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Abstract
In some enginerring applications, viscoelastic materials are applied at the interface between components and
subjected to important prestrains during the assembly which may modify the vibration damping performance.
Some studies have evidenced: i) an increase of the modulus and a decrease of the loss factor with increasing
static prestrain ; ii) a variation of the frequency-dependency of the loss factor due to static prestrains. To
better understand this nonlinear prestrain effect, virtual DMA experiments based on a finite element model
of a constrained viscoelastic film under several static prestrain levels are carried out. A static prestrain is
taken into account through a nonlinear static calculation; then calculations in the linear frequency domain
are based on a frequency-dependent (and prestrain-independent) viscoelastic model. Results are compared to
the frequency- and prestrain-dependent viscoelastic model derived from DMA measurements by Martinez-
Agirre et al (2014).

1 Introduction

Structural vibration reduction is an issue of concern in many industrial applications, and can be passively
achieved by using constrained viscoelastic layers. For design purposes, the dynamic properties of viscoelas-
tic materials, which depend on several environmental parameters such as temperature, frequency or static
prestrain [1], should be properly modelled. In some enginerring applications, viscoelastic materials are ap-
plied at the interface between components and subjected to important prestrains during the assembly which
may modify the vibration damping performance. However, while various modelling strategies have be de-
veloped to take into account the temperature- and the frequency-dependency of such materials, few studies
focus on the nonlinear static prestrain effects on viscoelastic properties.
In the past few years, the characterization and modelling of the influence of static prestrain on the elastic and
dissipative properties of viscoelastic materials have gained increased interest [1, 2, 3, 4, 5]. Some authors
have carried out experiments consisting in applying a static load (or displacement) to specimen before real-
izing a frequency sweep. Results indicate an increase of the modulus and a decrease of the loss factor with
increasing static prestrain. Moreover, the static prestrain level was found to affect the frequency-dependency
of the loss factor. This nonlinear prestrain effect is generally taken into account through additional parameters
in a classical viscoelastic model. In [3, 5], a modified generalised Maxwell model is proposed, introducing
prestrain dependent viscosities. In [4], prestrain- and frequency-dependent coefficients are applied to the
real and the imaginary part of the complex modulus which is described by a fractional derivative model. In
both cases, the parameters introduced in the viscoelastic model are phenomenological and identified from
experiments using curve fitting techniques. The goal of this work is to investigate whether this experimen-
tally evidenced nonlinear behavior could be due, at least in part, to geometric nonlinearities, and explained
through nonlinear static calculations. This would encourage the development of hyper-viscoelastic models.
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Figure 1: Geometry and loading of the specimen (a) in the DMA tests carried out in [4], (b) in the present
study.

To this end, virtual DMA (Dynamic Mechanical Analysis) experiments based on a finite element model
of a constrained viscoelastic film under several static prestrain levels are carried out. A static prestrain is
taken into account through a nonlinear static calculation; then calculations in the linear frequency domain
are based on a frequency-dependent (and prestrain-independent) viscoelastic model. Results are compared to
the frequency- and prestrain-dependent viscoelastic model derived from DMA measurements by Martinez-
Agirre et al (2014). This comparisons will shed light on the source of the nonlinear behavior observed in
previous experiments (material and/or geometric nonlinearities).

2 Numerical tests

In [4], DMA tests are performed on a three-layer specimen to characterise the static prestrain dependence
of a viscoelastic adhesive. The specimen are composed of two steel layers of equal thickness joined by an
EPDM adhesive, and are tested in tension configuration (see Figure 1.(a)). Due to the cuts in the elastic
faces, pure shear deformation is induced in the viscoelastic layer. Therefore, only the viscoelastic adhesive
layer subjected to a pure shear stress is modelled in the present study (see Figure 1.(b)). The dimensions of
the adhesive layer are 5 mm × 5 mm × 25 µm.

The specimen is meshed by 20-node hexahedra, with two elements in the thickness and 20 elements in both
lateral directions. The load is applied in two steps (Figure 2):

1. A static shear prestress τs is imposed,

2. A harmonic stress of constant amplitude τd is applied around the prestressed equilibrium position
τ(t) = τs + τd sin(ωt).

The first step of the load is carried out through nonlinear static calculations since the levels of static prestress
applied generates large deformations. In this step, the properties of the adhesive are modeled by a Yeoh
hyperelastic model [6], whose parameters are given in Table 1. The corresponding stress/stretch curve is
shown in Figure 5.
The second step is to compute the linear harmonic response of the specimen around its prestressed state. The
frequency dependency of the material properties are described by a fractional derivative viscoelastic model
whose parameters are taken from [4] and given in Table 1. The corresponding master curves at 30oC are
given in Figure 4.
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Figure 2: Description of the loadcase.

Yeoh hyperelastic model
c10 = 1.55 106 Pa c20 = −1.0333 103 Pa c30 = 3.781 102 Pa k0 = 1.5397 109 Pa

Fractional derivative viscoelastic model
G0 = 3.10 105 Pa G∞ = 3.14 108 Pa τ = 2.15 10−8 s α = 0.6

Table 1: Parameters of the Yeoh hyperelastic model and the fractional derivative viscoelastic model consid-
ered in this numerical study.

