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Abstract The rheological equation of a standard linear solid, i.e., the Zener model, is thermodynamically consis-
tent. Thus, it was often used as a starting point for the development of nonlinear viscoelastic models, especially for
elastomers. The basic idea of this paper is a generalization of the one-dimensional fractional constitutive equation
of the Zener model to large strains. To reduce the number of material parameters of differential models based on
the concept of the internal variables and to avoid integral constitutive equations, we develop a differential model
based on the concept of dual stress and strain tensors and their derivatives. To this end, we select two couples of
dual stress and strain tensors that have been used in finite elasticity. Then we obtain two constitutive models of
incompressible isotropic materials called M1 and M2. We show that the M1 model is not suitable for describing
the viscoelastic behavior of elastomers. To improve the predictions of the M2 model, we assume that the material
is thixotropic. Therefore, the ratio of the relaxation and creep time depends on deformation. Experimental results
show that this ratio may be represented as a function of the first invariant of the Cauchy—Green strain tensor. This
yields a new constitutive equation whose material parameters were identified using experimental data on relaxation
loadings in the literature. Next, we show that the model is able to predict the experimental data for combined loads
of tension—torsion. Consequently, the model seems to be efficient at predicting the multiaxial visco-hyperelastic
behavior of elastomers. The main advantage of the current model is that it has a differential form with relatively
few parameters and is mathematically convenient.
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1 Introduction

Elastomeric rubbers are being used increasingly in various industrial applications such as, for example, shock
absorbers, engine mounts, tires, and adhesive joints. To design elastomer components using convential finite-element
method (FEM) techniques, it is necessary to choose a three-dimensional constitutive equation that would be reliable
for predicting the multiaxial behavior of elastomers. The mechanical behavior of such materials is dominated by
hyperelastic behavior with a nonlinear response varying with the strain rate owing to viscous effects; the behavior
is called visco-hyperelastic. In the literature, essentially two approaches have been developed for describing the
viscoelastic behavior of elastomers at large strains: integral and differential formulations. Often, hereditary integral
representations are more commonly used. For more details, the nonlinear viscoelastic theories and constitutive
models were well summarised in the book by Locket [1] and recent review articles [2,3].

Finite linear viscoelasticity (FLV) theory is a major foundation for modeling the mechanical behavior of materials,
which depends on the strain rate. In fact, FLV theory is a simplification of the phenomenological approach of Coleman
and Noll [4], which was based on the concept of rate-dependent functionals with fading memory properties. Thus,
the stress may be decomposed into two components: an equilibrium stress corresponding to the stress response at an
infinitely slow rate of deformation and a viscosity-induced overstress. The overstress was expressed as an integral
over the deformation history and a relaxation function specified as a measure of the material memory [5]. The
FLV theory of Coleman and Noll [4] contains, for an isotropic material, 12 relaxation functions and 3 steady-state
material functions. This theory is not appealing because of the large number of functions that need to be determined
by experimentation. Simplified versions of FLV theory have been developed that consist mainly of decreasing the
number of relaxation functions [6—10]. For instance, Pipkin and Rogers [11] motivated the addition of successive
terms in integral series representation of the stress in terms of the history of strain till the difference between the
test data and the prediction from theory became smaller than a preassigned value. Thus, they derived a nonlinear
theory of viscoelasticity. Bernstein et al. [12] proposed the Bernstein—Kearsley—Zapas (BKZ) elastic-fluid model,
which was able to predict the stress relaxation of many kinds of rubber. Recently, a modified version of Kaye-
Bernstein—Kearsley—Zapas (K-BKZ) theory was used to model the nonlinear viscoelastic behavior of elastomers
[13]. The integral models of type K-BKZ are attractive because of their form, which is equivalent to that envisaged
by molecular dynamics. They are based on the molecular network concepts that consist of entanglements. The
disappearance of the nodes of the network over time is accelerated by the deformation. These models have been
used for a long time and successfully in the field of thermoplastic polymer flows, as well as in shear and elongation
deformation modes. Jaishankar and McKinley [14] improved K-BKZ theory using fractional derivatives in the
framework of complex fluids and soft materials.

Although FLV theory is very general, other less general theories have been used in the literature [ 15, 16]. Recently,
Hoo Fatt and Ouyang [17] proposed a new single integral form for stresses in which the material parameters inter-
vening in the elastic potential depend on time. Ciambella et al. [18] have expressed the second Piola—Kirchhoff
stress tensor as a sum of the equilibrium stress and the overstress represented by a convolution integral in which
the relaxation function is described by a Mittag—Leffler type. The authors claimed that their model may be a
generalization of both differential and fractional models. The complexity of the model requires the use of a sophis-
ticated optimization process for obtaining the material parameters. Christensen [19] used the kinetic theory of
rubber elasticity as a starting point for behavior in large deformations and generalized this theory to include the
effect of time. He showed that the type of degree of nonlinearity is very different under relaxation conditions from
those involved during creep conditions. O’Dowd and Knauss [20] developed an integral constitutive model that
describes the principal deformations of polymeric materials under small and large deformations using the conjugate
pair of the second Piola—Kirchhoff stress and the Green strain tensors. Recently, multinetwork theories have been
developed [21] for polymeric solids and reproduce successfully a variety of physical phenomena. These theories
may be applied to elastomeric solids; however, much work remains to be done. In addition, integral models are
difficult to implement using conventional FEM techniques [22], and differential constitutive equations are more
appropriate for FEM analysis. To formulate differential constitutive equations in large strains, differential models
of linear viscoelasticity [23] may be used as basic models. For these models, elastic behavior is represented by a
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Phenomenological isotropic visco-hyperelasticity 3

linear spring and the linear viscous element by a dashpot. Thus, many viscoelastic behaviors of polymers can be
approximated by changing the number of springs and dashpots and the connection mode of these elements [24]. Let
us focus on a rheological model that is capable of predicting relaxation and creep phenomena (nonviscous material).
A simple rheological model incorporating both behaviors is the standard linear solid (SLS) model [25,26]. The
SLS model reasonably describes the viscoelastic behavior of elastomers, as it gradually tends to an equilibrium
elastic state during a long relaxation test [27-29]. At small deformations, its creep compliance and relaxation
modulus may be represented by a Prony series. Thus, several parameters are usually required to reproduce the
viscoelastic behavior of elastomers. Consequently, the identification of the material parameters can be an ill-posed
problem. To overcome this issue, one reduces the number of material parameters using fractional differential models
[30-33].

Recently, the concept of fractional differential has been applied to extend the constitutive equations of Maxwell
and Kelvin—Voigt linear models to finite viscoelasticity [34,35]. The constitutive equations that are deduced from
these models are not suitable for predicting the viscoelastic behavior of solids. In fact, they cannot predict either
relaxation or creep responses. Adolfsson and Enelund [36] have proposed a fractional finite viscoelastic model
that is based on the concept of internal variables. The model was validated numerically by finite elements. The
mathematical structure of this model entails high numerical computational costs in order to fix the number of
material parameters to identify and experimentally validate the model. Johnson and Quigley [37] have proposed a
one-dimensional phenomenological integral model based on the extension of the Maxwell model to large strains.
The parameters of this model can be easily determined from the experimental data of tension relaxation tests. The
model has many material parameters and can accurately predict experimental data. Kim et al. [38] have implemented
this model in finite-element analysis using the multiplicative decomposition of deformation gradients.

