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Abstract: The paper is devoted to the modeling of nonlinear viscoelastic materials. The constitutive
equations are considered in differential form via relations between strain, stress, and their derivatives
in the Lagrangian description. The thermodynamic consistency is established by using the Clausius—
Duhem inequality through a procedure that involves two uncommon features. Firstly, the entropy
production is regarded as a positive-valued constitutive function per se. This view implies that the
inequality is in fact an equation. Secondly, this statement of the second law is investigated by using
an algebraic representation formula, thus arriving at quite general results for rate terms that are
usually overlooked in thermodynamic analyses. Starting from strain-rate or stress-rate equations,
the corresponding finite equations are derived. It then emerges that a greater generality of the
constitutive equations of the classical models, such as those of Boltzmann and Maxwell, are obtained
as special cases.

Keywords: viscoelastic materials; constitutive rate-type equations; nonlinear models; thermodynamic
consistency
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1. Introduction

Viscoelasticity involves a wide domain of models of materials. In general, viscoelastic-
ity is a property ascribed to materials whenever the mechanical response changes in time
while the forces causing the deformation are removed. Furthermore, the relation between
forces and deformation may be different between the loading and unloading processes,
thus producing hysteresis. Accordingly, viscoelastic models are thought to involve both
viscous and elastic characteristics, which in turn might be affected by the temperature. This
quite general view is realized by a number of mathematical models.

As is frequent in the literature, models of viscoelasticity are set up with reference
to rheological elements, mainly the Maxwell unit and the Kelvin—Voigt unit; see, e.g., [1]
and [2] (Ch. 6). This results in a combination of (possibly tensorial) values of deformation,
stress, and their time derivatives.

From a mathematical standpoint, viscoelasticity is modeled in different ways. A well-
known description traces back to Boltzmann [3], whereby the stress at time ¢ is affected
by the strain at all times s < t. Furthermore, the stress—strain relation was assumed to be
linear. Based on the Boltzmann model, much research has been undertaken for constitutive
models in terms of memory functionals [4-6] in the wide domain of continuum physics
and with attention to thermodynamic restrictions, initial and boundary-value problems,
minimum principles, and wave propagation.
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So as to obtain mathematically more tractable models, and meanwhile to allow for
nonlinear effects, lately, different approaches have been developed. They are formally in
differential form, and usually called rate-type viscoelastic models, in that they are expressed
by relations between stress, strain, and their derivatives at the same time. This avoids the
use of integral-type models for which the account of nonlinearities would be quite involved
(see, e.g., [7]).

Physically admissible models are required to be thermodynamically consistent in
the sense that the constitutive equations have to satisfy the inequality arising from the
second law. While the inequality appears to place severe restrictions on the constitutive
functions, a recent approach of ours enables greater generality. This occurs for two reasons.
First, the entropy production is viewed as a constitutive function per se. Secondly, an
appropriate exploitation of the inequality allows for possibilities that usually do not arise.
There are approaches to (linear) viscoelastic models where continuum thermodynamics is
not considered merely because the existence of internal energy is not assumed.

This paper develops a systematic approach to the modeling of viscoelastic materials
through thermodynamically consistent schemes involving strain and stress in differential
forms. Owing to the generality of the approach, we are able to recover known models from
the literature and, furthermore, to find nonlinear models characterized by free energy and
entropy production.

The postulate on the second law of thermodynamics leads to the CD (Clausius-Duhem)
inequality, where the entropy production is provided by a constitutive function. The ther-
modynamic consistency is meant as the compatibility of a set of constitutive assumptions
with the CD inequality. The methodology for the analysis of the consistency involves
finding proper unknowns (here, stress-rate or strain-rate) through the direct application of
a representation formula to the CD inequality.

Notation

The body occupies a time-dependent region (2 in the three-dimensional space. The
position vector of a point in () is denoted by x. For any pair of vectors u, w or tensors A, B,
the notations u - w and A - B denote the inner product. Cartesian coordinates are used, and
then, in the suffix notation, u - w = u;w;, A - B = A;;B;;, the summation over the repeated
indices can be understood. For any tensor A, symA and skwA denote the symmetric and
skew-symmetric parts of A. Also, Sym is the space of symmetric tensors.

2. Balance Laws and Constitutive Equations

Let R be the region occupied by the body in a reference configuration. Any point in
R is associated with the position vector X relative to the chosen origin. The motion of the
body is a C? function x(X,t) : R x R — Q = x(R,t). Welet V and Vr denote the gradient
in O and R. Hence, Vk x is the deformation gradient in components Fjy = 9dx, x;. Let p(x, t)
and v(x, t) be the mass density and the velocity fields at x at time ¢ € R. The symbol L
denotes the velocity gradient, Ljj = dx;v;, while D = symL and W = skwL.

