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Abstract

Rubber is not only a non-linear elastic material, it is also dependent on strain rate, tem-
perature and strain amplitude. The non-linear elastic property and the strain amplitude
dependence give a non-linear dynamic behavior that is covered by the models suggested
in this thesis. The focus is on a finite element procedure for modelling these dynamic
properties of rubber in a way that is easy to adopt by the engineering community.

The thesis consists of a summary and three appended papers. The first paper presents
a method to model the rate and amplitude dependent behavior of rubber components
subjected to a dynamic load. Using a standard finite element code, it is shown how a
model can be obtained through an overlay of viscoelastic and elastoplastic finite element
models.

The model presented in the first paper contains a large number of material parameters
that have to be identified. The second paper suggests a structured method to identify
the material parameters of this model. Experimental data for thirteen different materials
were obtained from harmonic shear tests. Using a minimization approach it is shown how
the viscoelastic-elastoplastic model can be fitted to the experimental data.

Using the methods presented in the first two papers, a radially loaded rubber bushing
was modelled in the third paper. The material properties of the finite element model were
based on dynamic shear tests. The dynamic response of the finite element model of the
bushing was compared to measurements.

Together the three papers present a unified approach to analyzing the dynamic be-
havior of rubber components, from material testing to finite element modelling.
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Chapter 1

Background and Purpose

Dynamically loaded rubber components, such as flexible joints, vibration isolators and
shock absorbers, can be found in most mechanical systems and are often of crucial impor-
tance. Demands for better performing products at lower costs within shorter development
cycles are a constant challenge to modern industry. As a response to this challenge, tradi-
tional physical prototyping and testing are gradually being replaced with virtual prototyp-
ing and simulations. Until recently, rubber components have been more or less overlooked
in this context, partly because of the difficulty of modelling the complex characteristics
of rubber, but also due to a limited understanding of the mechanical properties of rub-
ber materials. The common way to develop new rubber components is through physical
prototyping and testing [11], which is a highly time-consuming and expensive process.

The aim of this thesis has been to develop new and improved methods for virtual pro-
totyping, in order to predict the dynamic behavior of rubber components. This includes
new finite element models as well as methods to fit these models to experimental data.
The focus has been on developing methods that can easily be adopted by the industry.
To narrow down the task, only non-linear elasticity, rate and amplitude dependence have
been addressed in the proposed methods. The main tool in this work has been the use of
the finite element method.
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Chapter 2

Overview

This thesis presents a method to model the rate and amplitude dependent properties of
rubber, using the finite element method. The method consists of three fundamental steps,
also illustrated in figure 2.1:

e Dynamic shear test
A harmonic shear test is used to characterize the dynamic properties of the rubber
material. On the basis of the expected working condition of the component, the
test is carried out for a range of different frequencies and amplitudes. For simple
shear, the elastic part of the rubber behavior is more or less linear. This makes it
easier to observe the rate and amplitude dependence.

e Parameter identification
For simple shear, the rubber can be modelled with a one-dimensional viscoelastic-
elastoplastic model. This model contains a large number of material parameters that
are fitted to the experimental data using a minimization procedure. The parameter
identification is focused on a good fit to dynamic modulus and damping.

e Finite element model
By using a straightforward engineering approach, it is possible to create a finite
element model containing both frequency and amplitude dependence. This is done
by means of an overlay of viscoelastic and elastoplastic finite element models. This
approach makes it possible to use commercially available finite element codes, using
only the constitutive models that have already been implemented.

These three steps are developed to provide a useful toolbox from an engineering point
of view. The steps are further described in Chapters 4 and 5 and the interested reader will
find even more details in the appended papers. For those not familiar with the material
properties of rubber, a brief introduction to the subject is given in Chapter 3.



CHAPTER 2. OVERVIEW

Figure 2.1: Basic idea. From material testing to finite element model.



Chapter 3

Material Properties

This chapter is a brief introduction to the various aspects of the mechanical properties
of rubber. It should be noted that rubber is not one material, but is a widely used term
including a great variety of very unique materials, all with highly individual properties.
Hence, the properties described certainly do not apply to all rubbers. It is estimated that
there are as many as 50,000 rubber compounds on the market today. Although the focus
of this section is on traditional vulcanized rubber, other rubber-like materials such as the
thermoplastic elastomers show similar behavior.

3.1 Brief History

Produced from the sap of rubber trees, rubber was first invented by ancient tribes in South
and Central America. The word ”caoutchouc” comes from the Indian word “cahuchu”,
meaning "weeping wood”. Rubber was discovered and brought back to Europe by Colum-
bus. As more rubber found its way to Europe, early scientists began to take an interest.
The poor mechanical properties of unvulcanized rubber meant that it had little value as
an engineering material. This was all to change in 1839, when Charles Goodyear heated
sulphur-coated rubber by accident, thus discovering the process of vulcanization. Produc-
ing a firm and stable rubber, this discovery was the start of the modern rubber industry
[5]. Ever since, new and improved rubber formulas and manufacturing processes have
kept on adding to the wide spread of rubber products seen today.

3.2 Molecular Structure

Vulcanized rubber consists of long cross-linked polymer molecules making up a highly
elastic matrix. For nearly all engineering applications, reinforcing filler, usually carbon-
black, is added to the rubber compound (see figure 3.1). The fine filler particles form
physical and chemical bonds with the polymer chains. Depending on the application,
there can be several reasons for introducing fillers, such as increasing stiffness, damping,

7



CHAPTER 3. MATERIAL PROPERTIES

abrasion resistance and tear strength. In other cases, filler is simply introduced to reduce
material costs.

Figure 8.1: Microstructure for a carbon-black-filled rubber vulcanizate. Grey circles: car-
bon particles. Solid lines: polymer chains. Zigzag and dashed lines: crosslinks.

3.3 Damping and Dynamic Modulus

In the literature, several different ways to characterize damping and dynamic modulus can
be found. A common way to describe the characteristics of linear viscoelastic materials
is in terms of a complex modulus [8]. The complex modulus consists of one real part
(storage modulus) and one imaginary part (loss modulus). Another way to describe the
complex modulus is in terms of the absolute value (dynamic modulus) and phase angle.

Figure 3.2: A typical hysteresis loop in harmonic shear.

Since the dynamic properties of rubber are more or less non-linear, it is not entirely
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appropriate to describe the characteristics in terms of a complex modulus. Based on the
hysteresis loop in figure 3.2, the following two definitions of dynamic shear modulus, Ggyn,
and damping, d, have been used throughout this thesis. The dynamic shear modulus

70

Gdyn =

. (3.1)

corresponds to the tilting angle of the hysteresis loop. As seen in figure 3.2, 79 is the
shear stress amplitude, kg is the shear strain amplitude and U, is the energy loss per unit
volume for one cycle. For a linear viscoelastic material this definition equals the absolute
value of the complex shear modulus.

The damping
Uc

TKQTO

d = sin(d) = (3.2)
can be interpreted as a relative measure of the thickness of the hysteresis loop. Applied
to a linear dynamic system, this definition is the sine of the phase angle 4.

3.4 Elasticity

Although rubber is usually thought of as an elastic, incompressible material, in real life
there is no such thing as a purely elastic rubber. Nevertheless, treating rubber as elastic
can in some cases be a good approximation. Examples of this are dynamically loaded un-
filled rubber and filled rubber subjected to quasi-static loads. For many unfilled rubbers,
the hysteretic loss is often very small and can thus be neglected. However, these rubbers
are of limited use in practice. When analyzing statically loaded rubber components, a
good model can usually be achieved by fitting an elastic model to an experimental loading
curve, ignoring the unloading curve. Such a model will yield fairly accurate results during
loading.

3.5 Rate Dependence

It is a well-known fact that the response of rubber components is influenced by the load
rate. In the case of a harmonic load, rate dependence or frequency dependence is shown as
an increase in modulus with increasing frequency, as seen in figure 3.3. For an increasing
frequency the loss factor will increase at low frequencies, reach a maximum and then
decrease at very high frequencies [8]. Since the emphasis in this thesis is on low frequency
behavior (beneath about 200Hz) of rubber, the measurements presented does not include
a decrease in loss factor. Nevertheless, the models presented are capable of modelling this
behavior as well.

The rate dependent loss is usually attributed to the resistance in reorganizing the
polymeric chains during loading. Since this reorganization cannot occur instantaneously,
the loss of energy will be rate dependent.
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AGdyn (MPa) damping d
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Figure 8.3: General frequency dependence of dynamic shear modulus and damping for a
filled rubber.

3.6 Amplitude Dependence

The amplitude dependence, also known as the Fletcher-Gent or Payne effect [9], is usually
not as well-known as the rate dependence, although in many cases the amplitude depen-
dence is by far the most prominent of the two. The effect of the amplitude dependence
for a harmonically loaded rubber is illustrated in figure 3.4. As can be seen, an increase
in amplitude will lead to a decrease in modulus. The loss factor, on the other hand, will
reach a maximum at moderate strain amplitudes.

AGdyn (MPa) A damping d
K0 K0
| p | , | ; | P | p | , | ; | P
107 107 10 10 10 107 10 10

Figure 3.4: General strain amplitude dependence of dynamic shear modulus and damping
for a filled natural rubber.

From a micro-mechanical point of view, the amplitude dependence is traditionally
attributed to the breakdown and reforming of the filler structure. However, more recent
research suggests that the amplitude dependence is caused by changes in the weak bonds
between the filler structure and the polymeric chains. As the rubber is deformed, these
bonds will move along the surface of the filler, resulting in a rate-independent energy loss.
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3.7 Other Properties

Besides the rate and amplitude dependence and the non-linear elasticity accounted for in
this thesis, there are a number of other properties worth mentioning.

Two other properties encountered during the experimental testing in this work are
temperature dependence and Mullins effect [7]. In the case of a cyclic load, the Mullins
effect is observed as a decrease in stiffness during the first few load cycles. This is often
referred to as “mechanical conditioning” or “scragging” of the rubber. If let alone for a
couple of hours, the material will heal and the stiffness of the virgin material will be
almost restored.

During testing with a large harmonic load the temperature dependence is also of
interest. As the rubber specimen is cycled, it will heat up due to internal damping. The
increase in temperature will have a similar effect on the dynamic properties of rubber
as that of a decrease in frequency [1]. This effect can also be important for rubber
components subjected to changes in external temperature.

The working environment also poses other concerns such as aging and swelling. Ox-
idation and ozone cracking, often in combination with thermal aging, may drastically
shorten the life span of a rubber component. This is especially true for thin components,
since the aging process is initiated at the surface. Also, many chemicals such as oil are
known to destroy the crosslinks, thereby reverting the rubber to the gum state, and also
causing swelling.
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Chapter 4

Material Model and FE-Analysis

As mentioned earlier, the main object of this thesis is to model the rate and amplitude
dependent effects of rubber materials, using the finite element method. For simple shear,
the amplitude and rate dependence can be modelled with simple one-dimensional models.
These one-dimensional models do not only form the basis of the overlay method presented
later, but they also provide a valuable tool for understanding the fundamental behavior
of rubber dynamics. Since the one-dimensional models are based on the same principles
as the finite element models, it is possible to transfer the parameters between the two
models.

The finite element analyses in this thesis have been carried out in Abaqus [2]. The
choice of using a commercial finite element code makes it easier to focus on the engineering
problem rather than a detailed description of complex finite element models. It will also
result in methods that can be put directly to use in industry. On the downside is the lack
of control of how the models are implemented in Abaqus. Although Abaqus provides a
very good manual there will always be details that are left out of the manual.

4.1 Elasticity

For finite element analysis, rubber is often modelled as a hyperelastic material [4]. Stress-
strain relationships are derived from a strain energy function usually based on the first,
and sometimes also second, strain invariant. Due to incompressibility it can be argued that
the third invariant is constant and thus will not influence the strain energy. However, when
analyzing highly confined rubber components, the incompressibility properties cannot be
neglected and are usually included by an extra term in the strain energy function based
on the volumetric change.

