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Abstract This paper proposes a constitutive law and a method for characterizing highly preloaded viscoelastic materials
subjected to linear (small-amplitude) vibrations. A multiplicative non-separable variables law has been suggested to model
the behavior that depends on both stretch and time/frequency. This approach allows splitting the intricate combined test
performed simultaneously on both stretch and frequency, generally in a limited experimental domain up to 100 Hz, into two
independent tests. Thus, on one hand, the dynamic complex modulus dependent on frequency alone is evaluated on the basis
of vibration tests in a large experimental domain up to 100 kHz. On the other hand, energetic parameters are determined from
a quasi-static hyperelastic tensile test. The complex modulus, dependent on both stretch and frequency, is then deduced from
the results acquired from uncoupled investigations. This work shows that, in extension, the elastic modulus increases with
increasing stretch, and the loss factor decreases with increasing stretch; while, in compression, around the material
undeformed state, the modulus increases as the stretch increases till a certain value of compression stretch (upturn point
depending on material characteristics), and then the modulus decreases as the stretch increases. Globally, preload rigidifies
materials but reduces their damping property. These results closely match a well-known observation in solid mechanics.
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INTRODUCTION

Elastomers (such as rubbers, polyurethanes, fluorosilicons, foam rubbers, efc.) are widely used in industry for the
suppression of noise and vibration, and calculations for structures using such materials have been well developed
in recent years. Computer science (computers and digital software) has significantly contributed to this progress.
Today, digital simulation has become competitive with the cost of developing prototypes. Elastomers can be
compact, cellular and even composite. However, mechanical behavior is complex: these materials can be highly
deformed by very little effort (instantaneously up to several hundreds percent). Internal forces are dependent on
solicitation velocity and temperature. The thermomechanical behavior of such material should be perceived
within the context of nonlinear viscoelasticity: geometrical nonlinearity and physical nonlinearity. Complex
simulations can be achieved at present for quasi-static loads within the context of hyperelasticity. A certain
number of models can be used to describe the quasi-static hyperelastic behavior of these materials while others
focus on their viscoelastic behavior. The first point of view is that of simulation and calculation while the second
concerns experimentation and identification. In viscoelasticiy, two perspectives have emerged within the context
of simulation:
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The first perspective is based on a mathematical approach and stipulates that the Piola-Kirchhoff stress
tensor is linked to the strain tensor (Green-Lagrange) by multiple convolutions of the Volterra series type which
involves kernel functions of any order. Lai and Findley!"! limit themselves to symmetrical parabolic kernels of an
order less than or equal to three, while Lockett™™ proposes a method of obtaining kernels, and Molinari"’
examines the one-dimensional problem. Huet! treats the three-dimensional case of ageing materials. To the
extent that other authors have generalized linear viscoelasticity tools, multiple convolutions are not easily
exploitable from a practical perspective. This approach has a double advantage: it models simple convolution
associated with known calibration system techniques.

The second approach was developed by Coleman and Noll** who proposed a constitutive law (for materials
with fading memory) developed in second order on the left Cauchy-Green tensor (current configuration)™ . The
coefficients of development are simple convolutions expressed through the right Cauchy-Green strain tensor
(reference configuration). This hybrid development favors the current configuration. Schapery model™ ' is close
to linear viscoelasticity since it stipulates that total deformation is the sum of the instantaneous (non-linear)
deformation and of the deformation resulting from memory effect. In this model, the nonlinearity of each term is
expressed by multiplicative factors which depend on the variables considered, including time. Regarding the
treatment of time, the factor of translation appears comparable to that of the "time-frequency" superposition in
linear viscoelasticity (W.L.F master curves). This model, found in the works of Valanis and Landel'®), was
generalized by O'Dowd and Knauss!'”, who replaced the multiplicative products with functions of several
variables. These different approaches have the common goal of treating nonlinearity via simple convolutions
while neglecting imposed or possible discontinuities of functions.

The aim of this work is to propose a viscoelastic constitutive law for small deformations superposed on an
initial large strain, while making use of simple convolution including hyperelasticity and possible functions
discontinuity. Thus, one will try to construct a reliable model of small vibrations of viscoelastic solids under
preload that are sufficiently rich and realistic to be introduced efficiently into computation code (calculation
software). This model must be accessible for study by using separately classical techniques for hyperelastic
quasi-static tests and for linear viscoelasticity experiments. It must also allow for extension of the experimental
characterization domain that actually remains restricted up to 100 Hz around. Note that the general theory of
linear vibrations of preloaded rubbery solids'"! and interesting practical approaches and applications!*™'"! have
previously been developed.

