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Absttract:

Most elastomers used in damping treatments for structures are visco -
elastic in response to dynamic strains. The stress - strain relation can be
described by two properties , the stress - strain modulus and a loss factor. The
values of these properties are required for conditions tension or compression
when the damping treatment consists of an unconstrained layer and in shear for
the sandwich layer type of construction.

The different techniques of measurement using either a freely decaying
vibration or a forced resonance motion are considered inadequate for materials
with a high loss factor or with properties which are strain dependent.

A resonance technique for determining the properties in compression is
described in which the exciting force is varied whilst keeping the strain
amplitude constant . A second apparatus is described for testing elastomers in
shear using a forced vibration technique. Typical results obtained with both
techniques are given with particular attention to the dependence on strain
amplitudes.
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Introduction:
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The design of a structure incorporating damping layers cannot be undertaken

unless the dynamic properties of the damping material are known. The effects of
variations in environmental conditions such as temperature and humidity should also

be known, together with an accurate knowledge of the dependence upon frequency

and strain amplitude.
The dynamic properties are required for conditions in tension or compression for
materials used as unconstrained damping layers and as anti - vibration mountings
under machinery and under foundation blocks conditions in shear apply for materials
bonded between restraining layers forming a sandwich plate or beam and for the

shear types of anti-vibration mountings.
Most elastomers are elastically imperfect, that is the applied stress leads the
strain. An applied sinusoidal stress usually results in a sinusoidal strain, the phase
angle, o, between them remaining constant during a complete strain cycle, although

it can vary with frequency of cycling and with the total strain amplitude.

A sinusoidal stress, @, can be expressed as:
(1)

= g sin(we + §)
= g cos(wt)sin(§) + & cos(§)sin(wr)

The resulting, £, sinusoidal strain will be :
(2)

£ = £ sin(wt)
The” in-phase” elastic modulus will be the ratio of the coefficients of the stress and

strain components of the, sin(wt) terms or :

and the” quadrature” component or loss modulus is:

£ & sin{5]
E= :
The ratio of these two modulus give a measure of the amount of imperfect elasticity

3)

possessed by the material and a loss factor, Z, is defined as
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Eliminating the variables time, t, from equations (1 and (2) gives:

o =E{E$x-'é: —£~}



which is a stress-strain law of elliptical form, a characteristic of all truly visco -
elastic materials . Only two properties need be measured, for example the ““ in Phase
” modulus, E, and the loss factor, Z.

Lost visco-elastic materials exhibit a somewhat peculiar non-linearity in that a plot of
stress versus strain will be a near perfect ellipse as predicted by equation (4), and
discussed in detail by Fitzgerals and Ferry (1) implying constant values for the
properties , E , and Z ,throughout a strain cycle, but the actual value of E , and T will
vary with frequency and strain amplitude. See for instance Gehmen (2) and Joseph
W.T(3). Most experimental observations show a decrease in the elastic modulus with
increase in strain amplitude where as the variation in loss factor is less marked. It is
therefore necessary to control the strain amplitude and to be able to keep it constant
at predetermined values for accurate measurements. This consideration is of great
importance when choosing a method of testing.

Two similar properties will be sufficient to specify the dynamic behavior of visco -
elastic materials under conditions of shear strain as occurs in sandwich plates . Most
elastomers exhibit less non-linearity under dynamic conditions of shear than under
direct extension or compression use and the elliptic stress- strain law of equation (4)
will be accurately followed. Experimental methods imposing a pure shear- strain are
therefore to be preferred.

The damping property of a material is often expressed differently than by a loss
factor, &. Approximate conversions are as follows for a system vibrating

harmonically at a resonant frequency ,:-

2 /

logarithmic decrement = —_—
/J1T—&

damping ratio ¢/c =&/ 2 where ¢ is the critical viscous damping coefficient.
Q factor=1/%

Frequency band width At half power points =£ w

Different measuring technioues:

The dynamic properties of elastomers can be determined in several different
ways, which can be divided as follows :

1. free vibration measurements of the frequency and the logarithmic
decay;

2. forced resonance tests giving a response curve from which the required
quantities can be calculated;

3. forced non-resonance oscillations with measurements of the force,
strain and the phase angle between them.

4. wave propagation measurements of frequency and decay rates.