Other authors have applied continuum thermodynamics theory and the multiplicative decomposition of the
deformation gradient into elastic and viscous parts or internal variable to formulate constitutive equations [5,39-44].
The decomposition of the deformation gradient into elastic and viscous parts is a conceptual approach, F = F.F,.
Generally, this decomposition cannot be determined experimentally since neither F, nor Fy is an observable quantity
[45]. In the framework of elastoplasticity, the decomposition of the deformation gradient into elastic and plastic
terms relies on clear physical assumptions; there is a lack of evidence in the context of viscoelasticity. However,
this decomposition has been successfully applied in many nonlinear constitutive equations [26,46,47].

An alternative to the models based on continuum thermodynamics is the micromechanics approach. These models
are based on the macromolecular chain network concept with cross links. The earlier work of Green and Tobolsky
[48] demonstrated that the classical relaxation theories could be expressed in terms of molecular structure theory and
chemical rate theory. They obtained a time-dependent behavior from the sum of an elastic component and a strain-
history-dependent component. These authors introduced a transient network concept based on the assumption that
chains are steadily breaking and reforming. Bergstrom and Boyce [49] developed a visco-hyperelastic constitutive
model to predict the hysteresis of rubber subjected to slow cyclic loads. Reese [50] developed a material model
for the thermo-viscoelastic behavior of rubberlike polymers based on transient network theory. Some of these
micromechanical models can be found in the literature [51,52]. However, these micromechanics-based models are
extremely difficult to use and rely on assumptions that have been questioned [53].

The aim of this paper is to propose a novel differential visco-hyperelastic model that can predict the multiaxial
behavior of incompressible elastomeric solids. To obtain the model, we will extend the one-dimensional fractional
rheological equation of the SLS model, i.e., the Zener model, to large strains using the concept of dual stress and strain
tensors. The paper is organized as follows. In Sect. 2, we recall the one-dimensional fractional constitutive equation
of the SLS model in the framework of linear viscoelasticity. Then the concept of dual variables and their derivatives
is applied to this constitutive equation to obtain two constitutive models, called M1 and M2. We will demonstrate that
ML is not appropriate for describing the visco-hyperelastic behavior of elastomers. Model M2 seems qualitatively
able to reproduce the shape of a nominal stress curve. Therefore, the material parameters for this model are
identified using experimental results found in the literature. Good agreements are shown between these predictions
and experimental data of the multiaxial behavior of elastomeric solids. We end with some concluding remarks.
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4 S. Bouzidi et al.

2 Phenomenological finite viscoelasticity

Elastomeric (or rubberlike) materials constitute a family of high polymers that regroups the thermoplastic elastomers
(e.g., polyurethanes), natural rubbers (vulcanized natural rubber, carbon black filled natural rubber), and synthetic
elastomers (e.g., silicone rubbers, styrene—butadiene rubber, ethylene propylene diene monomer rubber).

These polymers are widely used for sound and vibration damping. One of the remarkable properties of these
materials, besides their high damping ability, is the strong frequency dependence of dynamic properties. Material
damping is quantified by the loss factor, defined as the ratio between the imaginary part and the real part of the
complex modulus of elasticity in the frequency domain. These materials show a weak frequency dependence of
their damping properties over a broad frequency range. This weak frequency dependency is difficult to describe
with classical viscoelasticity based on integer derivative operators. Among these models, the standard linear solid
(SLS), better known as the Zener model, is probably the most attractive one. This model is built on the parallel
coupling of a linear spring and a Maxwell element (a serial coupling of a linear spring and a viscous damper). Its
rheological representation is shown in Fig. 1a, and the one-dimensional constitutive equation at any time is

o(t) + 1rR6 (1) = Ere(t) + ERrtcé(t), (1)

where o (f) and e(¢) are the engineering stress and strain, ER is the relaxed magnitude of the elastic modulus
(prolonged modulus of elasticity), and the parameters tg = n/E and 7. = tr(1+ E/ER) = tr& ! are respectively
the relaxation and creep (retardation) time. Equation (1) is not able to correctly represent the viscoelastic behavior
of elastomers.

Usually, a large number of derivative operators are required to obtain a reasonably accurate description of
observed damping characteristics. Consequently, many material parameters are necessary, and their identification
could be problematic. By introducing fractional order derivative operators in the constitutive relations, the number
of material parameters can be significantly reduced (Fig. 1b). Thus, Eq. (1) can be generalized as follows:

o (1) + 18 D% (t) = Ere(r) + ERtD%e(1), 2)

where D%c (¢) and D%e(¢) are fractional derivatives in the sense of Caputo and Mainardi [54],

t
_1 ey c10. 1
D'f(t) = F(l—y)of(r—sw s v el L 3)

0 _
“ar y=1

where the Gamma function is defined by I"(z) = fooo ule ™ du.

A number of publications have shown that fractional order viscoelastic models successfully predict the experi-
mental data over a broad frequency range for several polymers using only four material parameters in the uniaxial
case [30,55]. Also, these fractional viscoelastic models can predict the experimental data of the creep and relaxation

Fig. 1 a Standard (a) p (b)
three-parameter Zener
model and b fractional
three-parameter Zener
model

Et%, «
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Phenomenological isotropic visco-hyperelasticity 5

stress of many polymers [56,57]. According to [55], the use of Eq. (2) is attractive in the analysis of viscoelastic
damped structures. It leads to well-posed equations of motion with causal solutions when used in modal analy-
sis. The finite-element formulations corresponding to these models have been presented to predict the temporal
responses of viscoelastic structures. Substantial contributions in this research field have been presented by Padovan
[58], Enelund et al. [59], and Schmidt and Gaul [60]. Padovan and Schmidt used a single constitutive equation that
involves fractional derivatives acting on the stresses and strains. Consequently, both strain and stress histories need
to be stored and included in each time step when integrating the structural response. Enelund et al. have developed
a formulation based on internal variables. The fractional derivative was introduced in the evolution law equation
of the internal variables. This general three-dimensional formulation has been implemented in a finite-element
framework. The advantage of this approach is that only the history of the internal variable must be stored; thus, the
computer time and memory are saved. This formulation was subsequently generalized by Adolfsson and Enelund
[36] to large strains using the concept of the decomposition of the deformation gradient into elastic and inelastic
parts. In the frequency domain, one needs to store the history of displacement owing to the nonlocal character of
fractional derivatives. To overcome this drawback, Yuan and Agrawal [61] proposed a numerical scheme. In this
scheme, the dynamic of motion of a system containing a fractional term is transformed into a set of differential
equations with no fractional derivative terms. Recently, Schmidt and Gaul [62] have proven that this scheme is
equivalent to a classical spring—dashpot representation. Furthermore, they have shown that the model of Yuan and
Agrawal predicts incorrect asymptotic behavior.

The elastomeric materials are often used in applications where the approximation of small deformations is not
valid, so the theory of linear viscoelasticity is not suitable. Moreover, many rubber components that are used
as vibration isolators are subjected to small oscillatory loads superimposed on large static deformation. Thus,
most dynamic properties of vibration isolators can be described by the linearized steady-state harmonic response.
Therefore, Egs. (1) and (2) cannot be applied in the range of large strains. In the literature, several models have been
proposed to extend classical linear viscoelastic models to the nonlinear domain [26]. However, less attention has
been devoted to fractional derivative viscoelasticity in combination with large deformations. The main objective
of this paper is the extension of Eq. (2) to large strains. To this end, the equilibrium stress response of elastomeric
materials must be derived from the strain-energy density function. Thus, Eq. (2) can be rearranged as

o Ho ow —1_ono
o(t) + 8 D% (1) = MJFER;E ¥ D%(1), )

where W is the strain-energy density function of the elastomeric solid, and 7§ - 7% = & = ER/ENR < 1, in which
ENrR = E + ER is the instantaneous modulus of elasticity (nonrelaxed elastic modulus).