[5]

CONSTITUTIVE LAW FOR SUPERPOSED LINEAR VIBRATIONS ON PRELOADED
VISCOELASTIC MATERIALS

In a large number of industrial applications, the material is subjected to a static preload Z, that is constant in

time, around which are appended linear vibrations characterized by small deformations &¥). This is the case, for
instance, of elastomer contact blocks of vibrant structures (turning machines, vehicle engine propeller units,
transportation engines, efc.). There are two main approaches for modeling the behavior of a material subjected to
a finite quasi-static deformation on which linear vibrations are superposed. The first approach focuses on the
additive (sum) law which summarizes the independent effects of the predeformation and the frequency; and the
second concerns the multiplicative (product) law that considers their mutual effects. See works of Govindjee and
Reese!'].

Additive Law

This approach is based on constitutive models linearization practice; equations are linearized in the
neighborhood of a static pre-strain, so the entire deformation is a superposition of deformations. Interesting
results have been obtained by this approach!"” '”), even in software code implementations''* %!, Considering
the sum (additive) law, the deformation takes the following shape:

E@) =L, + a0, a << 1 ()
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E(¢t) is the strain tensor of Green-Lagrange; Z (¢) the static large deformation and &) the small (linear)

deformation. The stress tensor of Piola-Kirchhoff takes the following form:
S(6) = So(1) + $1() 2

where S(7) is the dynamic stress, while Sy(7) represents the static stress. The static stress Sp tends to a constant
value with time while the dynamic stress S; reflects the evolution around this constant stress. The material thus
possesses a linear viscoelastic behavior (S, ¢) around a state of permanent deformation (Sy, Z,), with the

relaxation function depending on permanent finite deformation. Morman and Nagtegaal'¥, Padovan!',

Govindjee and Reese!' assume the superposition of pre-strain and frequency effects. The stress tensor is taken
in the following form:

S(E,,0)=® (£,)+¥ (o) (3)

In this approach, it is understood that superposed linear vibration is not affected by the preload. The additive law
remains well-adapted for evaluating stresses when the strains are known (large strains or linear strains) or vice
versa. However, it is less well-adapted for determining the combined characteristics of a material.

Multiplicative Law

Generally, there exists inter-influence between effects of linear vibrations and preload, but the additive law does
not take it into consideration. In this hypothesis, the multiplicative law is more adapted!"®). For rubbery materials
(for instance rubber containing fillers as carbon-black), it is known from experiments that the relaxation function
depends on the static deformation!'®). In the frequency domain, the complex dynamic stress is expressed as:

S, (0)=R (E,,0)¢ (o) “)

in which R’ (E,,w) is the tensor of rank 4 of the complex tangent modulus depending on the deformation and
on the frequency @, i.e., the combined modulus. In the event of constant high deformation £, the components
of the tensor R*(Z,,®) can be determined by classical linear viscoelasticity techniques, with all the difficulties
posed by applying tension. Another way consists of using tangent modules defined by hyperelastic constitutive
laws!"?). Generally, tangent elastic modulus, with the deformation being . are defined by the following relation:
a (JO-P‘] )

OF,

ks

R(f)=MFT or R

oF pal! £

(f) = Is )

in which F = [FJ is the deformation gradient, J the determinant and o the Cauchy stress tensor linked to the

Piola-Kirchhoff stress tensor S via the relationship:

Jo =FST" (6)
S can be rewritten as:
S = 28_W (7
aC

where C is the right Cauchy-Green strain tensor. Behavior modeling then consists of identifying the complex
modulus tensor under high deformation R" (,,®) , Eq. (4), with the hyperelastic tangent tensor R(Z,), Eq. (5).

