantities

the case of rubberlike materials for which E
the expressions for

P

and

Q

= 3G

0)

03

and

Eio

p

and
Gw

q.

In

(Sec.

2),

may be written

?

?

p = % [v + (v

I'

(29)

+ x ) 2l

and
2
Q = ^ [- y + (y

+ X J

(30)

J

where

b = [(p

2

2

- q ) -

2

<P (P

2

2 2

+ q )

]/£

(31)

X = 2pq/5

(32)

_
ri
. . 22
2.
A, 2
2. 2
K = [1 - 2<J) (p - q ) + (J) (p + q ) ]

(33)

4> = (r/2 £)

(34)

and

41

The quantity

r

is the radius of gyration of an elementary section of the

mount about its longitudinal axis; for example, if the mount is circular in
cross section and has a diameter D, then r = D/2 /2.
Wave effect calculations based on the "long-rod" theory (Eq.
plotted in Fig.

18 for values of the mass ratio y = 50,

19) are

100, and 250.

It

has been assumed that the dynamic Young's modulus and associated damping
factor are frequency independent, that

= 0.1, and that the first natural

h

frequency of the mounting system--for which n£ = N
again f

= co^/2tt = 5 Hz.

The curves of Fig.

= 0.141 when y = 50--is

18, which may be thought of as

describing the transmissibility of natural rubber mounts heavily reinforced
with carbon black, show how the level to which
resonances depends upon the value of y.

T

is increased by the wave

As mentioned previously, the

occurrence of wave resonances becomes of less concern as

y

becomes larger;

from this point of view, therefore, it is desirable to utilize antivibration
mounts as near their maximum rated load as possible, thereby making

y

a

relatively large quantity.
Wave effect calculations based on the Love theory (Eq. 28) are plotted
in Fig.

19 for a representative value of y = 200 and for cylindrical mounts

having a length-to-diameter ratio £/D = 5.

Values of E

co

= 3G

0)

and 6- =
Eoo

drawn from Figs. 7-9 for unfilled natural rubber, natural rubber filled
with 50 parts by weight of carbon black, and the high-damping rubber
Thiokol RD, have been inserted numerically into Eqs.
and hence into Eqs.

29 and 30 for

P

and

Q.

22, 23, for p, q,

Transmissibility curves

calculated from the simple one-degree-of-freedom theory (Eq. 15) for
the same three rubberlike materials are redrawn in Fig. 19 for compari¬
son.

Although the transmissibility of the natural rubber mountings is

increased appreciably by the occurrence of wave resonances at high fre¬
quencies, the peak values of transmissibility occur at significantly lower
levels than would be observed if y = 50.

Wave effects increase the

Gw
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Fig.

19

Transmissibility calculated from the Love theory of rod vibration
for simple mounts of unfilled natural rubber, natural rubber filled
with 50 parts by weight of HAF carbon black, and Thiokol RD rubber.
Cylindrical mounts have a length-to-diameter ratio of 5; mass ratio
Y = 200; natural mounting frequency = 5 Hz.

(Ref.

59.)
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transmissibility of Thiokol RD rubber by a relatively small amount; in fact,
the simple theory provides a remarkably accurate prediction of the trans¬
missibility of this and other high-damping rubbers.

On the other hand, the

transmissibility of the heavily filled natural rubber is increased by
approximately 20 dB at high frequencies as compared with the predictions of
the simple theory.

However, if

y

were larger and the ratio &/D were

smaller than considered here, as could well be the case in practice, the
wave resonances would shift to higher frequencies and lower levels, and the
transmissibility curve would roll off at frequencies following the first
wave resonance (> oj^) more rapidly than observed at present.

4.3

Nonrigid Flanges
An item supported by nonrigid (multiresonant) flanges or feet is shown

in Fig.

20(a).

This is not a contrived problem; in fact, one does not have

to look far to find examples of such situations.

For instance, a marine

engine attached to a subframe having significant unsupported length is
shown in Fig.

20(b); here, the subframe is fashioned so that the mounting

points lie on the same horizontal as the center of gravity of the engine
(Ref.

19).
A guide to the transmissibility

Fig.

T

across the simple system of

20(a) has been obtained by visualizing the feet of the mounted item

as short shear beams; that is, as beams with length-to-depth ratios of
approximately three or less for which it can realistically be assumed
that the beam deflection due to bending is much less than the deflection
due to shear (Ref.

177).

The mounts are assumed here, and subsequently,

to have the complex stiffness

K* = K (1 + j6K)

,

(35)
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Fig.

20 (a)

Idealized simple mounting system with a

rigid mounted item supported via nonrigid
(multiresonant)

flanges or feet.(Ref. 177.)
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Fig.

20 (b)

A practical example of (essentially) the case of
a simple mounting system with an ideally rigid
mounted item supported via nonrigid (multiresonant)
flanges or feet.

(Ref. 19.)

47

where the stiffness

K

and the damping factor <5

are directly analogous

to the previously utilized quantities kG^ (k is specified by Eq.
5„ = <5_ .
E co
Goo
of 6

K

17) and

Because future discussions will be restricted to small values

« 0.05, the quantities

K

and 6

K.

are taken to be frequency independ-

ent, a justifiable assumption for natural, neoprene, SBR, and other lowdamping rubbers.
With the foregoing premises, the transmissibility across the system
of Fig.

20(a) can be expressed as follows:

T =

12F2/F11 =

I [i - (n*£) r*n*] |_1

(36)

where
•k

k

=

k

(37)

r

•k

q

k

[cos n £ - yc(n Z) sin n £]

k

k

k

= [sin n £ + Yc(n £) cos n £]
r

,

(38)

k

(39)

n £ = (p + jq)
and

r

= T (1 + j6p)/(l + jfiK)

(40)

k

In these equations, n

is the complex wavenumber of the shear-beam feet,

£ is their length.

YF = M/2Mp

(41)

r = kf/k

(42)

and
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where Mp, Kp, and 6p, are the mass, static stiffness, and damping factor of
each shear-beam foot.

In addition,

n£

°F + 1

(43)

and

(44)

q
where

D

2 h.

(45)

+ V

(1

F

and

n£ = (co/w ) N_ =
O

Jr

(46)

r

Here, the natural frequency of the mounting system is given by the equation

2K Kr
O)

M(K

kf)

2K
M

and Np is the value of nil for which the first peak value of
observed (when oo = oo ) if
O

= 0.
r

(47)

i + r

T

would be

A close guide to this value of N„

K

r

can be obtained from the relation

Np -

or,

if both y

r

and

T

[(Yp + 1) r + Yp]~h

are large, from

(48)

49

Np

yh

Cypr

2

Therefore, as the angular frequency

to

.

(49)

of the impressed force is varied,

corresponding values of nil are specified by Eq. 46, and the expressions for
p and q, and hence T, may be evaluated.
Representative calculations of

T

are plotted as a function of the

frequency ratio ft = (jo/coq in Fig.

21, where the shear-beam feet have 1/40 of

the mass of the mounted item (y

= M/2M_ = 40) and stiffnesses 5, 25, and
r

r

100 times greater than that of the mounts supporting them from below; the
damping factors 6

= 0.005 and 6

= 0.01.

The resonances of the shear-

beam feet, which are responsible for the pronounced peak values of

T

at

high frequencies, are seen to be of the least consequence when the stiffness
ratio

T

is largest.

In fact, the resonances will advantageously occur at

the highest possible frequency when the ratio of the static stiffness to
mass of the feet is made as large as possible; that is,

in this simple

example, when the shear-beam feet are made as short as possible.

Their

first resonance occurs at the approximate frequency

Uj = C™0/2) /CYFn = (ir/2) /(Kp/Mp)

provided that y„ and

Y

,

(50)

are relatively large (T > 5).

r

5.

Compound Mounting System

It is natural to question how it is possible to obtain greater vibration
isolation than that afforded by the simple mounting system.

If added mass can

be tolerated, the two-stage or compound mounting shown in Fig.

22(a) can pro¬

vide especially low values of transmissibility at high frequencies.
*

Antivibra-

*

tion mounts of complex stiffness 2K^ and 2K^ in the upper and lower stages of

TRANSMISSIBILITY (dB)

50

0.1

0.5

1.0

5

10

FREQUENCY RATIO
Fig.

21

50

100

400

Q.

Transmissibility of the simple mounting system of Fig.
shear-beam resonances in feet of mounted item.

20(a) with

Mass ratio y

r

stiffness ratio V = K /K = 5, 25, and 100; damping factors 6
r

and 6_ = 0.01.
r

(Ref.

= 0.05
K.

177.)

= 40;
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F.

&C\J

(a)
Fig.

22

(b)

Compound mounting system with a mounted item of mass
and an intermediate mass

that is supported (a)

directly, and (b) via nonrigid (multiresonant)
or feet.

flanges
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the system are separated by an additional or intermediate mass M^-

The system

possesses a secondary as well as a primary resonance, which is a disadvantage,
but above the secondary resonant frequency w , transmissibility falls off in
proportion to 1/co

4

(24 dB/octave) provided that the stiffness and damping of

the mounts remain independent of frequency, as assumed here.

This is twice

the rate of 12 dB/octave at which the transmissibility across the simple system
diminishes at high frequencies under the same circumstances.
The compound system is discussed in Refs.
88,

157,

159,

161,

167,

169,

170,

173,

174,

13, 44, 45, 50, 54, 56, 59, 78,

176-179,

186, 202, 211-218.

large-scale application of the system is considered in Ref.

A

186, which describes

the compound mounting of 7,700-kg and 36,000-kg diesel generators on one ex¬
tensive intermediate mass.
in Fig.

23(a).

An adaption of the arrangement employed is shown

Two, much smaller, applications of the compound system are

described in Refs.

173 and 217,

in both of which the system has effectively

been compacted into an "off-the-shelf" antivibration mount.
one mount (Ref.

217)

is shown in Fig.

The design of

23(b), where the secondary mass com¬

prises two cylindrical lumped masses 10 and a spacer yoke 12, and the
resilient elements comprise 16.
For the compound system to have the greatest effectiveness as an anti¬
vibration mounting at high frequencies, it is desirable that the secondary
resonance co^ occur,

for any given value of the primary resonance u^, at the

lowest possible frequency.

This situation can be realized (Ref. 59) when

the mount stiffness ratio takes the optimum value

k2/k1 = [l + (m2/mx)] = (1 + 8)

where

is the mass of the mounted item.

,

(51)

This is otherwise an appropriate

result because the lower mounts support a static load that is greater, by

53

DIESEL GENERATORS

Fig.

23 (a)

Compound mounting of 7,700-kg and 36,000-kg diesel

generators on one extensive intermediate mass.
(Ref.

186)
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Fig. 23(b)

Small-scale compound mounting with an intermediate
mass M? comprising two cylindrical masses 10 and a
spacer yoke 12 (resilient elements comprise 16).
(Ref. 217.)
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the same factor (1 + 6), than the load supported by the upper mounts.

For

this optimum stiffness ratio, the frequency ratio u^/oo^ and the transmissibility

T

across the compound system can be expressed as

^2 = [1 * /(I « 8)1
“l "

(52)

/g

and

(1
T =

{[BA(1 - A)fi

~

2 AST +

$

(53)
9

2 2

+ C2V

1 - V

Z >

(1 - AST)

}'

where

A = (1 + 8) / (2 + 6)

and

(54)

= oo/aoo is again a frequency ratio against which

plotted.

The reference frequency coo * co

2
o

= 0; thus.

2K1K2

(55)

<ki ♦ k2) Mi

It is noteworthy that, at high frequencies, Eq.

HF

is conveniently

is actually the natural frequency

of the one-degree-of-freedom system obtained when M

co

T

(1 + 6*) (2 + 8)2

4C1 + v

6fi4(l + 6)

6ft4

53 can be written

(8 = 0.5)

so that is normally advantageous to employ the largest acceptable value of
8; that is, the largest possible intermediate mass M .

(56)

56

Although the foregoing discussion relates to the force-driven system
of Fig.

22(a), it is important to recognize that Eq.

53 for

equally well to the dual situation where the mounted item
a displacement

T

pertains

experiences

as the result of an applied vibratory ground displacement

; thus.

T =

|2F2/F1| =

|x2/x1|

.

(57)

An equivalent result for the simple mounting system appears in Sec.
(Eq.

3

14).
Transmissibility calculations made from Eq. 53 for three compound

systems are plotted in Fig.
1.0, and 6

= 0.05.

24.

The mass ratio g = N^/M

= 0.1, 0.2, and

Note how the position of the secondary resonance

depends markedly on the value chosen for g.

The potential value of the

compound system as an especially effective antivibration mounting at high
frequencies is immediately apparent when comparison is made with the dashed
curve, which shows the transmissibility across the simple mounting system.
Clearly evident are the benefits that result from the use of large inter¬
mediate masses

(large g).