In this thesis only the Yeoh and Neo-Hookean models have been used. These models
are only dependent on the first strain invariant. This single invariant dependence gives
the advantage of more robust models than for instance the Mooney-Rivlin model, which is
also dependent on the second strain invariant. A Mooney-Rivlin model fitted to a uniaxial
test might behave very non-physically when loaded in a different direction. In contrast,

13
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the Neo-Hookean and Yeoh models will always yield a physically correct behavior in all
directions, as long as they are correctly fitted for one direction. The strain energy density
function of the Yeoh model is given by:

W:Cm(Il —3)+020(I1 —3)2+C30(I1 —3)3 (41)

Putting Co9 and C3¢ at zero yields the simpler Neo-Hooke model. The main difference
between the two models is the inability of the Neo-Hooke model to capture the increase
in stiffness of rubber during large tensile strains. The Neo-Hooke model is also incapable
of modelling the modest non-linear behavior during shear.

4.2 Rate Dependence

The rate dependence is modelled using a viscoelastic model. The most simple one-
dimensional viscoelastic model to yield a physically correct behavior is the so called
standard linear solid (SLS) model. The SLS model consists of a single Maxwell element
coupled in parallel with an elastic spring. This model will yield good results for a small
range of frequencies. In order to achieve a better fit to a larger range of frequencies, the
SLS model can be expanded with several Maxwell elements coupled in parallel, resulting
in the generalized Maxwell model shown in figure 4.1.

— G(x) —
L AAAN—]
t r GVC

4‘;1 :e
e —

Aa

tr 1 GVC

—(E W

Figure 4.1: The generalized Mazwell model.

The stress response of the generalized Maxwell model is the sum of all the parallel ele-
ment stresses. The viscoelastic stress response is given by a hereditary integral according
to

() = /_ G (t — ') dr(t) (4.2)

where the relaxation modulus G, for a Maxwell element ¢ is given by

Gpgr, = G;®exp (t_—t> (4.3)

Combining equations (4.2) and (4.3), and approximating according to the trapezoidal
rule, the viscoelastic stress for Maxwell element 7 can be expressed in an incremental

14
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—_A ve A —A
ATYe m TP (e:l:p( : t) —1)+G’2 ~ (Heazp( . t)) (4.4)

where 77¢ is the stress at the previous step [10]. Thus, for transient analysis, only the
previous step has to be taken into consideration. The total viscoelastic stress increment
for the whole model is then obtained by adding all incremental stress contributions from
all elements.

form as

In the finite element software Abagus, the generalized Maxwell (or Prony series) model
has been implemented based on a hyperelastic model suitable for elastomers.

Another approach to modelling the rate dependence is to use fractional derivatives to
describe it [3]. The advantage of the fractional model is its ability to model a wide range
of frequencies and time resolutions using only a few material parameters, as compared to
the many parameters needed for the generalized Maxwell model. This approach is very
powerful for frequency analysis. For transient analysis, however, fractional derivatives
tend to be more time-consuming, since the entire strain history has to be taken into
account at each time step. Another drawback of this approach is that it has yet to be
implemented in commercial finite element codes.

4.3 Amplitude Dependence

In one dimension, the amplitude dependent dynamic stiffness and loss angle can be
modelled with simple Coulomb frictional elements. When coupled together with elas-
tic springs, as shown in figure 4.2, it is possible to obtain a rather smooth response as
well as a good fit to a large range of amplitudes. The elastoplastic behavior of this model
will be piece-wise kinematic hardening.

. G(I) o
B VAV, v —
ep
T G

/ a

€p
Hot, o - —
22 N s

Figure 4.2: The generalized one-dimensional elastoplastic model.

A frictional element coupled in series with an elastic spring yields the most simple
non-hardening elastoplastic model. The stress response for such an elastoplastic element
j can be expressed in the following incremental form:

AP =

; (4.5)

G;p Ak if elastic
0 otherwise

15
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The total incremental elastoplastic stress response for the one-dimensional model is
then given as the sum of all parallel elastoplastic elements.

In three dimensions, amplitude dependence is modelled by an elastoplastic model. The
preferred model would be a kinematic hardening model based on the same hyperelastic
model as the viscoelastic and elastic models. However, in Abaqus such a model is yet
to be implemented. Instead, an elastoplastic model based on a hypoelastic description
has been used. Another problem has been the lack of a kinematic hardening model in
Abaqus/Explicit. This was solved by overlaying several non-hardening von Mises models,
resulting in a piece-wise linear hardening model. In Abaqus/Standard a similar model
can be obtained with the use of a single kinematic hardening model.

4.4 The Overlay Method

Experimental findings show that the amplitude dependence and rate dependence can be
considered as two independent type of behavior, i.e. the frequency response is the same
for all strain amplitudes and vice versa. Although not entirely true, this assumption holds
rather well for the materials investigated in this thesis. On the basis of this assumption
it can be concluded that the rate dependent model and the amplitude dependent model
can be coupled together in parallel, greatly simplifying the modelling task. For the one-
dimensional case, this is exemplified in figure 4.3.

G ~

— AN\ —] elastic part
tr1 Gvel
tro Gve2

viscoelastic part
I
1

tl'N I GveN
jﬁ f Gep |- . ;
%va& —x
Ty, Gep2 .
% elastoplastic part
TY : GepM

Figure 4.8: One-dimensional equivalence of the viscoelastic-elastoplastic model.
Figure 4.3 clearly shows that the total stress can be obtained as a summation of the
stress contributions from all parallel contributions. The same approach is used for the

three-dimensional model. Hence, the total stress tensor is obtained as a summation of
the stress tensors from all parallel contributions.

M N
'r:’re—l—’r”e+'re”=Te+ZT}’e+ZT§p (4.6)
i=1 j=1
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For the finite element model, the above summation of stress tensors is achieved by an
overlay of finite element meshes, according to figure 4.4. The general idea is to obtain
each stress tensor from a separate finite element model. In some finite element codes,
such as Abaqus/Standard it is possible to model the first two terms of equation 4.6 in
one model and the third term in a second model. The finite element models are all created
with the same topology. The stress summation is then achieved by assembling each layer
of elements into one set of nodes. This approach yields a model able to represent the
combined rate and amplitude dependence without having to implement any new finite
element models.

Rheological model 0 Hyperelastic FE-model
Viscoelastic FE-model
—> /6,9

= \AA ¢ Elastoplastic FE-model

FE-model containing:
-Non-linear elasticity
-Frequency dependence
-Amplitude dependence

Figure 4.4: Principle of the overlay method.
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Chapter 6

Future Research

As with many other research projects, more questions have been raised than answered in
the course of this work. Using the present thesis as a basis, it will be possible to move in
many directions.

There are other important rubber characteristics that might be incorporated in the
model presented, depending on the application. Hence, such factors as temperature de-
pendence and the Mullins effect might have to be taken into consideration.

Multi-body dynamics (MBD) simulations are another important area for models of
rubber dynamics. Bushings incorporated into existing MBD codes such as ADAM S and
DADS are greatly simplified and are a source of uncertainty when analyzing system
dynamics. A low degree of freedom model for rubber bushings can be based on the same
principles as the material model presented.

Other types of dynamic testing might be interesting to look into. With a relaxation
test it might be possible to characterize the entire rate dependence in a single test. With
several relaxation tests of different step sizes it could be possible to cover the amplitude
dependence as well. Another approach might be to use different impact tests as a simple
way to characterize the dynamic properties of rubber.

For stationary dynamic finite element analysis, it might be useful to develop equivalent
viscoelastic models capable of modelling the amplitude dependence. Such models would
be computationally more efficient for harmonic loads than the model presented here.
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Modelling amplitude dependent

dynamics of rubber by standard
FE-codes

Per-Erik Austrell, Anders K Olsson
Division of Structural Mechanics, Lund University, Sweden

ABSTRACT: For most engineering rubbers, material damping is caused by two differ-
ent mechanisms, resulting in rate dependent and amplitude dependent behavior respec-
tively. This paper presents a simple engineering approach to model the elastic-viscoelastic-
elastoplastic characteristics of rubber materials, providing a finite element model suitable
for analyzing rubber components subjected to cyclic as well as transient loads. Although
constitutive models with the above characteristics exist, they have yet to be implemented
in commercial finite element codes. The advantage of the suggested method is the ability
to use already existing FE-codes for the purpose of analyzing the amplitude and rate de-
pendent behavior of rubber components. This is done by a simple overlay of finite element
meshes, each utilizing a standard hyperelastic, viscoelastic and elastoplastic material model
respectively. Hence, no implementation of new material models is required. To demon-
strate the ability of the method, an azi-symmetric rubber bushing subjected to a stationary
cyclic load has been analyzed, with material properties measured using a sinusoidal shear
test.

1 Introduction

Rubber components such as shock absorbers, vibration dampers, flexible joints etc, are
often used as coupling elements between less flexible or rigid structures. Knowledge of how
these elastomeric components affect the dynamic characteristics of the complete system,
are often of crucial importance. In industries, such as the vehicle industry, where rapid
development of new products or models is of essence, virtual prototyping and simulations
are increasingly important. In most of these simulations, the non-linear dynamic behavior
of rubber components are usually completely overlooked or, at best, greatly simplified.

The stiffness and damping properties of dynamically loaded rubber components are

29



usually dependent on both frequency and amplitude. For most engineering rubbers,
damping is caused by two different mechanisms at the material level, resulting in viscous
(rate dependent) and frictional (amplitude dependent) damping respectively. Constitutive
models for rubber used in standard large strain FE-codes are usually either hyperelas-
tic or viscoelastic. Elastoplastic models, needed to model the frictional damping, are
also normally supplied in order to model the plastic behavior of metal. Based on these
commonly available models, a novel FE-procedure able to model the dynamic behavior
of rubber materials including both rate and amplitude dependence as well as nonlinear
elastic behavior, is proposed. The model handles both harmonic and transient loads.
The advantage of the proposed method is that no advanced constitutive modelling or
programming skills are required, since it only utilizes already available and implemented
constitutive models.

This paper is a development of a conference proceeding by Austrell & Olsson (2001).

Apart from this introductory section, the paper consists of four major sections, outlin-
ing the basic ideas of the overlay method and a final section where the method is applied
to a rubber bushing. In section 2 a brief discussion of different material properties for
rubber is given and the three constitutive branches used in the presented overlay method
is discussed. Section 3 discusses the the double shear test and important properties such
as damping and dynamic modulus. It is argued that the elastic response of rubber in
simple shear is almost linear, which enables the shear tests to be modelled using one-
dimensional symbolic models. Hence, in section 4 different one-dimensional models are
examined. For the one-dimensional models the total stress is given as a summation of the
shear stresses. In section 5 it is argued, that for a general load case, the one-dimensional
models may be generalized into three dimensions by adding stress components instead of
only shear stresses. Thus allowing for the material parameters for the one-dimensional
model to be copied to the FE-model. This last step is done using the novel approach of
overlay of finite element meshes. To demonstrate the ability of the proposed method an
axi-symmetric rubber bushing, subjected to a stationary cyclic load, has been analyzed
in section 6. It is shown how the presented method can be used to model the non-linear
dynamic behavior of a rubber bushing.

2 Constitutive Branches

Rubber has a very complex material behavior. Besides the non-linear elastic behavior,
most engineering rubber materials also show a considerable material damping, which give
rise to hysteretic response in cyclic loading. Apart from the strain level, the dynamic
response of rubber is dependent on the present strain rate and the strain history. For a
harmonic load this behavior can be observed through the dependence on frequency and
amplitude respectively. Dynamic modulus and damping of a typical engineering rubber
can vary with several hundred percents due to variations in frequency and amplitude.
Several authors have successfully modelled the frequency and amplitude dependencies
as two approximately independent material behaviors (Austrell 1997; Kaliske & Rothert
1998; Miehe 2000 and Sjsberg 2000). The ability to model the rate dependence separately
from the amplitude dependence is a useful property, greatly simplifying the material
modelling. The treatment of rate and amplitude dependent properties by two independent
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branches is also used in the presented model. It should however be noted that this theory
has mostly been used to model highly filled rubbers which are very common in engineering
applications. A study by Chazeau et al (2000) on the amplitude dependence on low-filled
rubbers suggests that the observed amplitude effects also contain time dependence.