2.1 Differential isotropic visco-hyperelastic model

Let F = 0x/0X be the deformation gradient tensor, where X is the position vector of a material particle in the
undeformed configuration and x is the corresponding position vector in the deformed configuration. The right and
left Cauchy—Green strain tensors are denoted by C = FTF and B = FFT, respectively. The principal invariants of
C (or B) are given by I1(C) = I1(B) = tr(C), [(C) = L(B) = (1/2)[I]2(C) —tr(C?)], and I5(C) = (B) =
det(C) = (det(F))2 = J2 [63].

The generalization of Eq. (4) at finite strains was not considered in the publications of Haupt and Lion [34] and
Drozdov [35]. To do that, we apply the concept of dual variables and derivatives corresponding to family 1 of Haupt
and Tsakmakis [64]. According to this concept, we introduce the so-called covariant and contravariant Oldroyd

o AV .
derivatives (e), (e) with respect to the stress configuration

()= (&) +LT(e) + (o)L, (9) = (&) — L(e) — (o)L". )
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6 S. Bouzidi et al.

A superscripted dot represents the material time rate, the symbol T denotes the transposed tensor, and L = FF-!
is the velocity gradient.

We select dual stress and strain tensors that are standard in the framework of finite elasticity [65,66]. The stress
and strain tensors form the conjugate pairs (S, E) and (z, A). The tensors S and E = (1/2)(C —I) are the second
Piola—Kirchhoff stress tensor and Green—Lagrange strain tensor, respectively, and I is the identity tensor; these
tensors operate in the reference configuration. The weighted Cauchy stress tensor (or Kirchhoff stress tensor) is
defined by T = Jo, where ¢ is the Cauchy stress tensor and A = (1/2)(I — B™!) is the Almansi strain tensor; the
tensors T and A act in the actual configuration.

The work and the stress power for conjugate pairs (S, E) and (z, A) are invariant under the change of configuration

. A
S:E=7:A, S:E=r1:A, (6)

where : denotes the scalar product of two second rank tensors.
According to the concept of dual variables, it is not only pairs of variables that are naturally coupled but also
their derivatives:

.. A
S:E=¥:A. @)

It seems that the concept of dual variables remains valid even for nonlinear viscoelasticity; the proof can be found in
the publications of Hassani et al. [67], Haupt and Lion [34], and Haupt [68]. Indeed, reliable nonlinear viscoelastic
models can be formulated using internal variables. The concept of internal variables postulates that the current state
at a given point of a dissipative material is specified by the strain tensor, C, and a finite number of scalar, vector, or
tensor internal variables, y1, 32, ... ¥m. The information relative to the whole past of a material is thus contained in
the set of internal variables at time ¢. The free energy of viscoelastic material can be decomposed as follows [63]:

Y(C, 71,120 - Vi) = Weg(©) + D Yu(C, v4), (®)

a=1

where Weq(C) is the equilibrium free energy (hyperelastic). The second term on the right-hand side is a dissipative
free energy responsible for the viscoelastic regime. The scalar-valued functions Y, represent the so-called config-
urational energy of the viscoelastic solid and characterize the nonequilibrium state. Each subscripted « is related
(conjugate) to y, by the internal equation

Y, (C, vy
Qu = —2%, ©)

where C = J%/ 3(_?, and C is associated with the isochoric deformations of the material.
The set of equations already obtained must be completed by a kinetic relation, which describes the evolution of
the material variables. These are of the form

Qu = fu(C,Q1,Q2, ..., Qu). (10)

From a phenomenological point of view, the physical microstructure of a material can be represented by internal
variables that can be stress or strain tensors and refers to appropriately selected configurations [43]. For internal
variables of the strain type, the one-dimensional rheological models of linear viscoelasticity can be extended to
finite strains by introducing an intermediate configuration. Within the concept of internal variables, this intermediate
configuration is related to the multiplicative decomposition of the deformation gradient, F = F.F,, where F,
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Phenomenological isotropic visco-hyperelasticity 7

and F, are elastic and viscous parts, respectively. According to this approach, it is possible to generalize the
constitutive equation of the Maxwell model to large strains. Consequently, the second Piola—Kirchhoff stress tensor
is decomposed as a sum of the equilibrium hyperelastic stress and the rate-dependent overstress. The stress relation
is combined with the evolution equations, and it seems that it is sufficient to provide the thermodynamic consistency
of the material response.

v .
The first model, M1, is defined through the second Piola—Kirchhoff stress tensor S(#), stress rate § = S(¢),

A .
the Green—Lagrange strain tensor E(#), and strain rate E = E(¢). These dual tensors are defined in Lagrangian
configuration. Thus, the model may be qualified as a Lagrangian model, i.e., M1.

The equivalents of Egs. (1) and (4) at large strains are respectively as follows:

. ow .
S(1) + wS(r) = 350 2potrE T E(®) (11)
and
a o aW as—1no
S@t) + t§ D*S(t) = 3ED +2uotR € DYE(1), (12)

where E(7) is the Green strain rate operating on the reference configuration. The parameter Tg represents a relaxation
time corresponding to the Lagrangian model, i.e., M1, and p¢ is the shear modulus at small strains.
The second model, M2, operates in the current configuration and may be defined through the Kirchhoff stress

A .
tensor 7 and 7 = © — Lt — tLT, which is dual to A = A + LTA + AL = D [64], where D = (1/2)(L 4+ LT) is
the strain rate tensor. Thus, the equivalent of Eq. (1) at large strains is as follows:

(1) + ) T(1) = SB() + 207RE ! ﬁ(t), 13)

where the functional S(B(7)) = 2BdW /9B represents the equilibrium Cauchy stress tensor, and the constant tR is
a relaxation time of the Eulerian model, i.e., M2.
Equation (13) may be written in the reference configuration as follows:

FlgpT-1 4 ‘L’RF(;‘]/V¥ FT=l = F'gB)FT ! 4+ 2uomré ' FIDFT1, (14)
S(t St)y=— -2 “ler), 15
() + RS(@) T HoTRE ™ €(1) (15)

where e = (1/2)(C~" — I is the Piola strain tensor.
We use the concept of fractional derivatives to generalize Eq. (15), obtaining

S(1) + ¥ D*S(t) = —2uotRE~ D% (1). (16)

JoE(1)

In Egs. (12) and (16), the stress tensor and stress rate are those of the second Piola—Kirchhoff stress tensor. The
strain tensor and strain rate are those respectively of the strain tensor of Green—Lagrange and Piola. Consequently,
both constitutive equations are formulated in the reference configuration. For numerical reasons [58] and to preserve
the principle of objectivity, the constitutive equations need to be written in the reference configuration. Thus, Egs. (12)
and (16) may be well suited for finite-element computations.

The causality principle requires that S(¢) vanish for ¢+ < O with the initial condition S(# = 0) = 0, and we have
E(t) =e(t) =0fort <0.

Let us recall the definition of the Laplace transform of the Caputo fractional order derivative [69] before solving
equations (12) and (16):

n—1

LID*f ()] = p“LLF )] = D 10 p* '], (17)
k=0

where n is an integer chosen such thatn — 1 < @ < n.
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8 S. Bouzidi et al.