It will be recognized that the compound system

can be of particular value in mitigating the increase in transmissibility
that occurs,

for example, when it is necessary to mount machinery on a

nonrigid foundation such as a system of metal girders in shipboard and
aerospace applications.

The foundation resonances are then superimposed,

approximately speaking, on one of the lower solid curves rather than on
the dashed curve.

However, if the compound system is to provide the small

values of transmissibility predicted at high frequencies, it is vital that
the intermediate mass

remains masslike in character.

If it does not,

then the performance of the compound system will be seriously impaired.
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Transmissibility of the compound mounting system of Fig.
Mass ratio g = M /M

1 II 1

22(a).

= 0.1, 0.2, and 1.0; damping factor 6

K

=
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This situation has been analyzed in Ref.
is supported, as in Fig.

177, where flanges from which M0

22(b), behave as springs at some high frequencies

because of their poor design.

The inertia of M0 is large at high fre¬

quencies and, therefore, to a first approximation, the points of juncture
of the springs

and

[Fig.

22(b)] are restrained only by a resilient

element the other end of which is attached to the "stationary" mass M0.

6.
6.1

Four-Pole Parameter Analyses

Introduction
Four-pole parameters will be referred to widely in the remainder of

this report and, consequently, it is appropriate to review briefly some of
their relevant properties.
can be found,

Detailed discussions of four-pole parameters

for example, in Refs.

articles are listed.

57 and 202, where many other pertinent

Application of four-pole parameter techniques en¬

ables a general account to be taken of wave effects in antivibration mounts
and of lack of rigidity in the foundation and the mounted item.
A linear mechanical system is shown schematically in Fig.

25(a).

The

system may be comprised of one or more lumped or distributed elements, or be
constructed from any combination of such elements.
system vibrates sinusoidally with a velocity
force F^.

The input side of the

in response to an applied

In turn, the output side of the system exerts a force F0 on the

input side of some further system,

sharing with it a common velocity

.

Thus,

the system is said to have input and output terminal pairs, a force F^ and
velocity

at the input terminal pair giving rise to a force F^ and velocity

V? at the output terminal pair, the reaction of any subsequent mechanical
system being accounted for.
the right.

Forces are considered positive when directed to
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Frvi
(a I

f2,V,
MECHANICAL
SYSTEM
B

FORCE POSITIVE

lr'

lr

MECHANICAL
SYSTEM

F2r’V2r

(b)

Fig.

25

(a) General four-terminal mechanical system,
and (b) system reversed so that input and
output terminal pairs are interchanged.
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Consider now the mechanical impedance
of stiffness K (Fig.

Z

of a mass

M

and a spring

26) in the context of the foregoing discussion; thus.

ZM = jooM = (F1 - F2)/Vx = (Fx - F2)/V2

(58)

Fx = F2 + jajMV2

,

(59)

Vx =

,

(60)

or

V2

and

ZK = (K/jw) = iytVj - V2) = F2/(V1 - V2)

(61)

Fj = F2

(62)

or

,

Vx = F2 (jw/K) + V2

.

(63)

Inspection of these equations makes it possible to understand that the
vibration response of the general four-terminal system of Fig. 25(a) can be
represented by the following equations:

F1

ailF2 + ai2V2

V1

a21F2 + a22V2

where a^, ai2’ a21’ an<* a22 are ^nown as four-pole parameters.
apparent that

(64)

(65)

It is directly
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Frvi

*—[~ivi~|—>

F2' V2

F1’V1

nnmnp—

F2' V2

K
(a)
Fig. 26

(b)

(a) Lumped mass obeying Newton's second law, and (b) a
massless spring obeying Hooke's Law.
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a

(66)

11

v2 = 0

a

(67)

12
f2 = 0

V,
(68)

‘21

v2 = 0
and

a

(69)

22
f2 = 0

where the subscript \^ = 0 indicates that the output terminal pair is blocked
and the subscript F2 = 0 indicates that the output terminal pair is free (un¬
restrained).

The parameters

sions of impedance and

and a22 are dimensionless; a^2 has the dimen¬

the dimensions of (impedance)

^.

In general, the four-pole parameters are frequency-dependent complex
quantities.

Of considerable advantage is the fact that the parameters

characterize only the system for which they are determined; their value
is not influenced by the preceding and subsequent mechanical systems.

Equa¬

tions 64 and 65 enable expressions for the driving-point and transfer impedances
and for the force and displacement transmissibilities across the system to be
written down concisely; thus, driving-point impedance.

h_
b

a11^2 + a12^2
a21^2 + a22^2

allZT + a12
a21ZT + a22

(70)

63

transfer impedance.

TZ12

~
V2

^11ZT + ai2^

(71)

’

force transmissibility

F_
2

Z

T
(ai2 + anzT)

FI 2

(72)

h

and displacement transmissibility

1

*2
D12

In these equations,

(73)

^a22 + a21ZT^

V,
1

= ^2^2

driving-point impedance of the mechanical

system subsequent to the one under consideration.
It can be demonstrated that, without exception.

('ailCt22

°‘l2a21')

(74)

1

consequently, knowledge of only three of the four-pole parameters is sufficient
to specify the performance of the system completely (Refs.

57 and 202).

Further,

in the special case of a symmetrical system (when it does not matter which
terminal pair is input or output),

a

11

a

22

and knowledge of only two independent four-pole parameters is sufficient to
determine the system performance completely.

(75)

64

Should the mechanical system be reversed, so that the original output
and input terminal pairs are interchanged, as in Fig. 25(b), then the
relevant four-pole equations become

(76)

a22F2r + a!2V2r

V

lr

a01F0 + a..V0
21 2r
11 2r

(77)

where the input and output forces and velocities are now F^ ,

and F_ ,
2r

respectively, and

a

(78)

11
0

a

lr

(79)

12
= 0
2r F_
2r

a

(80)

21
0

and

a

(81)

22
0

Although the values of the four-pole parameters

and a^ remain unchanged,

their definitions differ here from those of Eqs. 66 and 69; in fact, the
parameters have dual significance and can be determined in alternate ways--an

65

advantage that will become apparent subsequently.
definitions of

and o^,

By comparing the companion

^°^ows that

2r
11

v2 = 0

(82)

lr F.
= 0
2r

and

V,
22

2r

V,

(83)

lr V„
= 0
2r

F2 = °

These equations show, as noted previously (Eqs.

14 and 57) that the force and

displacement (and, therefore, the velocity and acceleration) transmissibilities
in opposite directions between the two terminal pairs of a mechanical system
are identical.
If the output pair of one mechanical system is rigidly connected to the
input terminal pair of another system (Fig.

27), so that the output from the

first is exactly the input to the second, the two systems are connected in
series.

Moreover,

for

n

systems in series, the output force and velocity

F(n+1)’ ^(n+1) Can ke re-^atec^ t0
continued product of

n

inPut force and velocity F^,

2x2 matrices (Refs.

57 and 202).

by the

Simply, for a

two-stage system.

rH

ftu

r

i

i

all

ai2

a21

or

a22

P

!»

n

__

ail

ai2

F3

!?

ft

a21

a22

(84)
b

66

Frvi

Fig.

27

Fn’Vn

Series connection of

n

F(n + l)'V(n + 1)

four-terminal systems.
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i-

.1
rH

U11

U12

3

(85)

h.

U21

1J22

V,
L

3_

where

’Ull

1J12

+ ct12a22

allall + ai2a21

aHai2

a2lall + a22a21

a2iai2 + a22a22

(86)
2!

y22_

To conclude,

it is appropriate to list the four-pole parameters for a

slender rod of uniform cross-sectional area A,

length £, and density p, when

the rod is driven axially by a sinusoidally varying force.

For this symmetri¬

cal system.

a

a

= a?9 = cos n £

*
*
]i_ sin n £

12

(87)

(88)

and
*

a

- sin n £/y

21

*

(89)

where

yR = ^wMR/n

(90)

*
In these equations, M

K

and n

are the mass and the complex wavenumber of the

rod; that is, NL = pA£ and

*

n

2
* h
= (to p/E )

(91)
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•k

where E

is the complex Young's modulus.

As in Sec. 4.2, it is convenient
■k

to visualize the dimensionless product n £ as the complex number (p + jq),
where

p

and

q

are given by Eqs.

dependence of E^ and 6

6.2

22 and 23 in which the frequency

is now assumed to be negligible.

Characterization of an Antivibration Mounting
Consider now the antivibration mounting of Fig.

28 that is comprised of

a uniform rodlike sample of rubberlike material bonded to metal end plates
of masses

and M^.

The mechanical behavior of the rubberlike material is

assumed to be governed by Eqs.

87-90.

An input force and velocity F^,

produce an output force and velocity F , V? at some termination subsequent
to the end plate of mass M2.

An equation of the form of Eq.

85 remains

relevant to this three-stage system, but now

U11

jooM

U12

c.

V

1

jcuM2
(92)

U21

* -1
(yR)
s.

U22

c.

where the abbreviations s. and c. represent the complex circular functions
★

k

sin n i and cos n £, and the matrices for the masses
from inspection of Eqs.

U11 =

[C*

~ Yl^n

t>i2 = bR ([s.

U21

59 and 60.

1

and M9 follow directly

It is readily shown that

»

+ YjCn £) c. ] + y2 (n £)

(93)

[c.

- Y1(n*^)s-]>

,

(94)

(95)
=

•
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Fig.

28

Antivibration mount with end plates of masses
and

to which the boundaries of a uniform rod¬

like sample of rubberlike material are attached.
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and
k

U22 = fC*

where y

1

= M,/M
1

and y

K

" Y2('n

= M /M .

Z

Z

(96)

1

These four-pole parameters relate equally

K

k

well to a rodlike mount of significant lateral dimensions when n

is re-

*
placed by the complex wavenumber N

specified in Sec. 4.2.

Of considerable interest is the simplicity of the four-pole parameter
u> the reciprocal of which describes a blocked quasi transfer impedance
that is independent of the values of

and M2; thus

jwMR

R
k

21

V.

V2 = 0

(97)

k

n i ,sin n i

sin n Z

Further, at frequencies well below the initial wave-effect frequency
k

the mount, sin n Z

in

k

n Z and

1

(AE /Z)

_ o)(pA£)

21

j z‘

2

0) p

(98)

JO)

*
which is the impedance of a simple spring of complex stiffness K

(AE*/£).

k

If this stiffness is symbolized by K

= K(1 + jd ), then
I\

1

_ K

U21 " W

j)

(99)

K

and measurement of the magnitudes of the imaginary part and of the ratio of
the imaginary to the real part (tan phase angle) of l/u^ wiH yield K/oo and
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the reciprocal of the damping factor 6 , respectively.
K.

The larger the value

of 6 , the greater the accuracy to which the phase angle and, hence, 6
K

be measured.

can

K

This measurement approach, which will be referred to and

applied subsequently, was proposed and utilized in Refs.

58 and 219, where

the permissible upper bound of measurement was said to be the frequency
0.25 co^.

6.3

Resilient Mounting on Nonrigid Substructures
Examined now is the vibration response of a nonrigid substructure of

arbitrary impedance Z

that lies beneath the antivibration mounting con¬

sidered in the foregoing.

The mount and the substructure are characterized

by the four-pole parameters

(Eqs.

93-96) and

^, respectively.

Initially,

the item supported by the mount is assumed to remain masslike at all fre¬
quencies.

The entire assembly is shown diagrammatically in Fig.

The same item of mass
of Fig.

M

29(a).

is shown rigidly mounted in the reference assembly

29(b), where it generates an untenably large vibration of the sub¬

structure.
The same exciting force F
within

M

in both Figs.

mitted force F

is considered to act upon or to be generated

29(a) and (b).

This force gives rise to a trans¬

at the point of juncture of the mount and the substructure

in Fig.

29(a), and to a force F 9

in Fig.

29(b).

at the same location on the substructure

The companion velocities are V^ and V^rj respectively.

Beneath the substructure, the output forces and velocities are F^, V^, and
F

, ^2R'

(Refs.

12,

Pri°r discussions of the vibration of nonrigid substructures
13,

19, 24, 59,

159, 160,

162,

164-167,

173,

174,

177,

178,

188,

193, 210, 214, 220-226) attention is devoted either to the mount transmissibility
T =

|F

/Fi | , or to the mount response ratio R =

°r ^ts reciProcal>
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Fig.

29

(a) Antivibration mount of Fig.

28 isolating the

vibration of a mounted item of mass

M

from a

nonrigid substructure of arbitrary impedance Z ,
and (b) the rigid attachment of

M

to the sub¬

structure at the same location as in (a).
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mount effectiveness E = R

.

the quantities

in general terms using the four-pole parameter

T

and

R

Consequently,

it is appropriate now to evaluate

techniques described in the foregoing.
The forces and velocities experienced by the mounted item and sub¬
structure in Fig.