The mechanical behavior can be divided into three principle branches. The first and
most dominant branch in terms of stress magnitude being the non-linear elastic branch.
The proposed model does not favor any specific hyperelastic model. Instead the user is
free to use whatever hyperelastic model available in the FE-code.

The rate dependent second branch, is modelled using a viscoelastic material model
based on a Prony series approach. Other authors, such as Enelund et al. (1996), have
proposed the use of fractional derivatives in order to model the rate dependence of rubber.
The advantage of fractional derivatives is the ability to model a wide frequency range with
only a few material parameters. Prony series on the other hand offer a numerically more
effective method to model the response to a general strain history, since only the previous
step has to be considered, as compared to the fractional approach were the entire previous
strain history has to be considered for each step. Another advantage of the Prony series
is that it is already implemented in many commercial FE-codes.

For the rate-independent third branch, only the Payne effect (Payne 1965) is included
in the proposed model. For a harmonic load, the Payne effect is observed as a decrease in
dynamic modulus for increasing amplitudes. The decrease in modulus is modelled using
an elastoplastic material model similar to Kaliske & Rothert (1998) and Miehe (2000).
The used elastoplastic model results in a piecewise linear kinematic hardening law after
applying the overlay method.

Apart from these three fundamental branches, discussed above, rubber also shows
other important material behaviors, such as Mullins effect (Mullins 1969), temperature
dependence, swelling and ageing, to name only a few. These effects are however not
accounted for in the presented model. The model presented in this paper is applicable
for general dynamic loads and for elastomers without pronounced damage behavior. De-
pending on the type of analysis, the application and elastomer in question, other material
behaviors might have to be included in the model. If required, it is possible to include
both Mullins effect as well as temperature dependence without any major changes to
the model described in this paper. Temperature effects can be added using a WLF-shift
function according to (Ferry 1970). The WLF-shift can be viewed as a scaling of the time
for the viscoelastic part. Kari & Sjoberg (2003) uses the WLF-shift in conjunction with
a fractional viscoelastic model. Mullins effect is usually modelled with a damage model,
which basically reduces the elastic strain energy function with a scalar factor dependent
on the maximum deformation, see for example Simo (1987) and Miehe (1995). Counsider-
ing a cyclic load with constant amplitude, Mullins effect is seen to disappear during the
first few load cycles.

3 Harmonic Shear Test

Since the elastic part of the material is almost linear during shear, most of the testing
is done using a double shear test specimen. The linear elasticity obtained during simple
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shear makes it easier to observe the nonlinear dynamic properties. The experimental data
presented in this article was obtained from a double shear specimen according to Fig. 1.
The double shear specimen consists of three steel cylinders connected by two rubber discs.

Figure 1: The double shear specimen.

When subjecting the test specimen to a stationary cyclic load a hysteretic loop ac-
cording to Fig. 2 is obtained. A correct material model should exhibit the same dynamic
shear modulus G4y, and damping d as obtained in the test.

\T

Figure 2: Typical hysteretic loop for a rubber material subjected to a stationary cyclic
load.

For cyclic loads, the dynamic shear modulus is defined by

T0
Gdyn = K_O, (]-)

where 7¢ is the amplitude of the shear stress and kg is the amplitude of the shear strain,
as defined in Fig. 2. A correct description of the dynamic modulus, obtained from the
material model, is vital in order to achieve a finite element model with a correct dynamic
stiffness.
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For viscoelastic materials, the damping is attributed the phase angle § as d = sin(9).
However, for a material with elastoplastic properties, the phase angle is not well defined.
In this paper, the damping d is defined by

Ue

TKQTO

d = sin(d) = (2)
where U, is the hysteric work, corresponding to the area of the hysteretic loop in Fig. 2.
ILe., damping could be viewed as a normalization of the hysteretic work. A large damping
yields a large difference between the loading and unloading curves in the hysteric response.
For a linear viscoelastic material, definition (2) will yield the same result as the argument
of the complex modulus. IL.e. the definition is not in conflict with linear viscoelastic theory.
Instead it could be viewed as extension of the concept of damping into elastoplasticity.

In Fig. 3 a typical hysteresis loop from the dynamic shear tests is shown. Using the
definitions in Eq. (1) and (2) it is easy to calculate the obtained dynamic shear modulus
and damping. The deviation from viscoelastic behavior is clearly observed in the sharp
corners of the hysteretic loop. A purely viscoelastic material would had exhibited elliptic
shaped loops, with rounded corners.

In the following section it is discussed how the dynamic simple shear behavior may be
modelled with one-dimensional models.

4 One-Dimensional Models

When subjected to simple shear, the elastic branch of the model behaves almost linear.
For simple shear, this observation makes it possible to reduce the material model to
a linear one-dimensional elastic-viscoelastic-plastoelastic model. Thus, the behavior of
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Figure 8: Hysteretic response, obtained from a double shear specimen subjected to a sinu-
soidal load at f = 0.05Hz.
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the rubber material, subjected to simple shear, can be discussed using one-dimensional
symbolic models.

Using mechanical analogy, one-dimensional models consisting of linear spring and
damping elements is used to describe and interpret the dynamic behavior of filled elas-
tomers for simple shear. Models like this can also be used to model rubber components
subjected to one-dimensional loads, for instance in vehicle-dynamic simulations. They also
provide a useful and illustrative general understanding of the material characteristics.

Next a viscoelastic and an elastoplastic model are discussed. These models are then
combined in parallel forming a viscoelastic-elastoplastic model with both frequency and
amplitude dependent properties. The viscoplastic model exhibits the same principle be-
havior as found in the experimentally obtained data. Finally a five-parameter viscoplastic
model is used to illustrate the rate and amplitude dependence of the dynamic modulus.

)

T
n G 0 —=
AW T x

Figure 4: Mechanical anology illustrating a viscoelastic model, the so called standard
linear solid model.

4.1 Viscoelastic model

The simplest viscoelastic model that exhibits a physically reasonable behavior is a
spring combined in parallel with a Maxwell element according to Fig. 4. This is the so
called ”Standard Linear Solid” model, abbreviated the "SLS-model”. The SLS-model is
made up of two spring elements with the elastic shear modulus G and G, and a dashpot
element with the viscosity coefficient . This model is able to reproduce the frequency
dependent damping of rubber material. It provides a qualitative correct behavior of
the dynamic modulus and damping. The dynamic modulus increases with increasing
frequency and the damping reaches a maximum where the increase in dynamic modulus
is at its maximum. Since the model is purely viscoelastic it does not reflect the amplitude
dependence. Therefore the dynamic modulus and the damping is only dependent on the
frequency.

In Fig. 5 the dynamic behavior of the SLS-model is shown at three different frequen-
cies. The frequency is increased from 1) representing a low frequency to 3) representing
a high frequency. It can be seen that a very low or high frequency results in an al-
most elastic shear modulus. That is, the damping is almost zero, which is illustrated by
the very narrow hysteretic response with the loading and unloading curves being nearly
identical. When the frequency is close to zero the elastic shear modulus is given by
Gayn = Goo. (Where G, denotes the relaxation modulus at time ¢ = oo, corresponding
to zero frequency.) The elastic shear modulus corresponding to a high frequency is given
by Gayn = Go = G + G.

The dynamic shear modulus increases from G, to Gy with increasing frequency. The
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Figure 5: Harmonic excitation of a viscoelastic model and the hysteretic response at
increasing frequencies 1) to 3).

maximum damping is found at frequency 2) for which the distance between the loading
and unloading curve reaches its maximum.

4.2 Elastoplastic model

Co
T
Ty G
[ Tx

Figure 6: Mechanical analogy illustrating a simple elastoplastic material model, which is
able to represent an amplitude dependent dynamic shear modulus.

Besides the viscous type of damping described earlier there is also a rate independent
damping in filled rubber materials. A simple model describing rate independent damping
is obtained by replacing the dashpot in the SLS-model with a frictional element according
to Fig. 6. During slip between the element surfaces, symbolically illustrated in the figure,
the frictional element stress is limited to £7,. The stress is thus limited to the prescribed
stress independent of the relative velocity of the contacting surfaces.

The model in Fig. 6, with two parallel springs with the elastic shear modulus G
and G, is the mechanical analogy for an elastoplastic material with linear kinematic
hardening. The stress in the model is in this case independent of the strain rate.

When the model is subjected to cyclic loading, the frictional element causes a difference
between the loading and unloading curves and the hysteretic response is given the shape
of a parallelogram according to Fig. 7, provided that the limiting stress is reached in the
frictional element. All type of periodic loading with a certain amplitude e¢g provides the
same results in the stress-strain graph, independent of load shape and load rate.

35



Figure 7: Periodic excitation of an elastoplastic model and the hysteretic response at two
different amplitudes. Depending on the amplitude two different dynamic shear modulus
are obtained.

The frictional element provides a non-linearity that may be observed from the parallel-
ogram shaped hysteretic response. This also results in an amplitude dependent dynamic
shear modulus. As can be seen in Fig. 7, it is obvious that the dynamic shear modulus
decreases with increasing amplitude.

4.3 Viscoelastic-elastoplastic model

For filled elastomers damping is caused by two different mechanisms at the material level,
resulting in viscous and frictional damping respectively. Reorganization of the rubber
network during periodic loading results in a viscous type of resistance. A common view
is that the Payne effect is caused by frictional damping attributed to the filler structure
and the breaking and reforming of the structure which take place during loading and
unloading. The stresses obtained in a filled rubber material can thus be divided into a
dominant elastic part, but also a viscous and a frictional part.

T
—

=K

Figure 8: Mechanical analogy illustrating a simple five parameter viscoplastic material
model resulting in a frequency and amplitude dependent dynamic shear modulus and damp-
ing.

Combining the viscoelastic and the elastoplastic model in parallel yields a material
model which sums the elastic, viscous and frictional stresses. A simple model of this
viscoplastic type is shown in Fig. 8. The model simulates the frequency and amplitude
dependence in a physically correct manner.

The combined frequency and amplitude dependence of the dynamic shear modulus
and phase angle according to the material model in Fig. 8 is illustrated in Fig. 9 and 10.
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TP = Z TP (4)

where the terms are obtained from a non-hardening plasticity model, according to von
Mises, implemented for large strains. The model used in section 6 uses three terms in the
summation above.

The viscoelastic stress contribution is also given by a summation according to

N
o= ®
k=1
where the terms are obtained from a visco-hyperelastic model, suitable for large strains.

5.1 Implementation of the Overlay Method

Since the commercial FE-codes do not contain any suitable constitutive model, this
paper proposes a novel engineering approach. Using only standard FE-codes, a three-
dimensional model is obtained through an overlay of FE-meshes. With this approach,
the implementation of a new constitutive model is avoided. The basic approach using the
overlay method, is to create one hyperelastic, one viscoelastic and one elastoplastic FE-
model, all with identical element meshes. Assembling the nodes of these models according
to Fig. 12, yields a finite element model that corresponds to the five-parameter model
discussed earlier. In order to create a model corresponding to the generalized mechanical
analogy in Fig. 1, a suitable number of viscoelastic or elastoplastic FE-models are simply
connected in parallel by assembling different layers of elements to the same nodes.

In Abaqus both the hyperelastic and the viscoelastic parts can be modelled with a
single FE-model based on a viscoelastic Prony series. The elastoplastic part can be mod-
elled with several parallel elastoplastic FE-models based on a non-hardening elastoplastic
material model. In Abaqus/Standard there is also a possibility to define a piecewise kine-
matic hardening elastoplastic model. Unfortunately, neither Abaqus nor Marc contain
any elastoplastic models based on hyperelasticity. Hence, in the following section the
plastic part is based on a hypoelastic material model.