Reviews and detailed descriptions of most of these test techniques can be found
in ref. [2, 4 and 5],using the free vibration techniques can be found in ref [2,4 and 5].
The free vibration techniques using either a cantilever specimen or the traditional
pendulum apparatus is quite satisfactory for materials with low damping and without
any strain dependence.

The development of high damping elastomers with logarithmic decrement
values in excess of 10 makes this technique totally unsuitable. The effects of strain
amplitude cannot be determined by this method.

The forced resonance test can be used with fairly high damping materials .
Standard apparatus is available , where a cantilever specimen is forced into resonant
flexural vibrations. Oberst [6] was used such an apparatus with success and has
detected non-linear behavior by the distortion of the resonance curve but no accurate
assessment of strain amplitude dependence can ever be made in a test where the
amplitude is in fact the measured variable . A useful improvement to the torsional
Sandwich beam has been introduced recently by Min Hao and Mohan. D.R. [7]
where by Sandwich beam is maintained in a resonating state and the energy required
1s measured.

A number of different experiments have been described by payne [8] for either
resonance or forced vibration tests. The forced non-resonance technique was first
used extensively in the Fitzgerald apparatus [1 and 9]. Shear strains are induced into
a tubular specimen bonded to a scismic mass in the form of a bar and on the outside
to a vibrating tube. The exciting force and the motion of the tube are measured by
electro - magnetic means. The suspended scismic mass has, unfortunately, six
degrees of freedom and some resonant modes may be excited which would influence
the measurements. This may be one of the reasons for the unaccountable “peaks” in
the results obtained with the Fitzgreald apparatus at the higher frequencies. It is
furthermore not always possible to provide a specimen in tubular form.

The wave propagation method is useful in studying some of the physical

properties of elastomers but cannot yields engineering data. The frequency of
propagation is usually must too high and the strains are less than 10-3%. [9] .

Dynamic properties in compression:

The main requirements are to load the visco-elastic material undergoing a test to
the nominal operating pressure and to vibrate the material at a controlled frequency
and at a constant amplitude. The nominal pressure is provided most easily by static
weights; although a weight on a single pad of material does not produce a
dynamically stable enough system. Three points of support for a larger weight with
three equal size pads is fundamentally better. A simple resonance testing technique
has been developed in which it is possible to keep the strain amplitude constant. This
is achieved by defining resonance as occurring at that frequency at which the
minimum value of exciting force has to be applied to maintain the constant
amplitude. The exciting force has to be increased at frequencies lower and higher
than the resonant frequency. Tests can be repeated at different values of strain



amplitude and the effects of amplitude on resonant frequency and thus the modulus
of elasticity and on the damping ratio can be determined.

An outline of the apparatus is shown in figure 1. The three specimens are
positioned equally under the circular main loading weights. An electro-magnetic
vibrator is attached to these weights, there being a space below it for a vibration
pick-up for measuring the amplitude of motion of the main loading weights. The
exciting force is created by loading the table of the vibrator with some inertia
weights and when the table is vibrated the inertia for reaction will act on the body of
the vibrator and on the main loading weights. It is shown in Appendix 1 that the table
suspension stiffness and damping forces are internal to the working of the vibrator
and do not affect the exciting force; the acceleration of the table and the attached
inertia weights will be measured.
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figure 1: outline of the apparatus

A typical test would consist in loading three specimens until the static creep had
diminished to an insignificant rate compared with the time a dynamic test would



take. The vibrator would then be operated at a frequency below the resonance for
vertical oscillations of the main system and the level of power supplied to the
vibrator would be adjusted to give the required strain amplitude as measured by the
center vibration pick-up. The frequency of vibration would then be increased by
small increments and the power input to the vibrator adjusted so as to maintain the
amplitude constant. Some typical results for rubber anti-vibration pad material are
given in figures 2 and 3. The measured acceleration of the inertia weights is plotted
against the excitation frequency. The graphs are essentially inverted resonance
curves and the same technique of measuring the frequency band width at a half
power point will hold for estimating the damping ratio, except that the minimum

acceleration has to be multiplied by y 2 . The damping ratio is given by

[P i

Where w is the resonant frequency. The results in figure 2 are at higher frequencies

than for figure 3 and show must fuller curves although the actual damping ratio is in
fact slightly smaller. A definite strain amplitude effect can be observed in the results
of figure 2; the indicates a reduction in the in-phase modulus of elasticity of some
10%. No such effect is shown in the results of figure 3 for the softer material.