29(a) are readily understood to be related by the

equation

1
r—H

U12

U11

F12

(100)

n

l_

b-

j oM

1

0

1

-1J21

U22-

-^12-

where the matrix product can be written as the third matrix

t)

U

in which

t)

11

u

21

12

22

U^, U21’ an<^ V22 are a&aan defined by Eqs.

change being that the mass ratio

in Eqs.

93-96, the only

93 and 94 for \T

and

is

redefined as

(101)

Yl = (M + M1)/Mr * M/Mr

It is evident from Eq.

F1

100 that

('U11F12 + U12V12')

(UhZt + U12) F12/Zt

(unzT + u12) V12

(102)
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Likewise,

from reference to Fig.

h

l

j (jOM

0

1

29(b), it can be stated that

F

12R

(103)
V
_ 12R

and, consequently, that

~F! = (F12R +

From Eqs.

=CZT +

*12R

(104)

102 and 104 it is possible to write down the transmissibility

and response ratio of the mounting system directly; thus

T

z

F „
12

T

(105)

(UnZT + U12)

h
and

ZT + jojM

512

(106)
U11ZT + U12

^12R

(Note that Eqs.

102,

inspection of Eqs.

104, and 105 could equally well have been stated from

71 and 72.)

structure velocity observed when
observed when

M

Response ratio, the magnitude of the sub¬
M

is resiliently mounted to the velocity

is attached rigidly to the foundation, provides a measure

of the vibration reduction that the mounting affords -- the smaller the
value of R, the larger the reduction in substructure velocity and the more
beneficial the mounting.

Note that, because
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Z

T

= F

/V
= F
/V
12x 12
12RX 12R

(107)

the response ratio could have been defined equally well as the ratio
|F

/F _

| of the forces exerted on the substructure in the resiliently

and rigidly mounted cases.
unless

Note also that

R

is not as small as

T

» jcoM; that is to say, if jcoM is comparable with, or greater

than Z , the mount will be less effective than predicted by its transmissibility curve.

Physically, this reflects the fact that the benefi¬

cial action of the antivibration mount in Fig.

29(a) will be countered,

to some extent, by the greater freedom of the foundation to respond to
a given applied force than was possible in Fig.
tion in Fig.

29(a)

29(b).

Thus, the founda¬

is no longer relieved of part of the applied force

by the inertia of the mass M -- an acute disadvantage if
as it may well be.

M

is large,

In this circumstance, it has been suggested (Ref.

59)

that the response of the substructure be restrained by an auxiliary mass
having a significant fraction of the mass

M

of the mounted item.

The relevant expressions for transmissibility and response ratio follow
immediately from Eqs.

105 and 106 if the mass ratio

in the four-pole parameter

y2 = (M

= M2/MR that appears

of these equations is redefined as

+ m)/MR

(108)

m/MR

One further result follows from consideration of the matrix equation
for the substructure.

CM

al2

1

“ll

i_

P12

)

.V

a21

a22

(109)
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and its constituent equations

12

allF2 + ai2V2

12

a21F2 + a22V2

(110)

and

Thus, the output velocity \

(111)

can be eliminated from these equations to

yield

F2

V12 ('a22ZT ‘ ai2-*

(112)

’

likewise,

F2R

(113)

V12R ^a22ZT " al2^

Consequently, an additional definition can be stated for response ratio,
which now has the triple significance

The new definition of

R

V12

~F2

F12

^12R

F2R

F12R

describes the ratio |F /F

(114)

I

of the forces that

are transmitted to the termination of the substructure in the resiliently
and rigidly mounted cases.

Further, a companion force transmissibility

across the entire system can logically be defined and determined from
Eqs.

102 and 112 as
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T

b

a22ZT

h

^11ZT

overall

This significant quantity differs from both

ai2

(115)

+ U12J
R

and

T

as previously

specified.
The results of one independent calculation of T
by the present
r
overall
r
author for a rectangular platelike substructure with an aspect ratio of
0.5 are plotted in Fig.

30 as the dashed curve.

The mounted item is driven

by a vibratory force

and is supported by four antivibration mounts

located symmetrically about the plate center, each at coordinates of onethird the length and breadth of the plate from the nearest plate corner.
The mounting points have the same driving-point impedance and experience
the same velocity.

The output force F^ comprises four discrete forces

at the plate corners plus distributed forces along the simply supported
plate boundaries.

Transmissibility T

=

IF_/Fn I

has been calculated

in terms of the previously utilized frequency ratio ft = w/co^, where u)q is
now the natural frequency of the mounting system calculated as though the
platelike substructure

was ideally rigid.

The mounted item is four times

more massive than the substructure, and the fundamental plate resonance is
assigned the frequency 4(joq.

The mounts and the substructure have the

damping factors 0.05 and 0.01, respectively.

The transmissibility curve

at high frequencies is characterized by many plate resonances; moreover,
the number of resonances that are excited can detrimentally increase if the
mounts are located at other,

less favorable positions.

The overall transmissibility across an identical mounting system to
which lumped masses have been added to each mount location is shown by the
solid curve.

The total added mass

m

is equal to that of the mounted

0.1

0.5

1.0

5

10

FREQUENCY RATIO

Fig.

30

50

100

400

SI

Toveran for an item °f mass M that is resiliently mounted at each corner
toVaTrectangular platelike substructure with simply supported boundaries and
an aspect ratio of 0.5; M is four times more massive than the plate.
The
antivibration mounts are symmetrically and favorably located about the plate
center, and are terminated on the plate by lumped masses of total mass m = M.
The damping factors of the mounts and the platelike substructure are 0.05
and 0.01, respectively.
The dashed curve shows T e
f°r the same mounting
system without the loading masses (m = 0).
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item (m = M) .

Use of such heavy mass loading is necessary if the level of

the transmissibility curve is to be reduced significantly.

For added mass

equal to 0.25 M, the resultant transmissibility curve would lie approximately
halfway between the solid and dashed curves at frequencies above the funda¬
mental plate resonance (ft « 3).

Such small added mass as 0.05 M would be

ineffectual in reducing transmissibility much below the level of the dashed
curve, except at very high frequencies where the impedance of the loading
masses

6.4

m

would eventually predominate the plate impedance.

Nonrigidity of Mounted Item
To conclude this Section, it is appropriate to demonstrate how readily

the effects of nonrigidity in the mounted item can be accounted for in the
preceding four-pole equations.

Thus, if the mounted item is characterized

by the four-pole parameters tp„ , then the forces and velocities experienced
by the mounted item and the substructure in Fig. 29(a) will be related, not
by Eq.

100, but as follows:

q

un

q2

t

f

-U21

U22-

^12
(116)

VJ

1V12J

where

U

11

C(pllUll

(117)

(p12U21‘)

!
(118)

('CpllU12 + (p12U22')

U21 = ((p21Ull + (p22U21)

’

(119)
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and

(120)

22 = (Cp21U12 + CP22U22^)

In these equations,
by Eqs.
Eqs.

u^2’ l>21’ an<^ U22 are

93-96 in which the initial definition of y

precisely as before
1

= M,/M

IK

pertains.

Because

100 and 116 are closely similar, the expressions that were derived pre¬

viously for transmissibility can be restated, by inspection, as follows:

F „
12
b

Z

T

(121)

CUhzt + u12)

and

T

?2
overall

F,
1

a22ZT " ai2
1
!
U, , Zm + U,„
( 11 T
12j

Response ratio can also be restated simply by noting from Eq.

F1

^U11ZT + U12') V12

(122)

116 that

(123)

and by noting from the relation between the forces and velocities experienced
by the mounted item and substructure in Fig.

F1

29(b) that

('(pllF12R + (p12V12R')
(tp11ZT + q>12) V12R

m consequence.

(124)
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’<pllZT + ”12'

R =
12R

7.

7.1

(125)

U11ZT + V12

Experimental Determination of Transmissibility

Direct Measurement
Reported throughout the prior literature are transmissibility measure¬

ments that have been obtained in one of two ways based on the simple sketches
of Fig.
170,

31 (Refs. 7,

194,

13, 21, 68, 78,

198, 208, 227-230).

117,

118,

135, 150,

152, 157-159, 161,

No other methods of transmissibility measure¬

ment are known to have been used previously or described elsewhere in the
literature.

Almost exclusively, apparatus has been built to simulate the

simple mounting system of Fig.

13(a), the foundation and mounted item of

which vibrate with the amplitudes x^ and x^.

Transmissibility has been

recorded as the readily measurable ratio of the companion accelerations;
that is, T =

I (jco) x^/Cjoo) x^| =

experiment to establish

T

\x^/x^\.

in this way, and a block diagram of the associated

electronics, are reproduced from Ref.
German workers (Refs.

7,

158 in Fig. 31.

Only three early

157, and 194) chose to build apparatus to record

transmissibility as the force ratio T =
mounting system of Fig.

The design of a representative

IF^/F^I, thus simulating the simple

13(b).

Experiments to determine the transmissibility across the compound mount¬
ing system are described in Refs.
to the simple system elsewhere.

78,

157, 159, and 161; attention is confined

It is remarkable that Ref. 78, apparently

overlooked in the many years since its publication in 1931, should have
introduced the theory of the compound system and have confirmed it by ex¬
periment.

References that describe the results of transmissibility
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ACCELEROMETER
SAMPLE
GENERATOR
TABLE

ACCELEROMETER
SPONGE RUBBER
TABLE SUPPORT x

DRIVING
COIL

VIBRATION
GENERATOR

F. R. I. RECORDER POTENTIOMETER
DIFFERENCE FREQUENCY
,_
VOLTAGE
AMPLIFIER
RECORDER
SERVO

ZJ, ""mechanical
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„

LINK TO
RECORDER

MOTION

70 dB
AMPLIFIER
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AMPLIFIER a
1 *

L

30 kHz
OSCILLATOR

-T
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|
°_SCI_LL_ATOR_j
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GR 736A
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AMPLIFIER
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CONTROL
ACCELEROMETER
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TRANSMISSIB ILITY
(b)

Fig.

31

(a) Apparatus and (b) electronic equipment used in a direct measure¬
ment of mount transmissibility.

(Ref.

158.)

83

measurements made primarily on rubber antivibration mounts have been listed
previously in Sec. 4.1.
A criticism of virtually all of the foregoing transmissibility measure¬
ments is that they were obtained from small-scale or model experiments in
which the mounts experience a smaller static load than the one for which they
are rated.

Consequently, the natural frequency co^ of the mounting system is

often appreciably higher, and the strain in the mount appreciably lower,
than would be the case in practice.

The only exception appears to be the

relatively low-frequency measurement of transmissibility that is described
in Ref.

150.

It is readily apparent that care is necessary in any "vibrating-

foundation" measurement of transmissibility [as in Figs.

13(a) and 31(a)] to

design the foundation so that its fundamental resonant frequency lies adequately
above the frequency range of measurement.

7.2

Four-Pole Technique (Indirect Measurement)
It is evident that consideration could well be given to the determina¬

tion of transmissibility by a four-pole technique.

The proposed measurements

would utilize an apparatus that has been designed to record the drivingpoint impedance and quasi transfer impedance of antivibration mounts
subjected to significant static loads.
in Ref. 58,

The apparatus, which is described

sandwiches between the top plate and base of a Universal Tension

and Compression Testing Machine the following sequence of components (Fig.

32):

a rubber pad, a small vibration generator, an impedance head, the antivibra¬
tion mounting under test, an aluminum support block, and a piezoelectric
force gage.
The antivibration mount is held by the support block in the manner
likely to be encountered "in service," preferably contacting the lower end
plate of the mount over the largest possible area.

Mounts of different
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UNIVERSAL TENSION AND COMPRESSION TESTING MACHINE

Fig.

32

Proposed apparatus for the indirect measurement of mount transmissibility by a four-pole technique.

(Ref.

58.)
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designs would be mated with other support blocks of appropriate outline.
The blocks should have the greatest possible rigidity and could well be
machined from alumina rather than aluminum (Ref.

231).

It is convenient to designate the forces and velocities at the input
and output terminal pairs of the mount in Fig. 32 as F^, V

and F

,

respectively, and once again to characterize the mount performance by the
four-pole parameters u^,

^> U215 an<* V22'

because t^ie output terminal

pair of the mount is rigidly blocked (V ^ = 0), Eqs. 66 and 68 show that

v

(126)

11

12
and

11

(127)

21
12

The quantities F
Fig.

and V

are readily measured by the impedance head of

32, with suitable electronic cancellation of the small integral mass

under the force gage in the head.

The quantity F

is readily measured by

the lower force gage at frequencies adequately below the resonant fre¬
quency of the gage and aluminum support block (> 5 kHz).
quency-dependent values of the parameters
by straight forward measurement.