COMBINED COMPLEX MODULUS

To determine the combined complex modulus, we will base the study on two independent experiments: uniaxial
tension test to evaluate material tangent modulus E(A) and linear uniaxial vibrations test to determine the
dynamic complex modulus E’(w). Thus, we consider the multiplicative law and center our study on
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incompressible materials under simple tension (linear viscoelasticity or hyperelasticity). These independent
experiences and results will allow the evaluation of the complex modulus E°(4, @) dependent on both frequency
and stretch, i.e., the combined complex modulus. Let us recall methods to evaluate E'(w) and E(J).

Dynamic Complex Modulus E (@)

Dynamic complex Young’s modulus is determined at ambient temperature by the viscoanalyzer ISMCM (Institut
Supérieur des Matériaux et de la Construction Mécanique) in a range of frequencies from about ten Hz to one
MHZz**). The principle consists of, on the one hand, determining in extension-compression (or torsion)
vibrations, the theoretical transfer function Hy (@) of a crammed (filled) bar with a mass at each extremity, and
on the other hand, the experimental transfer function H(w) = H(w)e'%” from the Fourier analyzer (of the
viscoanalyzer). Figures 1(a) and 1(c) show an experimental transfer function of the rubber sample referenced

BX!): respectively, gain and phase. Note that the theoretical transfer function Hy,(a) is expressed as’** >':
ch (w) = * l * . * (8)
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Fig. 1 (a) and (c): Experimental transfer function™™’; (b) and (d): Evaluated complex modulus of the BX sample!®”
where (is the ratio of the suspended masses, p the relative density and /3 is a complex variable given by:
£ £ p
ﬂ = ﬂ )= L [0} — (9)
( ) 0 \|E ([())

E'(w) is the sought-after complex dynamic modulus. By identifying the theoretical and experimental transfer
functions: Hy(w) = Hy(w), i.e.:
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cosfB —gf sinff =H'e™ (10)

the complex dynamic modulus E(@), that is, elasticity modulus and loss factor, is extracted from the
transcendental function given by the Eq. (10), frequency by frequency, by nonlinear numerical methods. Let us
write:

E' (o) = E (@) (1D
=E'(0)(1+ jn(®)) (12)

Figures 1(b) and 1(d) depict the complex Young modulus of the BX sample: its absolute value E(@) and lost
factor n(w).

Tangent Modulus E(A)
By considering the classical results, the tangent modulus E(A4) is expressed in the following form:
do(4)
E(1)=4 13
(A)=2—~ (13)
o (1)
and o(d)= —= 14
(A)= —; (14)

where A is the stretch (1=, =1/} =1/A}, 4, principal elongations). This can be rewritten, when expressing the

energy function in terms of the two first strain-invariants (/; and 5, /3 = 1 as the material is incompressible) of
the Cauchy-Green right tensor C:

o—(;t)=2(12—lj W Low (15)
2\ 7
. , 2
with L =A+= (16)
A
and 1, :2/1+% (17)

Beda!®”) has reviewed several models for analyzing the rubber behavior for different modes of deformation
(compression, extension, shear, equibiaxial): the constrained models of Gent-Thomas and Herman-Mannorie, the
complete models of Boyce-Arruda, Yeoh-Fleming, Ogdenm], Pucci-Saccomandi®’, Beda-2005"" and Beda-
2007, By comparing these models with one another and with experimental data, it was shown by using the
Mooney plot analysis that for phenomenological models: those of Ogden, Pucci-Saccomandi, and Beda-2007
provide the best description of the stress-stretch response of any mode of deformation, and are well-adapted for
Code implementation!®"). For this study, we consider the earlier models of Mooney-Rivlin and Gent-Thomas, and
the Ogden model. The classical Mooney-Rivlin model is expressed as:

W=A(1-3)+K(1,-3) (18)
That of Gent-Thomas is given by:

W=A(11—3)+1<1n%2 (19)

A and K are material characteristics. From an experimental tension curve, the characteristics of hyperelastic
models can be evaluated”!. Table 1 presents the estimated characteristics values of some classical materials
(Treloar rubber™, Yeoh-Fleming vulcanizate®). The models (cited above) predictions depict suitably
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experimental data in a domain ranging from relatively small to medium deformation (transition zone). Good
agreement between experimental acquisitions and models predictions is obtained.

Table 1. Estimated values™®” of material characteristics for different models?”