Hereafter, a superposed dot denotes the total time derivative. For any function f(x, t)
on O x R, we evaluate f as f = 9;f + (v V) f. Accordingly, the balance of mass and the
equation of motion are expressed by

p+poV-v=0, pv =V - T+ pb,

where T is the Cauchy stress tensor and b is the specific body force.
We assume the existence of a specific internal energy density ¢ so that p(%v2 +e)is
the total energy density per unit volume. The balance of energy leads to

p¢=T-D+pr—V-q, (1)

where r is the heat supply, per unit mass, and q is the flux vector.
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Let 6 be the absolute temperature and # the specific entropy density. Letting j be the
entropy flux, we assume the balance of entropy in the form

. . r
P’H‘V'J—%:P%

where 7 is the (rate of) entropy production. We let b and r be arbitrarily provided time-
dependent fields on Q) x R. Hence, we say that a process is the setP = (p,v, T,¢,7,6,9,j,7),
on Q) x R, of the quantities entering the balance equations and the constitutive relations.

The statement of the balance of energy in the form (1) is essential for the next devel-
opments. It is worth observing that there are approaches in continuum mechanics where
the existence of an energy density ¢ is not assumed. A distinction is made between stored
and dissipated energy; the dissipated energy is determined by a rate equation involving
appropriate state variables (see, e.g., [8] and Refs. therein). Still, without any assumption
about the internal energy, attention is confined to a relation between stress and deformation
through a transform function [9,10], the transform function being possibly expressed by
fractional derivatives.

2.1. Second Law of Thermodynamics

The balance of entropy is assumed to be non-negative. Hence, the second law is stated
as follows.

Postulate 1. For every process P admissible in a body, the inequality

. . r
p'7+V~1—%:sz )

is valid at any internal point.

Letting

N B
we regard k as the extra-entropy flux [11]. Nonzero values of k arise when nonlocal
properties (higher-order gradients) are considered. For the present purposes, there is no

loss of generality in taking k = 0. Since

V-

|

r 1 1
—%= (V-q—pr) - 5q- Vo

|

then substitution of V - q — pr from (1) and using the free energy ¢ = ¢ — 0 results in

. . 1
,p(lp+,79)+"[‘.])7éq.VG:pQ’YZO. ®3)

As is standard in continuum thermodynamics [11-13], the requirement (2), or (3),
results in restrictions on physically admissible constitutive models. The novelty of the
present approach is that, beyond the entropy flux j, the entropy production 7 is also
conceptually a constitutive function to be determined. Henceforth, we apply the statement
(2) to the modeling of viscoelastic materials.

While the extra-entropy flux k is generally associated with nonlocal effects, models
of materials are characterized by the free energy ¢ and the entropy production -y. Before
addressing the restrictions placed by (3) and the intrinsic connections with ¢ and v, we
introduce useful terminology for viscoelastic models.

2.2. Lagrangian Form of the Balance Laws

Owing to the coexistent elastic and viscous properties, viscoelasticity is described by
relations involving stress, strain, and their derivatives. The occurrence of time derivatives
makes the compatibility with the objectivity principle more involved, whereby the con-
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stitutive equations must be form-invariant under the group of Euclidean transformations
([14] (Section 1.13); [2] (Section 1.9)). This requirement is best satisfied by dealing within
the Lagrangian description. Hence, we represent deformation and stress by using the
red-Lagrange strain, E, and the second Piola tensor, Txg,

E=1(F'F-1), Tw=JF'TF 7,

together with the referential vectors, e.g., qz = JqF~T. All of them and the Jacobian
] = detF are in fact invariant. Under SO(3), the time derivatives E, Ty are also invariant.
Using the identities

VO =FTWk0, E=F'DF

we have
T-D=] 'Tw-E  q-V0=]'qx- Vko.

Consequently, multiplying (3) by | and recalling that Jp = p; is the mass density in the
reference configuration, we obtain the CD inequality in the form

, . .1
_pR(¢+ﬂ9)+TRR'E_§qR'VR9:pRG’)’ZO. 4)

3. Rate-Type Models for Thermo-Viscoelastic Solids
To save writing the dependence on the temperature 6 and possibly the temperature

gradient V§, it is understood here and not written. Since we are dealing with viscoelastic
models, we split T into two additive parts, namely

TRR = G(E) + SRR/ (5)

with the view that G(E) is the elastic stress and Sy the dissipative stress.