Hence, the fre¬

and \)^ can be established

Importantly, the parameters can be

established when there is significant static strain in the mount--which
is introduced, to the extent required, by the Universal Tension and
Compression Testing Machine.
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If a basic comparison is required between the transmissibility curves
of various antivibration mounts in the simple system of Fig.

13, for which

the foundation impedance is extremely large and the mounted item of mass
M is ideally rigid, then it suffices to have knowledge of the parameters
t)

and 0^ for each mount of interest.

Thus, inspection of Eqs. 100 and

105, which relate to the more general mounting system of Fig. 29(a), shows
that,

in the foregoing circumstances (foundation impedance

= °°), the

force transmissibility

1

T =

1
(un + jwM u21)

(128)

U11

a quantity that involves

and

°nly-

Moreover, knowledge of these

parameters is adequate to predict transmissibility and response ratio from
Eqs.

105 and 106 when

is finite and has any measured or hypothetical fre¬

quency dependence; it is also adequate to predict Tovera^ from Eq.
provided that the four-pole parameters

and

115

°f the foundation are

also known.
By contrast,

if it is wished to compare or predict the performance of

various antivibration mounts in completely general terms -- as is essential
when the mounted item is nonrigid and Eqs.
the remaining parameters u

117-122 pertain -- then one of

and t>29 must be determined, the value of the

other following from the general relation of Eq.
be when the mount is symmetrical

An exception would

(when it does not matter which side of the

mount is input or output as in Fig.

U22

and

74.

28 when M

U11

= M ), in which case

(129)
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U

12

-

(130)

^/U21

Otherwise, it becomes necessary to reserve the mount such that its input
and output terminals are interchanged, a requirement that may call for the
use of a new and differently shaped support block (Fig.

32).

If the

forces and velocities at the new

(reversed) input and output terminal

pairs of the mount are F^ir’

an<^ ^I2r’ ^\2r’ resPecti-vely> then

reference to Eq. 81 shows that

u

llr

(131)

22
12r

whence

u

12

U11U22

('

‘

(132)

1^)/U21

In this reversed situation, a measurement to confirm the previously
determined value of
tion of Eq.

can be made according to the companion defini¬

80:

u

llr

(133)

21
12r

0

Note that, although the four-pole parameters

an^ ^>22 Can

determined

readily when the output terminals are free (F^ or ^j2r = ^) > it is n0
longer possible to impose a static strain on the mount, as it is when the
output terminal pair is blocked, so that a prime advantage of the fourpole measurement method is lost.
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Other relations for the mount that are of interest here can simply be
deduced from Eqs.

66, 68, 80, and 81 and stated as follows:

u
driving-point impedance

11

(134)

21

u

Hr

reversed driving-point impedance

^12r

^12
hi

(135)

21

llr

and quasi transfer impedance

22

(136)

hlr

*12 * °

Quasi transfer impedance is so named to distinguish it from the quantity
that is usually referred to as transfer impedance; namely, the quantity

llr

11

12 F 2 = 0

The apparatus of Fig.

12r

= u

12r

=

(137)

12

0

32 is designed, and is ideally suited, to measure

the driving-point impedance and quasi transfer impedance of antivibration
mounts under significant static loads.
on a rubber mount (Ref.

The results of such measurements

58) are shown in Figs.

33 and 34.

It is evident

in the first figure that the magnitude of the mount driving-point impedance
Z (dashed curve) is springlike at low frequencies, and is masslike at
higher frequencies where the impedance jcoM, of the upper end plate (refer
to Fig.

28) predominates that of the rubber in the mount.

An impedance

IMPEDANCE MAGNITUDE (N-s/m)

IMPEDANCE PHASE ANGLE (DEGREES)

89

FREQUENCY (Hz)

Fig. 33

Driving-point impedance of a rubber mount (magnitude and phase)
as obtained with the apparatus of Fig.

32.

(Ref.

58.)
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TRANSFER IMPEDANCE OF 6E900
(1780 AND 3560 N COMPRESSION)

FREQUENCY (Hz)

Fig. 34

Quasi transfer impedance of a rubber mount subjected to
static loads of 1780 and 3560 N (180 and 360 kg-force,
400 and 800 lb-force) as obtained with the apparatus of
Fig.

32.

(Ref.

58.)
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minimum occurs at intervening frequencies where the end plate and the rubber
resonate.

The foregoing behavior can be predicted through use of Eqs.

93,

95, and 134, which show that

Z

Y1(n £) s.

11

where y

VMr

'LF

(138)

s.

21

Consequently, at low frequencies.

-— + jooM,
J 00

1

1*2
-±- (K - w Mj

(139)

Y

3 oo

•k

where K

is the complex mount stiffness

(Sec. 6.2).

Although slight wave

effects in the rubber occur at approximately 200 and 450 Hz, they are
masked by the impedance jwM^; however, they are evident in the plot of the
more sensitive phase measurements shown by the solid curve.
Figure 34 describes the magnitude of the quasi transfer impedance
TZ =

|^ |

1 when the mount is subjected to static loads of 180

(400

and 800 lb).

This figure is reproduced from Ref.

and 360 kg

58, where it is

stated that the performance of mounts with rated loads as large as
4540 kg (10,000 lb) has been evaluated with the apparatus of Fig.
frequencies up to 5 kHz.

32 at

As explained in Refs. 58, 219, and in Sec.

the quasi transfer impedance

6.2,

= K /joo provides a measure of the

complex mount stiffness, readily enabling the real part of this stiffness
and, with precision phase measurement (Ref.

110), the mount damping factor

(Eq. 99) to be determined through a broad frequency range.

In Fig. 34,

the mean levels of transfer impedance essentially decrease in inverse pro¬
portion to frequency, even though wave resonances are superimposed on the
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curves at higher frequencies.

Note that the wave resonances are least severe

when the mount is loaded most heavily.
important four-pole parameter
of its definition in Eq.

of Eq.

Finally, note that the value of the
128 can be determined, independently

126, as the quotient of the mount driving-point and

quasi-transfer impedances as recorded by the apparatus of Fig.

_Z_
TZ

8.

(1/U2P

V

32; thus.

(140)

11

Future Work

To conclude, it is appropriate to discuss several areas in which addi¬
tional research would appear to be timely and beneficial.

These areas can

be listed as follows:
1.

Search for New Antivibration Mount Material.

In Sec. 3, the conclusion

is reached that high-damping materials would have greater application in
antivibration mountings if they could be produced such that their dynamic
moduli remained constant, or increased only slowly with frequency.

A search

for such materials could focus either (a) on single materials or (b) on
suitable mechanical combinations of pairs of materials in individual anti¬
vibration mounts -- so-called parallel mountings (Ref.

59).

In case (a),

the "single" materials might well comprise a polymer blend of materials
such as polyvinyl chloride (PVC) and polybutadiene acrylonitrile that
prove to be unusually compatible, exhibiting one rather than two transition
frequencies.
2.

Practical Three-Element Mounting.

is discussed in Sec.

3.

The so-called three element mounting

Although this combination of two springs and one

93

dashpot has been widely analyzed and discussed in the literature, the mount¬
ing appears never to have been realized in practice.

This is unfortunate

because the heavily damped steady-state and transient responses of the
mounting are often superior to those of a heavily damped rubber mounting
(for example, see Ref.
3.

59).

Static Strain Dependence of Antivibration Mount Performance.

Information

on how static strain influences the dynamic properties or rubbers, and rubber
antivibration mountings,

is sparse and, at times, seemingly contradictory.

Such information should follow readily from the transmissibility experiment
based on four-pole parameter techniques that is described in Sec.
also to Eq.
4.

99, Sec.

7.2 (refer

6.2).

Experimental Measurements.

Experimental confirmation could well be

obtained of analyses of the transmissibility across a mounting system in
which the mounted item had variable and controllable nonrigidity (which
could be introduced by the use of intentionally nonrigid flanges or feet,
as discussed in Sec. 4.3).

Such a mounting configuration could be extended

by the introduction of a nonrigid and mathematically tractable substructure,
so that measurements of response ratio

r

R

and T

overall

could also be

compared with prediction.
5.

Extension of the Investigation.

A limitation to this report, and to

most of the literature concerned with vibration isolation and antivibration
mountings, is that attention is focussed on the translational
motion of the systems concerned.

(vertical)

In reality, system excitation and response

can well be multidirectional and rocking motion will occur, giving rise
to the transmission of bending moments as well as forces between the
mounted item, the mount, and any nonrigid substructure, and to the need to
account for bending moments and angular deflections in the foregoing
analyses.

When these more complicated situations are encountered, four-pole

94

theory becomes inadequate, and a transmission-matrix theory of wider applica¬
bility must be used;

in fact, the components of the mounting system must be

viewed at least as eight terminal systems, in which case reliance would be
placed on 4 x 4 transmission matrices rather than on the 2x2 that typify
the simpler four-pole theory.

Such analyses, and the experimental con¬

firmation of their results and conclusions, present both a challenge and
an opportunity.

Acknowledgment*
The assistance of Helen L. Bish in typing this report is acknowledged
with gratitude.

Thanks are also due to Roger L. Kerlin for his editorial

assistance in preparing the text and figures for publication.

The

investigation was sponsored by the U. S. Department of Commerce under
Contract No.

6-35746 entitled "Search and Critical Evaluation of the

Literature Pertinent to Characterizing the Performance of Vibration
Isolators for use in Noise and Vibration Control."

95

References

1.

W. C. Keys, "Vibration and Rubber Springs," Mech. Engr. 64, 175-180
(1942).

2.

W. E. Burton, Ed., Engineering with Rubber (McGraw-Hill Book Company,
New York,

3.

J.

F.

1949).

Downie-Smith, Rubber for the Absorption of Vibration, The Iowa

State College Engineering Experiment Station Rept. No.
4.

Laboratories, Eindhoven,

1950).

P. H.

1951).

Geiger, Noise-Reduction Manual (Engineering Research Institute,

University of Michigan,
7.

1953).

0. Gerber, "Praktische Gesichtspunkte zur Korperschallisolierten
Aufstellung von Maschinen," Acustica

8.

126-129 (1956).

1956).

D. H. Vance, "The Use of Vibration and Shock Control in Reducing Noise
Levels," Noise Control 2_, No.

10.

6_,

A. T. McPherson and A. Klemin, Engineering Uses of Rubber (Reinhold
Publishing Corp. , New York,

9.

(Philips Research

C. E. Crede, Vibration and Shock Isolation (John Wiley and Sons, Inc.,
New York,

6.

1950).

J. A. Haringx, On Highly Compressible Helical Springs and Rubber Rods,
and their Application for Vibration Free Mountings

5.

2 (July,

2, 64-72 (1956).

F. F. Vane, "A Guide for the Selection and Application of Resilient
Mountings to Shipboard Equipment," David W. Taylor Model Basin Rept. 880
(1958).

11.

Anon., Handbook of Molded and Extruded Rubber (The Goodyear Tire and
Rubber Co., Akron,

1959),

2nd Ed.

96

REFERENCES -- CONTINUED

12.

W.

K. Wilson, Vibration Engineering (Charles Griffin and Company, Ltd.,

London,
13.

1959).

A. R. Payne and J. R. Scott, Engineering Design With Rubber (Interscience
Publishers,

14.

Chap.

Crede, eds.

32, pp.

35, pp.

(McGraw Hill Book Company,

Bull.

29, 299-306 (1961).

Ltd., London,

1961).

J. E. Ruzicka, "Analysis and Design of Tangent Elasticity Vibration
Ind., Trans. ASME, Ser. B, 8^5, 53-60 (1961).

A. Major, Vibration Analysis and Design of Foundations for Machines and
Turbines (Collet’s Holdings Ltd., London,
I.

1962).

I. Klyukin, Control of Noise and Sonic Vibration in Ships, Publishing

House of Shipbuilding Literature, Leningrad,
lation 63-21340 (March,
21.

1961)

35.1-35.29.

Isolators," J. Engr.

20.

Inc., New York,

W. J. S. Naunton, Ed., The Applied Science of Rubber (Edward Arnold
Publishers,

19.

1961)

R. D. Hawkins, "The Coupled-Compression Isolator for Shock and Vibration,"
Shock Vib.

18.

Inc., New York,

W. A. Frye, contribution to Shock and Vibration Handbook, C. M. Harris

Chap.

17.

(McGraw Hill Book Company,

32.1-32.53.

and C. E. Crede, eds.

16.

1960).

C. E. Crede, contribution to Shock and Vibration Handbook, C. M. Harris
and C. E.

15.

Inc., New York,

P. W. Allen, P. B.

1961; OTS Technical Trans¬

1963).

Lindley and A. R. Payne, Eds., Use of Rubber in

Engineering (Marlaren and Sons Ltd., London,

1967).

97

REFERENCES -- CONTINUED

22.