In particular, the case of fractional relaxation is obtained for n = 1, so Eq. (17) becomes
LID*f ()] = p“LLf )] — f©O)p*~". (18)

We apply the Laplace transform to Eq. (12) (see Appendix 1 for details):

L[St) + g D*S(1)] = ﬁ[;E—VZ) + 2uorﬁs_1D°‘E(t):| (19)
and

Q _ 1 —a ow —1 _af;

S(p) = (—fR_“ e )[IR L(—BE(I)) + 2106 p E(p)}. (20)

The inverse Laplace transform of Eq. (20) leads to

t
i —a W (t=s “
St =S"() =1 /—BE(S) (t—ys) Ea,a( ( = ) )ds

0
! o
+2uo§_1/E(s)Ea,1 (—(t_s) )ds. Q21
0 ®

Similarly, the solution of Eq. (16) is

t

B o—a ow _a-l (t=s “
S@) =870 =1 /BE(S)(t s) Ea,a( ( - ) )ds

0
! o
—2Mo§*1/é<s)Ea,1 (—(f — S) )ds, (22)
TR
0

where Eq,1 (2) = Z/?io 7K/ I (ak + 1) is the Mittag—Leffler function in which & > 0, | z |< oco. This function is a
generalization of the exponential function, i.e., E1(z) = exp(z) (Appendix 2). A straightforward generalization of
the Mittag—Leffler function Eq,g (z) = > pep 7K/ I (ak + B) was introduced by Humbert and Agarwal [70)].

Forz € RY,0 <« < 1,and B > «a, the generalized Mittag—Leffler function on the negative axis, i.e., Ey, g (—2),
is completely monotone [70].

From a theoretical point of view, the incompressibility constraint facilitates the finding of analytical solutions.
Experimentally, all elastomers are compressible (i.e., the bulk modulus is finite), and Poisson’s ratio can approach
1/2. In experiments, incompressibility is a good approximation in the framework of plane problems (e.g., simple
traction and equibiaxial traction) for vulcanized natural rubber and carbon black filled rubber. For instance, an
excellent fit of the experimental data was obtained for carbon black filled natural rubber [71]. Moreover, Charrier
et al. [72] proved that the behavior of slightly compressible materials may approximate well that of incompressible
materials. We used experimental data from the literature, which were obtained by assuming that the SBR was an
incompressible material. Consequently, the incompressibility constraint of the material implies the introduction of
a Lagrange multiplier, P (¢), so that the Cauchy stress tensor is defined by adding a pressure term, P (¢)I.
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Phenomenological isotropic visco-hyperelasticity 9

The Cauchy stress tensor o = FSFT is given by the expression

t
Ly _ . —a W el (t=5)° T
o-(t) =1 "F() /aE(s) (t—y) Ea,a( ( = ) )ds F' (1)

0
t
+2u0& " 'F (1) /E(S)Eo,,l (—(tt_—R?) )ds Fl (1) — P(N1 (23)
0
and
t
E _ -« A4 a—l _ t—s\? T
o-(t) =1 “F() O/—BE(S) (t—y) Ea,a( ( = ) )ds F (1)
! o
—2p0€ " 'F(1) /é(S)Ew (—(tT;RS) )ds F'(1) — P(n)L (24)
0

Note that the Green functions k(¢) = tl{“t""l Ey,o (—(t/tR)¥) and R(t) = E,,1 (—(t/TR)%) are monotonically
decreasing functions of time, and they can represent phenomena of relaxation. The tensor dW /9E(¢) depends on
the strain-energy density function. E and ¢ are respectively the Green strain rate and the Piola rate tensors.

On the right-hand side of Eqgs. (23) and (24), the first term can be interpreted as the instantaneous hyperelasticity
response of the models; this is viewed as the elastic relaxation function of the material. The second term of Egs. (23)
and (24) is interpreted as overstress; thus, this relaxation function may be related to the material memory [5]. The
relaxation functions are not affected by the deformation. However, it seems they are related to different physical
processes [16].

2.1.1 Model responses for a step-strain relaxation loading

To prove the consistency of models M1 and M2, we will investigate their predictions in the context of a simple
relaxation test. Thus, the deformation gradient is

1
F=K61®61+7(92®02+63®e3), (25)

7

where A = A(¢) is the stretch ratio, e is the extension direction, and e, and e3 are the transverse directions.

For the relaxation test, the expression of the stretch ratio is A(r) = (Ao — 1) H(¢) + 1, where H (¢) is a Heaviside
unit step function and Aq is the imposed stretch ratio. We may eliminate the unknown variable P(¢) using the
boundary conditions o11(t) = o (¢) and 022(¢) = 033(¢t) = 0. According to experiments of Goldberg and Lianis
[73], Yuan and Lianis [74], and Yuan [75], in the quasi-static regime, the SBR can be considered incompressible
and of a Mooney—Rivlin type. The strain-energy density of the Mooney—Rivlin model for incompressible rubber is

W = cio(11(C) = 3) + con ((©) = 3) = (5) (11 (€) = 3) + (1 = 0 (12(©) = 3)], (26)

where (g = 2(c10 + co1) > 0 is the constant shear modulus for infinitesimal deformations and 0 < x < lisa
dimensionless constant. When y = 1, one obtains the neo-Hookean strain-energy density function. One can see
that the material parameters cjo = wox /2 and co;1 = uo(l — x)/2 are effectively dependent. We point out that
the constants cjgp > 0 and c¢p; > 0 must be positive in order to satisfy the requirement of a positive strain-energy
density. The aspects of stability and identification of the material parameters were detailed in the paper by Hartmann
[76] by considering the Mooney—Rivlin strain-energy density function.
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10 S. Bouzidi et al.

We deduce from Eqs. (23) and (24) the stress relaxation for models M1 and M2, respectively:

ot (1) = (4 = 25 1) 2(c10 + corrg (1 — g ] + o 4§ = 23 =357 + 25" Jew) @7)
and
o (1) = (1 = 35 D)[2(c10 + corig (1 = g(0) + o 0], 28)

where g(#) = Eq.1 (—(/tR)%).
The component of the first Piola—Kirchhoff stress tensor, i.e., 7, can be deduced respectively from Eqgs. (27) and
(28):

(1) = (o = g )| 20ei0 + conrg (1 = g0 + mos [ 23 =20 = 25 + 257 Js ). 29)

7E(0) = Go = gD 2610 + conrgH(1 = g 1) + ot '8 0] (30)

In experiments and in the case of a simple extension, the nominal stress must be a positive-definite monotonically
increasing function of the stretch ratio [77], and its second derivative must be negative. In other words, the slope of
the stress isochrones (i.e., the slope of the pertinent nominal stress vs. a measure of deformation curves for fixed 7)
is a nonincreasing function of the deformation measure [78]. According to Batra [79], the criterion can be applied
in the framework of nonlinear elastic (or hyperelastic) materials. We evaluate the second derivative of the nominal
stress of models M1 and M2 as follows:

d?7%(ro) _ _ _ _ _

= = —12enigt 4 2000 |1 = g0 + 60 [ + 2 = 225 [0, 31
0

d>7E (o) —4 _s —1,—4

g = —6[(2c10k0 +dcoing )(1 — (1)) + poE 12y g(t)]. 32)

We have

Erto) o gD+ =2% T 1-g0
g - 2lcio +2co1rg'l T 8

(33)

For Ao > 1, 31y > 0 such that, Vr € [0, 19], uoé’l[kg +1- 2kal]/[2(c10 + 2001A51)] > [1—g(t)]/g(¢). This
means that the second derivative dan(ko) / d)»% is positive when ¢ € [0, 79]. For model M2 we have

d’7E (o)
—_— <

Vio > 1,
0= 2

0. (34)

The second derivative of the nominal stress of model M2 is always negative, as indicated by Eq. (32). For
model M1, the nominal stress is not a concave function of the stretch ratio. This result contradicts experimental
data and is thus excluded in the process of material parameter identification in the next section.