Rate-type equations involve relations, or constitutive equations, among variables
E, Skx, E, and Sgx. So, the variables are not independent from one another and are subject
to appropriate conditions. Often, the relations are assumed in implicit form [15], namely

‘F(Er SRR/ E/ SRR) = 0 (6)
As a natural example, the CD inequality (4) might eventually result in the reduced form
A(E,Sgr) - E+ B(E, Sgr) - Skr — ¥(E, Srr, B, Sgr) = 0,

where A, B are tensor functions. Depending on the function 7, this scheme allows us
to obtain models of viscoelastic or viscoplastic materials with hysteresis [2] (ch. 13). To
illustrate possible types of rate equations, we now show how particular cases arise from
the implicit form (6).

1. Assume BSRRf # 0. Hence, we can express Sz in terms of the remaining variables
E, Sgx, E. The corresponding function

SRR = S(E/ SRRr E)/ (7)

where 8 is a tensor-valued function, can be viewed as a constitutive function for Sz,
thus allowing models of dissipative stress—strain-rate materials.

2. Now let F be independent of Sk so that the condition is F (E, Sk, E) = 0. If further
dszzF 7 0, we can solve with respect to Sgr and obtain a constitutive equation in the
form

Szr = So(E, E).
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If, furthermore, Sy (E, E) = S(E)E with S a fourth-rank tensor-valued function, using
(5), we can write

Equation (8) is in a strain-rate form and can be viewed as a generalization of the
Kelvin—Voigt model.

3. The dual form of (7) is obtained by assuming that oz F # 0. Hence, we obtain a
constitutive function for E, namely

E = g(E/ SRRI SRR)I (9)

where £ is a tensor-valued function. Equation (9) may be viewed as a strain—stress-rate
model. If, in particular, £ is independent of Skr, namely E = £((E, Skz), then we can
view & as describing a conservative deformation, as is the case for elastic solids.

4. If F is independent of E and dgF # 0, then we can derive the constitutive equation

E= g(SRR/ SRR)-

This form may be referred to as a stress-rate model and is convenient whenever we
examine the deformation determined by a time-dependent stress.

4. Stress—Strain-Rate Models

Based on the decomposition of Trr = G(E) + Sgr, we look for models described by
equations of the form
SRR :S(Q,E,SRR,E). (10)

To allow also for heat conduction, we let
6, E, SRR/ E, VR 9

be the variables for the constitutive functions

l/J/ 77/ SRR/ qR/ ’)/

A possible dependence on | = (det C)!/2 = [det(1 + 2E)]'/? is embodied in the depen-
dence on E.
The CD inequality (4) can be written in the form

—0r (0t +17)0 + (G(6, E) + Skr — prIEW) - E — 0r0s, ¢ - Srx — 0rIg Y - E
.1 (11)
—pRaVRgl[J . VRQ - aqR . VRG = pRO,)/

The quantities V <0, E, and 6 occur linearly and can take arbitrary values. Hence, (11) holds
only if
aVRgl/) =0, aElP =0, n= —891;7.
We let
G(6,E) = progy,

and hence (11) simplifies to

. . 1
SRR -E — pRasRRlp . SRR — aqR - VRO = pRg’)’
Further restrictions follow by considering (10) and gy in the particular form

qR(G, E, SRR/ VR 6)
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It follows that oy = s + 4, such that
Skx - E — prds g - S = prfys = 0, (12)
1

where s is independent of Vr 6 and vy, is independent of E.

4.1. Solutions to (12)

We now look for solutions to (12) in the unknown function S (6, E, Skx, E) subject to
S(0,E, Sz, E) = O(|E|),

thatis, S(6,E, Sgx, E) — 0as E — 0.

First, we determine the general form of S on the assumption that dg,, 1 # 0. In this
connection, we recall a representation formula [2] such that if the (second order) tensor Z
satisfies

Z-N=f, IN| =1,
then

Z=fN+[I-N®NIJE, (14)
& being an arbitrary tensor. In Equation (14), | denotes the fourth-order identity tensor and
® the dyadic tensor product. Now let dg .1 # 0 and define

_ aSRRlp
|05 px Y|

while & is allowed to be a function of 8, E, Sxx, and E. Hence, by (12), with Z = S and
f = Skr - E — pr07s, we have

. 0
SRR = _iaSRRlp +

95 @ Sexp 1y I5un¥ ©I5pe
|aSRRlP|2

=. (15)
pR|aSRRlp|2 |aSRR¢|2 }

This is a general formula for the stress-rate Sgx. Appropriate choices for ¢, vs, and E lead
to special models of stress-rate equations.
4.1.1. A Model for Damage and Fatigue