In both steps, the stress is imposed by applying a distributed load F to the top surface while clamping the
bottom one:

τ =
F

A
(1)

where A = 2.5 10−5 m2 is the area of the top surface. Since a constant strain distribution is observed along
the joint (Figure 3), the resulting shear strain γ is computed from the maximum displacement umax:

γ =
umax
h

(2)

where h = 25 µm is the thickness of the viscoelastic layer. In the case of harmonic excitation, the response
is induced with a phase lag φ, as schematically represented in Figure 2. The complex shear modulus is
computed from the ratio between the imposed stress and the induced strain [7]:

G∗ =
τ(t)

γ(t)
=
τd
γd

(cos(φ) + i sin(φ)) (3)

The complex shear modulus is evaluated for various static preloads, from 0.04 to 2.04 MPa (which corre-
sponds to shear strains varying from 0.13 to 4, as shown in Figure 5), on the frequency range [0 − 200]
Hz:

G∗(τs, ω) = G′(τs, ω) (1 + iη(τs, ω)) (4)

where G′ is the storage modulus and η is the loss factor.

3 Results and discussion

The results of the numerical simulations are presented in Figures 6 and 7. Figure 6 shows how the prestress
influences the shear storage modulus and the loss factor at various frequencies, while Figure 7 shows the
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Figure 3: Shear strain field εxz = γ/2 = 0.2 in response to a distributed static load of 30 N applied on the
top surface (corresponding to a shear stress τ = 1.2 MPa).

Figure 4: Shear storage modulus and loss factor from the viscoelastic model (at the reference temperature of
30o).

Figure 5: Piola-Kirchhoff stress-stretch curve of the Yeoh hyperelastic model.
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cr1 = 2.226 10−2 cr2 = 1.397 10−2 cr3 = 1.485 10−3 nr = 2.754

ci1 = 5.918 10−3 ci2 = 1.913 10−2 ci3 = 3.621 10−3 ni = 2.761

Table 2: Parameters of the functions fR(ω, γs) and fI(ω, γs).

shear storage modulus and the loss factor as a function of frequency under different prestress levels. As
expected, since nonlinearities are taken into account only in the static calculation, prestress does not have
any influence on the the loss factor. However, it can be observed that it has a significant influence on the
storage modulus as prestress levels increase.
To allow for a comparison with the results presented in [4], the modified viscoelastic model proposed by the
authors to describe the prestrain-dependency of the viscoelastic properties of the adhesive is implemented:

G∗(ω, γs) = fR(ω, γs)G
′(ω) + ifI(ω, γs)G′′(ω) (5)

where G′ and G′′ are the real part and the imaginary part of the complex shear modulus described by a
fractional derivative model (whose parameters are those given in Table 1):

G∗(ω) =
G0 +G∞(iωτ)α

1 + (iωτ)α
(6)

The prestrain-dependency of the viscoelastic properties is taken into account through the functions fR and
fI , whose expression are:

{
fR(ω, γs) = 1 +

(
cr1 + cr2e

−ωcr3) γnr
s

fI(ω, γs) = 1 +
(
ci1 + ci2e

−ωci3) γni
s

(7)

where the coefficients crj , cij , nr and ni are identified by curve fitting to experimental data in [4], and given
in Table 2.
Results from this modified fractional derivative model are presented in Figures 8 and 9. In both figures
7 and 9, prestress/prestrain is found to have little influence on the storage modulus for low values of pre-
stress/prestrain. In this region, the values of storage modulus obtained from the numerical study and those
predicted by the modified fractional derivative model are very similar. As the prestress/prestrain increases,
the storage modulus increases, and some discrepancies are observed between the two approaches (see figures
6 and 8). This can be related to the parameters of the hyperelastic Yeoh model. Coefficient c10 is computed
as c10 = G0/2, which ensures consistency of the results at low values of prestress. However, coefficients c20
and c30 were chosen arbitrarily since no experimental stress-stretch data is available for curve fitting. With
the chosen parameters, the material properties become too strongly nonlinear for prestress above 1 MPa to
match the results from [4].
Nevertheless, this numerical study clearly indicates that part of the prestrain effect on the dynamic properties
of viscoelastic material can be taken into account by considering geometric and material nonlinearities in
the model. Morevoer, Figure 10 indicates that the application of prestress results in a shift of the storage
modulus curve along the log plot of the y-axis, as suggested by the modified fractional derivative model [4].

4 Conclusion

The goal of this numerical study was to better understand the nonlinear effect of prestrain on the dynamic
properties of viscoelastic materials. Results show that by considering large deformations in a nonlinear static
calculation, the trend in the variation of the storage modulus with prestrain can be captured. Therefore the
shift of the storage modulus curve observed along the log plot may be predicted by the hyperelastic model.
Stress/stretch experiments should be carried out on this material to validate the conclusions of the numerical
study and realise not only a qualitative comparison but also a quantitive one.
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Figure 6: Prestrain dependency of the storage shear modulus and loss factor at different frequencies.

Figure 7: Frequency dependency of the storage shear modulus and loss factor at different prestress levels.
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Figure 8: Prestrain dependency of the storage shear modulus and loss factor at different frequencies, pre-
dicted by the modified fractional derivative model from [4].

Figure 9: Frequency dependency of the storage shear modulus and loss factor at different prestrain levels,
predicted by the modified fractional derivative model from [4].
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Figure 10: Frequency dependency of the storage shear modulus and loss factor at different prestress levels
in log scale.

In the present study, the influence of prestrain on the loss factor of the material was not evidenced. Further
numerical study will aim at identifying the origin of the nonlinear effects of prestrain on the loss factor. It is
most likely related to the mobility of polymer chains. Prestraining the material restricts the mobility of the
polymer chains resulting in a reduction of its damping capabilities.
Finally, a long-term perspectives is to implement a hyper-viscoelastic model wich would enable to consider
vibrations of large amplitudes of viscoelastic materials.
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