2.1.2 Material parameter identification

The material parameters (c19, co1, &, TR, @) of model M2 are determined using the experimental data of the relaxation
tests of Goldberg and Lianis [73] (Appendix 3). These data are obtained by varying both the time and the stretch ratio
on SBR specimens. At a slow strain rate, SBR behaves like a Mooney—Rivlin material. The material parameters are
considered to be nearly constant during the relaxation tests. Their identification implies the solution of a nonlinear
least-squares problem with optimization,

N M
. 1 ZZ . 12
min W 4 ]I:Umod(CIO,COI,EyfR,a, A'é)a J)_Uexp(c]()’COl’EvTR’a’)":)a J)] k]
i=1 j=
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Table 1 Material parameters of model of Eq. (28)

cyo (Pa) co1 (Pa) o § TR (8)
82.12 x 103 190.16 x 103 0.375 0.511 0.238
Fig. 2 Comparison of 10" \

constitutive model of 0 Experimental data

Proposed model

Eq. (28) with experimental
data for an extension
relaxation test of [73]

o [Pa]
3
>
oo
o
&
>
S
o
®

Time [s]

where N and M are respectively the number of test and experimental data for each test. oexp and omoed are respectively
the experimental data and theoretical values of the Cauchy stress. The material parameters (c19, co1, &, TR, &) are
determined by a stochastic Monte Carlo technique. The stochastic Monte Carlo technique is implemented in the
commercial package MATLAB; tens of thousands of parameter sets were tested and evaluated. The parameters are
listed in Table 1.

We checked whether the proposed model could correctly reproduce the experimental data of each relaxation test
using the material parameters given in Table 1. The corresponding results are presented in Fig. 2 for different values
of the stretch ratio, A9 € {1.1, 1.2, 1.5, 1.8, 2, 2.5}.

The relative error (ERR) is calculated as follows:

|Texp(j) — Omod(j)!

ERR; =
|Oexp(j)]

(35)

it is plotted versus time in Fig. 3 for different values of the stretch ratio.

At the beginning of the relaxation, one can note that the relative error is rather high. Thus, the model gives good
estimates for Ao = 1.5, but it underestimates experimental results for Ag < 1.5 and overestimates experimental
results for A9 > 1.5.

We conclude that the model cannot correctly reproduce experimental data for each relaxation test, and the results
of parameter identification of the model are moderate.

The values of the material parameters are probably not suitable; they can depend on the stretch ratio. If this
is the case, the Laplace transform cannot be applied to Eq. (16). However, it may be solved numerically [69,80].
Consequently, the identification of material parameters demands more computation time.

2.2 Novel constitutive equation

To improve the predictions of model M2, we suppose that the material is thixotropic. Many authors have reported
that elastomeric materials are thixotropic [46,47,81]. For instance, in the framework of a harmonic regime, the
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i 1(C)‘3] []
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w 16 [
14 [
‘ ‘ ‘ .
120 0.5 1 1.5 2 2.5
Time [s] xo 1
Fig. 3 Relative error versus time for different values of A¢, log- Fig. 4 Variation in material parameter &

arithmic time scale

complex moduli depend on the strain amplitude [47]. In linear viscoelasticity (Eq. 4), the storage and loss moduli
are independent of the deformation amplitude [82]. Therefore, the parameter £ = (tr/7.)* is a constant and does
not depend on the strain.

‘We note that the modulus E should depend on the right Cauchy—Green strain tensor, E(C.) = E((F, ! )TCF; b,
however, F, is not an observable quantity and cannot be measured.

In this work, we take into account the thixotropy by assuming that the parameter £ (C(¢)) = Er/[ERrR + E(C(1))]
is a function of the right Cauchy—Green strain tensor, i.e., C(¢), and the viscosity depends on the derivative of C(¢),
ie,n = r](C(t)). However, we assume that the relaxation time is constant, i.e., TR = n(C(t))/E(C(t)) = const.

Equation (16) may be written as follows:

aW
S(t) + t¢ DS(1) = D 210t8E (1) DYe(1). (36)

Thus, Eq. (36) is a linear differential equation with constant coefficients and can be solved using the Laplace
transform as follows:

Q _ 1 —a aw _ —1 o
S(p) = (—TR_“ +pa)|:TR ﬁ(aE(t)) ZMOE(E (t)D e(t)):|. (37

Now, one needs to evaluate the inverse Laplace transform of the function on the right-hand side of Eq. (37). We
find after calculations (Appendix 1),

t
ow -s\*
s = [ g0 e ((57) )

0

r—s

) )ds — P(HC (1), (38)

R

t
—2pu0 / 71 (s)DY(s)(t — )" Egoq (—(
0

@ Springer
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where

N

1 e (x)
rd—-a)) G-—x@ "
0

D%(s) = (39)

The constitutive equation is
13

t
o(t) = g *F(1) / ;)E—Z)K(t —s)ds |FT (1) = 2poF (1) /E_l(s)D“e(s)K(t —s5)ds [FT(1) = P(OL,  (40)
0 0
where K (t —s) = (t — $)* ' Eq,q (—((t — 5)/TR)%).
Equation (40) can also be written in the form
t

t
o(t) =2t “B(1) /(010 +cot 1 (C)K (t — s)ds | — 21 “F (1) /cmC(s)K(t —s)ds |FL ()
0 0

t
—2uoF (1) /g—l(s)D“e(s)K(t—s)ds FI'(1) — P(0)1 (41)
0

in the context of the Mooney—Rivlin model.

To evaluate Eq. (41) in the framework of boundary problems, it is necessary to propose a particular expression
for the function &.

We consider the reduced stress obtained from Eq. (28) with A9 # 1

A _ _
or(t, o) = % =2(c10 + corrg ') (1 — g(1) + mo& ' g(0). (42)

0 0

When the time is near zero, Eq. (42) becomes a function that depends on the shear modulus, i.e., 1o, and the
material parameter &:

or(t — 0) = oro = o (43)
thus,

§ -1

= ~ o, (44)
po KO

Using the experimental data of [73], we deduced the graph of the function 61;01, which is shown in Fig. 4 for
different imposed values of the stretch ratio Ag.

We note that the shear modulus, i.e., (to, is constant. Consequently, the material parameter £ is approximatively
a linear function of the stretch ratio.

In three-dimensional space, the material parameter £ may be approximated by a single function depending on
the variable (11 (C) — 3) as follows:

£(C) = AVC : 1— 3+ & (45)
or

§(C) = AV (C) — 3 + o, (46)

where &y represents the value of & at infinitesimal strains and A is a positive constant.
The actual model involves only six material parameters, (c19, co1, A, &0, TR, @), Which are determined using data
of the relaxation test loading. It is completely described by the constitutive equation (41).
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14 S. Bouzidi et al.