A rather general model arises by letting

PRaSRREL’ = “(EIG)SRR, Ys = ,B(E/G)‘SRRF, ==

a(E,0)

where B > 0 in order that s > 0. These assumptions simplify Equation (15) to

. 0 1.
Srr = _7‘BSRR + —E. (16)
« «

The function & is usually assumed to be positive, which allows

_ «(E0)
~ 0B(E,0)

to be viewed as a relaxation time. To integrate Equation (16), we proceed as follows. Let

(E, 0) >0 (17)

Yir = exp[fio (1/7)dE]Sgx-
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Hence, Equation (16) provides

Yin 1) = expl [, (1/ 1)) (Suslt) + -Sua(t)) = expl [ (1/7)de] L K1),
and then the integration on (f, t] yields
Yus(t) = Yaalto) + [ explf3,(1/D0EJEC) .
Accordingly, it follows that
Sualt) = expl [1,(1/DElSulto) + || & expl [1(1/D)AEIE ()
Then, letting t) — —co and assuming
tolirgm Skr(to) =0
we obtain ‘o t .
Sa(t) = /_w —exp{~ [L[1/7]dg} E(s)ds. (18)

Finally, if we introduce the reduced-time function

t 1
0= [ s

where T is named the time-temperature shift factor, Equation (18) can be rewritten as

1

Sealt) = [ Lexpl—[To(t) ~ To(5)]} E(s)ds. (19

Note that 7, depends on the past values of E, so that (19) is a non-separable integral rep-
resentation of Sgr (see, e.g., [16]) that is able to capture damage and fatigue effects; we
mention [17] where a representation of the form (19) is used to describe damage in asphalt
mixture. The thermodynamic consistency of (19) is proved in the more general case of (15),
which allows for nonlinearities through ¢ and ys; and any dependence, on the whole set of
variables, through =.

4.1.2. The Maxwell Fluid

Assume that « and 8 depend on 6 and let the temperature 6 be a known function of
time. Then, « and T are known functions of time in that

a(t) = a(0(t),  t(t) =(6(1)).

Hence, Equation (18) takes the form

Sualt) = [ 155 xp{= L1/} ECS)s. (20)

Equation (20) is in the form of the Boltzmann model for S in terms of the present value
E(t) and the history E'.
If « and 6B, introduced in (17), are constants, then Equation (16) simplifies to

. 1 1.
SRR = —*SRR + -E, (21)
T 114
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which is just the classical Maxwell equation although in the Lagrangian formulation. The
solution Sgg () can be obtained directly by integration. Otherwise, we observe that « and T
would be constant and then Equation (20) would read

Skr = %/_:o exp[—%(t —s)|E(s)ds,

whence, by an integration by parts, it follows

Sex(t) = %E(t) - i/t exp[—(t — 5) /7] E(s)ds.

XT J—oco

Since Tgr = G(E) + Sgg, then Tk can be written in the form

Tre(t) = GO(E(t))—FL:G’(t—s)E(s)ds,

where
Go(E) = G(E) + B, Gl(t—s) = ;—Texp[f(t —8)/1).

It reduces to the well-known linear model [4,5] if G(E) = G&E, Geo > 0.

In the one-dimensional case, the differences between the linear and the nonlinear
model are outlined by the following numerical simulations (see Figures 1 and 2). In the
first picture, we consider the linear one-dimensional model Trr = GeoE + Sgg, where the
evolution of Sgg is ruled by Equation (21). The resulting system

{E(t) = w cos(wt)
t)

TRR( = GoE(t) — %[TRR(t) — GooE(t)} (22)

where Gy = Geo + 1/a describes the cycles in the E — Tk plane at different frequencies w
of the oscillating strain.

11 T

-1

Figure 1. Stress—strain cycles at w = 71/50 (solid) and w = /150 (dashed) with T = 2, « = 5/6, and
Geo = 4/5.

Figure 2 represents the cycles at different frequencies w of the nonlinear model ob-
tained by letting G(E) = Goo E°.
The resulting system

E(t) = wcos(wt)
)

Ten(t) = Go(E(E)E(H) — L [Tun(£) — G(E(®)] )
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where Go(E(t)) = G'(E(t)) + 1/« describes the cycles in the E — Ty plane at different
frequencies w of the oscillating strain.

