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1. INTRODUCTION

Rubber springs are frequently used as compliant elements to reduce
vibration transmission. In some cases the source of the vibration is
isclated: engine mounts are used for this purpcse, Ahmadi & Muhr [1): in
other cases the receiver is isolated: many buildings near railway lines
have been built on laminated rubber bearings, Coveney, et al. [2].

The specification of a vibratien isolatien spring invariably includea its
dyramic stiffness and, increasingly, ita damping. System performance may
then be calculated either in terms of a resonance curve for a simple aystem
or in terms of the four-pole parameter formalism, Snowdon [3], Ahmadi &
Huhr [1], for a compound aystem {intermediate mass or compliant foundation).

At fregquencies in the upper audio range wave effects within a mount, and so
material density, may become significant: springs containing rubber elementa
are particularly effective at reducing transmitted vibrations in such
circumstances, Muhr [4]. Rubber lsolation mounts of fer attractions in terms
of cost, aimplicity, reliability and compactness when used either in
rubber-only syatems or in conjunction with other systems including active
control. Elastomers thus already fulfill an invaluasble role, however if

they are to be used to maximum effect in vibration isolation their dynamic
properties need to be well underatood.

2. BASIC DYNAMIC PROPERTIES OF RUBBER

The dynamic modulus and damping propertiea of rubber are often represented
by combinations of Hookean spring and viscous damping elements, Themaon [5].
Although such representations make for convenient analysis they have
limitations when compared with the hehaviour of real rubbery materials. The
damping in practical elastomeric materials is produced by a number of
mechanisms but viscous processes are rarely predominant. Aa a result, the
looa factor {tané) and the complex modulus {G*} of rubber does not

generally lncrease linearly with frequency - in many cases the dependence is
weaker, Ahmadi & Muhr [1] and Gregory [6]. For natural rubber cperating

at moderate temperatures and frequencies an increase in complex modulua of
10x per two decades increase in rate of deformation is an order-of -magnitude
guide to the frequency dependence of the material; the dependence of loas
factor on frequency is of a similar order.
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Most practical elastomers for engineering applications are filled - often
with fine particles of carbon {carbon hlack}; the reasons for this range
from advantages in processing characteristica through improvements in fatigue
resistance to enhancement of damping. Significant carbon black reinforcement
is less essential for natural rubber than for most of the synthetics on
strength grounds. Nevertheless carbon-black filler is the rule for natural
as well as synthetic rubber. For natural rubber., vulcanizates, and for other
elastomers with intrineic low damping at moderate temperatures and
frequencies, much of the damping is associated with the carbon-black filler.

Whereas unfilled natural rubber deformed in shear exhibits an eszentially
linear force-deflection characteristic up to several hundreds of percent
strain, the shear modulua of black-filled rubber is stiffer both at low and
at high strains than at moderate strains. An extreme example of this effect
is shown in Fig 1; the quasi-static force-deflection behaviour is shown for
an unfilled natural rubber vulcanizate and one filled with 75 parts {by
weight per 100 of rubber) reinforcing carbon black. The low strain stiffness
in black-filled vulcanizates is believed to be dye to interactions between
carbon black particles, and that at high strains due to carbon black rubber
network interactions. When filled rubber is subjected to sinusoidal
displacement histories in shear, related phenomena are ohserved, The modulus
at low strain amplitudes {lesa2 than 0.1) is higher than at mcderate to high
straina. There i3 a progreasive increase in modulus as strain decreases down
to & ,001; at these strain levels a plateau in modulus is reached.

The behaviour of the loss factor is to increase for decreasing strain
amplitudes below 1.0; a maximum in loss factor is reached at strain
amplitudes » .05. Plots of shear modulus against shear strain amplitude
are shown in Fig 2 for a range of natural rubber vulcanizates with different
filler loadings.

At the larger strain amplitudes in particular the force-deflection loops
depart noticeably from elliptical shapes - indicating the presence of higher
harmonica in the force-time signal, Fig 3, At lower strains higher harmonics
cecur wherever there is significant filler-induced damping.

In addition to the foregeing effects, the behaviour of filled rubber is
histcry dependent,

3. HISTORY-DEPENDENT BEHAVIOUR - BACKGROUND

It has been recognized for many years that when carbon-black filled rubber is
subjected to cyclic shear strain it becomes =softer, Payne [7]. In most

cases this softening ia reversible; recovery from the effects of large
strain cycling c¢an be monitcored by subjecting the testpiece to small strain
cycling and measuring the changing stiffness, Fletcher & Gent [8]. Coveney

& Ahmadi [9]). The data suggest that immediately after large atrain cycling
the small strain modulus is depressed to a value close to the large strain
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modulus {see Fig 4}.