Table 2 Material parameters of model of Eq. (48)

cyo (Pa) co1 (Pa) a A éo TR (8)

97.17 x 10° 150.64 x 103 0.287 0.173 0.401 0.343

2.2.1 Identification of material parameters

In the case of relaxation we have

E(C) = AAZ + 205" — 3 + &, (47

and Eq. (41) becomes

-1
o) = (3§ —x") [2(c10 + coirg D — g(1)) + 10 (A,/,\g +225' =34+ so) g(t)i|. (48)

We easily obtain from Eq. (48) the second derivative of the nominal stress:

2
% - —(12c10,\54 n 24001k0_5)(1 —¢()
0
d2 —1 d —1
+ 10g(1) [(xo - ,\02)(%) +2(14225°) (f—m) - 6A04(.§1):|. (49)
0

After some simple algebraic calculations, one deduces a sufficient condition to ensure the concavity of the curve
T =m(Ag):

%0 > 0.6994. (50)

We use the previous stochastic Monte Carlo technique to identify the material parameters (c19, co1, A, &0, TR, ).
The nonlinear minimization problem is

N M ' ' 5
min ﬁ Z Z[Umod(clo, cot, A, &0, TR, &, A, J) — Texp(Cl0, co1, A, &0, TR, o, Ag, j)]
i=1 j=1

The values of (cio, co1, A, &, TR, @) thus found are tabulated in Table 2.

The results obtained with the identified parameters in the case of the relaxation test are presented in Fig. 5.

For different values of the stretch ratio, Ao, the maximum relative error is less than 2.5 % (Fig. 6). It seems that
the results obtained from the identified parameters from our model and the experimental data are in good agreement
for all values of the stretch ratio.

The new model is better than the first one because it perfectly fits experimental curves.

2.2.2 Validation of the model using combined tension—torsion tests

In this section, we validate the model by considering an inhomogeneous deformation of tension—torsion loadings.
In cylindrical coordinates, the extension—torsion problem of a solid circular cylinder composed of an incom-

pressible isotropic material is described by

r=2""2R, 0=0+yrZ, z=2AZ, (51)

where (R, ®, Z) and (r, 0, z) are respectively the cylindrical coordinates in the undeformed and in the current
configurations, A denotes the axial stretch, and i is the angle of twist per unit length.
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Fig.5 Comparison of constitutive model of Eq. (48) with exper-
imental data for extension relaxation test of [73]

The deformation gradient tensor F is

1
A o1 0
F=|0 - VAYR |,
0 0 A

and the components of the tensors B, C, and e are given by

2! 0 0
B=| 0 A '4+rxwR? A/?yR
0 A2y R A2
A b0 0
c=[ o0 i VR ,
0 YR A’ +AWYR)?
r—1 0 0
e=-| 0 A+@WR?>-1 —1"'yR
0 -2~ 'R A2 -1

Sk~

- T = A
~ * et
0 T e it

10° 10’ 102 10°

Time [s]

Fig. 6 Relative error versus time for different values of 1y (new
model), logarithmic time-scale

(52)

(53)

(54)

(55)

Equations (51)—(55), together with the constitutive equation of the proposed model, imply that

o O 0
o = 0 [of2T2] 09z
0 o9, o0

(56)

Yuan and Lianis [74] assumed that the motion was slow in their experiments; thus, it can be considered as
quasi-static; that is, the equation of motion (or, here, the equation of equilibrium) becomes

dive = 0.

(57)
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16 S. Bouzidi et al.

No external force is applied to the lateral surface of the sample when it is deformed. Thus, on the lateral surface
(radius r = rg) we have

o (r=rg,t) =0. (58)

The pressure P is independent of 6 and z and is a function of ¢ and r only, i.e., P = P(r, t) (Appendix 4).

To find the Lagrange multiplier, i.e., the pressure P (r, f), in terms of the material parameters, A(z) and (), we
use the constitutive equation of the proposed model, Egs. (52)—(57), and the boundary condition (see Appendix 4
for more details).

After calculations we obtain

t
P(r. 1) = 2c1007 (1) (1 — g(1)) + 21 Tz ® A~ (1) /(Az(s) ) + [rk(s)lp(s)]z)K(t — 5)ds
0

0]

1
2000 [ 00%, @K@= |+ [ Lewiowor(1-s0)r
0

r

t t

+ 4o rlg“[x(r)w(t)]zr/A—l(s)K(t —5)ds — 4c01x1/2(t)¢(t)rR—“/[Al/z(s)w(s)r]K(t - s)ds]dr
0 0
rQ

t t
+/ 2uor A7) /g*‘(s)D“e,,(s)K(t—s)ds—/g*l(s)D“egg(s)K(t—s)ds
0 0

r

t
— dpor 2y (1) / 71 (s)D%eg (s)K (t — 5)ds
0

t
—2uorA ()Y (0T / £ (s)D%,,(s)K (t — s)ds | tdr. (59)
0

The resultant moment M () and axial force N (¢) are respectively given by

1o

M = /27rr200Z dr (60)
0

and
ro

N =/2nr0zz dr. (61)
0

To validate our model, we used the experimental data of [74] obtained from the combined tension and torsion of
a cylindrical specimen made of SBR, with the parameters calculated in the previous section for the relaxation test.
For a step in the tension and linear ramp in the torsion, the loading is

A(s) =14 (o — D)H(s), ¥(s) = Vs. (62)
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Substitution of Eq. (62) into Eq. (59) yields

—1 -2 : 1
P@,0) = (1-80) [201045" + 2001 (o + 45| = deor o) [sz - —}

I/L 1 / é 1 N S K t S dS

1
+ 505 =) [(2010?»0 +dcoi20)(1 = g(1)) + deorro(G1 (1) — 1)]

ro _ 2
+ 210 uy eV (s, u)s> K (1 — s)ds eV, u)s' UK (1 — 5)ds
ra- ) F(2 )

r

2 _ )2
N {%/él(sm)s“K(t—s)ds} ’du» “
0

where G (1) = Eq,2 (—(t/7R)%) and G2(t) = Eq,3 (—(1/TR)Y).
Substitution of Eq. (62) into the equation of oy yields

0u:(R.1) = 15> (FDR| 2ero + deorrg (1 = g(1) + 2e0125 " (G1()) = 1)

12 W02 -
— 210 {’\O—Rw/g Ys)s!™ K (1 — s)ds + o 1)th/$ H(s)s ‘“K(t—s)ds}

2r (2 2ra -
(64)
and the resultant applied moment is obtained from Eq. (60); after calculations we obtain
T, _ _
M) = S RS[ et +denig I = g®] + 260125 (G1(0) = V)]
Ry t
+271pc01p|:r(2 )//R3 (s, R)s'™ K (r — s)dsdR
2 Ry t
o 1 // R 1(s, R)s @K (¢ — s)dsdR (65)
F(l —a) ’ ’
0

where Ry = ro~/ 0.
We substitute Eq. (62) into the equation of o,, and using Eq. (63) we obtain

1 .
0 (R, 1) = —E(Ré — RHOW1)?[(2c10h0 + 4cor) (1 — g(1) + o1 (G1 (1) — 1)]

Ro

_ 2
—Zuo/[ {M/s Us, 0)s> 9K (1 — s)ds:|
R

2 -1 _ I
+|:_;)22 v )/5 s, u)s! ozK(t—s)ds:|_|:u(kgr(1k_o)o(tl)ﬁt) /E‘l(s,u)s_“K(t—s)ds:| ]du
0

. 1
+O0d =2y )[(2610 +2601)»5 (1 — g(f))] + 4co1 (Ry1) |:G2(f) - m}

+ 110 |:F(1 /g Ys)s™ "‘K(t—s)ds:| (66)
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Fig. 7 Comparison between predictions of the proposed model, those of Lianis’ theory, and the experimental data of [74] for tension—
torsion loadings (A¢p = 1.28, ¢ = 1.062992 rad/m-s)

The tensile force is given by
- - 1 ;
N = ﬂR(%(()»o — 35| @ero + 2c00g (1 = 1) | + 7 (Rovn)?