It is of interest that Figures 1 and 2 show a hysteretic evolution of the dependence
Trr (E). Systems (22) and (23) are rate-dependent, and this is made evident by the variation
in the loop shape as the frequency w changes. Indeed, as w goes to 0 the loop narrows until
it reaches the quasi-stationary regime Trr =~ G(E). On the other hand, as the frequency
increases, the loop becomes narrower and narrower, thus approaching the rate-independent
property at high frequencies where Trz ~ G'E. As a remark, the form of the loops associated
with (23) is quite similar to the stress—strain curve occurring in foamed materials [2]
(Section 13.7).

RR

-1

Figure 2. Stress—straincycles at w = 71/50 (solid) and w = 71/150 (dashed) with T =2, « = 1, and
o = 4/5.

4.1.3. A Model for Bio-Soft Tissues

Consider one-dimensional settings and let § = 0, so s = 0 too. Namely, materials
with zero entropy production from the mechanical side are concerned. Furthermore, let «
depend on the strain E as well as on the temperature. Equation (16) then simplifies to

. . 1
This type of rate equation is found to model the hypoelastic behavior of collagen fiber
stress [18] if

f(0,E) = k{1 — exp[—(E/6)"]}

for proper values of the positive parameters k, §, a possibly dependent on 6. Assuming that
these parameters are constant, upon integration, we obtain

Srr(t) = H(E(t)),

where H'(E) = f(E), H(0) = 0.

In [18], the viscoelastic behavior of ligaments and tendons (bio-soft tissues) is deter-
mined by modeling collagen fibers and proteoglycan-rich matrix as a Maxwell-type system
with two relaxation times, 71, 2 > 0. By means of the following correspondence with our
notations

o = H, o — Trg, Ef — k, E, — h,

the full model (Equation (15) in [18]) can be written in the form (see Equation (16))

. 1 1.
Trx = G(E) + Sgg, Srr = _;SRR + &E



Mathematics 2024, 12, 3011 10 of 18

where T = 71 + T and

G(E) = ZH(E),  a(E) = 1
T ' - h—(1—n/t)G'(E)
The positivity of « for each value of E is guaranteed by the condition i > kt/ 7.
4.2. Solutions to (13)
Inequality (13) holds if gz is provided by a Fourier-like relation
qr = —K(6, E)Vr 6, (25)

with K a positive definite second-order tensor; the dependence on the strain E, in addition
to the temperature 6, makes the model nonlinear. However, inequality (13) allows for more
general solutions qg.

Letting N = Vk6/|Vk 0], we apply the representation formula to (13). It follows that

Pr6% 74 k6 © Vi 6
qr = |VR9‘2VR9—|— [1_7|VR9|2 lw, (26)
where w is any vector function of 8, E, Vr 6. If, e.g., we select w = —KVr 8, with K positive
definite, then Equation (26) becomes
Pr0%74 VrO - KVk 0
= — 0 — KWVRO + —————Vr6.
qr Vo2 Vr Vr 0 + V02 Vr

Hence, qx consists of a part in the direction of Vk 6 and a part —KVz 6 subject only to K > 0.
This splitting is parameterized by the entropy production. Two interesting particular
cases arise. Firstly, if v, = Vr6 - KV&0/pr6?, then the relation simplifies to Equation (25).
Secondly, if g = 0, then

VRO - KVrO

U= —KVRO+ G e

Wk 6,

which is a Fourier-like relation with zero entropy production.
As a further example, let w = ®kEVr 6. Then, we have

et _ VRO-EWRO
qr = MY Vr 6 + «EVr 0 a7|VR9|2 Vr 6.

This model shows that the deformation induces a transverse part of qr relative to Vr 6;
the CD inequality is a constraint on the longitudinal part of qz while the transverse part
is unconstrained.

5. Strain—Stress-Rate Models

We now consider a strain—stress-rate model in the explicit form
E= 5(9/ E, Skr, SRR)}

for definiteness, we select Sgy, rather than E, as one of the variables. Accordingly, the set of
variables is now
91 E/ SRR/ SRR/ VR 9

Again, we let Tgg = G(E) + Skr and then consider the free energy

pR(P:pRlp_E'SRR_g/
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where G is the elastic energy, say
G(E) = 9gG(E).
Using ¢ instead of i, we can write the CD inequality in the form
—0r(¢p+10) —E-Spr — %qR - VRO = prfy > 0.
Computing the time derivative of ¢(6, E, Sgx, Skr, Vi 6) and substituting, we have
—0r (999 +17)0 — prIEP - E — (E + prdsyh) - Srr — Prdg @ - Srr -

1
—pRang(P . VRG - éqR . VRG = pRG')/ Z 0

The arbitrariness of Sgx, Vr 8, and 6 implies that ESRR(/) =0, dvzg¢ = 0,and 1 = —9dg¢. The
remaining inequality is now examined by setting aside cross-coupling terms in the sense
that £ is independent of Vz 6 and qy is independent of Sxx. Hence, the inequality (27) splits
into