R. Jorn and G.

Lang, "Gummi-Metall-Elemente zur elastischen Lagerung

von Motoren," Motortechnische Z.
23.

P.

B.

Lindley, Engineering Design With Natural Rubber (Natural Rubber

Producers Research Association,
24.

2^9, 252-258 (1968).

London,

1970) 3rd. Ed.

N. G. Belyakovskiy, Shock Isolation Mounting of Machinery,

Instruments,

and other Equipment on Ships, Sudostroyeniye Publishing House, Lenin¬
grad,
25.

1965; JPRS Technical Translation 52319 (February,

K. J. Siwiecki, "Rubber Vibration Mounts," Mach.

1971).

Des. £5, No.

18, 86-91

(1973).
26.

E.

F.

Gobel and A. M. Brichta, Ed., Rubber Springs Design (John Wiley

and Sons,
27.

Inc., New York,

1974).

R. H. Warring, Ed., Handbook of Noise and Vibration Control, 2nd Ed.
(Trade and Technical Press Ltd., Morden, Surrey, England, 1974).

28.

E. Rule, F. J. Suellentrop and T. A.

Peris, "Second-Order Instrumentation

Systems with Frequency-Dependent Stiffness and Damping," J. Acoust.
Am.
29.

R.

31,

Soc.

1457-1462 (1959).

D. Cavanaugh, contribution to Shock and Vibration Handbook, C. M. Harris

and C. E. Crede, eds.
Chap.

33, pp.

(McGraw Hill Book Company,

Inc., New York,

1961)

33.1 - 33.35.

30.

K. W. Johnson, "Vibration Control," Sound 1_, No.

31.

I. Vigness, "Vibration Isolation," Phys. Today 18, No.

32.

D. Glee-Clough and R. A. Waller, "An Improved Self-Damped Pneumatic
Isolator," J.

Sound Vib.

8,

364-376 (1968).

3, 34-37 (1962).
7, 42-48 (1965).

98

REFERENCES -- CONTINUED

33.

J. M. Charrier, "Air-Rubber Springs: An Analysis," Int. J. Mech. Sci.
15, 435-448 (1973).

34.

J. M.

Charrier and M. Hannoyer, "Inflated Structures: Air-Springs and

Floats," Int. J. Mech. Sci.
35.

16_, 735-756 (1974).

N. C. Hilyard, "The Influence of Pneumatic Damping on the Performance
of a Flexible Foam Vibration Isolator," J. Sound Vib.

36.

C. E. Crede and J. P. Walsh, "The Design of Vibration-Isolating Bases
for Machinery," J. Appl. Mech., Trans. ASME, Pt.

37.

32_, 71-76 (1974).

R. C.

II, ^39, A7 - A14 (1947).

Lewis and K. Unholtz, "A Simplified Method for the Design of

Vibration-Isolating Suspensions," Trans. ASME, Pt.

I, 69^, 813-820

(1947).
38.

C. E. Crede, "The Effect of Product of Inertia Coupling on the Natural
Frequencies of a Rigid Body on Resilient Supports," J. Appl. Mech.,
Trans. ASME, Ser. E, 80, 541-545 (1958).

39.

J. N. Macduff and J. R. Curreri, Vibration Control
Company, New York,

40.

(McGraw-Hill Book

1958).

J. A. Macinante, "Vibration and Shock Isolation - A Survey," National
Standards Laboratory Tech.

Paper No.

10 (CSIRO, Melbourne, Australia,

1958).
41.

R.

F. Henry and S. A. Tobias, "Instability and Steady-State Coupled

Motions in Vibration Isolating Suspensions," J. Mech. Engr. Sci.

1_,

19-29 (1959).
42.

T. R. Kane, "The Effect of Product-of-Inertia Coupling on the Natural
Frequencies of a Rigid Body on Resilient Supports," J. Appl. Mech.,
Trans. ASME, Ser. E, 81, 311-312 (1959).

99

REFERENCES -- CONTINUED

43.

G. J. Andrews, "Vibration Isolation of a Rigid Body on Resilient Supports,"
J. Acoust. Soc. Am.

44.

L.

32_, 995-1001

(1960) .

Katz, "Mathematical Analysis and Digital Computer Solution of Natural

Frequencies and Normal Modes of Vibration for a Compound Isolation
Mounting System," David W. Taylor Model Basin Rept. No.
45.

1480 (1960).

R. T. McGoldrick, "Calculation of Natural Frequencies and Normal Modes
of Vibration for a Compound Isolation Mounting System," David W. Taylor
Model Basin Rept. No.

46.

J. A. Macinante, "The Natural Frequencies of Spring Mountings," Engineer
213,

47.

572-573 (1962).

P. Grootenhuis and D. J. Ewins, "Vibration of a Spring-Supported Body,"
J. Mech.

48.

1420 (1960).

Engr. Sci.

7_,

185-192 (1965).

L. E. Smollen, "Generalized Matrix Method for the Design and Analysis of
Vibration-Isolation Systems," J. Acoust. Soc. Am. £0,

49.

195-204 (1966).

J. Courbon, "Vibrations Des Massifs Supportant Des Machines," Annales
de L'Institut Technique du Batiment et des Travaux Publics, No. 825,
45-71

50.

P.

(1971).

Grootenhuis and D. J. Ewins, "Multi-Directional Vibration Isolation,"

Paper A in Proc.
51.

Brit. Soc. Env. Engrs. Vib.

Isoln. Conf.,

London (1972).

D. J. Ewins, "Determination of Antivibration Mount Properties Under
Service Conditions Using Mobility Measurements," Paper T1 in Proc. Brit.
Soc. Env. Engrs. Vib. Conf., SEECO 73, London (1973).

52.

C. Ng and P. F.

Cunniff, "Optimization of Mechanical Vibration Isolation

Systems With Multi-Degrees of Freedom," J.

Sound Vib.

36,

105-117 (1974).

100

REFERENCES -- CONTINUED

53.

P. A. Orlin and M. A.

Cutchins, "Optimum Vibration Isolation System

Design Using Linear Programming," J. AIAA 12_,
54.

1517-21 (1974).

M. G. Sainsbury and D. J. Ewins, "Vibration Analysis of a Damped Machinery
Foundation Structure Using the Dynamic Stiffness Coupling Technique,"
J. Engr.

55.

E.

M.

1000-1005 (1974).
(John Wiley and Sons,

Inc.,

1975).

L. Munjal, "A Rational Synthesis of Vibration Isolators," J. Sound

Vib.
57.

B, 96,

B. Magrab, Environmental Noise Control

New York,
56.

Ind., Trans. ASME, Ser.

39,

247-263 (1975).

J. C. Snowdon, Mechanical Four-Pole Parameters: Transmission Matrices,
The Pennsylvania State University, Applied Research Laboratory, Rept. to
the Naval Sea Systems Command, TM 76-122 (April,

58.

F. Schloss, "Recent Advances in Mechanical Impedance Instrumentation
and Applications," Shock Vib.
W. Taylor Model Basin Rept.

59.

J. C.

61.

34, Pt.

3, 3-14 (1964), and David

1960 (1965).

Inc., New York, 1968).

A. N.

Gent and P. B.

Proc.

Instn. Mech. Engrs.

P.

Londley, "Effect of Poisson's Ratio on Compression Modulus,"

B.

J. Strain Anal.
62.

Bull.

Snowdon, Vibration and Shock in Damped Mechanical Systems (John

Wiley and Sons,
60.

1976).

3^,

Lindley, "The Compression of Bonded Rubber Blocks,"

142-145

173,

111-122 (1959).

(1968).

E. H. Hull, "The Use of Rubber in Vibration Isolation," J. Appl. Mech.,
Trans. ASME, Pt.

II,

59, A-109 - A-114 (1937).

101

REFERENCES -- CONTINUED

63.

Y.

Rocard, "Note Sur Le Calcul Des Proprietes Elastiques Des Supports

En Caoutchouc Adherent," J. Phys.

Radium, Ser. 7, 8^,

197-203 (1937).

64.

E. G.

Kimmich, "Rubber in Compression," ASTM Bull. No.

106, 9-14 (1940).

65.

S. D. Gehman, "Rubber in Vibration," Rubber Chem. Technol.

15, 860-873

(1942).
66.

S. de Mey and G. J. van Amerongen, "Dynamic-Mechanical Characterisitcs
of Rubber Compounds," Rubber Chem. Technol.

67.

1215-1232 (1956).

A. N. Gent, "Load-Deflection Relations and Surface Strain Distributions
for Flat Rubber Pads," Rubber Chem. Tech.

68.

29_,

3^, 395-414 (1958).

A. 0. Sykes, "A Study of Compression Noise Isolation Mounts Constructed
From a Number of Rubber and Rubberlike Materials," David W. Taylor
Model Basin Rept.

69.

P. B.

845 (1960).

Lindley, "Research on Rubber Spring Design," Rubb. J.

146,

65-70

(1964).
70.

P.

B.

Lindley, "Load-Compression Relationship of Rubber Units," J.

Strain Anal.
71.

G. S.

1^,

190-195 (1966).

Rosin, "Form Factor of the Specimen in Measurements of the Dynamic

Modulus of Elasticity," Soviet Physics--Acoustics 14_, 71-74 (1968).
72.

N. C. Hilyard, "Effective Mass of Bonded Rubber Blocks," J. Acoust.
Soc. Am.

73.

P. B.

47,

1463-1465 (1970).

Lindley, "Designing With Rubber," Natural Rubber Producers Research

Association, Proc.

3rd Rubber in Engineering Conference, UK, Paper A

(1973).
74.

S. R. Moghe and H. F. Neff, "Dependence of Compression Modulus on Poisson’s
Ratio," Rubb. Chem. Tech.

46, 286-293 (1973).

102

REFERENCES -- CONTINUED

75.

W. S. Cramer, "Measurement of the Acoustic Properties of Solid Polymers,"
DTMB Naval Ship Research and Development Center, Rept. No. 4356 (1974).

76.

F. D. Abbott, "Rubber Vibration Insulators," Rubber Chem. Technol. 6,
299-308 (1933).

77.

M. P.

Blake and W. S. Mitchell, Eds., Vibration and Acoustic Measurement

Handbook (Spartan Books, New York,
78.

1972).

E. H. Hull, "Influence of Damping in the Elastic Mounting of Vibrating
Machines," J. Appl. Mech., Trans. ASME, Pt.

79.

155-165 (1931).

L. E. Nielsen, Mechanical Properties of Polymers (Reinhold Publishing
Corp., Chapman and Hall,

80.

II, 53,

A. M.

Ltd., London,

1962).

Lokoschenko and S. A. Shesterikov, "Vibrocreep," Soviet Mechs.

Solids 1, 95-96 (1966).
81.

G. S. Mustin, Theory and Practice of Cushion Design, SVM-2 (The Shock
and Vibration Center, U. S. Department of Defense, Washington, DC,

82.

C. W.

Kosten, "Static and Dynamic Properties of Rubber Under Compression,"

Rubber Chem. Technol.
83.

G.

Schay and P.

Compression.
84.

12_,

381-393 (1939).

Szor, "Stress-Strain Relation in Rubber Blocks Under

I," Acta Chim. Acad. Sci. Hungaria 2_, 317-330 (1952).

J. E. Adkins and A.

N.

Gent, "Load-Deflexion Relations of Rubber Bush

Mountings," Brit. J. Appl.
85.

86.

Phys. _5, 354-358 (1954).

L. T. Wilson, "Resilient Cushioning Materials," Shock Vib. Bull.
Pt.

2, 324-331

A. N.

1968).

25,

(1957).

Gent and P. Mason, The Chemistry and Physics of Rubberlike Sub¬

stances,

L. Bateman, Ed.

Chap. 8, pp.

187-224).

(John Wiley and Sons,

Inc., New York,

1963)

103

REFERENCES -- CONTINUED

87.

A. N. Gent, "Elastic Stability of Rubber Compression Springs," Rubber
Chem. Technol.

88.

A. J. King, The Measurement and Suppression of Noise (Chapman and Hall,
Ltd., London,

89.

38_, 415-430 (1965).

S.

1965).

I. Chou, "Bonded Elastic Mounts Under Combined Loading of Shear and

Normal Forces," J. Engr.
90.

G. K.

Ind., Trans. ASME, Ser. B, 91, 508-512 (1969).

Rightmire, "An Experimental Method for Determining Poisson's Ratio

of Elastomers," J. Lub. Tech., Trans. ASME,
91.

89, 510-520 (1969).

A. N. Gent and E. A. Meinecke, "Compression, Bending, and Shear of
Bonded Rubber Blocks," Polymer Engr. Sci.

92.

Ser. F,

J. H. Dillon and S.

10, 48-53 (1970).

D. Gehman, "Hysteresis and Methods for Its

Measurement in Rubberlike Materials," Rubber Chem. Technol.