X[—Z(Clo + ZCOI)L(;])(I —g(®) + 8001?»51 (Gz(t) - %) - 4001?»5] (G1(t) - 1)])

A 5 _1 (I/f)2 e
— 47 wok ué (s,u)du dR F(3 — a) K(t—ys)

N2 a2
W)t sSITYK(r —5) — —(wt) d AO)S_HK(I—S)}dS)

r2—a) 2r( —a)
2 Ry t
I e N //Rg—l(s R)s “K(t — s)ds dR (67)
TETHO R T ’ 4 '
0 0

Lianis [6] simplified the FLV theory of Coleman and Noll [4] using thermodynamic arguments. He proposed a
constitutive equation containing only four relaxation functions and three steady-state functions. This simplified
theory was successfully applied to predict the behaviors of elastomeric materials in the framework of uniaxial
tension and combined tension—torsion [73-75]. In this paper, a special theory of finite viscoelasticity is motivated
on the basis of rheological models. So the question arises: Is there a relationship between the theory of FLV and
the proposed model? To provide a partial answer, we compare the predictions of our model, those of Lianis theory
[6,7,74], and experimental data [74] in the context of the combined tension—torsion loadings. Figures 7, 8, 9, and
10 show that the proposed model adequately describes the experimental data. One can see that the predictions of
the present model and those of Lianis’ theory are the same. We note, however, that our model has only six material
parameters that are derived from a differential form.

3 Conclusion
In this article, we applied the concept of dual stress and strain and their derivatives to extend the fractional constitutive
equation of SLS, i.e., the Zener model, to finite strains. In fact, we used the dual tensors of family 1 [64] by limiting

itespecially to two couples of stress and strain tensors that are physically significant in the context of finite elasticity.
We assumed that the elastomeric solids were isotropic and incompressible. Thus, two models, M1 and M2, were
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Fig. 8 Comparison between predictions of the proposed model, those of Lianis’ theory, and the experimental data of [74] for tension—
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Fig. 10 Comparison between predictions of the proposed model, those of Lianis’ theory, and the experimental data of [74] for tension—
torsion loadings (Ao = 1.459, v = 0.184252 rad/m-s)

deduced. We showed that M1 was not appropriate for predicting the behavior of elastomers in the context of
relaxation loading. Model M2 seems qualitatively to reproduce the nonlinear relaxation behavior of elastomers.
Thus, its material parameters were identified using the experimental data of relaxation loadings published in the
literature. The agreement between theoretical and experimental results seems to be qualitatively good. To improve
quantitatively the predictions of this model, we assumed that the parameter £ depended on the strain. Then the new
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material parameters were determined by considering the previous experimental data of relaxation tests. To validate
the model, we considered the experimental data of combined tension—torsion loadings found in the literature. For
computation, we used earlier numerical values of the new model’s material parameters. This model seems capable
of reproducing the behavior of elastomers in the framework of multiaxial loadings.

To our knowledge, the existing visco-hyperelastic models found in the literature are of integral and differential
types. The integral models describe the history of medium deformation using integral equations. However, these
equations are difficult to generalize for complex problems. For instance, attempts to take into account the accumu-
lation of damage and thixotropic elastomeric materials in terms of integral models add to the complexity of these
models and hamper their practical application. The differential models describe the rheological properties of materi-
als in terms of internal variable tensors and, as a rule, assign them the physical meaning of stresses or strains. These
models can conveniently be represented with the aid of symbolic diagrams illustrating the mechanical behavior
of the medium. Usually, the number of material parameters of these models is quite large, and their identification
probably requires complex methods of optimization.

The main advantage of the new model is its differential form with relatively few parameters and may be suitable
for implementation in finite-element analysis.

For future work, we envisage studying the stress response of small oscillatory loads superimposed on large
static deformations. Thus, we will develop the new model to predict the complex moduli of elastomers. In many
applications, these moduli are important in the framework of the design of rubber parts.

Acknowledgments The authors would like to thank the reviewers for their insightful comments that have significantly improved a
preliminary version of this paper.

Appendix 1: Resolution of fractional differential equation

The analytical solution of linear fractional differential equations (FDEs) with constant coefficients can be obtained
using the Laplace transform technique.

In the case of relaxation, the Laplace transform formula for the Caputo fractional derivatives involves the value
of the function f(¢) at the lower terminal # = 0:

LIDf ()] = p*LLF )] — fO)p*~ . (68)

Let us consider the following FDE:

S(1) + 12 D*S(t) = —2uotRe () D%(1), (69)

ow
oE(r)
with the initial condition S(0) = 0.
Applying the Laplace transform to both sides of this equation, and using the linearity of the Laplace transform,
we obtain the following result:

o o aW o — o
LIS + L[ D*S()] = C[aE—(z)] — 2uotf L] D% . (70)
Then
S(p) + W p*S(p) = F1(p) — 2u0tgF2(p), (71)

where I:‘l (p) and ﬁ‘g (p) denote the Laplace transforms of 0 W/JdE(¢) and éj_l (t)D%e(2).
The equation’s solution is

N 7, ¢ . 1 .
Spy = —R F —2uol ——— JF2(p). 72
(p) (p“+rR‘“) 1(p) MO(p“—i—TR_a) 2(p) (72)
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The solution in the time—space domain is obtained using the inverse Laplace transform, and we obtain
t

S(1) = rl;“/;E—‘?;(z ) Ey (—(tr;s)a)ds

0
1
-1 o a—1 I — 5\«
20 [ € D) =) B (<(7) s 73)
0
Application of the Laplace transform to the FDE, in the case of £ equal to a constant, gives
—
$) = (2 () — 2m06 ! (L e, 74)
pa _"_ _[R—a pa + r}{—a
We have

o o—1
~1 p ~ s P ~
£ [(W)e@)}—ﬁ [(—paﬂR_a)(Pe("))} 3)

We obtain the solution as follows:

t t

R aW a—1 r—s o 1 . t—s «
S(t) = 1 /m(t—s) Eura (—( - ) )ds—2uo§ /e(s)Ea,1 (—( - ) )ds. (76)

0 0

Appendix 2: Mittag—Leffler function

The function E, with @ > 0 defined by E,(z) = Z,fio Z* /T (ak + 1), is called the Mittag—Leffler function of
order «. This function provides a simple generalization of the exponential function, i.e., E1(z) = exp(z).

When 0 < « < 1, the Mittag—Leffler function on the negative axis is completely monotone and is capable of
representing phenomena of relaxation. The graph of the function Ey(—x), with x = (¢/7r) > 0, is illustrated in
Fig. 11 for different values of «.

Fig. 11 Mittag—Leffler
function for different values
of o

o,

E [-x ][]

o

COoO00000O00
SO NWROTON®© =
[T
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Appendix 3: Lianis material functions for SBR circular bar at 0 °C [73]

The Lianis constitutive equation for an isotropic incompressible viscoelastic material is given by

t

o (1) = [a + (11 (B) — 3)b +cl (B)]B — B> +2 / 0ot — 1)C, (T)dr
t t

+ / o1t — 1)[BC,(v) + €, (r)Bldr + / @t — 1)[B*C, (1) + C,(v)B?1dt
t

+B / @3(t — )1 (BC,(1))dT — P(1)], (77)

—00

where a, b, ¢ are constants corresponding to the equilibrium stress, and the ¢ (u) are relaxation functions that
approach zero as u — oo.