—prOgQ - E— (E + prdsp®) - Srr = prf7ys > 0, (28)

and again (13), where <; is the value of y at Vrf = 0.
We now apply the representation Formula (14) to Equation (28). Assume dg¢ # 0 and
define N = 0g¢/|dg¢|. Hence, by Equation (28), we obtain

: PrO7Ys
E =
|02

aE(P@ (E+pRasRR¢) : [l . aE¢®aE¢:|E

g + S +
B¢ B i Bk

(29)

where & is a tensor function of 8, E, Sgx, Skx. Equation (29) shows the general form of the
function & in terms of 0, E, Sgx, Skx.

The simplest case follows by letting & = 0 and s = 0 (zero entropy production).
Hence, we have

_ Jgp ® (E + PRaSRR¢)
|oE|? '

The integration of (30) on (—oo, ) and the assumption E(—o0) = 0 yield

E = F SRRI F : (30)

B = [ F@Su(@)de

An integration by parts and the assumption Sgr(—c0) = 0 result in
t .
E(t) = F()Su(t) ~ [ _F(O)Sw(@)de.

These results have some analogy with a class of quasi-linear viscoelastic materials [19]
where the present value of B = FFT is provided by the history of T.

6. Strain-Rate Models

As a generalization of the Kelvin—Voigt constitutive equation, we now look for a
function
SRR - 80(9/ E/ E) = O(|E|)

Hence, we let
6,E,E, Vr 0

be the variables and 1, #7, qr, ¥ the constitutive functions. The CD inequality becomes

. . . .1
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The arbitrariness of Vr 6, E, 6 implies that
anglp =0, aElP =0, 7= —aglp.
The remaining inequality is
.1
(TRR - pRaEl[J) . E - éqR . VRG == pRG’)/ 2 0 (31)

Although Tz and qr might depend jointly on E, Vr 6, for definiteness, we assume that
Tre = G(0,E) + So(6,E, E), So—0 as E—0 (32)

while g is independent of E. Hence, inequality (31) splits into two inequalities, namely
(Trx — prOEY) - E = prb7e > 0, (33)

and again (13), where ¢ is the value of v at Vk = 0 and 1, is the value of y at E = 0. In
light of (32), it follows from (33) that

G(6,E) = progy(6, E), So(6,E,E) - E = pgbyr > 0. (34)

6.1. Some Examples

Borrowing from [20], we now consider a model with application to human knee
ligaments. Let G and Sg be functions satisfying the requirements in (34). Let

I =trC=2trE+ 3.
Hence, G and S are assigned the forms
G(0,E) = —pC ! +ap{exp[B(I; —3)] — [}1+aBC, So(8,EE) =v(l; —3)E,

where the parameters &, B, v are allowed to depend on temperature. Furthermore, p is the
standard pressure of the Eulerian description.

A nonlinear model is obtained by using the triples J = (J1, J», J3) and J = (J1, J2, J3) of
the main invariants of E and E, respectively. The requirement (34) is satisfied by letting

So(6,E,E) = fo(0,])A(E)
where fy > 0and A(E) -E > 0. In a more detailed form, we can assume
A(E) = Ao(J)E, Ag > 0.
Otherwise, we might consider the representation
A(E) = Ao(J)1+ M (J)E + A2(]) EE.
whence it follows that
AEB)-E=X0DN1+MD) 2+ A2(0) )5

In this case, the non-negative value of A (E) - E requires appropriate restrictions on Ag, A1, A;.

Another class of unidimensional nonlinear strain-rate models has been proposed to
describe the mechanical behavior of polymeric foams whose dynamic loading shows a
dependence of the stress also on the strain-rate [2] (ch. 13.7). To include strain-rate effects,
the dependence has been improved in the form [21]

So(0,E,E) = f(E)h(E,E) (35)
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where f,h may depend on the temperature 6. The literature shows various forms of the
functions f, h, e.g.,

F(E) = a{1 — expl(~c/a)E(L~ E)"} +b(=5)", h(EE) =1+ (a+ BE)In(E/Ey),

where a,b,c,m, n, a, B are the pertinent positive parameters and Eo is a reference strain-rate
(frequently Eg = 1073 s71).
6.2. Generalizations of the Kelvin—Voigt Model

A two-parameter class of constitutive equations is considered in [15] in the form

vB+vD = F(T), B=FF;

this equation is said to model a fluid if y = 0 and an elastic solid if v = 0. For generality,
we might regard strain-rate models as those characterized by relations in the Lagrangian
form,

Fs(0,E,ESgx) =0 or F(0,EETk) =0,

where Trr = G(E) + Sgr. As we show in a while, significantly different relations arise
depending on the choice of the (independent) variables.