Preliminary investigations indicate that the material parameters needed for the finite
element models can simply be copied from the one-dimensional model which has been
fitted to experimental data in simple shear. A fitting procedure for the one-dimensional
model is further discussed in (Olsson & Austrell 2001).

The reason why the one-dimensional mechanical analogy seems to be easily generalized
into three-dimensions has not been thoroughly investigated. However, one reasonable
explanation for this behaviour is that the isotropic and incompressible characteristics of
rubber provides a constraint that reduces the degrees of freedom in the three-dimensional
model.
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Figure 12: Basic idea of the overlay model.

6 Cylindric Rubber Bushing

A cylindric component according to Fig. 13 has been studied when subjected to a station-
ary cyclic load. The bushing consists of one outer and one inner steel tube, with rubber
in between. The component is subjected to large amplitudes at low frequencies. A finite
element analysis of the component, using a material model that combines non-linear elas-
tic properties with rate independent damping, has been performed. The dimensions used
in the computations are r = 20mm, R=40mm and H = 50mm.

Figure 18: The analyzed cylindric component.

The model was fitted to the hysteretic response presented in Fig. 3. The experimental
data were obtained using a double shear test specimen according to Fig. 1. Fig. 14 shows
the response of the one-dimensional material model subjected to the same load as the test
specimen.
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Figure 14: The one-dimensional material model subjected to a sinusoidal shear load at
f=0.06Hz.

The rubber bushing was modelled in Abaqus combining a hyperelastic material model
and three elastoplastic models. The elastoplastic models were based on hypoelasticity
with isotropic von Mises plasticity without hardening. An inconsistency with the used
model is that the elastoplastic part is hypoelastic while the elastic part is hyperelastic.
It would be preferable if the same hyperelastic base was used for the entire model, but
as stated previously Abagus does not contain any hyperelastic plastic materials models at
the present date.

6.1 Axial Shear Load

Fig. 15 shows the cylindric component during axial cyclic shear loading. The load case is
a displacement controlled cyclic loading with gradually increasing amplitude. The state
of stress is very close to simple shear.

The shear stress 7 shown in the graph is the mean stress computed as the axial
load, obtained from the finite element analysis, divided by a cylindric surface area with
the radius (r + R)/2, resulting in 7 = P/(n(r + R)H). As can be seen in the graph,
the dynamic modulus decreases with increasing strain amplitude. Another interesting
observation made from the graph is that the shape of the hysteretic response is in good
agreement with the experimental result, according to Fig. 3, used to obtain the one-
dimensional material model.

6.2 Axial Tension

Fig. 16 shows the cylindric component subjected to a homogeneous stress. This load
is not in agreement with the present component design, with one inner and one outer
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Figure 15: Amplitude dependent dynamic stiffness. Finite element analysis of the cylin-
dric component subjected to an axial cyclic shear loading.
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Figure 16: Amplitude dependent dynamic stiffness. Analysis of a cylindric component
subjected to azial cyclic tensile/compressive load.
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metal pipe vulcanized to cylindrical surfaces of the rubber part. However, this load case
is of great interest since it shows the behavior of the material model during pure tensile
and compressive loading. The load case is a displacement controlled cyclic loading with
gradually increasing amplitude. The stress (same in all elements) shown in the graph is
calculated as the axial force P, obtained from the finite element analysis, divided by the
original cross-sectional area A = m(R? — r2). The graph illustrates the influence of the
non-linear elastic stress contribution on the hysteretic response at different amplitudes.

6.3 Radial Load

Force [kN]

e S Y
Displacement [mm]

Figure 17: Amplitude dependent dynamic stiffness. Analysis of the cylindric component
subjected to a radial cyclic load.

Fig. 17 shows the cylindric component subjected to a radial load. The load case is
displacement controlled and cyclic, with gradually increasing amplitude. Since there is no
sense in presenting a specific stress in this highly inhomogeneous stress state, the graph
shows the relation between the radial force P, obtained from the finite element analysis,
and the radial displacement. Similar to the previous load case, the graph also shows the
influence of the non-linear elastic stress contribution on the hysteretic response.

6.4 Torsional Load

Fig. 18 shows the cylindric component subjected to a torsional load. The load case is
displacement controlled and cyclic, with gradually increasing torsion. The graph shows the
relation between the torsional moment M, obtained from the finite element analysis, and
the torsion presented in radians. As expected the hysteretic response shows in principle
the same behavior as for the axial shear load in Fig. 15, since torsion in principle is a
state of shear.
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Figure 18: Amplitude dependent dynamic stiffness. Analysis of the cylindric component
subjected to a torsional cyclic load.

7 Conclusions

Using a novel engineering approach, it is shown how already existing FE-codes can be
used to model the dynamic behavior of rubber components. The use of existing FE-codes
makes it easy to create a highly advanced model without implementing a new constitutive
model. The presented method is able to represent the non-linear elastic behavior, as well
as the rate dependent and amplitude dependent inelastic properties of rubber material.
The model discussed works equally well for a general dynamic load as well as for creep
and relaxation analysis and other cases of transient dynamic loads.

Finally, a cylindric rubber bushing, subjected to different low frequency cyclic load
cases, was analyzed using the proposed method. A harmonic simple shear test was used
to obtain the material parameters. The component characteristics were then calculated
for different load directions, giving a physically reasonable behavior.
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Notation

The following symbols are used in this paper:

G = shear modulus
G4yn = dynamic shear modulus
Goo = long term shear modulus
Go = instant shear modulus
T = shear stress
To = shear stress amplitude
Ty = yielding shear stress
T = stress tensor
K = shear strain
Ko = shear strain amplitude
d = damping
é = phase angle
U. = dissipated energy for a closed hysteresis loop
n = viscosity coeflicient
M = number of elastoplastic components
N = number of viscoelastic components
Superscripts
e = elastic
ep = elastoplastic
ve = viscoelastic

45



References

Austrell, P-E. (1997). Modeling of Elasticity and Damping for Filled Elastomers Thesis,
Lund University, Division of Structural Mechanics, Report TVSM-1009, Sweden

Austrell, P-E., Olsson, A.K., and Jénsson, M. (2001). "A method to analyze the non-
linear dynamic behaviour of carbon-black-filled rubber components using standard
finite element codes” Proceedings of the Second European Conference on Constitutive
Models for Rubber, Germany

Chazeau, L., Brown, J., Yanyo, L., and Sternstein, S. (2000). "Modulus recovery kinemat-
ics and other insights into the Payne effect for filled elastomers” Polymer Composites,
21, No. 2, pp. 202-222

Enelund, M., Mihler, L., Runesson, K., and Josefsson, B.L. (1996). ”Unified Formula-
tion and Integration of the Standard Viscoelastic Solid with Integer and Fractional
Order Rate Laws” 19th International Congress of Theoretical and Applied Mechanics
(ICTAM), Kyoto, Japan

Ferry, J.D. (1970). Viscoelastic properties of polymers second edition, J Wiley and Sons
Inc., Chap. 11, New York

Kaliske, M., and Rothert, H. (1998). "Constitutive Approach to Rate Independent Prop-
erties of Filled Elastomers” Int. J. Solids Structures, Vol. 35, No. 17, pp. 2057-2071

Kari, L., and Sjoberg M. (2003). "Temperature dependent stiffness of a precompressed
rubber isolator in the audible frequency range” Manuscript submitted to International
Journal of Solids and Structures.

Miehe, C. (1995). "Discontinuous and continuous damage evolution in Ogden-type large-
strain elastic materials” Eur. J. Mech., A/Solids, 14, pp. 697-720.

Miehe, C., and Keck, J. (2000). ”Superimposed finite elastic-viscoelastic-plastoelastic
stress response with damage in filed rubbery polymers. Experiments, modelling and
algorithmic implementations” J. Mech. Phys. Solids, 48, 323-365

Mullins, L. (1969). ”Softening of Rubber by Deformation” Rubber Chemistry and Tech-
nology, Vol. 42, pp. 339-362

Olsson, A.K., and Austrell, P-E. (2001). ”A Fitting Procedure for Viscoelastic-Elastoplastic
Material Models” Proceedings of the Second Furopean Conference on Constitutive Mod-
els for Rubber, Germany

46



Payne, A.R. (1965). Reinforcement of Elastomers G. Kraus, Ed., Interscience, Chap. 3,
New York

Simo, J.C. (1987). "On a Fully Three-Dimensional Finite-Strain Viscoelastic Damage
Model: Formulation and Computational Aspects.” Computer Methods in Applied Me-
chanics and Engineering, Vol. 60, pp. 1563-173

Sjoberg, M. (2000). "Measurements and modelling using fractional derivatives and fric-
tion” Society of Automotive Engineers, paper No 2000-013518

Yeoh, O. H. (1993). "Characterization of Elastic Properties of Carbon-black-filled Rub-
ber Vulcanizates” Rubber Chemistry and Technology, Vol. 66,pp. 754-772

47



48



Paper Il

Parameter identification for a
Viscoelastic-Elastoplastic
Material Model

To be submitted.

49



50



Parameter identification for a
Viscoelastic-Elastoplastic Material

Model

Anders K Olsson, Per-Erik Austrell
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ABSTRACT: A fitting procedure for a viscoelastic-elastoplastic material model capable
of representing amplitude and rate dependent properties of filled elastomers is presented.
The material model contains a lot of parameters that have to be fitted to exrperimental
data. A method to fit such a viscoelastic-elastoplastic material model to data obtained
from a stationary dynamic shear test is suggested. Using this method, the material model
was fitted to experimental data for thirteen different elastomers. Simulated dynamic mod-
ulus and damping are compared to experimental data and presented for a wide range of
frequencies and strain amplitudes.

1 Introduction

Filled rubber is a two-phase material consisting of long polymer chains in a structure
of microscopical carbon-black particles. Reorganization of the rubber network during
dynamic loading gives rise to a viscous damping. When subjected to a dynamic load,
breaking and reforming of the carbon-black structure results in a frictional elastoplastic
damping.

Experimental results have shown that the viscoelastic behavior is almost independent
of the elastoplastic behavior (Warnaka 1962). This observation of independence between
the viscoelastic and elastoplastic behavior is the foundation of several models for modelling
the dynamic behavior of rubber (Kaliske & Rothert 1998), (Miehe & Keck 2000) and
(Sjoberg & Kari 2002).

The model addressed in this paper has previously been described in (Austrell & Olsson
2001). A one-dimensional mechanical analog in simple shear, where the elastic properties
of rubber are rather linear, is shown in figure 1. This makes it possible to represent the
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Figure 1: The one-dimensional mechanical analog representation of the material model.

material model as a one-dimensional model according to the figure, where the elastoplastic
elements are coupled in parallel with the viscoelastic elements. The reason for having
more than one viscoelastic and more than one elastoplastic stress component, is to get an
improved fit to a wider range of frequencies and strain amplitudes.

In (Austrell & Olsson 2001) it is shown how this model is easily generalized into three
dimensions by an overlay principle, by merging several viscoelastic and elastoplastic FE-
meshes. The advantage of this approach is that it does not require any implementation
of new constitutive laws, since it only uses already implemented models. Another ad-
vantage of this approach is the ability to use the parameters already obtained for the
one-dimensional model in figure 1. Hence, it is sufficient to fit the one-dimensional model
to the experimental data. The material parameters can then simply be shifted to the
finite element model.

The drawback with the above model is the large number of material parameters that
are needed. Because of the number of material parameters, it is almost impossible to fit
the material model by hand. This obstacle is removed by the method presented here. A
structured fitting procedure makes it easy to obtain the material model from experimental
data.