20,

827-858

(1947) .
93.

R. S. Marvin, E.

R.

Fitzgerald and J. D.

Ferry, "Measurements of

Mechanical Properties of Polyisobutylene at Audiofrequencies by a Twin
Transducer," J. Appl. Phys.
94.

197-204 (1950).

I. L. Hopkins, "Dynamic Shear Properties of Rubberlike Polymers," Rubber
Chem. Technol.

95.

21,

24, 507-519 (1951).

R. S. Jackson, A. J. King and C. R. Maguire, "Determination of the
Static and Dynamic Elastic Properties of Resilient Materials," Proc.
Brit.

96.

Inst. Elec. Engrs.

R. S. Jackson, A. J.

101, Pt.

II, 512-521

(1954).

King and C. R. Maguire, "Determination of the

Static and Dynamic Elastic Properties of Resilient Materials,"
Acustica 6, 164-167 (1956).

104

REFERENCES -- CONTINUED

97.

R. E. Morris, R. R. James and C. W. Guyton,

"A New Method for

Determining the Dynamic Mechanical Properties of Rubber," Rubber
Chem. Technol.
98.

(1956).

S. D. Gehman, "Dynamic Properties of Elastomers," Rubber Chem.
Technol.

99.

29, 838-851

30,

1202-1250 (1957).

G. W. Becker, "Uber Das Dynamisch-Elastische Verhalten
Geschaumter Stoffe," Acustica 9, 135-143 (1959).

100.

E. J.

Cook, J. A.

Lee, E. R. Fitzgerald, and J. W. Fitzgerald,

Dynamic Mechanical Properties of Materials For Noise and Vibration
Control, Chesapeake Instrument Corp. Rept. No.
of Naval Research, Nonr-2678(00)
101.

(January,

1960).

E. R. Fitzgerald, "Dynamic Mechanical Properties of Stretched
Natural Rubber," Rubber Chem. Technol.

102.

101 to the Office

35, 388-402 (1962).

N. M. Trivisonno, C. A. Stearns and J. M.

Kime, "Dynamic Testing

Apparatus for Rubbers and Plastics," Rubber Chem. Technol.

35,

937-948 (1962).
103.

A. R.

Payne, "Sinusoidal-Strain Dynamic Testing of Rubber Products,"

Rubber Chem. Technol.
104.

3b, 422-431

(1963).

W. G. Gottenberg and R. M. Christensen, "An Experiment for
Determination of the Mechanical Property in Shear For a Linear,
Isotropic Viscoelastic Solid," Int. J. Engr. Sci.

105.

2_, 45-57 (1964).

G. S. Rosin, "Measurement of the Dynamic Characteristics of Sound
and Vibration Insulating Materials in Longitudinal Vibrations,"
Soviet Physics--Acoustics 10_,

1-9 (1964).

105

REFERENCES -- CONTINUED

106.

A. R. Payne, "Note on Conductivity and Modulus of Carbon-Black-Loaded
Rubbers," Rubber Chem. Technol.

107.

P. Grootenhuis,

59, 915-922

(1966).

"Measurement of the Dynamic Properties of Damping

Materials," Proc.

Int. Sym. Damping of Vibration of Plates by Means

of Layers (Association Beige des Acousticiens, Louvain, Belgium,
108.

C. M. Cannon, A. D. Nashif and D.

1967)

I. G. Jones, "Damping Measurements

on Soft Viscoelastic Materials Using a Tuned Damper Technique,"
Shock Vib. Bull. 38_, Pt. 3, 151-163 (1968).
109.

P. Grootenhuis, The Dynamic and Static Properties of TICO LF/PA
Materials, James Walker and Co., Ltd., Woking, England, Rept. KD 3100
(April,

110.

1969).

J. S. Parsons, W. Yater and F. Schloss,

"The Measurement of Dynamic

Properties of Materials Using a Transfer Impedance Technique,"
DTMB Naval Ship Research and Development Center, Rept. No.
111.

2981

(1969)

C. T. Coote and F. Cicci, Measurement of Dynamic Shear Properties of
Silicone Based Elastomers Used as Damping Materials, University of
Southampton Institute of Sound and Vibration Research Rept. No. 43
(December,

112.

1970).

R. De Marie, "Damping Capacity of Rubberlike Materials Loaded in
Compression, and Dependence of Their Damping Capacity on Several
Parameters," Proc. Tenth Int. M.T.D.R, Conf.,
England (Pergamon Press, Oxford Univ. Press,

113.

J.

1969, Manchester,
1970) pp.

83-93.

D. Ferry, Viscoelastic Properties of Polymers (John Wiley and

Sons,

Inc., New York,

1970)

2nd Ed.

106

REFERENCES -- CONTINUED

114.

B. W. Ford and W. C. Warner, "A New Dynamic Test Device for Vulcanized
Rubber," Rubber Chem. Technol. 44,

115.

T.

249-257 (1971).

Chiang, J. M. Tessarzik, and R. H. Badgley, Development of

Procedures for Calculating Stiffness and Damping Properties of
Elastomers in Engineering Applications, Mechanical Technology Inc.
Rept. No. MTI-72 TR20 to the National Aeronautics and Space
Administration (March,
116.

J.

1972).

L. Edwards and D. R. Hicks, "Useful Range of a Mechanical

Impedance Technique for Measurement of Dynamic Properties of
Materials," J. Acoust. Soc. Am. 52,
117.

D.

I. G. Jones and M.

1053-1055 (1972).

L. Parin, "Technique for Measuring Damping

Properties of Thin Viscoelastic Layers," J. Sound Vib.

24, 201-210

(1972).
118.

D.

I. G. Jones, "Temperature-Frequency Dependence of Dynamic

Properties of Damping Materials," J. Sound Vib. 33, 451-470 (1974).
119.

I. L. Ver, "Measurement of Dynamic Stiffness and Loss Factor of
Elastic Mounts as a Function of Frequency and Static Load," Noise
Con. Engr. 3_, 37-42 (1974) .

120.

M. Greenspan and C. E. Tschiegg, "Audiofrequency Compliances of
Prestressed Quartz, Fused Silica, and Aluminum," J. Acoust. Soc.
Amer.

121.

36, 450-457 (1964).

I. L. Hopkins, "Comments on Fitzgerald Resonances," J. Acoust. Soc.
Amer. 38,

145-146 (1965) .

107

REFERENCES -- CONTINUED

122.

R. W.

Leonard,

"Comments on the Existence of the Fitzgerald Effect,"

J. Acoust. Soc. Amer. 38^, 673-674
123.

E. R. Fitzgerald,

(1965).

"Observations on Nonelastic Audiofrequency

Resonances," J. Acoust. Soc. Amer. 39,
124.

I.

L. Hopkins, "Further Comments on Fitzgerald Resonances," J.

Acoust. Soc. Amer. 41,
125.

870-877 (1966).

861-863 (1967).

W. P. Mason, Review of "Particle Waves and Deformation in
Crystalline Solids," by E. R. Fitzgerald, J. Acoust. Soc. Amer.
41_,

126.

543 (1967) .

R. M. Wilcox, "Some Thoughts on Fitzgerald's Particle Waves," J.
Acoust. Soc. Amer. 4_2, 678-679 (1967).

127.

D.

R. Behrendt and J. P. Cusick, "An Explanation of Fitzgerald's

Audiofrequency Resonances and Sound Beams," NASA Tech. Note D-4625
(1968).
128.

W. Philippoff, "Mechanical Investigations of Elastomers in a Wide
Range of Frequencies," Rubber Chem. Technol.

129.

L. J. Papas, S.

27, 385-392 (1954).

L. Shufler, and T. W. DeWitt,

"A Comparison of the

Dynamic Properties of Natural Rubber and GR-S," Rubber Chem. Technol.
29, 725-734 (1956).
130.

H. Sekiguchi and M. Nishimura, "On the Vibration of Characteristics of
a Rubber Vibration Isolator Due to Several Conditions," Proc. 6th
Japan Nat. Congr. Appl. Mech., 559-562 (1956).

131.

K. Matsuzawa, "Measurements of Young's Modulus of "Mylar" Polyester
Film," J. Acoust. Soc. Japan 15_,f147-150 (1959).

108

REFERENCES -- CONTINUED

132.

N.

I. Naumkina, B. D. Tartakovskii and M. M. Efrussi, "Experimental

Study of Some Vibration-Absorbing Materials," Soviet Physics--Acoustics
5,
133.

196-201

(1959).

J. C. Snowdon,

"Dynamic Mechanical Properties of Rubber-Like Materials

with Reference to the Isolation of Mechanical Vibration," Noise
Control 6, No.
134.

2,18-23 (1960).

E. J. Cook, J. A.

Lee, and E. R. Fitzgerald, Dynamic Mechanical

Properties of Materials For Noise and Vibration Control, Chesapeake
Instrument Corp. Rept. No.

187 (Vols.

Naval Research, Nonr-2678(00)
135.

(1963).

R. L. Adkins, "Design Considerations and Analysis of a Complex-modulus
Apparatus," Exptl. Mechs.

137.

1962).

G. E. Warnaka, "Dynamic Strain Effects in Elastomers," Rubber Chem.
Technol. 36, 407-421

136.

(July,

I and II) to the Office of

23,

362-367 (1966).

A Naemura and S. Kurosaki, "Measurement of the Complex Dynamic Moduli
of Various Thermo-plastic Resins in the Audio Frequency Range," J.
Acoust. Soc. Japan 22,

138.

21-32 (1966).

T. Nicholas and R. A. Heller, "Determination of the Complex Shear
Modulus of a Filled Elastomer from a Vibrating Sandwich Beam," Exptl.
Mechs. 24,

139.

110-116 (1967).

G. S. Rosin, "Form Factor of the Sample in Measurements of the Dynamic
Shear Modulus," Soviet Physics--Acoustics IJ^, 241-244 (1969).

109

REFERENCES -- CONTINUED

140.

Anon.,

"Forced Vibration Testing of Vulcanizates," American National

Standard J2.32-1971
141.

(American National Standards Institute,

1971).

M. M. Hall and A. G. Thomas, "Testing Procedure for Measurement of
Dynamic Properties of Vulcanized Rubber," J.

Instn. Rubb.

Ind. 49,

65-68 (1973) .
142.

D. E. Newland and A. D. Liquorish, "Progress in the Development and
Testing of Resilient Building Materials," Paper SI in Proc. Brit. Soc.
Env. Engrs. Vib. Conf., SEECO 73, London (1973).

143.

C. 0. Harris,
16,

144.

"Some Dynamic Properties of Rubber," Rubber Chem. Technol.

136-154 (1943).

W. P.

Fletcher and A. N. Gent, "Nonlinearity in the Dynamic Properties

of Vulcanized Rubber Compounds," Rubber Chem. Technol.

27,

209-222

(1954) .
145.

G. W. Painter,
No. 83B

146.

"Dynamic Properties of BTR Elastomer," SAE Reprint

(Society of Automotive Engineers,

1958).

P. Mason, "The Strain Dependence of Rubber Viscoelasticity.
II.

The Influence of Carbon Black," Rubber Chem. Technol.

35_, 918-926

(1962) .
147.

A. R. Payne, "Study of Carbon Black Structures in Rubber," Rubber Chem.
Technol. 38,

148.

387-399 (1965).

P. B. Lindley, "NR Springs - Better Without Black?" Rubb. Dev.
108-110 (1968).

21,

110

REFERENCES -- CONTINUED

149.

G. E. Warnaka and H. T. Miller, "Strain-Frequency-Temperature
Relationships in Polymers," J. Engr.

Ind., Trans. ASME, Ser. B,

90, 491-498 (1968).
150.

P. Grootenhuis and R. 0. J. W. Praefcke, Report on Static-TICO S/PA
Material, James Walker and Co., Ltd., Woking, England, Rept.
(April,

151.

KD 3097

1969).

D. A. Meyer and J. G. Sommer,

"The Effect of Compositional and Testing

Variations on the Dynamic Properties of Compounds Based on StyreneButadiene and Polybutadiene Elastomers," Rubber Chem. Technol. 44,
258-270 (1971).
152.

A. R. Payne and R. E. Whittaker, "Low Strain Dynamic Properties of
Filled Rubbers," Rubber Chem. Technol. 44, 440-478 (1971).

153.

A. K. Sircar and T. G. Lamond, "Strain-Dependent Dynamic Properties
of Carbon-Black Reinforced Vulcanizates.

I.

Individual Elastomers,"

Rubber Chem. Technol. 48, 79-88 (1974).
154.

J. D. Ulmer, W. M. Hess and V. E. Chirico, "The Effects of Carbon
Black on Rubber Hysteresis," Rubber Chem. Technol. 47_, 729-757 (1974).

155.

G. W. Painter, "Dynamic Characteristics of Silicone Rubber," Trans.
ASME, Pt.

156.