For definiteness, here, we let 6, E, Sgr be the variables. The exploitation of the CD
inequality leads to

aVRelp =0, aSRRl/) =0, n= —aelP

and the remaining inequality is (33). Assuming (34);, we have
Skr - E = pr07:.
Since ¢ depends on 6, E, Sgg, we look for E as a function of the same variables, namely
E=Ey(6,E Skr),

(see the special case of item 3). We let N = Siz/|Skr| and apply the representation
Formula (14) to obtain

PRG')’E (9/ E, SRR)

E:=E&y(0,E, Sx) = > Skr + [I — 72]5, (36)
|SRR| |SRR|
where E is a tensor function of the variables 0, E, Sgr. In particular, if we take & = —SE,
then it follows o S. . E
g = P01 P By o gp (37)

[Skr|?

A model describing a conservative strain evolution is obtained by assuming zero entropy
production, yx = 0. If pr0yr = &Sk |2, we can write Equation (37) in the form

. BSkx - E
E E=u«a(l+——— )Skr-
+B a(l+ 0€|SRR|2) RR

Inasmuch as |8Sxx - E/a|Skr|?| < 1, we obtain the Kelvin-Voigt equation as an approxi-
mation of (37).
A more general constitutive equation in the form

E + IBE - 5(9, E, SRR)
is thermodynamically consistent. This is shown by substituting

\E = ﬁE + H(G, E, SRR)
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in (36). It follows that

)+ rOYE(6, E, Skr) + BSkr - E — Sgr - H (6, E, Skr)

E+ BE = H(6,E, S S
RR

Swr.  (38)

The right-hand side is the expected function $(6, E, Sgx), where BE, H (6, E, Sxx) and
7£(6, E, Sgr) are involved in a proper way. This is a nonlinear generalization of the Kelvin—
Voigt type. However, if 7 = 0, then a model is obtained with zero entropy production.

If 0 is a known function of time, then we can integrate (38) to obtain

B(0) = [ _exp [~ [{BOIEI(6,E Sue)5)s,

which is again in the Boltzmann form with dependence on the histories of 6, E, and Sgx.
If instead we let 0, E, E be the variables, then, applying the representation formula to
(34),, it follows that

See = So(0,E,B) = P10 EE) g L

EQEq_
[E2 |=

- EP
In the simple case

G(E)=gE, o:01:=AE* A>0, E=0

we have
TRR == gE + /\E

6.3. Remarks about Alternative Strain-Rate Models
Let
prOYE = “(]s)|SRR|2/ B= ﬁ(]s),

where [ denotes the triple of main scalar invariants of Sgr. Hence, in light of (37), we can
write

. Sex EN S
E+BE = (oc(ls)\/Terﬁ |RsRRR| )|s§§|’

Within the strain-limiting elastic constitutive setting [22,23], the strain E and the
strain-rate E are replaced by their linear approximations € and &. In this setting,

]2 = |SRR‘2- (39)

’SRR-S

<lel 1
|SRR|] ]

so that, if oc\/Tz and p are comparable, then we can take the approximation
&+ vé = B1Sgr, v=1/B, B1=a/B>0. (40)
Hence, assuming tr Sgg = 0 and & = &(J) > 0, we recover the model investigated in [22].

Remark 1. If B and then v are constant, then integration of (40) on (—oo, t] yields

elt) = [ exp(-plt— u)) alJs(u)) Sex (u)in )

Equation (41) shows an example of separable strain-dependent modulus [16,24].
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7. Stress-Rate Models

Many experimental tests may be viewed as the investigation of the strain induced by a
stress process. This warrants attention regarding stress-rate models, as is the case in [25,26].
Hence, we now address equations of the form

E = g(6, Tre, Trr). (42)
To examine the compatibility of the constitutive function (42) with the second law, we let
0, Trg, Trr, VR 0
be the set of variables. Consistently, it is convenient to consider the Gibbs free energy
PrP = prtp — Tre - E

and observe that
_pleJ+TRR -E = _PR(P - TRR -E.

Now, ¢, 1, q, E, y are provided by constitutive equations. Computation of ¢ and substitution
in the CD inequality yield

—pr(969 +17)0 — (E+ x0Ty ¢) - Trre — r0t, ¢ - Trr

Trr

.1
prang(P - VrO — éq[{ -VrO = pRQ')’ > 0.