Viscoelastic models using fractional derivatives such as (Enelund et al 1996), (Sjoberg
& Kari 2002) generally do not need as many parameters to describe the viscoelastic part
of the material and are thus easier to fit to experimental data. Models like these are
usually better suited for evaluation in the frequency domain than in the time domain,
where they tend to be rather time-consuming. This is due to the fact that the entire load
history has to be taken into account at every time increment. In the presented method it
is only needed to store the previous stress state in the time stepping. Another obstacle
with the fractional derivative model is the absence of commercially available FE-codes.
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The elastoplastic part of this model consists of an overlay of ideally (non-hardening)
elastoplastic models. When connected together their behavior will be piece-wise kinematic
hardening. A continuous kinematic hardening model could replace this elastoplastic part.
However, since kinematic hardening still is rare in commercial finite element codes, a
simple overlay of ideally elastoplastic models was chosen.

2  Test method

A test batch of 13 different elastomers has been evaluated by dynamic simple shear tests.
Experiments were carried out at the Marcus Wallenberg Laboratory in Stockholm (Kari
& Lindgren). The test object used is the so called double shear test specimen according
to figure 2.

I |

0=25 mm

Figure 2: Double shear specimen, used for testing at simple shear.

The test specimens have been subjected to a sinusoidal load, for a wide range of differ-
ent frequencies and amplitudes, with shear strain amplitudes up to 12% and frequencies
up to 180 Hz. To prevent hysteretic heat build-up from ruining the result, the measure-
ments were performed during a very brief time period, but still long enough to obtain a
stationary reading. For each strain amplitude and frequency, about 20 load-cycles have
been performed, out of which five were evaluated. A typical hysteresis loop from a load
cycle is shown in figure 3. For a given frequency, measurements were conducted at four
different amplitudes, starting with the smallest amplitude. Thus, also damage effects were
included in the measurement. However, the investigated material model does not include
any damage effects. This conflict between model and measurement is further discussed
in section 6.

The dynamic behavior of rubber materials can be characterized by the dynamic shear
modulus and the phase angle, i.e. the aim of the fitting procedure is a material model
with the same stiffness and damping properties as the tested rubbers. The dynamic shear
modulus G4y, and the corresponding damping parameter d, are defined according to

70 U,
Gdyn = d=
Ko TROTO

1)

with variables U., 79 and kg defined in figure 3. The hysteretic work per unit volume
U. is obtained through numerical integration of the experimentally recorded time history
data. It can be noted that the damping parameter d is identical to sin(d) for a purely
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linear viscoelastic model, where ¢ is the phase angle. Assuming simple shear, the shear
stress 7 and shear strain k are calculated according to

P U
YR N—E (2)

where P is the shear force, 2A is the two shearing areas, u is the displacement and H is
the thickness of the shear specimen. This is, however, only true for a pure state of simple
shear. Finite element analysis indicates that this approach leads to an underestimate of
the shear modulus with approximately 6%. Thus the obtained shear modulus should be
increased by 6%.

Figure 3: Typical hysteretic loop for a filled rubber.

3 Fitting procedure

Although the one-dimensional material model is rather simple in its appearance, the
number of material parameters to be determined makes the fitting procedure difficult.
The dynamic behavior of rubber components is mainly attributed the dynamic stiffness
and the damping properties. Thus the aim is to obtain a material model that exhibits
the same stiffness and damping as the rubber material, for a given range of frequencies
and strain amplitudes.

3.1 An optimization approach

The fitting procedure can be viewed as a least square minimization of the relative error
of the material model compared to the experimental data. For this purpose an error
function 9 is established:

m

_ 1—0& Z(ddynz_ exp, i > i(adynz_ ea:p,i)z (3)
ea:p, ) e:l;p,

=1
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The damping d; and shear modulus Ggyn,; are calculated from the material model
at the specified frequencies and amplitudes, where m is the total number of measure-
ments. Thus the error function is a function of the material parameters (see fig. 1):
¥ = P(Goo, GY%,tr1, .., GY¥, Ky1,...). By choosing the scale factor «, it is possible to
decide whether to emphasize a correct modelling of the dynamic modulus or a correct
modelling of the damping.

In a similar manner it is also possible to chose individual weight factors for each
measurement ¢. This might be useful if the measurements are not evenly distributed or
if extra emphasize is to be given for certain frequencies and amplitudes.

Evaluation of theoretical damping and dynamic stiffness can be done in two different
ways. The most correct way to obtain the behaviour of the material model is to use a
time-stepping algorithm. This is however, a time-consuming procedure, especially if the
optimization algorithm is such that the error function needs to be evaluated repeatedly.
For a large amount of measurements and an increasing number of material parameters
this approach will be very slow. A more efficient approach is to use an analytical approx-
imation. However, the poor accuracy of this approach yields a model with poor fit to
experimental data. A way to work around this problem is to use the analytical approach
for repeated evaluations and to use the time stepping algorithm to calibrate the analytical
expression with certain intervals. The fitting procedure was developed using this basic
idea.

3.2 Analytical approximation of damping and modulus

The one-dimensional model consists of three different types of elements, namely the elastic
element, the viscoelastic Maxwell element and the elastoplastic element (fig. 1). In order
to calculate the total damping d** and dynamic shear modulus G%,, for the entire model,
damping and modulus are calculated for each of the elements.

Starting with the single Maxwell element, it can be shown (Austrell 1997) that the
viscoelastic damping is given by

di = sin(8) = ——— (4

1+ w2
and that the dynamic shear modulus is given by

ve Gfewztfi (5)
dyn; — 1+ w22

Ti
In figure 4 the viscoelastic branch is plotted in the complex plane. Summing up

the total dynamic contribution from all the N Maxwell elements and the purely elastic
element results in the following expression

N 2 N 2
e = (Gm + ZG;;WCOS(&)) + (Z ggmsm((si)) (6)
=1

=1
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Figure 4: The complex modulus of the viscoelastic Mazwell components (solid lines) and
the resulting viscoelastic modulus plotted in the complex plane

where d; is the phase angle according to equation (4). In a similar manner the total
viscous damping can be expressed as:

N ve, 242
1 GYew ts,

=G 2 (1 + w2t2)3/2

dyn ;=1

d’Ue (7)

Thus, the viscoelastic part of damping and dynamic shear modulus is calculated with
the analytical expressions (6) and (7).

The behavior of the elastoplastic element j depends on whether it is plastic or not,
i.e. whether the shear strain amplitude xg is larger than the yield strain &, or not.

- %

ZKy, ‘

K

Figure 5: The hysteretic loop of one elastoplastic element.

From the elastoplastic response of a single element, shown in figure 5, it can be seen
that the shear stress amplitude Tgf for an elastoplastic element is given by

(8)

ep :

ep G ky; i Ko > Ky,

TOJ' = ep s
G ;Ko otherwise

Using the definition of equation (1) and by looking at figure 5, it can be seen that the
dynamic modulus for an elastoplastic element j is given by:
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Ciri i kg >
—L 3 if Kg > Ky,
Gaon, = { Ko vi 9)
J

G;p otherwise

For the maximal strain x = kg, all the elastoplastic elements will have reached their
maximal stress level 757 = 75. Hence, the elastoplastic stress amplitude is obtained as
the sum of the stress amplitudes from all of the elastoplastic elements. From the definition
of dynamic shear modulus according to equation (1) the total dynamic shear modulus for
the elastoplastic part G is then given by

M
Gim = 2 Gltyn; (10)
j=1

The hysteretic work U,; is given by the inclosed area in the hysteretic loop, seen in
figure 5. Simple geometry yield

J

UP =
0 otherwise.

Cj

(11)

Adding up the hysteretic work done in each element, the total plastic damping, as defined
in equation (1), is found to be

{ 4k, GF (ko — Ky;)  if Ko > Ky,

M
2= U

4o = =0
M _ep’
ko Zj:1 To,

(12)

Thus, the elastoplastic part of damping and dynamic shear modulus is calculated with
the analytical expressions (10) and (12).

Since the largest stress for the total elastoplastic contribution does not occur at the
same time as for the viscoelastic contribution, adding the contributions from all ele-
ments in the model becomes rather complicated and numerically time consuming. The
elastoplastic response can be approximated with its basic Fourier component (Harris &
Stevenson 1986). This approximation makes it possible to represent both the elastoplastic
response and the viscoelastic response in a complex plane, as seen in figure 6.

Based on this complex representation and using the approximation cos(d) = cos(d) ~
cos(67¢), the total dynamic shear modulus is obtained from the following expression
Gdyn ~ G;Zn + g;n (]‘3)
noting that ngn also contains the elastic contribution G.,. Another way to reach ex-
pression (13) would be to approximate the viscoelastic part with an elastoplastic part. As
explained for equation (10), the total dynamic modulus for elastoplastic models can be
derived through a simple summation. Hence, using this elastoplastic approximation will
also result in equation (13).

From the representation of figure 6 and some trigonometry, using d = sin(d), the total
damping is calculated similar to a generalized Maxwell model.
Gt G

d=~ e (14)

dyn
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m

Figure 6: Approximative representation of the viscoelastic and elastoplastic response in
the complex plane.

With equation (13) and (14) it is possible to calculate the error function (3) analyt-
ically. Due to the approximations introduced, this expression has to be calibrated using
a more time consuming time stepping approach. The calibration is done by multiplying
equation (13) and (14) with a scalar correction factor. This correction factor will be
dependent on both frequency and strain amplitude, as well as the material parameters.

3.3 Numerical evaluation of damping and modulus

A more accurate way to calculate damping and modulus is by a numerical time stepping
algorithm. The elastoplastic stress for an element j can be expressed in the following

incremental form.
G;p Ak if elastic

ep _
A _{ 0 otherwise (15)

The viscoelastic stress response is given by a hereditary integral according to

t
T8(t) = / Gr,(t —t")dr(t") (16)
—00
where the relaxation modulus G, for a Maxwell element ¢ is given by
-t
Gpgr, = G{%ezp (t_> (17)

Combining equation (16) and (17), and approximating according to the trapezoidal rule,
the viscoelastic stress for element ¢ can be expressed in an incremental form

ATPC =~ T <e:cp <_tAt> — 1> +
G 2An (1 + exp (;At)) (18)

where 7; is the stress at the previous step.

The total stress increment for the whole model is then obtained by adding all incre-
mental stress contributions from all elements. In doing so for each step in strain history,
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the stress history is derived. From the stress history, the dynamic modulus and damping
is obtained using the definitions in equation (1).

3.4 Implementation

The multi-dimensional line search algorithm fmincon provided by the optimization tool-
box in Matlab (MathWorks Inc.) has been used to find the minimum of the error function
in equation (3). To do this, the error function has to be calculated at all strains and
frequencies where measurements have been made, i.e., damping and dynamic modulus
have to be calculated at all experimental points.

To reduce the search area, the following constraints are imposed.

ey >ty > o > by
Ky, > Kyp > o > Ky, (19)
Ky, < mazx (Ko)

To further reduce the search area and to avoid nonphysical material parameters, each
parameter is given an upper and a lower bound, besides the bounds in equation (19). This
upper and lower bound can also be used to avoid extremely high modulus which will ruin
the computational performance when an explicit finite element method is used. The bound
is also useful in order to prevent the creation of elastoplastic or viscoelastic contributions
that will always behave elastic for the given strain amplitudes and frequencies.

Since the material model may contain a large number of parameters it is often difficult
to find a true global optimum. To stabilize the optimization algorithm it is important to
use a structured approach. The fitting is done in four steps:

e At first a rough guess of the material parameters is made. Both yield strains and
relaxation times are given a logarithmic distribution over the measured amplitudes
and frequencies respectively.

e Secondly, the shear moduli of the elastic and the elastoplastic elements are fitted to
only the lowest frequency for which the influence of the viscoelastic elements may
be neglected. The yield strains for the elastoplastic contributions are unchanged at
this stage.

e The third step is to fit all of the shear moduli to all test data. After this step the
model should be fairly accurate.

e The final step is then to fit all material parameters to all test data, resulting in a
minor adjustment of the material model.