It would be quite feasible to measure the phase angle between the acceleration and
the amplitude as measured by the center pick-up and to construct a frequency locus
plot This will give more accurate values for the resonance frequency and band width
but the taking of such measurement is somewhat tedious and was not thought to be
worthwhile in this case. It would not alter the principle introduced into technique of
carrying out a resonance at constant amplitude by varying the excitation force.
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Dvynatic properties in shear :

A direct way to obtain the properties in shear is to measure the mechanical force
required to induce a shear strain. A forced non- resonance technique has been used to
cover a wide frequency range and the apparatus developed for this is shown figure 4.



Two identical specimens of material, 3, were bonded to a moving center piece, 4, and
two stationary supports, 5. The force and motion were provided by an electro-
magnetic vibrator, 10, and transmitted from the output connection, 9, through the
drive rod, 6, to the center piece, 4. The drive rod, 6, was a 6.4 mm diameter aluminum
rod machined over its middle half length to form two flat surfaces and reduced to a
thickness of. 1.26 mm. Two identical resistance strain gauges, 7, were cemented to
these surfaces to measure the strain in the drive rod so that the applied force could be
calculated. The strain gauge were connected in series to cancel out any strain effects
due to bending of the drive rod. The strain gauge and measuring bridge could be
calibrated statically before the test specimens were bonded in place by turning the
apparatus up-side-down and by attaching known weight to the free end of the center
drive piece. This calibration was carried out before and after a test.

The displacement of the center piece was measured with an inductance
transducer, 1, mounted in an adjustable cross beam which was supported on the
stationary frame of the apparatus. A disc, 2, of brass was attached to the end of the
aluminum center piece to increase the sensitivity. The inductance transducer was part
of a frequency modulated bridge circuit and could be calibrated statically against a
known displacement . The center piece , 4, was 12.7 mm square cross-section and 6
mm long and made from aluminum to keep the inertia force low. The stationary
supports, 5, and the base plate, 8,were made from steel with ground mating faces to
ensure accurate alignment The base plate, 8, had slots in it for the bolts darning the
supports, 5, so that specimens of different thicknesses could be accommodated. A
heater could be placed around the apparatus for tests at elevated temperatures and
thermocouples were embedded in the specimens. A gradual heating of the strain
gauges on the drive rod did not affect the alternating strain measurements as it
produced a d.c. voltage change only.
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The measured force applied to the drive rod was not the shear force acting on the
specimens owing to the inertia of the center piece, but this could be accounted for as
follows. Let the displacement of the center piece be

x =xsin(Pr)

Where, p, is the forcing frequency in rad/sec. The corresponding shear strain in each
specimen, assuming pure shear is:

¢ = Gsin(Pt) = sin(P t) )

Where b is the thickness of a specimen. The shear stress will lead the strain by the
angle, 9, such that

T =1Tsin (pt+4) (0)
the shear force is:
At sin (pt + &) (7)

Where A is the total area of bonding of both specimens to the center piece. The inertia
force due to the center piece and part of the drive rod, of combined mass, M, is:

MX = —Mx ;I: sin pt (8)

The measured force, P, will be out-of-phase with the displacement by an angle which
can be measured by comparing the voltages obtained from the strain bridge and from
the inductance transducer. Combining equations (7) and (8) gives the measured force
as:

P = Psin (pt + 6)
= AT sin (pt + &) — Mx psin pt 9)
Expending equation (9) and can by comparing similar terms gives:
Psind =1siné

PcosS = fcosd - Mx p°
(10)

Hence by using the definitions of the properties gives in the introduction we obtain for
the in-phase shear modulus:



(1)
And for the loss factor

_ Fziné
( =tand ==

Pcosé+Mzp’

(12)

The measurements which have to be taken for a sinusoidal excitation at a
frequency 2np, are the maximum, p, of the force signal measured by the strain gauges,
the maximum displacement, x, measured by the inductance transducer and the phase
angle, o, between these two signals, and in addition, of course, the constant quantities
relating to the test is A, b, M, and the temperature.