The arbitrariness of Tz, Vr 6,0 implies that

O, @ =0, Jdvrep =0, 17 =—0pp

and .
_(E + pRaTRR4)) . TKR — éqR . VRQ == pRQ’)/ Z 0 (43)

For reasonable simplicity, we let q be independent of Txz. Hence, we let
v =77(0, Trr, Trr) + Yq(8, Trr, VrO),
both 7y and 7, being non-negative. Thus, it follows that

[g(G, TRR,TRR) + PRaTRR<P(9/ TRR)] : TRR = PRG’YTI (44)

1
For definiteness, we consider (44) under the assumption
8(9/ TRR/TRR) = 80(9/ TRR) + g(G, TRR/TRR)/ g—0as TRR — 0.

It follows that
g0(9/ TRR) = —PRaTRR(P(@/ TRR)

and
g(9, Trr, TRR) - Trr = PRQ’YT-

A nonlinear dependence of § on Trr and T can be assumed in the form

8(0, Trr, Trr) = §1(0,J7)A(Trz),

where g1 > 0 and
A(Trr) = Ao(J+) Tk, Ag > 0.
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8. Advantages and Disadvantages of Rate Equations

The constitutive equations of viscoelastic materials in the form of rate equations are
advantageous in many respects. Relative to the Lagrangian description adopted in this
paper, the dissipative properties of solids are modeled by equations involving the rates
E, Sgr, most frequently through nonlinear dependencies on E and Sgg. Nonlinear properties
are then accounted for in a variety of ways, thus showing the flexibility of the approach.
Furthermore, the thermodynamic consistency is established in a standard way by using the
representation formula also in view of the constitutive property of the entropy production.

The nonlinearities possibly involved in the rate equations need not allow us to set the
equations in the form of materials with fading memory. This shows the limited possibility
of modeling through memory integrals, although increasing attention is focused on models
with fractional derivatives [27-29].

It is worth mentioning that, so far, aging properties are described by memory function-
als. In this connection, consider a four-rank tensor function G(#,s) on R x R* and, in the
Eulerian description, we modify the Boltzmann model of viscoelastic behavior in the form

T(x,t) = Go(t)e(x,t) — [m 9;G(t,s)e(x,s)ds,

where Go(f) = G(f,t) and & is the infinitesimal strain tensor. The function G(t, s) accounts
for the memory through the second variable, s, and for aging through the first variable, ¢.
This approach is developed in [30]. The aging effect on the viscoelastic property is also
described by a memory integral through a rescaling of times ¢,s [17,31], as illustrated above
by Equation (19).

9. Conclusions

The modeling of viscoelastic or dissipative solids is often developed through memory
functionals. The description through the Boltzmann functional for the stress in terms
of the strain history is the best-known example in this sense. Yet, memory functionals
make it more involved than any account of nonlinearity and affect compatibility with
thermodynamics. That is why, alternatively, the thermodynamically consistent modeling of
viscoelasticity is performed through rate-type equations whose best-known examples are
those associated with rheological models.

This paper provides a general account of viscoelasticity through rate equations as
relations between strain, stress, and their derivatives. To comply with the objectivity
principle, we chose to follow the Lagrangian description and used as variables the Green—
Lagrange strain E and the second Piola stress Trg, or E and Sgr = Trr — G(E) Both
E and Ty are invariant under Euclidean transformations and hence so are their time
derivatives E, Tgz. The inspection of thermodynamic consistency leads to the analysis of
inequalities like, e.g., Sgg - E= pr07s. Equations (15), (29) and (38) describe general classes
of viscoelastic models in rate-type form.

Two features, characteristic of this paper, are unusual in the literature. Firstly, the en-
tropy production <y; is regarded as provided by a constitutive function to be determined or
chosen. Secondly, the use of a representation formula enables vector (or tensor) unknowns
to comprise an arbitrary term, denoted by E. Sections 4—7 show that special selections
of & lead to qualitatively new constitutive equations. Furthermore, the constitutive rate
equations thus determined have the remarkable advantage of being consistent with thermo-
dynamics. The main outcome of this paper is that a simple, unique scheme, consistent with
the second law of thermodynamics, leads to nonlinear models of various real materials (see
Sections 4.1, 6.1 and 6.3).

Although this has not been our concern here, it is worth mentioning that the same
thermodynamic approach to equations involving E and Tk enables the modeling of
hysteresis in viscoplastic materials, as shown, e.g., in [6]. Regarding possibilities for
future work developments, we observe that modeling through rate equations is under
investigation in connection with the transition processes.
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