1,

A. Andersson,

76, 1131-35 (1954).
"Measurement of the Dynamic Properties of Vibration

Isolators With Varying Static Deformation," Paper L16 in Proc. Fifth
Intern. Congr. Acoust.,
1965) .

1965,

Liege (Fifth ICA Committee, Copenhagen,

Ill

REFERENCES -- CONTINUED

157.

M.

-L. Exner, "Schalldammung Durch Gummi- Und Stahlfedern," Acustica

2, 213-221
158.

(1952).

M. Harrison, A. 0. Sykes and M. Martin,

"Wave Effects in Isolation

Mounts," David W. Taylor Model Basin Rept. No.
Acoust. Soc. Am. 24_, 62-71
159.

(1952).

J. C. Snowdon, "The Reduction of Structure-Borne Noise," Acustica
6,

160.

766 (1952), and J.

118-125 (1956).

A. 0. Sykes, "The Evaluation of Mounts Isolating Nonrigid Machines
From Nonrigid Foundations," David Taylor Model Basin Rept. No.

1094

(1957).
161.

J. C. Snowdon,

"The Choice of Resilient Materials for Anti-Vibration

Mountings," Brit. J. Appl. Phys. 9_, 461-469 (1958).
162.

A. 0. Sykes, "The Effects of Machine and Foundation Resilience and of
Wave Propagation on the Isolation Provided by Vibration Mounts," David
W. Taylor Model Basin Rept.

163.

1276 (1959).

D. V. Wright and A. C. Hagg, Practical Calculation and Control of
Vibration Transmission Through Resilient Mounts and Basic Foundation
Structures, Westinghouse Research Laboratories Rept. No. 405FD208-R2
to the Bureau of Ships, NObs 72326 (December,

164.

1959).

A. 0. Sykes, "Isolation of Vibration When Machine and Foundation are
Resilient and When Wave Effects Occur in the Mount," Noise Control 6,
No. 3,

23-38 (1960).

112

REFERENCES -- CONTINUED

165.

A. 0. Sykes, "Vibration Isolation When Machine and Foundation Are
Resilient and Wave Effects Occur in the Mounts," David W. Taylor
Model Basin Rept. No. 1404 (1960).

166.

J. C. Snowdon, "Reduction of the Response to Vibration of Structures
Possessing Finite Mechanical Impedance," J. Acoust. Soc. Am. 55,
1466-1475 (1961).

167.

J. C. Snowdon,

"Isolation from Vibration with a Mounting Utilizing

Low- and High-Damping Rubberlike Materials," J. Acoust. Soc. Am.
54, 54-61
168.

(1962).

J. C. Snowdon, "Representation of the Mechanical Damping Possessed by
Rubberlike Materials and Structures," J. Acoust. Soc. Am. 55,
821-829 (1965).

169.

A. R. Payne,

"The Role of Hysteresis in Polymers," Rubb. J. 146,

1-9 (1964).
170.

A. R. Payne,

"Transmissibility Through and Wave Effects in Rubber,"

Rubber Chem. Technol. 57_, 1190-1244 (1964).
171.

J. C. Snowdon, "Occurrence of Wave Effects in Rubber Antivibration
Mountings," J. Acoust. Soc. Am. 57, 1027-1052 (1965).

172.

V. B. Larin, "Analytical Design of Anti-Vibration Systems For
Instruments On Moving Objects," Soviet Appl. Mechs.

175.

2_, 99-105

(1966).

E. E. Ungar and C. W. Dietrich, "High-Frequency Vibration Isolation,"
J. Sound Vib. 4,

224-241 (1966).

113

REFERENCES -- CONTINUED

174.

W. Rasch, "Schwingungsanregung von Fundamenten bei einfach- und
bei soppelelastischer Lagerung von Verbrennungskraftmaschinen,"
Motortechnische Z. 32,

175.

22-26 (1971).

J. E. Ruzicka and T. F. Derby,

Influence of Damping in Vibration

Isolation, SVM-7 (The Shock and Vibration Information Center, U. S.
Department of Defense, Washington, DC,
176.

1971).

D. E. Zeidler and D. A. Frohrib, "Optimization of a Combined Ruzicka
and Snowdon Vibration Isolation System," Shock Vib. Bull. £2, Pt. 4,
77-83 (1972) .

177.

J. C. Snowdon, "Isolation and Absorption of Machinery Vibration,"
Acustica 28, 307-317 (1973).

178.

I.

I.

Klyukin,

"Vibration Damping Criteria and Their Interrelationships,"

Soviet Physics--Acoustics 21, 460-462 (1976).
179.

A. L. Kimball, Vibration Prevention in Engineering (John Wiley and
Sons,

180.

181.

Inc., New York,

1932).

J. E. Ruzicka and R. D. Cavanaugh, "Vibration Isolation," Machine
Design 30, No.

21,

E. S.

"Forced Oscillation of a Spring-Mass System having

Levitan,

114-121

(1958).

Combined Coulomb and Viscous Damping," J. Acoust. Soc. Am. 32,
1265-1269 (1960).
182.

C. E. Crede and J. E. Ruzicka, contribution to Shock and Vibration
Handbook, C. M. Harris and C. E. Crede, eds.
Company,

(McGraw-Hill Book

Inc., New York, 1961) Chap. 30, pp. 30.1-30.57.

114

REFERENCES -- CONTINUED

183.

M. E. Gurtin, "On the Use of Clearance in Viscous Dampers to Limit
High Frequency Force Transmission," J. Engr.

Ind., Trans. ASME,

Ser. B, 83_, 50-52 (1961) .
184.

J. C. Snowdon,

"Steady-State and Transient Behavior of Two- and

Three-Element Isolation Mountings," J. Acoust. Soc. Am. 35, 397-403
(1963) .
185.

J. T. Gwinn, Jr., "Protecting the "Eyes" of the 0A0 Satellite,"
Shock Vib. Bull. 34_, Pt. 3,

186.

185-191

(1964).

R. M. Gorman, "Design and Advantages of a Two-Stage Mounting System
for Major Machines in Ship's Engine Room," Shock Vib. Bull. 35,
Pt. 5,

187.

227-234 (1966) .

J. E. Ruzicka,

"Resonance Characteristics of Unidirectional Viscous

and Coulomb-Damped Vibration Isolation Systems," J. Engr.

Ind.,

Trans. ASME, Ser. B, 89, 729-740 (1967).
188.

J.

I. Soliman and M. G. Hallam, "Vibration Isolation Between Non-Rigid

Machines and Non-Rigid Foundations," J. Sound Vib. _8, 329-351
189.

D. Muster and R. Plunkett, Noise and Vibration Control, L. Beranek, Ed.
(McGraw-Hill Book Company,

190.

(1968).

Inc., New York, 1971) Chap.

13, pp. 406-433.

E. Sevin and W. D. Pilkey, Optimum Shock and Vibration Isolation, SVM-6
(The Shock and Vibration Center, U. S. Department of Defense,
Washington, DC,

191.

1971).

B. C. Madden, Jr., "Effectiveness of Shear-Stressed Rubber Compounds in
Isolating Machinery Vibration," Trans. ASME, Pt. I, 65, 617-624 (1943).

115

REFERENCES -- CONTINUED

192.

W. A. Soroka, "How to Predict Performance of Rubber," Product Engr.

_,

28

193.

J.

No.

7,

141-145 (1957).

I. Soliman and E.

Ismailzadeh, "Optimization of Unidirectional

Viscous Damped Vibration Isolation System," J. Sound Vib.

36,

527-539 (1974).
194.

E. Meyer and L. Keidel, "Zur Schalldammung von Federn und Dammstoffen,"
Z. Tech. Phys.

195.

1£, 299-304

(1937).

C. W. Kosten, "Rubber as Antivibration Material," Rubber Chem. Technol.
1_3, 686-693 (1940).

196.

A. 0. Sykes, "The Use of Helical Springs as Noise Isolation Mounts,"
David W. Taylor Model Basin Rept. No.

197.

E. L. McDowell and D. Muster,

818 (1952).

"A Mathematical Model of a Rubber

Resilient Mounting," Proc. First Midwestern Conf. Solid Mechs.,
175-179 (1953) .
198.

W. Kuhl and F.
Acustica 6,

199.

-K. Schroder, "Dammung federnd gelagerter Balken,"

79-84 (1956) .

A. Sorensen, Jr.,

"A Discussion of the Vibration Characteristics of a

Simple Mechanical Connection," J. Engr.

Ind., Trans. ASME, Ser.

B,

82, 415-422 (1960).
200.

E. E. Ungar, "Wave Effects in Viscoelastic Leaf and Compression Spring
Mounts," J. Engr.

201.

Ind., Trans. ASME, Ser. B,

85,

243-246 (1963).

J. C. Snowdon, "Rubberlike Materials, Their Internal Damping and Role
in Vibration Isolation," J. Sound Vib.

2,

175-193 (1965).

116

REFERENCES -- CONTINUED

202.

J. C. Snowdon, "Mechanical Four-Pole Parameters and Their Application,"
J. Sound Vib.

203.

15_, 307-323 (1971).

W. M. Wang, "Minimum Effectiveness of Isolation Mounts at High
Frequencies," J. Acoust. Soc. Am. 50,

204.

1388-1389 (1971).

Y. Kagawa, "On the Dynamic Properties of Helical Springs of Finite
Length with Small Pitch," J. Acoust. Soc. Japan 24,

205.

B. L. Johnson and E. E. Stewart, "Transfer Functions for Helical
Springs," J. Engr.

206.

271-279 (1968).

K.

K.

Ind. , Trans. ASME, Ser. B, 91_,

1011-1016 (1969).

Pujara and K. Kagawa, "Phase Velocities and Displacement

Characteristics of Free Waves Along a Helical Spring," J. Acoust.
Soc. Japan 26, 555-561
207.

(1970).

R. E. Morris, R. R. James and H.

L. Snyder, "Transmission of

Mechanical Vibrations Through Rubbers," Rubber Chem. Technol.

25,

517-532 (1952).
208.

J. C. Burgess, Distributed Resilient Media For Shock and Vibration
Isolation, Stanford Research Institute Rept. WADD 60-671 to the
Wright Air Development Division, Wright-Patterson Air Force Base
(October,

209.

T. P. Yin,

1960).
"The Dynamic Characterization of Elastomers for Vibration

Control Applications," Trans. Soc. Aut. Engrs.
210.

W.

-M. Wang, "On Elastomer Mount Design When Machine and Foundation

Are Multi-Resonant Structures," J. Engr.
94,

73, 380-386 (1965).

115-118 (1972).

Ind., Trans. ASME, Ser. B,

117

REFERENCES -- CONTINUED

211.

J. E. R. Constable and K. M. Constable, The Principles and Practice
of Sound Insulation (Sir Isaac Pitman, London,

212.

J.

1949).

C. Snowdon and G. G. Parfitt, "Isolation from Mechanical Shock

with One- and Two-Stage Mounting Systems," J. Acoust. Soc. Am.

31,

967-976 (1959).
213.

E.

L. Hixson,

"Application of Mechanical Equivalent Circuits to

_,

Vibration Problems," Noise Control 7
214.

No. 6, 24-35 (1961).

J. C. Snowdon, "Utilization of High-Damping Rubbers in Vibration
Control," Paper P22 in Proc. Fourth Intern. Congr. Acoust.,
Copenhagen, Denmark (Fourth ICA Committee, Copenhagen,

215.

H. J.

Koenig and D.

1962,

1963), Pt.

1.

I. Drain, "Method of Relating Modal Damping to

Local Dampers in Lumped-Parameter Systems," NASA Tech. Note D-3637
(1966) .
216.

G. C. K. Yeh,

"Forced Vibrations of a Two-Degree-of-Freedom System

with Combined Coulomb and Viscous Damping," J. Acoust. Soc. Am.
14-24
217.

W.

39,

(1966).

I. Young and R. J. Hanners, "Compound-Two-Stage Resilient Isolation

Mounting for Use in Attenuating Mechanical Vibrations," U. S.

Patent

3,764,100 (October 9, 1973).
218.

J. C. Snowdon, "Compound Mounting Systems That Incorporate Dynamic
Vibration Absorbers," J. Engr.
1204-1211

219.

Ind., Trans. ASME, Ser. B, 97,

(1975).

F. Schloss, "New Methods for Determining the Loss Factor of Materials
and Systems," David W. Taylor Model Basin Rept.

1702 (1963).

118

REFERENCES -- CONTINUED

220.

H. A.
U,

221.

Leedy, "Noise and Vibration Isolation," J. Acoust. Soc. Am.

341-345 (1940).

H. Himelblau, Jr.,
23, No.

222.

R.

11,

"Effects of Resilient Foundations," Prod. Engr.

170-172 (1952).