Recent experiments reported by Harris {10] have implied that a filled

rubber, normally thought highly nonlinear, can, when subjected to certain
complex displacement histories, behave as if it were linear with a modulua
close to that appropriate to the peak strain. Yet for sinuscidal
deformations of different strain amplitudes, and also for a static strain
superposed on a dynamic strain. nonlinear behaviour occurs with the stiffness
being lower for larger straing. Coveney & Ahmadi [9], Gregory ([6].

The current work on filled vulcanizates is directed towards studying the
boundary between conditions for which there is nonlinear behaviour and those
for which linear behaviour cccurs for filled rubbers.

4. CURRENT STUDY OF HISTORY-DEPENDENT BEHAVICUR

A range of types of strain histories were applied to a test piece of natural
rubber filled with 75 parts |per hundred by weight of rubber) of N33iD
{reinforcing} carbon black. This material was chosen as an extreme example
to maximize nonlinear effects. The test piece was the standard cylindrical
double shear, with a rubber diameter of 25mm and thickness of &mm per side,

A Schenck VH7 servohydraulic machine which has a wide frequency capability
(0.1 to 800Hz) was used to perform the tests. Command signals and
preliminary analysis of the data were provided by a Schlumberger Solartron
frequency response analyser 1250 and fast fourier transform analyser (FFT}
1201. All tests were performed at room temperature (23°C) unleas otherwige
atated,

4.1 Sequential sine-gine

Initial tests were performed on rested rubber in which the testpiece was
subjected to large strain amplitude (v 0.5) cycles at 1Hz followed by amall
strain cycles (0.003) at 1 & 10Hz. The experiments were performed at -30°C
and room temperature {23'C). The results of the tests were congiatent with
the hypothesis that the stiffneas at small strains immediately after
cessation of large strain cycling is equal to the large strain stiffness;
the data suggested that very rapid recovery in stiffness occurred in the
first 1s, with recovery rate becoming more rapid at higher temperatures,
Recovery behaviour at sherter times was not observed because of the settling
time of the servohydraulic machine.

4.2 Superimposed aine-sine

Experiments were carried out along the lines of thogse previcusly reported,
Harris [10). A reated testpiece waa used. In one set of tests §5Hz
ainuaoidal deformations with strain amplitudes from 0.001 to 0.1 {primary
signal] were combined with simultanecus sinusoidal deformations of 0.1 strain
amplitude and frequencies ranging from 1 to 50Hz {secondary signal). The
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resulting force slgnals were then analysed for the primary frequency
components and an apparent primary signal modulua (G_) deduced. As

compared with the case of a primary strain-time signgl without a secondary
present, G, at small strains is progressively softened as the secondary
frequency fs increased. In a second set of tests the primary signal had a
fixed frequency of 10Hz and its strain amplitude waa varjed from 0.0l to 0.1
while the secondary signal had a fixed frequency of 1Hz and its strain
amplitude was varied from 0.1 to 0.5. As compared with a primary signal
without a secondary, the apparent primary signal modulus at small strains
was progregsively softened as the secondary strain amplitude was increased.
The results confirmed those of Rarris [10]: for a primary signal whose
frequency is within a factor of twe or so of the secondary’s frequency the
apparent modulus for the primary signal is largely linear for a wide range of
strains below the strain amplitude of the secondary signal.

These results were interpreted by Harris in terms of large strains causing
softening and the number of strain reversals {of the primary signal occurring
in one secondary cycle] increasing the extent of recovery of amall strain
atiffneas.

4.3 Paseudo-randem signal

The maximum voltage associated with any pseudo-random signal produced by the
Solartron 1201 is around 3.7 timea the average r.m.s. value. An example of
a typical near-Gaussian distribution of {average) strain values at Sma
intervals produced by the FFT during & 2.97a period is shown in Fig §. A
range of such signals were used to drive the servehydraulic machine - along
aimilar lines to previously reported experiments, Harris [10}. In each

cagse the frequency band was 40-140Hz. One factor which complicates precise
analysia of such tests ia the gain of the servohydraulic machine being a
{decreasing) function of frequency; it i= unity at approximately 60Hz.

It was found that the 80Hz dynamic stiffnesses derived from the paeudo-
random tests were significantly lower than stiffnesses cbtained from the same
fully rested testpiece subjected to sinusoidal deformation at BOHz and strain
amplitudes equal to the peak random signal amplitudes (PRSA). Excellent
correlation was, however, obtained between the pseudo-random stiffnesses and
those obtained from sinuscidal tests at amplitudea of half PRSA (Table 1).

4.4 Pseuvdo-randon superimposed on sine

These experiments were performed in order to discover whether effects

similar to thogse cbserved for svperposed sinusocidal straing occurred. The
stiffneases of a fully rested rubber shear testplece at B80HZ for pseudo-
random deformations {primary) with a frequency band of 40-140Hz were measured
with and without a superposed sinusoidal signal (secondary: amplitude 0.1,
frequency 1Hz and amplitude 0.5, frequency lHz}. In spite of the large ratio
between the secondary and primary signal frequencies the presence of the
secondary caused a very significant reduction in the dynamic stiffness
associated with the primary signal {see Table 2}. In effect, the primary
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response had become more linear. The primary stiffneas was reduced by up to
60% towards the dynamic etiffness associated with the secondary - the effect
being proportionately larger for low primary (pseudo-randem) signals and
high secondary {sinuscidal} signals. As was the case for the sine-sine
conditions, the presence of the gecondary increased the loss angle associated
with the primary.