For the last three steps the error-function ¢ according to equation (3) is minimized
using an iterative method for which the error-function has to be evaluated repeatedly.
As already mentioned, the analytical solution by itself is not accurate enough to provide
a good fit for the material model and the numerical solution is too time-consuming to
be evaluated more than a few times during the fitting algorithm. The solution to this
problem, is to use the analytic expression when minimizing. When the minimization has
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converged, the analytical and numerical damping and modulus are then compared and
a correction factor is calculated. The analytical expressions for damping and modulus
are then adjusted with the correction factor, in order to give accurate result. The mini-
mization algorithm is repeated using the adjusted analytical expression. This procedure
is repeated for the last three steps above. The correction factor will depend on frequency
and strain amplitude as well as material parameters.

It should be noted that although the described method has been shown to work well
in finding a minimum for the error function, it does not guarantee that the obtained
minimum is truly global. Nor is it certain that the true minimum would provide the best
material model from an engineering point of view. Once a material model is obtained it
therefore has to be compared to the experimental data, as is done in section 5. If the
obtained material parameters does not provide a good enough fit, a change in weight
factor or number of viscoelastic and elastoplastic contributions are made, and the fitting
procedure is restarted with the new error function. Each fitting procedure takes about
one minute on a regular 1000M Hz PC, depending of the number of elements and the
number of measurements.

To enhance the interactivity the fitting procedure was implemented using a graphical
user-interface in Matlab. Weight factor, number of elastoplastic and viscoelastic contribu-
tions can be easily set in the user-interface, and the resulting model plotted in comparison
with the experimental data.

4 Materials and experimental findings

The dynamic shear modulus and damping have been measured for 13 different rubber
materials. The materials and their hardness are presented in table 1. The hardness for
the rubber materials has been measured for sample plates from the same batch as the test
specimen were manufactured from. Compared to most other rubber the tested materials
are relatively hard and with a high degree of damping.

e The two NR materials, provided by Svedala Skega, are EV-vulcanized and carbon-
black filled natural rubber. The main difference between the two is much higher
modulus of the 80 Shore NR compared to the 60 Shore NR. They both clearly ex-
hibit Mullins effect. The natural rubbers show high amplitude dependence, though
some of it is clearly accredited to Mullins effect and not to the Payne effect. If previ-
ously conditioned, the amplitude dependence would not be as high. The frequency
dependent damping behavior of the NR rubber deviates from all the other materi-
als except the EPDM. For all other materials damping increases with an increase
in frequency. Comparing hardness and modulus it is noticed that there is no good
correlation between the two as reported by (Lindley 1974) for natural rubbers.

e The ECO material from Ahauser is an epichlorohydrine rubber. The ECO, like the
two natural rubbers also show a pronounced amplitude dependence.

e The two HGSD materials from Scapa Rolls are different grades of hypalon rubber,
as is the hypalon from Trelleborg. The characteristics of the three hypalons are a
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Material Hardness

NR60, Svedala Skega ~60
NR80, Svedala Skega ~80
ECO 3575s, Ahauser 56-59
HGSD 78, Scapa Rolls 76-77
HGSD 85, Scapa Rolls 83-85

HNBR 78 Shore A, Trelleborg 78-82
Hypalon 72 Shore A, Trelleborg 72

EPDM 0591, Ahauser 94-95
PUR 9180h, Ahauser 82-86
PUR 9190h, Ahauser 94-95
PUR 9290h, Ahauser 86-87
Adilithe III, Sami 87

Silicon 80 Shore A, Trelleborg 80-84

Table 1: The tested materials and their measured hardness [Shore A].

low modulus in combination with a large frequency dependence and a very small
amplitude dependence.

HNBR is a hydrogenated acrylonitrile butadiene rubber. HNBR is interesting in
the sense that it combines high amplitude dependence with a high frequency depen-
dence.

The EPDM material from Ahauser is an ethylene propylene diene rubber. The
material has a higher modulus than the natural rubbers but otherwise very similar
in its behavior.

The PUR materials from Ahauser as well as the Adilithe material from Sami are
four different grades of polyurethanes. The four polyurethanes are highly elastic
low-damped materials, with a relatively high modulus.

Finally the last material is a silicon material from Trelleborg. With a high amplitude
dependence and a low frequency dependence.

5 Fit to experimental data

In this section the fit of the material model to experimental data from 13 different rubber
materials is described. All the tested rubbers exhibit more or less amplitude and frequency
dependent modulus and damping.

Using the previously presented method to fit the material model to experimental

data, a set of material parameters was obtained for each material. (See table Al in the
appendix.) Different numbers of elastoplastic and viscoelastic contributions, as well as
different choices of weight-factors a according to equation (3) were tried. The aim was
to find a good fit to both damping and modulus and at the same time keep the needed
number of material parameters to a minimum. The number of material parameters is of
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course dependent on the sought accuracy of the model as well as the range of frequencies
and amplitudes in the experimental data.

Since the elastoplastic models in most finite element codes need a yield stress 7, instead
of a yield strain «,, only the yield stress is provided in the tables. The relation between
yield stress and yield strain is 7, = Gky.

In figure 7 to 19 the obtained material models are compared to experimental data.
Presented damping and dynamic shear-modulus are defined according to equation (1).
The theoretical values, shown in the graphs, are calculated at the same amplitude and
frequency as the measured values. Due to difficulties to obtain a specified strain amplitude
during the measurements, the amplitude might fluctuate slightly from the specified strain
amplitude. This is seen in the model curve as a deviation from the expected smooth
curve.
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Figure 7: Dynamic shear modulus (left) and damping (right) of NR60. Solid line: material
model. Dotted line: experimental data. O : ko =1%; <~y : ko =3%; 0O : ko= "7%;
A Ko = 12 %

For both the NR materials, there is a clear conflict between appropriate fit to dynamic
modulus and fit to damping. This is due to the fact that all tests were carried out on
unconditioned rubber and the fact that the filled NR exhibited a lot of damage effects.
This effect is further discussed in the next section.

For many of the materials it can be seen that the assumption of independence between
amplitude and frequency behavior is not entirely true. For the dynamic shear modulus this
is observed as a change in curvature, with respect to frequency, at different amplitudes. If
the assumption was completely true, the frequency response of the dynamic shear modulus
would have the same shape for all amplitudes. Thus, it is impossible to get a perfect fit
to the dynamic shear modulus with the existing model.

The EPDM material and the two NR materials all behave similar with respect to
damping. (See figure 14, 7 and 8.) In contrast to the other materials, damping does not
increase monotonically with increasing frequency. The frequency response of the damping
seem to be highly dependent on the strain amplitude. As seem in the figures this type of
behavior is hard to simulate with the material model at hand. It is however possible to
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Figure 8: Dynamic shear modulus (left) and damping (right) of NR80. Solid line: material
model. Dotted line: experimental data. O : ko =1%; <~y : ko =3%; 0O : ko= "7%;
A Ko = 12 %
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Figure 9: Dynamic shear modulus (left) and damping (right) of Eco3575. Solid line:
material model. Dotted line: experimental data. O : ko = 1%; ~ : ko =3%; DO :
ko="7T%; A :kKy=12%.
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Figure 10: Dynamic shear modulus (left) and damping (right) of HGSD78. Solid line:
material model. Dotted line: experimental data. O : ko = 1%; ~v : ko =3%; O:
ko="T7T%; A :Ky=12%.
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Figure 11: Dynamic shear modulus (left) and damping (right) of HGSD85. Solid line:
material model. Dotted line: experimental data. O : ko = 1%; ~ : ko =3%; DO :
ko="7T%; A :kKy=12%.
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Figure 12: Dynamic shear modulus (left) and damping (right) of HNBR. Solid line: ma-

terial model. Dotted line: experimental data. O : ko = 1%; 7 : ko = 3%; DO:
ko="T7T%; A :Ky=12%.
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Figure 13: Dynamic shear modulus (left) and damping (right) of Hypalon72. Solid line:

material model. Dotted line: experimental data. O : ko = 1%; ~ : ko =3%; DO :
ko="T7%; N :Ky=12%.
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Figure 14: Dynamic shear modulus (left) and damping (right) of EPDM. Solid line: ma-
terial model. Dotted line: experimental data. ) : ko = 0.667%; ~/ : ko =2%; 0O:
Ko = 4%,' A Ko = 67%
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Figure 15: Dynamic shear modulus (left) and damping (right) of Pur9180. Solid line:
material model. Dotted line: experimental data. ) : kg = 0.667%; ~7 : ko =2%; O
S Rg = 4%, A : Ko = 67%

The four tested polyurethanes (figure 15-18) all exhibit a relatively low damping and
low amplitude dependence. The lack of amplitude dependence is especially obvious for
the dynamic modulus.
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Figure 16: Dynamic shear modulus (left) and damping (right) of Pur9190. Solid line:
material model. Dotted line: experimental data. O : ko = 0.667%; ~7 : ko =2%; O
s K,0:4%,‘ A H0:6.7%.
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Figure 17: Dynamic shear modulus (left) and damping (right) of Pur9290. Solid line:
material model. Dotted line: experimental data. O : kg = 0.667%; <7 : ko=2%; 0O
s I{0:4%,‘ A H0:6.7%.
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Figure 18: Dynamic shear modulus (left) and damping (right) of Samilll. Solid line:
material model. Dotted line: experimental data. O : ko = 0.667%; ~7 : ko =2%; O
s K,0:4%,‘ A H0:6.7%.
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Figure 19: Dynamic shear modulus (left) and damping (right) of Silicon. Solid line:
material model. Dotted line: experimental data. O : ko = 1%; ~ : ko =3%; DO :
ko="7T%; A :kKy=12%.
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6 Limitations of the viscoelastic-elastoplastic model

As previously mentioned this material model has two basic limitations. Firstly, it assumes
independence between frequency and amplitude. Secondly, it does not include any damage
effects.

As seen in section 5, the assumption of independence between rate and amplitude
behavior does not hold entirely for all materials. This is most clearly seen in the dynamic
shear modulus for the two natural rubbers in figure 7a and 8a. Due to independence
between viscoelastic and elastoplastic effects in the model, the modelled frequency depen-
dence will be the same for all amplitudes.
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Figure 20: Hysteretic loops for an unconditioned, 60 Shore A filled natural rubber at four
different amplitudes (solid line). Possible viscoelastic-elastoplastic model (dashed line).

The second limitation means that the model is best suited to model conditioned rubber
or rubber with negligible damage properties. For a rubber without damage effects the
hysteresis loops at constant frequency should fit inside each other for all amplitudes, as
seen for the HNBR rubber. The opposite is seen for the NR60 material in figure 20.

For a material with little or no damage effects, such as the HNBR in figure 21, the
viscoelastic-elastoplastic material model provides a good fit to experimental data. Al-
though it is possible to fit the material model to a conditioned rubber with damage
effects, it has to be remembered that the obtained material model will then be fitted to a
specific level of damage. Thus, if used in a finite element model it will only yield valid re-
sults if the entire component has reached the same level of damage as previously obtained
in the material tests. For an unconditioned rubber with pronounced damage effects it is
not possible to obtain a good fit of the model to both damping and shear modulus, as seen
in figure 20. The dashed line indicates a viscoelastic-elastoplastic model able to simulate
the dynamic modulus of unconditioned NR. A model fitted like this would overestimate
the damping severely. If the model, on the other hand, was to be fitted to obtain a correct
damping property, the fit to dynamic modulus would be poor, especially when amplitude
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Figure 21: Hysteretic loops for an unconditioned hydrogenated nitrile rubber at four dif-
ferent amplitudes.

dependence is considered.

By inspecting the hysteretic loops at the lowest frequencies, it was concluded that
only the two NR materials show significant damage effects.

7 Conclusion

Stationary dynamic shear tests were performed on 13 unconditioned rubbers. The tests
were conducted for frequencies up to 180Hz and shear strain amplitudes up to 12%.
These test data make up a unique material, which could be useful for other researchers.