Plunkett, "Interaction Between a Vibratory Machine and Its

Foundation," Noise Control 4_, No.
223.

1,

18-22 (1958).

E. Skudrzyk, "Theory of Noise and Vibration Insulation of a System
with Many Resonances," J. Acoust. Soc. Am. 31, 68-74 (1959).

224.

S. Hahold,

"Die Isolierung von Schwingungen elastisch gelagerter

Schiffsmaschinen," Motortechnische Z. 28/ 464-469 (1967).
225.

V. V. Guretskii and L. S. Mazin, "Approximate Synthesis of Antivibration
System With Allowance For Dynamic Properties of Supporting Structure,"
Soviet Mechs. Solids 6,

226.

121-127 (1971).

V. V. Guretskii and L. S. Mazin, "Synthesizing an Optimal Antivibration
System With Allowance For the Dynamic Properties of the Absorbing
Mount," Soviet Mechs. Solids 9_, 41-46 (1974).

227.

W. Jack and J. S. Parkinson, "A Method for Evaluating Compliant
Materials in Terms of Their Ability to Isolate Vibrations," J. Acoust.
Soc. Am. 9, 141-145 (1937).

228.

A. Ezzat, "Experimental Investigation of the Vibration-isolation
Characteristic of Sawdust," Exptl. Mechs. 1_9, 274-277 (1962).

229.

J.

I. Soliman and D. Tajer-Ardabili, "Self-Damped Pneumatic Isolator

for Variable Frequency Excitation," J. Mech. Engr. Sci.
(1966).

8,

284-293

119

REFERENCES -- CONTINUED

230.

G. W.

Laird and H. B. Kingsbury, "A Method of Determining Complex

Moduli of Viscoelastic Materials," Exptl. Mechs. 30,
231.

126-131

(1973).

F. Schloss, unpublished communication to J. C. Snowdon (March,

1977).

NBS-1 14A

(REV. 7-73)

U.S. DEPT. OF COMM.

1. PUBLICATION OR REPORT NO.

BIBLIOGRAPHIC DATA
SHEET

NBS

HB 128

2. Gov’t Accession

4. TITLE AND SUBTITLE

5. Publication Date

May

VIBRATION ISOLATION:
Use and Characterization

7.

jQhjj

author(S)

3. Recipient’s Accession No.

No.

c,

1979

6. Performing Organization Code

8. Performing Organ. Report No.

Snowdon

9. PERFORMING ORGANIZATION NAME AND ADDRESS

10. Project/Task/Work Unit No.
90041A9

NATIONAL BUREAU OF STANDARDS
DEPARTMENT OF COMMERCE
WASHINGTON, D.C. 20234

11. Contract/Grant No.

6-35746

12. Sponsoring Organization Name and Complete Address (Street, City, State, ZIP)

13. Type of Report & Period
Covered

National Bureau of Standards
Department of Commerce
Washington, D.C. 20234

14. Sponsoring Agency Code

15. SUPPLEMENTARY NOTES

Library of Congress Catalog Card Number:

79-600062

16. ABSTRACT (A 200-word or less factual summary of most significant in formation. If document includes a significant
bibliography or literature survey, mention it here.)

The results of a search and critical evaluation of the literature pertinent to both
the use and the characterization of the performance of antivibration mountings for
the control of noise and vibration are described.
First to be discussed are the
static and dynamic properties of rubberlike materials that are suited for use in anti¬
vibration mountings.
This is followed by analyses of the simple (one—stage) mounting
system and its subsequent, impaired performance when second—order resonances occur
either in the isolator (wave effects) or in the structure of the mounted item itself
(nonrigid supporting feet).
A discussion is then given to the performance of the
compound or two—stage mounting system which possesses superior isolation properties
for high frequencies.
Next, the four-pole parameter technique of analysis is
described and applied, in general terms, to the characterization of the performance
of an antivibration mounting with wave effects for both the cases where either the
supporting foundation or mounted item are nonrigid.
The adopted methods for the
direct measurement of antivibration-mounting performance are described, followed by
an explanation of how this same experimental determination of transmissibility can
also be made using an indirect measurement technique based upon four-pole parameter
analysis considerations.
Finally, recommendations for future work in various areas
of research on antivibration mountings are given.

17. KEY WORDS

(six to twelve entries; alphabetical order; capitalize only the first letter of the first key word unless a proper name;

separated by semicolons)

Antivibration mounting; damping; dynamic properties; industrial
engineering; isolation; machinery and equipment; mechanical impedance;
mechanical vibrations; noise control; transmissibility; vibrations;
vibration isolation*
18. AVAILABILITY

[^} Unlimited

I

| For Official Distribution. Do Not Release to NTIS

[X

i Order From Sup. of Doc., U.S. Government Printing Office, Washington, DC
20402, SD Stock No. SN003-003- 0%0
- 0

I

| Order From National Technical Information Service (NTIS), Springfield,
VA. 22161

19. SECURITY CLASS
(THIS REPORT)

21. NO. OF
PRINTED PAGES

129

UNCLASSIFIED
20. SECURITY CLASS
(THIS PAGE)

22. Price

H

V.

OO

UNCLASSIFIED
USCOMM- DC

☆ U.S. GOVERNMENT PRINTING OFFICE : 1979

0-292-624

Subscribe now—
The new
Kational Bureau
at Standards

Journal
The expanded Journal of Research of the National
Bureau of Standards reports NBS research and
development in those disciplines of the physical
and engineering sciences in which the Bureau is
active. These include physics, chemistry, engineer¬
ing, mathematics, and computer sciences. Papers
cover a broad range of subjects, with major
emphasis on measurement methodology, and the
basic technology underlying standardization. Also
included from time to time are survey articles on
topics closely related to the Bureau’s technical
and scientific programs. As a special service to
subscribers each issue contains complete citations
to all recent NBS publications in NBS and nonNBS media. Issued six times a year. Annual sub¬
scription: domestic $17.00; foreign $21.25. Single
copy, $3.00 domestic; $3.75 foreign.
• Note: The Journal was formerly published in
two sections: Section A “Physics and Chem¬
istry” and Section B “Mathematical Sciences.”

NBS Board of Editors
Churchill Eisenhart,
Executive Editor (Mathematics)
John W. Cooper (Physics)
Donald D. Wagman (Chemistry)
Andrew J. Fowell (Engineering)
Joseph O. Harrison (Computer Science)
Helmut W. Hellwig (Boulder Labs.)

For a review copy, write Journal of
Research, National Bureau of Standards,
U.S. DEPARTMENT OF COMMERCE
Washington, D.C. 20234

□

Subscription Order Form
Enter my subscription to NBS Journal of Research

Remittance Enclosed
(Make checks payable
to Superintendent of

at $17.00. Add $4.25 for foreign mailing. No additional postage is

Documents)

required for mailing within the United States or its possessions.

□

(SJR—File Code 2Q)

Charge to my Deposit
Account No.

Send Subscription to:

Name-First, Last

1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 II 1 II
Company Name or Additional Address Line

1 1 1 11 1 1 1 1 1 M 1 1 1 1 1 11 11 11 1 1 11 1
Street Address

1 1 1 1 1 1 1 I 1 II 1 1 1 1 1 1 1 1 1 1 1 II II 1 1
City

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

State

Zip Code

11 1 1

MAIL ORDER FORM TO:
Superintendent of Documents
Government Printing Office
Washington, D.C. 20402

NBS TECHNICAL PUBLICATIONS
PERIODICALS
JOURNAL OF RESEARCH—The Journal of Research
of the National Bureau of Standards reports NBS research
and development in those disciplines of the physical and
engineering sciences in which the Bureau is active. These
include physics, chemistry, engineering, mathematics, and
computer sciences. Papers cover a broad range of subjects,
with major emphasis on measurement methodology, and
the basic technology underlying standardization. Also in¬
cluded from time to time are survey articles on topics closely
related to the Bureau’s technical and scientific programs. As
a special service to subscribers each issue contains complete
citations to all recent NBS publications in NBS and nonNBS media. Issued six times a year. Annual subscription:
domestic $17.00; foreign $21.25. Single copy, $3.00 domestic;
$3.75 foreign.
Note: The Journal was formerly published in two sections:
Section A “Physics and Chemistry” and Section B “Mathe¬
matical Sciences.”
DIMENSIONS/NBS
This monthly magazine is published to inform scientists,
engineers, businessmen, industry, teachers, students, and
consumers of the latest advances in science and technology,
with primary emphasis on the work at NBS. The magazine
highlights and reviews such issues as energy research, fire
protection, building technology, metric conversion, pollution
abatement, health and safety, and consumer product per¬
formance. In addition, it reports the results of Bureau pro¬
grams in measurement standards and techniques, properties
of matter and materials, engineering standards and services,
instrumentation, and automatic data processing.
Annual subscription: Domestic, $11.00; Foreign $13.75

NONPERIODICALS
Monographs—Major contributions to the technical liter¬
ature on various subjects related to the Bureau’s scientific
and technical activities.
Handbooks—Recommended codes of engineering and indus¬
trial practice (including safety codes) developed in coopera¬
tion with interested industries, professional organizations,
and regulatory bodies.
Special Publications—Include proceedings of conferences
sponsored by NBS, NBS annual reports, and other special
publications appropriate to this grouping such as wall charts,
pocket cards, and bibliographies.
Applied Mathematics Series—Mathematical tables, man¬
uals, and studies of special interest to physicists, engineers,
chemists, biologists, mathematicians, computer programmers,
and others engaged in scientific and technical work.
National Standard Reference Data Series—Provides quanti¬
tative data on the physical and chemical properties of
materials, compiled from the world’s literature and critically
evaluated. Developed under a world-wide program co¬
ordinated by NBS. Program under authority of National
Standard Data Act (Public Law 90-396).

NOTE: At present the principal publication outlet for these
data is the Journal of Physical and Chemical Reference
Data (JPCRD) published quarterly for NBS by the Ameri¬
can Chemical Society (ACS) and the American Institute of
Physics (AIP). Subscriptions, reprints, and supplements
available from ACS, 1155 Sixteenth St. N.W., Wash., D.C.
20056.
Building Science Series—Disseminates technical information
developed at the Bureau on building materials, components,
systems, and whole structures. The series presents research
results, test methods, and performance criteria related to the
structural and environmental functions and the durability
and safety characteristics of building elements and systems.
Technical Notes—Studies or reports which are complete in
themselves but restrictive in their treatment of a subject.
Analogous to monographs but not so comprehensive in
scope or definitive in treatment of the subject area. Often
serve as a vehicle for final reports of work performed at
NBS under the sponsorship of other government agencies.
Voluntary Product Standards—Developed under procedures
published by the Department of Commerce in Part 10,
Title 15, of the Code of Federal Regulations. The purpose
of the standards is to establish nationally recognized require¬
ments for products, and to provide all concerned interests
with a basis for common understanding of the characteristics
of the products. NBS administers this program as a supple¬
ment to the activities of the private sector standardizing
organizations.
Consumer Information Series—Practical information, based
on NBS research and experience, covering areas of interest
to the consumer. Easily understandable language and
illustrations provide useful background knowledge for shop¬
ping in today’s technological marketplace.
Order above NBS publications from: Superintendent of
Documents, Government Printing Office, Washington, D.C.
20402.
Order following NBS publications—NBSIR’s and FIPS from
the National Technical Information Services, Springfield,
Va. 22161.
Federal Information Processing Standards Publications
(FIPS PUB)—Publications in this series collectively consti¬
tute the Federal Information Processing Standards Register.
Register serves as the official source of information in the
Federal Government regarding standards issued by NBS
pursuant to the Federal Property and Administrative Serv¬
ices Act of 1949 as amended, Public Law 89-306 (79 Stat.
1127), and as implemented by Executive Order 11717
(38 FR 12315, dated May 11, 1973) and Part 6 of Tide 15
CFR (Code of Federal Regulations).
NBS Interagency Reports (NBSER)—A special series of
interim or final reports on work performed by NBS for
outside sponsors (both government and non-government).
In general, initial distribution is handled by the sponsor;
public distribution is by the Nadonal Technical Information
Services (Springfield, Va. 22161) in paper copy or microfiche
form.

BIBLIOGRAPHIC SUBSCRIPTION SERVICES
Die following current-awareness and literature-survey bibli¬
ographies are issued periodically by the Bureau:
Cryogenic Data Center Current Awareness Service. A litera¬
ture survey issued biweekly. Annual subscription: Domes¬
tic, $25.00; Foreign, $30.00.
Liquified Natural Gas. A literature survey issued quarterly.
Annual subscription: $20.00.

Superconducting Devices and Materials. A literature survey
issued quarterly. Annual subscription: $30.00. Send subscrip¬
tion orders and remittances for the preceding bibliographic
services to National Bureau of Standards, Cryogenic Data
Center (275.02) Boulder, Colorado 80302.
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