It can be shown easily that with pure shear allowance for the inertia effects of
mass of the material to the mass, M, of the center piece. This is worth while only with
thick or dense specimens. Experiments at vary large strain amplitudes will not induce
a pure shear strain in the material because initially horizontal element will be
stretched when the centerpiece is displaced. The force required to cause this extension
is in addition to the shear force applied to the center

piece but it has been shown by Agbasiere [7] that the additional force required is
only about 1 l % of the shear force for a strain as large as 10%. A similar error would

be present in the Fitzgerald apparatus.

The dynamic properties of an elastomer material suitable for sandwich plate
constructions are given in figures 5,6 and 7. The material was a soft polyvinyl choride
(p.v.c) with 35-40% of puthalate plasticiser (known as velbex). The frequency
dependence at a constant strain amplitude and at three different temperatures of the
shear modulus is shown in figure 5 and of the loss factor in figure 6.



The effect of strain amplitude at constant frequency and temperature upon both
properties is shown in figure land confirms the effect usually observed of a reduction
in the modulus and thus the rigidity with an increase in strain. These results do not
confirm, however, the rather strange “resonance” features found by Cook et. al. [1]
for a similar p.v.c. and other materials. They used a Fitzgerald apparatus and it has
already been pointed out in the Introduction that this type of apparatus must suffer a
number of rigid body resonances for which no allowances were made by Cook et. al.

A damping material suitable for use in concrete structures, see for example
Grootenhuis [11] is a bitumen-rubber latex mixture known as Eroseal. This has a high
loss factor of about 1.5 and the strain amplitude dependence is shown in figure 8. The
modulus again decreases with an increase in strain but the loss factor is increased. The
properties are obviously very non-linear but the material is nevertheless visco-elastic
during a strain cycle because the force- displacement loop is still an ellipse. A trace
taken from the oscilloscope of the force and displacement 1oop is shown in figure 9
and is compared with a number of points calculated for a true ellipse of similar size.
The agreement is quite remarkable.
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Conclusions :

1. The first apparatus described uses a resonance technique and the compression

modulus of elasticity and loss factor can be obtained.

2. The second apparatus is based on a forced non-resonant technique for testing
in shear.



3. The properties obtained by either technique can be related, in that it is usually
assumed that the loss factors for compression and share are equal and that E’
= 3 G’. A correction to this comparison has been developed by Mark [12]
which should be used in particular when the conditions of frequency or
temperature are such that the material is not in the transition region.

4. The modulus of elasticity are decreases with an increase in strain but the
damping factor is increased.

5. It would be quite feasible to measure the phase angle between the acceleration
and the amplitude as measured. This gave more accurate results for the natural
frequency and the band width.

6. This a simple technique of resonance testing has been developed in which it is
possible to keep the strain amplitude constant.

AppendIxi:

Attaching the electro-magnetic vibrator to the main loading weight has the effect
of introducing a second degree-of-freedom into the system. The moving table in the
vibrator is supported by a spring suspension system which will inevitably introduce
some damping.

The rigid body mode of vibration of the table resonating on its spring suspension
lies usually in the frequency range of 20-40 c.p.s (HZ) and this can be adjusted by
either adding a mass to the table or by changing the suspension stiffness.

The non rigid body modes of the table-moving coil system can be made to be in
the kilo c.p.s. range as shown by Randall, R.B. [13], who discussed tile design of
elector magnetic vibrators in more detail. The equations of motion for the tow degree-
of-freedom.

System are:
Mi+Cx+K.x+C,(x—v)+K,(x—v)=F (AD

mvV+C,(v—xX)+K,(v—x)=—F (A2)

Where: M=mass of main system
m = mass of vibrator table and added masses
Kt = stiffness of test specimen



Ct = damping coefficient of test specimen
Kv = stiffness of table suspension

Cv = damping coefficient of the suspension
F = force produced by the vibrator

The Equation A1 can be re-written as:

Mi+Cti+Ktx=F—-Cv(x—=v)—Kvr(x—1v)

On inspection of equation A2, it is seen that the right hind side is equal to- my that is
the inertia force of the moving table. the forces internal to the vibrator have cancelled
out, all what we needs to measure is the acceleration of the table motion.
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