For rubber exhibiting little or no damage effects, it was shown how the investigated
viscoelastic-elastoplastic material model could be fitted to both frequency and ampli-
tude dependence. For rubber with a more pronounced damage behavior it was shown
that viscoelastic-elastoplastic material model alone was insufficient to model the dynamic

modulus and damping. In order to model these effects, a damage model would have to
be included.

It is thus concluded that the viscoelastic-elastoplastic material model is a suitable
model for conditioned rubber or rubber with little or no damage effects.

References

Austrell P-E., Olsson A.K. 2001 A Method to Analyze the Non-Linear Dynamic Be-
haviour of Carbon-Black-Filled Rubber Components Using Standard FE-codes. Second
European Conference on Constitutive Models for Rubber, Germany

70



Austrell P-E. 1997 Modeling of Elasticity and Damping for Filled Elastomers. Lund
University, Division of Structural Mechanics, Report TVSM-1009, Sweden

Enelund M., Mé&hler L.,Runesson K., Josefsson B.L. 1996 Unified Formulation and In-
tegration of the Standard Viscoelastic Solid with Integer and Fractional Order Rate
Laws. 19th International Congress of Theoretical and Applied Mechanics (ICTAM),
Kyoto, Japan

Harris J., Stevenson A., J.L. 1986 On the Role of Nonlinearity in the Dynamic Behavior
of Rubber Components. Rubber chemistry and technology, Vol. 59, pp.741-762
Hibbit, Karlsson, Sorensen Inc 2003 Abagus 6.3, Pawtucket, RI

Johnson A.R., Chen T., J.L. 2000 Modeling Step-Strain Relaxation and Cyclic Deforma-
tion of Elastomers. NASA Langley Research Center Hampton

Kaliske M., Rothert H. 1998 Constitutive Approach to Rate Independent Properties of
Filled Elastomers. Int. J. Solids Structures Vol. 35, No. 17, pp. 2057-2071

Lindley P.B. 1974 Engineering Design with Natural Rubber, MRPRA

Kari L., Lindgren K. 2001 Personal communications conserning tests MWL, KTH, Swe-
den

MATLAB 2003 ”High performance numerical computation and visualization software”
Version 6.5, The Math Works Inc.

Miehe C., Keck J. 2000 Superimposed finite elastic-viscoelastic-plastoelastic stress response
with damage in filed rubbery polymers. Experiments, modelling and algorithmic imple-
mentations. J. Mech. Phys. Solids 48, 323-365

Sjoberg M., Kari L. 2002 Nonliear behavior of a rubber isolator system using fractional
derivatives. Vehicle System Dynamics 37(3), 217-236

Tervonen M. 1995 From Measured Complex Modulus to Creep Compliance-Theory and
Matlab Implementation. Matlab Conference, University of Oulu, Finland

Warnaka G.E. 1962 Effects of Dynamic Strain Amplitude on the Dynamic Mechanical
Properties of Polymers. ASME Rubber and Plastics Div., Paper 62-WA-323, New
York

71



A,

Material parameters

NR60 NR80 Eco3575 HGSD78 HGSD85 HNBR Hyp72

G 1.65 3.84 2.31 2.32 4.52 3.94 2.48
Gye 0.133 0.436 0.424 0.536 1.21 0.991 0.800
G3° 0.128 1.15 2.19 0.673 1.38 0.762 1.19

53¢ - - - 0.0662 0.190 8.31 6.05
Gy° - - - 3.06 6.08 - -
tr1 0.0750 0.0244 0.00702 0.0629 0.0648 0.0105 0.0677
tro  0.00159 0.00148 0.000540 0.00548 0.00622 0.00399 0.00592
tr3 - - - 0.00520 0.00496 0.000528 0.000528
tra - - - 0.000447 0.000551 - -
G 4.01 14.2 5.94 0.648 0.875 7.15 4.94
GF 0.641 1.83 0.542 0.0834 0.401 3.21 0.380
G - - - - - 0.701 -
Tyl 0.0287 0.0941 0.0321 0.00251 0.00423 0.0236 0.00254
Ty2 0.0221 0.0763 0.0266 0.00420 0.0119 0.0807 0.00934
Ty3 - - - - - 0.0493 -

EPDM Pur9180 Pur9190 Pur9290  Samilll Silicon

G 9.08 7.70 20.6 9.94 11.2 3.14

1e 1.88 0.510 2.02 0.470 0.610 0.212
Gje 1.30 0.713 0.109 0.679 0.218 0.0214
G3° 3.55 0.904 2.22 1.16 1.25 0.786

2e - 2.82 7.54 5.31 7.62 -
tr1 0.0816 0.830 0.0637 0.284 0.0715 0.0215
tro  0.00975  0.0588 0.00742 0.0401 0.0197 0.00725
tr-3 0.00130 0.00633  0.00488 0.00601 0.00521 0.00123
tra - 0.000583 0.000527 0.000504 0.000408 -
G? 10.1 1.30 3.16 0.560 0.865 4.56
G¥ 1.49 0.649 4.30 0.494 0.641 0.548
G 1.89 - - - - -
Tyl 0.0477  0.00499 0.0147 0.00252 0.00433 0.0266
Ty2 0.0303 0.0216 0.144 0.0163 0.0209 0.0182
T3 0.122 - - - _ _

Table A1: Material parameters given in [MPa] except for t., given in [s].
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Finite Element Analysis of a Rubber
Bushing Considering Rate and
Amplitude Dependent Effects

Anders K Olsson, Per-Erik Austrell
Division of Structural Mechanics, Lund University, Sweden

ABSTRACT: A cylindrical bushing subjected to a stationary cyclic load is analysed with
emphasis on the amplitude and frequency dependent damping and modulus. The mate-
rial parameters were determined from a dynamic shear test, in terms of a viscoelastic-
elastoplastic model. Using an overlay of finite element meshes, the material model was
implemented in a finite element model of the cylindrical bushing and subjected to a radial
cyclic load. The calculated damping and stiffness for the bushing were verified with mea-
sured data from the actual bushing. Results show that the viscoelastic-elastoplastic model
can be made to represent the amplitude and frequency dependence seen in the two natural
rubbers investigated in this paper. It is also seen that the model, although fitted to a shear
test, performs fairly well for a more general load case as well.

1 Background

The traditional way to develop new rubber components is through manufacturing pro-
totypes, testing, modifying the prototype and more testing. The ability to model the
dynamic behaviour of rubber components introduces advantages in terms of less testing
and prototyping, resulting in faster development times and reduced costs. The finite ele-
ment model also provides a tool to analyse local stresses and strains within the component
in a more detailed way than can be done in testing. Thus, providing the engineer with
useful information of how to optimise the geometry of the component in order to make
better use of the rubber material and to increase the expected life-time of the component.

It is a well-known fact that the dynamic properties of rubber are dependent on both
amplitude and frequency. An increase in amplitude yields a decrease in modulus. This
softening effect is usually referred to as the Payne effect (Payne 1965, Warnaka 1962).
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The frequency dependence can be observed through an increase in modulus and damping
for increasing frequency.

The frequency dependence is usually modelled with a viscoelastic model, whereas the
Payne effect can be described with an elastoplastic model. Arguing that there is no
connection between the amplitude and rate dependence, authors such as Sjéberg & Kari
(2002), Miehe (2000) and Austrell (1997) have coupled the viscoelastic and elastoplastic
models in parallel, adding the stress contributions from each branch. This simplified
approach has shown good agreement with measurements.

2 Methods

Austrell et al. (2001) presented a simple finite element method, with the capability to
model the amplitude and frequency dependent properties of filled rubber. A method to
fit this material model to experimental data was suggested by Olsson & Austrell (2001).
The purpose of this paper is to evaluate these two methods by investigating the dynamic
behaviour of a rubber bushing. Two different grades of NR were investigated. For each
of the two materials one double shear test specimen and one cylindrical rubber bushing
were manufactured.

i © i
— A\ —| elastic part

ve

2 viscoelastic part

W .
- e

T
% =x
%J\M/z— elastoplastic part

Figure 1: A one dimensional symbolic interpretation of the material model.

For simple shear, the material model can be interpreted as a one-dimensional symbolic
model as shown in Figure 1. The fundamental assumption of this model lays in the ability
to model the amplitude and frequency dependence as two separate behaviours. Thus,
enabling the frequency dependent viscoelastic branch to be coupled in parallel with the
amplitude dependent elastoplastic branch. This parallel coupling is also the foundation
of the overlay method suggested by Austrell et al. (2001), which was used to create the
finite element model presented in this paper.

The dynamic shear test was used to obtain the viscoelastic-elastoplastic material model
according to Olsson & Austrell (2001). The non-linear elastic foundation of the model
was obtained through an extra quasi-static shear test. The material model was then im-
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plemented in a finite element model using an overlay of finite element meshes as discussed
by Austrell et al. (2001). Measurements of the real bushing were used in order to verify
the finite element model when a harmonic radial load was applied. Hence, the material
model is fitted for simple shear, but evaluated for a more general load case.

3 Mechanical testing

The cylindrical bushings and the double shear test specimens were tested in a Schenk
tensile machine with a 7kN load cell. Tests were carried out by Lars Janerstal at Volvo
Car Corporation.

Since the mechanical properties of rubber are sensitive to temperature changes, it is
important that the experiments are carried out at a constant temperature. To avoid heat
build-up in the rubber only a few cycles were performed at each frequency and amplitude.

During the first load cycles most NR show a significant softening effect, the so called
Mullins effect (Mullins 1969). To remove this softening effect from the measurements,
the rubber components were conditioned at an amplitude 10% higher than the highest
measured amplitude. Furthermore, the tests were conducted starting with the highest
amplitudes and finishing with the lowest.

3.1 Materials

Two different carbon-black-filled natural rubbers were examined. Both grades had a
hardness of 50 IRHD, which according to Lindley (1974) means they should have roughly
the same shear modulus. One grade is a low filled rubber commonly found in automotive
applications, referred to as material A in this paper. The other grade with slightly more
filler and higher damping is referred to as material B in this paper. To achieve the same
hardness for both materials softener was added to material B.

4  Shear test

For simple shear, the elastic part of the rubber behaviour is almost linear at moderate
strains. This property is advantageous when characterizing the material, since it makes
it easier to isolate the non-linear dynamic properties. For this reason the material pa-
rameters were obtained solely from the double shear test. The utilized, double shear test
specimens consist of three steel cylinders connected with two circular rubber plates, as
shown in Figure 2.

The dynamic shear tests were performed as described in Section 3. Dynamic shear
modulus G4y, and damping d were measured at frequencies ranging from 0.1-50Hz and
shear strain amplitudes ranging from 1-50%. The dynamic shear modulus and damping
were defined according to

T0
Gdyn = d=
Ko

(1)
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Figure 2: The double shear test specimen used in the evaluation of the material parameters.

where 79 represents the stress amplitude, o the strain amplitude and U, the hysteretic
work per unit volume and load cycle.

As suggested by Olsson & Austrell (2001) a good fit to damping and dynamic shear
modulus was sought through a minimization of the error function v given as

¢:a§m:(di—dezp,i>2+(l_a)§m:<G,~_Gezp,i)2 @

i—1 dea:p, [ i1 Gea:p, i

where m is the number of measurements. The error function is solely dependent on
the material parameters. Hence, minimizing this function yields the sought material
parameters. By choosing the weight factor « it is possible to decide whether to focus on
a good fit of the dynamic modulus or damping. This is further discussed by Olsson &
Austrell (2001).
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Figure 8: Dynamic shear modulus of material A at different strain amplitudes. Dashed
line: Measured data. Solid line: Model.
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Figure 4: Damping of material A at different strain amplitudes. Dashed line: Measured
data. Solid line: Model.
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Figure 5: Dynamic shear modulus of material B at different strain amplitudes. Dashed
line: Measured data. Solid line: Model.