Material Model Parameter A Parameter K
Mooney-Rivlin 0.092 MPa 0.145 MPa
[33] Yy
Treloar rubber Gent-Thomas 0.127 MPa 0.300 MPa
[34] Mooney-Rivlin 0.170 MPa 0.121 MPa

Yeoh vulcanizate Gent-Thomas 0.127 MPa 0.283 MPa

In an invariant-based model, i.e., W= W(I,, I,), the Eq. (13) can be rewritten as:

E(l):2(2/12+lja—W+2(/1+%ja—W (20)
A)dl, A*)dl,
This relation can be more explicit by the choice of the energy model. Consider:
E(d)=[4g,(1)+Ke, (4)] 1)
The functions g4 1) are defined for the:
—Mooney-Rivlin model by:
2(A) =2(2/12 +%); gz(ﬂ)=2(ﬂ+%j (22)

—Gent-Thomas model by:

(2+2°)

(1+2/13) @)

gl<ﬂ)=2(w+%} g.(h)=2

Combined Complex Modulus E *(ﬂ, @)

To consider the simultaneous effects of the static strain on the relaxation function, Kim and Youn!'® introduce a
notion of static deformation correction factor on the linearized Simo viscoelastic model™, in which the
separation of variables frequency/deformation is assumed. In this approach, the complex Young’s modulus takes
the following form:

E'(ALw)=c(1)g (») (24)

¢'(A) is the static deformation correction factor. Let us note that Cho and Youn!*® considered the (superposed)
dynamic strain amplitudes besides static deformation and frequency. The complex Young’s modulus is taken as:

E' (ALawe)=c (A)g (w)d (¢) (25)

where a*(e‘) is the dynamic amplitude influence factor. These models are adapted for characterizing materials (as
filled rubbers), when determining the combined elasticity modulus and the combined loss factor!'®** 3/,

Among possible identification procedures, including those cited before, we choose that which can be
resumed according to the concepts of linear viscoelasticity (correspondence principle), which can be resumed as
to substitute the real parameters of the hyperelastic model by complex parameters depending on the frequency @.
These complex parameters must be evaluated by dynamic tests adapted to the constitutive law chosen!'”!. In this
work, it is intended to apply this approach to an incompressible material governed by a hyperelastic law
(homogenous and isotropic materials, Green). The obvious interest of this modeling is to enable characterizing
the behavior of linear vibrations superposed on largely preloaded material by basing the approach on two
independent classical tests: a linear vibration test performed on a material® ** and a classical uniaxial tension
test in large deformation on the same material.
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According to the correspondence principle, the passage to the viscoelastic system is done in agreement with
Egs. (4) and (21):

E'(Lo)=[4(0)g(D)+K (0)g, ()] (26)

It is assumed the following additional hypothesis defining the multiplicative model:
A (w)=A4g" (®) 27)
K (w)=Kh" (@) (28)

in which g'(®w) and 4" (@) are two functions of complex values characterizing the material. At low frequencies
(w= 0), this hypothesis must lead to the tangent modulus E(A), Eq. (21), for any stretch A. The functions g~ and
h” should then verify the following boundary conditions:

g 0)=h(0)=1 (29)
The conditions are fulfilled in particular if:
g (@) =y(w) (30)
and n (o) =y (o)|1+ié(w)] (31)
on condition that:
oo

B7]

According to the hypotheses of Ferry"”", y{@) can be assumed as a real function, thus Eq. (26) can be

rewritten as:
E' (Lw) = EA0)1+ jn(d,o)] (33)

E'(A,w) is the combined storage modulus and 7(4,®) the combined loss factor. They respectively take the

following form:

E'(A,w)=[4g,(D)+Kg,(D]y () (34)

_Kg, (D)é(0)y(w)
A= Ag, (Z’) +Kg, (’1)

(35)

The functions (@) and & @) are determined from the knowledge of the linear viscoelastic characteristics of the
material (E’(@)and 77(@) without preload). In fact, g;(1) = 6vand g,(1) =26, where parameters vand @ are equal
respectively to one (v = 1) and three (8= 3) for the Mooney-Rivlin model ; to one (v= 1) and one (8= 1) for the
Gent-Thomas model; and to a quarter (v = 0.25) and to three quarters (8 = 0.75) for the Ogden model. Hence
according to Egs. (34) and (35):

E'(@) = im E'(2,0) = E'(1,0) = (6vA+26K ) y/(@) (36)