5. MATERIAL NONLINEARITY AND MOUNT DESIGN

Elastomeric vibration isolation mounts are made in a wide variety of shapes
and sizes, In many there is little alternative ta using trisl-and-error or
finite element methods. In others there are analytical design methods
available; laminated rubber bearings used for vibratien isolation in
buildings are one such class. The overall compressive compliance of such a
bearing ia obtained by adding the compliancea of individual layers. For a
bearing of compact (eg. circular or square) plan area A, the compreasive
stiffness of an individual rubber layer of thicknesa h ia given by

k, = §AGS (1}

h

where S, the shape factor, is defined as the ratio of a asingle loaded area
to the unloaded [side) area of a single rubber layer. Equation (1) assumes
moderate shape factors and strictly applies only to a linear rubber of shear
modulua G and for small strains, However, a measure of the level of
equivalent shear strain {¥) in the rubber due to a compressive strain (ec]
is given by: Muhr et al, [11].

? = /6 Se, (2}

For a nonlinear material an appropriate. value for G may therefore be
substituted into equation (1}, [Eguations (1) and {2) are simplifications of
more general formulae given inm {11)). Comparisons between experimental
valuea and the predictions of equations {1} and {2} are shown in Fig 6. Good
agreement is indicated for compressive strain levels of 0.08 and leas.

6. DISCUSSION/CONCLUSIONS

"~ The term "dynamic to static ratio” is often used in relation to the stiffness
of elastomeric vibration isclation mounts. Clearly any difference in
stiffness will affect the vibration transmission characteristics of a mount ;
the difference between stiffness measured for relatively large quasi-static
and small dynamic displacements arisea from two separate sources, The first
gource relates to genuine frequency dependence in material propertiea;
modulus can exhibit strong frequency dependence for some elastomers (nitrile
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and epoxidized natural rubbers being two examples) however other elastomers
[such as unmodified natural rubber and polybutadiene} show little frequency
effect at moderate temperatures and frequencies. For filled unmodified
patural rubber the main scurce of "dynamic to static ratio” lies not in a
genuine frequency effect but in the difference between strains during the
gtatic test and the dynamic application. Indeed for high frequency
applications dynamic strains may be sufficiently small for the filled rubber
to be cperating in its low-strain plateau region; if this is the case the
material will behave linearly. A degree of linearity may also be achieved
for certain complex waveforms, current work has added to known members of
thia class although the range of waveforms to which thia statement appliesa
haa yet to be fully quantified. Progress has likewise been achieved over
recent years in accounting for material nonlinearity in the design of filled
rubber isolation mounts of certain geometries: these techniques now need to
be extended to more complex geometries,
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PRSA PRBS G & &°  Sine wave @ PRSA equivalent sine wave
at ~ 80Hz and » B0Hz « Strain for same

X . G' of PRBS (rested)

G é6* G 6"

0.01 8.20 6.96 0.0047
9.40 11.35

0.02 6.8 5.66 0.0096
11.80 12.94

0.05 5.06 4.12 0.0262
12.90 12.40

0.07 4.50 3.77 0.0358
13.00 11.65

0.10 4.16 . 3.37 0.0492
12.30 10.57

Table 1 : Correlation between PRBS and single Sine wave testas.

{a] Sine wave (secondary) 1Hz at 0.1 G* = 3.02 &' = 9,68

PRSA PRES only PRES + Sine
. % 60Hz . v B0Hz
g 8 G 8"

0.0 8.2 6.06
9,40 16.5

0.0z 6.80 5.42
11.80 15.6

0.05 5.06 4.58
12.90 14.4

0.07 4.6 .24
13.00 14.6

0.10 4.16 3.95
12.30 4.1

(b} Sine wave {secondary) 1Hz at 0.5 G" = 2.00 &° = 8.42

0.01 8.2 4.48
9.40 22.3

0.02° _ 6.68 3.30
11,80 21,3

0.05 5.06 4.07
12.90 18.7

0.07 4.6 3.90
: 13.00 16.6

0.10 3.16 3.62
12.30 16.8

Table 2 : Secondary eine wave affect on Primary PRBS Dynamic Properties.
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Figure 2. Shesr modulus against shear strain amplitude for various filler
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Figure 3. Shear stress strain curves for a high damping natural rubber
earthqueke vulcanizate. {0.5Hz sinusoidal input).
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Figure 4. Filler-induced non-lineerity: breakdown and-recovery accbrding

to Fletcher and Gent hypothesia. (G La shear modulus ¥ shear
atrain amplitudej.
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