The models slight deviation from the expected smooth curve (see Figure 3-6) is due
to problems to keep a constant amplitude during the tests. Since the model is evaluated
at the exact amplitudes and frequencies as recorded in the test, the lack in accuracy of
the amplitude will also be reflected in the model curve. It should be noted that the
test equipment experienced difficulties at the lowest amplitudes due to the very small
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Figure 6: Damping of material B at different strain amplitudes. Dashed line: Measured
data. Solid line: Model.

displacements and forces. Hence, the result for the lowest amplitudes might be somewhat
unreliable.

Table 1: Material parameters

Material A B

G [MPa] 0.613 0.495
GY¢ [MPa] 0.0227 0.0108
Gy [MPa] 0.103 0.0457
G¥¢ [MPa] - 0.152
tr1 [$] 0.0110  0.00921
tra [$] 0.00105 0.00874
trs  [S] - 0.000798
GY¥ [MPa] 0.291 1.31
G¥ [MPa] 0.128 0.316
G3¥ [MPa] 0.0626  0.130
G [MPa] - 0.0620
Ty1 [MPa]  0.00247 0.00793
Ty2 [MPa] 0.00573 0.0121
Ty3 [MPa] 0.0132  0.0234
Tya [MPa) - 0.0318
Ca0/C10 -0.0725 -0.124
C30/C10 0.0153  0.0397

The obtained material parameters are presented in Table 1. Further increasing the
number of viscoelastic and elastoplastic contributions will give a slight improvement of the
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model, best seen in an improved fit of the dynamic shear modulus for low frequencies. It
was however decided that this slight improvement was not worth the extra computational
costs involved when implemented in the finite element model.

4.1 Fit of non-linear elasticity

In order to capture the non-linear elastic characteristics with the Yeoh-model (Yeoh 1990)
a quasi static shear test according to Figure 7 was performed. The three parameters were
then fitted with a standard least square method (Austrell 1997).

1.5 T T T T T T T

shear stress [MPa]
2

-1.5 L L L L L L L
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

shear strain

Figure 7: Quasi-static shear test of material A. Dashed line: Hyperelastic Yeoh-model.
Solid line: Measured data (strain rate: 0.9%/s).

For simple shear the shear stress of the Yeoh-model is given as a function of the shear
strain k according to

7 =2C10K + 40201"&3 + 6030!‘&5 (3)

The Cyo parameter governs the initial shear modulus (C1o = G/2), whereas the Cyo
and C3g parameters govern the non-linear elastic response. Hence, the characteristic non-
linear shape is determined by the ratios Coo/C19 and C3¢/C1o and the overall modulus
is set by the C'19 parameter. Since the principle non-linear elastic response is thought to
be independent of dynamic properties, the two ratios are kept unchanged and the Cig
parameter is fitted to the dynamic shear test along with the amplitude and rate dependent
parameters, as discussed in the next section.
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5 Rubber bushing

Two bushings were examined, one of material A and one of material B. The rubber
bushing consists of one outer and one inner steel tube connected with rubber. Similar
bushings are found in modern automotive suspensions.

Figure 8: The cylindric bushing and FE-model.

Dynamic stiffness Kgy, and damping dpysp for the rubber bushing are defined in a
similar manner as for the shear test

F 0 W hyst

Kgyn = —, d = ¥ 4
dyn an bush WFOUO ( )
where Fp is the amplitude of the force, uo the displacement amplitude and Wiy the

hysteretic work per load cycle.

5.1 FE-model

The FE-model was created in Abaqus with 8-node hybrid elements. Due to symmetry
only one fourth of the bushing had to be modelled, as seen in Figure 8. Since Abaqus
does not provide a viscoelastic-elastoplastic model, the FE-model was created using the
overlay method. In this case a viscoelastic finite element model was merged with three
respectively four elastoplastic finite element models, for material A and B.

The viscoelastic branch was modelled with Prony-series based on a hyperelastic Yeoh-
model. It would be desirable to use the same hyperelastic Yeoh-model as a base for the
elastoplastic branch. But, this type of elastoplasticity is currently unavailable in Abaqus.
Hence, the elastoplasticity has been modelled with several ideally elastoplastic hypoelastic
models coupled in parallel in accordance with the overlay method. In Abaqus/Standard
this elastoplastic model could also be achieved by a single model with piecewise kinematic
hardening.

A radial sinusoidal displacement was analyzed for different frequencies and amplitudes.
The deformed finite element model is shown in Figure 9. As can be seen in the Figure, the
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Figure 9: The FE-model subjected to a 3mm radial displacement.
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Figure 10: Dynamic stiffness for the cylindrical bushing with material A. (Left: FE-model,

Right: Measurement
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Figure 11: Damping for the cylindrical bushing with material A. (Left: FE-model, Right:
Measurement
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Right: Measurement
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Figure 13: Damping for the cylindrical bushing with material B. (Left: FE-model, Right:
Measurement)

radial load case introduces both tension and compression, as well as shear. The calculated
damping and stiffness are presented to the left in Figure 10-13.

5.2 Verification

The bushings were loaded in the radial direction as described in Section 3. Measured
dynamic stiffness and damping for the rubber bushing are shown to the right in Figure
10-13. These results should be compared to the predicted results, shown to the left in
Figure 10-13, obtained from the finite element model.

When the FE-model is compared to the measurements it can be seen that the dynamic
stiffness of the bushing is overestimated for both materials. Damping on the other hand
seems to be well predicted for material B, but underestimated for material A.

In an effort to keep the computational costs to a minimum a rather coarse finite
element mesh was used for the analysis. Tests with finer meshes show that the predicted
stiffness will drop approximately 3% for a fine mesh, which partly explains the deviation
between measured and calculated stiffness. On the other hand, a finer mesh did not affect
the predicted damping.

The slight error in the finite element model might to some extent also be explained by
differences in material properties of the double shear specimen and the rubber bushing.
Although the components were manufactured from the same batch, slight deviations in
the manufacturing process due to different geometries, might result in different degrees
of cross-linking during vulcanization.

Given the above uncertainties, and also the fact that the material model did not fit
the shear test perfectly, the results are as good as could be expected.
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5.3 Shape of hysteretic response

Although emphasis for the fitting procedure was on dynamic modulus and stiffness, it is
also important to obtain a correct shape for the hysteresis loop during a load cycle. For a
purely viscoelastic material the hysteretic response will have an elliptic shape. Whereas
a purely elastoplastic model will have a more parallelogram shaped response with sharp
corners.

4000 . . ;
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—4 -2 0 2 4

displacement [m] x10~°

Figure 14: Hysteretic response for the rubber bushing of material B at f = 50Hz. Solid
line: FE-model, Dashed line: Measurements

The hysteretic response for the rubber bushing of material B is shown in Figure 14.
Showing both elastoplastic and viscoelastic effects, the obtained loop is a mixture of a
parallelogram and an ellipse. As expected from the dynamic stiffness presented in Figure
12, the hysteretic response of the finite element model is slightly too stiff. Apart from
the deviation in stiffness, the shape of the hysteresis loop from the model seems to be in
good agreement with the measured response.

5.4 Mullins effect

During the tests it was observed that Mullins effect seemed to recover faster than antic-
ipated. However, no further measurements to verify this observation were made. Since
the mechanical conditioning of the specimens were done only once, it is likely that the
measurements to some extent were influenced by Mullins effect. To investigate this ob-
servation, a discontinuous damage model (Miehe 1995) given by

—Amax

T=7(l—de(l—€e" 7 )) (5)
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was added to the viscoelastic-elastoplastic model. The viscoelastic-elastoplastic stress is
referred to as 7 and 1 and d., are material parameters. This damage model is solely
dependent on the highest strain energy a.mq.z, given by the hyperelastic Yeoh-model.

When fitted to the dynamic simple shear tests no significant improvements were seen.
The most noticeable change was a slightly improved modelling of the amplitude dependent
dynamic shear modulus. As already mentioned, similar improvements could be obtained
through the addition of more viscoelastic and elastoplastic contributions. It was decided
that the small improvements were not worth the added complexity introduced by the
damage model. Hence no further damage modelling were performed.

6 Summary and conclusions

The non-linear dynamic properties of two grades of low-filled natural rubber were ex-
amined. Measurements show that the dynamic shear modulus vary with over 100% (see
Figure 5), in this case mainly due to the amplitude dependence but frequency also plays
a important role.

A viscoelastic-elastoplastic material model was fitted to a simple shear test and im-
plemented in a finite element model. It was shown that the obtained finite element model
could be used to predict the dynamic properties of a cylindrical rubber bushing subjected
to a dynamic radial load. When compared to measurements of the same bushing, it was
concluded that the finite element model showed a principally correct rate and amplitude
dependence. Although not in absolute agreement with experimental data, the result is a
great improvement if compared to results obtained with purely hyperelastic or viscoelastic
models.

7 Acknowledgement

All tests presented in this paper were performed at Volvo Car Corporation. The authors
would like to thank Anders Wirje and Lars Jarnerstal at Volvo Car Corporation for their
work and support of the project.

References

Austrell P-E., Olsson A.K. 2001, A Method to Analyze the Non-Linear Dynamic Be-
haviour of Carbon-Black-Filled Rubber Components Using Standard FE-codes. Sec-
ond European Conference on Constitutive Models for Rubber, Germany

Austrell P-E. 1997, Modeling of FElasticity and Damping for Filled Elastomers. Lund
University, Division of Structural Mechanics, Report TVSM-1009, Sweden

Kaliske M., Rothert H. 1998, Constitutive Approach to Rate Independent Properties of
Filled Elastomers. Int. J. Solids Structures, Vol. 35, No. 17, pp. 2057-2071

Lindley P.B. 1974, Engineering design with natural rubber MRPRA

87



Miehe C. 1995, Discontinuous and continuous damage evolution in Ogden-type large-
strain elastic materials Eur. J. Mech., A/Solids, Vol. 14, pp. 697-720

Miehe C., Keck J. 2000, Superimposed finite elastic-viscoelastic-plastoelastic stress re-
sponse with damage in filed rubbery polymers. Experiments, modelling and algorith-
mic implementations J. Mech. Phys. Solids, 48, 323-365

Mullins L. 1969, Softening of Rubber by Deformation Rubber Chemistry and Technology,
Vol. 42, pp. 339-362

Olsson A.K., Austrell P-E. 2001, A fitting procedure for a viscoelastic-elastoplastic mate-
rial model. Second European Conference on Constitutive Models for Rubber, Germany

Payne A.R. 1965, Reinforcement of elastomers G. Kraus, Ed., Interscience, Chap. 3, New
York

Sjoberg M., Kari L. 2002, Non-Linear Behavior of a Rubber Isolator System Using Frac-
tional Derivatives Vehicle System Dynamics, Vol. 37, No. 3, pp. 217-236

Warnaka G.E. 1962, Effects of Dynamic Strain Amplitude on the Dynamic Mechanical
Properties of Polymers. ASME Rubber and Plastics Div., Paper 62-WA-323, New
York

Yeoh O.H. 1990, Characterization of Elastic Properties of Carbon-black-filled Rubber
Vulcanizates. Rubber Chemistry and Technology, Vol. 63,pp. 792-805

88



Part IlI

Appendix

89






Al Notation

The following symbols are used in this thesis:

G = shear modulus

Gg4yn = dynamic shear modulus
Gezp = measured dynamic shear modulus
Gr = relaxation shear modulus
G = long term shear modulus
Go = instant shear modulus

t, = relaxation time

T = shear stress

To = shear stress amplitude

Ty = yielding shear stress

T = stress tensor

K = shear strain

Ko = shear strain amplitude
Ky = yield shear strain

d = damping

dezp = measured damping

dpush, = component damping

phase angle

dissipated energy per volume for a closed hysteresis loop
highest strain energy

= dissipated energy for a closed hysteresis loop
viscosity coefficient

displacement

weight factor

error function

angular frequency

thickness

number of elastoplastic components

number of viscoelastic components

= number of measurements

szgmeee s g8 o
S 8
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Superscripts
e = elastic
ep = elastoplastic
ve = viscoelastic
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