20K

(61/A+—2¢9K)§(w)1//(w) (37)

(@) =limn(4,®) =n(, o) =
Note that the static Young’s modulus is given by: E, = E(1, 0) = 6v4 + 26K. Finally the combined complex
modulus for linear vibrations superposed on highly preloaded material is thus determined and expressed by the
following relations:
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’ _Agl(ﬂ“)-'_KgZ(ﬂ’) ’ 38
E'(d, @)= 6vA+20K E(@) (38)

| (6v4+26K)g, ()
- 29[Ag1 (’1)+ng (ﬂ”)]

n(4.0) n(w) (39)

or under an equivalent form:

E'(Aw)=ay (1) E' () Realpart (=E, (1,0)) (40)
E"(A,0)=B(A) E”(w) Imaginary part(= E, (4,®)) 41)
n(4,®)=7y (A1) n(@w) Loss factor (42)
- _Agl(ﬂ')""ng(ﬁ')
with: @ (4)= (6vA+26K) @
_ & (’1)
p(-£) e
_ & (ﬂ')
Vax (4) = 200, (1) (45)
E'(®) = E' (o)n(w) (46)

The complex dynamic Young's modulus can take the following form:

E () =|E"(0)|cos 5 (@)[1+i tgd (o) ] (47)

E"(0) = E(w)cos & (w)[ 1+i tgd () ] (48)

So, E'(@)=E()cos (o) (49)
and tgd (@) =7(w) (50)

where d(w) is the loss angle.
Nowadays the adapted expression (continuous function) for the complex dynamic modulus is the fractional
model”* given by:

_z+z, (la))a

E' () (51)

1+c(i a))a
where ¢ and « are real numbers, z; and z, complex numbers. The parameters of the fractional model are more

simply to identify. They are estimated from discrete function of complex dynamic modulus evaluated previously,
for example by using the [6.23 dB, 7.19 dB] technique, i.e., Tibi diagram™~*!1.

RESULTS AND ANALYSIS

Analysis of the Weighting Functions cx(4) and Yx(4)

From Egs. (40) and (42), it can be seen that the combined storage modulus E'(4,®) is obtained by weighting the
dynamic elasticity modulus without preload £’(@) by the function ayx(A) (which can be called static deformation
correction factor on dynamic storage modulus and depends on material hyperelastic parameters). The combined
loss factor is obtained by weighting the dynamic loss factor without preload 77(@) by the function y4k(A), i.e., a
static deformation correction factor on dynamic loss factor. Thus, the examination of the weighting-function
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ok (A) allows predicting the behavior of the combined modulus E'(A, @) from E’(w); while the analysis of k(A1)
allows predicting that of the combined loss factor 7(4,@) from 77(@). Both weighting-functions auk(A) and
7%x(A) depend on the material characteristics. Let us note that for the model developed in this paper, the
relaxation function is under a non-separable variables form while the combined storage modulus and loss factor
are under separable variables form.

From analysis of the Figs. 2(a) and 2(b) concerning Treloar® and Yeoh data®, it is seen that for the
Mooney, Gent-Thomas, the function a,k(A) increases with increasing A in extension and around the material
undeformed state in compression; but beyond a certain value of compression-stretch, i.e., A, (upturn point)
depending on material characteristics, it decreases as the stretch increases. Thus, one can say that for 4 > A, the
combined storage modulus E’(A, @) increases with increasing stretch A, and for 4 < A, it decreases with
increasing A. Let us remark that the upturn point does not occur at the undeformed state, thus, ak(A) is not a
symmetric function about A = 1 (undeformed state). According to Voet and Morawskil*, elucidating the
phenomenon, the initial decrease in compression curve is due to the disruption and the subsequent increase at
higher deformation is attributed to the limited extensibility of the elastomer chain. Kim and Youn!'® have tested
three kinds of rubber with different carbon black contents. From these experiments, they found the same results,
showing that depending on the contents, the storage modulus of the filled rubber shows an initial decrease
followed by an increase with increasing static strain in compression.

b /
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Fig. 2 Different models for different materials: (a) and (b) weighting function for
modulus; (¢) and (d) weighting function for loss factor