ForaSBR at0 °C, the constants a, b, ¢ were foundtobea = 29.5psi,b = 0,c = 51.07 psi, where 1 psi=6.8948 x
103 Pa, and the Lianis material functions were related by

p1(1) = @3(t) = =2¢2(1). (78)

The relaxation functions ¢ (¢) are tabulated in Table 3.

Table 3 Lianis material functions for SBR at 0 °C

Time (s) ®o(1) (psi) @1(7) (psi) @2(1) (psi) @3(1) (psi)
0.0 12.30 9.00 —4.50 9.00
1.0 12.30 9.00 —4.50 9.00
2.0 9.70 8.35 —4.28 8.35
4.0 7.43 7.65 —3.83 7.65
6.0 6.35 7.26 —3.63 7.26
10.0 5.07 6.87 —3.44 6.87
15.0 4.12 6.51 —3.26 6.51
20.0 3.51 6.29 -3.15 6.29
30.0 2.68 5.93 -2.97 5.93
40.0 2.18 5.60 —2.80 5.60
50.0 1.84 5.32 —2.66 532
60.0 1.62 5.04 —2.52 5.04
120.0 0.96 3.92 —-1.96 3.92
180.0 0.66 3.04 -1.52 3.04
360.0 0.25 1.64 —0.82 1.64
540.0 0.09 0.70 —-0.35 0.70
720.0 0 0 0 0
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Appendix 4: Tension—torsion of a circular cylinder

In cylindrical coordinates and for the extension—torsion of a solid circular cylinder made of an incompressible

isotropic material, we have

fx 0 0
F=]| 0 fx VAYR |,
0 0 A
At 0 0
B=| 0 A '4+r@wR)? A2yR
0 M2y R 22
Ao 0
c=| 0 At VR ,
0 YR A4+ A(YR)?
A—1 0 0
e=-| 0 A+@WR?>—1 —A"lyR
0 2" 'YR A2 —1

The equation of equilibrium is given by
dive = 0.
Equations (79)—(82), together with the constitutive equation of the proposed model, imply that
oy 0 0
o=\| 0 opp o0p; |,
0 o0p; 0

where the nonzero components of the Cauchy stress tensor are given by

t

t
0rr (1) = 21 “ By () /(010 + ot 1 (C)K (1 — s)ds | — 215 %co1 FA (1) / Crr($)K(t — 5)ds
0 . 0

t
—2u0F, (1) / £ (5)D%r ()K (1 — s)ds | — P(1),
0 _

t t
o0 (1) = 213 * | Boo (1) /(010 +cot i (CHK (t — s)ds | — 215 %co1 | Fio (1) /Cee(S)K(l —s)ds

0 0
t t

+2Fpo (1) Fo- (1) /Cez(S)K(l—S)ds + Fy.(t) /sz(S)K(l—S)dS
0 0

(79)

(80)

(81)

(82)

(83)

(84)

(85)

t t
—2u01 Fiy(1) / £ (s)D%qo (s)K (t — 5)ds | + 2Fpg (1) Fy- (1) / £ (5) D%z (5)K (t — 5)ds
0 0

'
+F922(t) /éfl(s)D“eZZ(s)K(t —s)ds — P(1),
0

(86)
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t

'
0.:(t) = 213 * B, (1) /(610 +cor (C))K(t —s)ds | — 21 “co1 Fzzz(t) / C..(s)K(t — s)ds
0 0

t
—2u0F2 (1) /éfl(S)Daezz(S)K(t —8)ds | — P(1), 87)

0
t t

00:0) = 20 Bactt)| [ (€0 con (@) Kt = 5)ds | = 2o | Fun 0 Feet)| [ Cocto)Kr = 51ds

0 0
[t t
+Fo- (1) F (1) /sz(S)K(l —s)ds | ¢ —2poq Foo (1) F2 (1) /é_l(S)Daeez(S)K(t —s)ds
Lo 0
¢
+Fo- (1) F: (1) /Sfl(S)Daezz(S)K(t —s)ds | r, (88)
Lo

where 11(C) = A% 4+ 21~ + A(Y R)%.
Substituting (84) into (83), one obtains

doyr doy; doy, Orr — 000 doyr Orr — 000

= =0, 89
or 0z ro6 r or + r (89)
doyg  doyg  dogg oo _ apP _o, 90)
or 0z rof r 20
f0r: | 00w | 00w | Or: P _ 1)

or rob 0z r 9z

We see that Eq. (90) implies that 9P/d0 = 0 and Eq. (91) implies that dP/dz = 0. This means that P is
independent of 6 and z and is a function of ¢ and r only. Then (89) becomes

00,
ar

The integration of (92) leads to

1
+ ;(Urr —0g9) = 0. ©2)

ro ro
1
/ 4017 = Gpy (Fou 1) = Gpr (Fo 1) = — / ~(orr — o). (93)
r r
‘We have
or(r =rg, 1) =0. (94)

One can deduce from Eq. (93) that

ro
1
or(r 1) = / —(oyr — 0gg)dr. 95)
r

According to Egs. (85) and (86), one can write the following relations:

o (r,t) =Ti(r,t) — P(r, 1), 96)
ogo(r,t) = To(r,t) — P(r, 1), o7
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where

t t
Ti(r. 1) = 213 By (1) {/ (c10 +corly (C))K(z - s)dsj| — 21301 F2.(1) [/ C ()K(t — s)dsi|
0

0

¢
210 F7 (1) /E_I(S)D“err(S)K(t—S)ds:|, (98)

LO

t t
To(r, 1) = 215 % Byo (1) /(clo Teorly (C))K(t - s)ds:| T nge (t) {/ Coo(s)K (1 — s)ds:|

L 0 0

t t
+2Fp0 (1) Fo (1) |:/ Coz(9)K (1 — S)dS} + Fj, (1) |:/ Coz(9)K (1 — S)dS} ]

0 0

t t
20 | F2,(0) { / £ () D%epp () K (1 — s)ds} 2 Fa () For (1) [ / £ () D%ep(5)K (1 — s)ds}
0 0

t
+Fj (1) |:/$_1(S)D°‘ezz(s)K(t - s)ds:| ] (99)
0

Thus, Eq. (95) gives

0]

Orr(r 1) = / %(Tl — Ty)dr. (100)

r

Substituting Egs. (100) into (96), we can easily find the Lagrange multiplier, i.e., the pressure P (r, t), in terms
of the material parameters A(¢) and ¥ (¢):

r

P(r,t) =T(,t) — / %[Tl (r,t) — Tr(r, t)]dr. (101)

r

After calculations we obtain

t
P(r. 1) = 2c100 (1) (1 — g(1)) + 20 g ® A~ (1) {/ (Az(s) 7 ) + [V)»(s)lﬂ(s)]z)K(t — s)ds:|
0

0]

1
200 0) { [ o0k —s)ds} + [reunopor(i - so)r
0

r
t t

+deor g “ IO Y ()P / ALK (1 — s)ds — degi A2 () ()R /[Al/z(s)l//(s)r]K(t - s)ds}dr

0 0
ro

t t
+ /lzuor‘xl(r{ £ (s)D%, (5)K (t — 5)ds —/g*‘(s)D“egg(s)K(t —s)dsi|
0 0

r

@ Springer



26 S. Bouzidi et al.
t
—4por P (Y (1) / £ (5)D%eq (5)K (1 — s)ds
0
t
—2uor[A (1) (1)1 / e 1 (s)D%,(s)K (t — s)ds | tdr. (102)
0
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