But on the other hand, the analysis of the weighting-function y4x(4) and from Figs. 2(c) and 2(d), it sets out
that for the Mooney model k() decreases with increasing A, while for the Gent-Thomas model, the combined
loss factor becomes smaller as the value of compression-stretch becomes lesser, i.e., A tending to zero. So, the
Gent-Thomas model prediction of the loss factor presents a downturn point in compression, Fig. 2.
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Results

For this study, the Gent-Thomas constitutive law is chosen as it seems to be a more realistic model by its rational
predictions of the loss factor and storage modulus. Furthermore, it is a very attractive model for small to
moderate deformations since it is suitable for any deformation mode prediction. Also, it enables the material
characterization by a single type of test, namely the uniaxial tensile test’?”). Figures 3(a) and 3(c) represent the
experimental tension curves and Figs. 3(b) and 3(d) the predictions of the Gent-Thomas model respectively for
the BX sample and for the Kim-Youn NR/CBO (natural rubber) material. The hyperelastic characterization is
performed on the basis of the reduced stress curve by using the multi-stages approximation procedure®* **1,
which is a continuous approximation method by blocks. Table 2 presents the values of the BX and Kim-Youn
parameters materials.

0.40
nel a
. 0.35 y o
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2 g3t g g
172} Q Q
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3 015 g #
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Fig. 3 Tension and weighting functions for the BX® and the Kim-Youn NR/CBO!'® samples: (a)
and (c): Experimental tension curves, (b) and (d): Evaluated weighting functions

Table 2. Evaluated parameter values of the Gent-Thomas model

Material Parameter A Parameter K
BX sample 0.1630 MPa 0.145 MPa
Kim NR/CBO 0.2403 MPa 0.050 MPa

Let us note that the theoretical upturn point of the weighting-function oux(A4) occurs at 4, = 0.7603 for the
BX sample® and at 4, = 0.6586 for the Kim-Youn NR/CBO0!"®. The model developed here enables establishing
dynamic behavior as a double variables function. Figures 4(a) and 4(b) show predicted combined complex
modulus of BX sample for different values of stretch in a large range of frequencies from about 20 Hz to
100 kHz. Figures 4(c) and 4(d) show the storage modulus and loss factor as continuous double variables function
of stretch and frequency. Figure 5(a) depicts the storage modulus of the natural rubber NR/CBO from Kim-Youn
tests versus frequency for various extensions. Figure 5(b) shows the Kim-Youn data in comparison with the
model predictions deduced from the experimental master curve of the undeformed material state (1= 1).
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Fig. 5 Complex combined modulus of the Kim-Youn NR/CBO material'®: (a) and (b) Data and predictions of
storage modulus versus stretch at 30 Hz, (c): Kim-Youn tests!'®, (d) Predictions from the Gent-Thomas model



Loaded Rubber-Like Materials Subjected to Small-Amplitude Vibrations 631

These results illustrate the following phenomenon: a preload (tension or compression) globally rigidifies a
material while it reduces its damping property. Note that compression first makes it supple till the upturn point,
and then rigidifies it.

CONCLUSIONS

The main interest of this work is to show that it is possible to characterize the dynamic behavior of a preloaded
viscoelastic material by separating static tests under large deformations from linear vibration tests without
preload. A non-separable variables model has been proposed for the relaxation function of nonlinear
viscoelasticity. This approach greatly extends the material characterization domain up to 100 kHz, as the
frequency range of traction machines under preload remains very restricted (below 1 kHz) and decreases as
much as the load increases. This work shows the fact that the effects of the stretch on the relaxation function
present a dual behavior in compression and tension. In other words, tension rigidifies a material but compression
first makes it supple and then rigidifies it.

REFERENCES

Lai, J.S. and Findley, N.W., Trans. Soc. Rheol., 1968, 12(2): 259

Lockett, F.J., “Nonlinear Viscoelastic Solids”, Acad. Press, London/New York, 1972

Molinari, A., C.R. Acad. Sc., 1973, 277, A: 621

Huet, C., J. Rheol., 1985, 29(3): 245

Coleman, B.D. and Noll, W., Rev. Mod. Phys., 1961, 33: 239

Valanis, K.C. and Landel, R.F., Trans. Soc. Rheol., 1967, 11(2): 213

Green, A.E. and Adkins, J.E., “Large elastic deformation and nonlinear continuum mechanics”, Clarendon Press, Oxford,

1970

Schapery, R.A., Polym. Eng. Sci., 1969, 9(4): 295

Cardoon, A.H. and Brugeman, M., Proc. of ICMM 10, 1995, 5: 91

10 O’Dowd, N.P. and Knauss, W.G., J. Mech. Phys. Solids, 1995, 43(5): 771

11 Lianis, A., Proc. Fourth Int. Cong. Rheol., pt 2, Interscience, New York, 1965, p. 104

12 Valanis, K.C., Trans. Soc. Rheol., 1965, 9: 171

13 Nashif, A.D., Jones, D.I.G. and Henderson, J.P., “Vibrations damping”, John Wiley & Sons, New York, 1975

14 Morman JR, K.N. and Nagtegaal, J.C., Int. J. Num. Meth. Eng., 1983, 19: 1079

15 Padovan, J., Int. J. Comp Struct., 1987, 27(2): 249

16 Kim, B.K. and Youn, S.K., Arch. App. Mech., 2001, 71: 748

17 Lion, A., Retka, J. and Rendek, M., Mech. Res. Comm., 2009, 36: 653

18 Govindjee, S. and Reese, S., J. Eng. Mater. Technol., 1997, 119: 251

19 Suwannachit, A., Nackenhorst, U. and Zamm, Z., Ang. Math. Mech., 2010, 90(5): 418

20 Miehe, C. and Keck, J., J. Mech. Phys. Sol., 2000, 48: 323

21 Yang, L.M., Shim, V.P.W. and Lim, C.T., Int. J. Imp. Eng., 2000, 24: 545

22 Kim, B.K., Youn, S.K. and Lee, W.S., Arch. App. Mech., 2004, 73: 781

23 Chevalier, Y. and Vinh, T.J., “Mechanics of Viscoelastic Materials and Wave Dispersion”, Iste-Wiley, London-UK,
Hoboken-USA, 2010

24 Soula, M., Vinh, T., Chevalier, Y., Beda, T. and Esteoul, C., J. Sound Vib., 1997, 205(2): 167

25 Chevalier Y., Beda T. and Merdrignac]., Méc. Mat. Elect., 1989, 431: 55

26 Beda, T. and Chevalier, Y., Méc. Indust. Mat., 1997, 50(5): 228

27 Beda, T., J. Polym. Sci. Part B: Polym. Phys., 2007, 45(13): 1713

28 Ogden, R.W., “Non-linear elastic deformations”, Ellis Harwood, England, 1984

N N R W N -

O ©o



632 T. Beda et al.

29 Pucci, E. and Saccomandi, G., Rub. Chem. Technol., 2002, 75: 839

30 Beda, T., J. Polym. Sci. Part B: Polym. Phys., 2005, 43(2): 125

31 Carbone, R., Antonelli, V., Langelle, A. and Marrisen, R., Proc. COMSOL Conf., Milan, 2009
32 Beda, T., Gacem, H., Chevalier, Y. and Mbarga, P., Exp. Polym. Let., 2008, 2(9): 615
33 Treloar, L.R.G., Trans. Farad. Soc., 1944, 40: 59

34 Yeoh, O.H. and Fleming, P.D., J. Polym. Sci. Part B: Polym. Phys, 1997, 35(12): 1919
35 Simo, J.C., Comput. Meth. Appl. Mech. & Eng. 1987, 60: 153

36 Cho, J.H. and Youn, S.K., Arch. App. Mech., 2006, 75: 275

37 Ferry, J.D., “Vioscoelastic properties of polymers”, 3 ed. Wiley, New York, 1980

38 Jones, D.I.G., “Handbook of viscoelastic vibration damping”, Wiley, NY, 2001

39 Beda, T. and Chevalier, Y., Mech. Time-Depend. Mat., 2004, 8(2): 105

40 Beda, T. and Chevalier, Y., Am. Inst. Aeron. Astron. J., 2004, 42(7): 1450

41 Chevalier, Y. and Beda, T., J. Euro. Syst. Aut., 2008, 42(6—7-8): 863

42 Voet, A. and Morawski, J.C., Rub. Chem. Technol., 1974, 47(4): 765

43 Beda, T. and Chevalier, Y., Comp. Mech., 2003, 32(3): 177




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


