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Abstract:

 Isotropic linear and nonlinear fractional derivative constitutive relations are formulated and examined in terms of many parameter generalized Kelvin models and are analytically extended to cover general anisotropic homogeneous or non-homogeneous as well as functionally graded viscoelastic material behavior. Equivalent integral constitutive relations, which are computationally more powerful, are derived from fractional differential ones and the associated anisotropic temperature-moisture-degree-of-cure shift functions and reduced times are established. Approximate Fourier transform inversions for fractional derivative relations are formulated and their accuracy is evaluated. The efficacy of integer and fractional derivative constitutive relations is compared and the preferential use of either characterization in analyzing isotropic and anisotropic real materials must be examined on a case-by-case basis. Approximate protocols for curve fitting analytical fractional derivative results to experimental data are formulated and evaluated.
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1. Introduction

A vast body of literature indicates that the predominant choice in viscoelastic research, analysis and design is for constitutive relations consisting of integral relations, which are the Green’s functions associated with integral order differential equations [1,2,3,4,5]. However, an alternative representation for isotropic viscoelasticity in terms of fractional derivative calculus has been developed in [6,7,8,9,10,11,12,13,14] and generalized [15]. This concept, which is reflected in a substantial number of publications, is based on the premise that the derivatives in viscoelastic constitutive relations need not necessarily be of integer order, but may be of some fractional order with similar translations to integral representations. The mathematical foundation of fractional calculus and of the attending Laplace and Fourier transforms is well developed and may be found in [16,17,18,19,20,21,22,23], to mention only a few. In [24] a comprehensive historical review of linear isotropic viscoelastic characterizations based on fractional derivatives has been presented.

Volterra [25] was the first to extend Boltzmann’s isotropic superposition principle [26] to anisotropic viscoelasticity. Subsequently, in [27,28] anisotropic viscoelastic stress-strain relations were formulated. The mathematical and physical foundations of anisotropic viscoelasticity firmly rest on the well established isotropic viscoelastic concepts as shown in [29,30]. The elastic-viscoelastic integral transform correspondence principle (analogy) was extended to anisotropic viscoelasticity and latter’s proper mechanical modeling was formulated in [31]. In [31] it was shown that the powerful tool of separation of variables available under proper conditions in isotropic viscoelasticity is inadmissible in anisotropic viscoelasticity, leaving only Laplace (LT) and Fourier (FT) transforms, finite element methods (FEM) and a limited number of analytical solutions such as asymptotic approaches capable of producing analytical anisotropic solutions. Presently, the main applications of anisotropic viscoelasticity are in the areas of fiber/high polymer composites, fiber reinforced concrete, filament wound vessels, textiles and tires.

In the present paper the concept of single fractional derivative isotropic viscoelastic constitutive relations is formalized for anisotropic viscoelasticity in terms of many parameter generalized Kelvin models. Both differential and integral stress-strain equations and expressions for the associated complex moduli, compliances and creep functions are derived and their applicability and usefulness are evaluated. Viscoelastic integral stress-strain laws are always preferable to differential ones, because they are relatively easier to handle and computationally yield more accurate results.



2. Analysis


2.1. Material Property Dependence on Temperature

Viscoelastic media, be they metals at elevated temperatures [32,33] or high polymers [34], are well known to exhibit material properties that are extremely temperature sensitive. In general, their coefficients of viscosity vary one order of magnitude for roughly every 20 °C (Figure 1), which is described by the Arrhenius relation

Figure 1. Coefficients of viscosity for metals and composites.
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η=η0exp-[image: there is no content]RΘ



(1)




where [image: there is no content] is the activation energy, R the universal gas constant and Θ the material temperature in degrees Kelvin.


Consider a Cartesian system [image: there is no content]. The linear viscoelastic constitutive relations may be written in the form:



σ(x,t)=∫-∞tE(x,t,t′)∂ϵ(x,t′)∂t′dt′-∫-∞tET(x,t,t′)∂[αT(x,t′)]∂t′dt′



(2)




These relations may be then classified into categories as seen in Table 1. Consequently, the first three cases are relatively “simple” integral relations, whereas the third one, as will be seen subsequently, presents considerable difficulties. These issues will be analyzed in detail in the next Sections.

Table 1. Temperature influence on constitutive relations.


	Temperature
	Modulus
	Type of Constitutive

Relations, Equation (2)
	Type of Material





	[image: there is no content]
	E(t-t,′[image: there is no content])
	convolution
	homogeneous



	[image: there is no content]
	E(x,t-t,′[image: there is no content])
	convolution
	non-homogeneous



	[image: there is no content]
	E[x,t-t,′T(x)]
	convolution
	non-homogeneous



	[image: there is no content]
	E[x,t,t,′T(x,t′)]
	non-convolution
	non-homogeneous












2.2. General Concepts—Isotropic Materials

In order to systematically formulate anisotropic viscoelastic fractional derivative constitutive relations, it is necessary to first make a few general comments about isotropic relations with constant ([image: there is no content]) and spatially varying [image: there is no content] temperatures (see Table 1). In [15] generalized isotropic fractional derivative (FD) Maxwell models (GFDMM) are examined, while in [1,2,3] integer derivative (ID) differential and integral equations (DE and IE) for isotropic viscoelasticity in terms of generalized Maxwell and Kelvin models (GMM and GKM). A parallel development for integer order derivative DE and IE anisotropic viscoelastic responses has been formulated in [35]. In general, even though such modeling representations are interrelated and, therefore, interchangeable, GMM are better suited for numerical analyses, while GKM are more useful for achieving mathematical and physical understanding of material behavior. The use of GKM or GMM and GFDKM or GFDMM guarantees that any additive combination automatically satisfies thermodynamic principles.



Consider a GKM or GFDKM as shown in Figure 2. The single spring represents instantaneous elastic responses associated with “solids” and the single dashpot represents long time behavior tending to large or infinite displacements for long time periods. For isotropic cases, it is most useful to write separate constitutive relations for changes in shape and in volume, since real materials behave distinctly during these changes. Using Einstein’s Cartesian tensor notation and summation convention, all relations to follow are formulated in terms of non-dimensionalized material parameters and state variables. The mean stresses σ and strains ϵ are defined as

Figure 2. Generalized Kelvin Model.
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σ=σii/3andϵ=ϵii/3



(3)




with stress and strain deviators


Skl=[image: there is no content]-δklσandEkl=[image: there is no content]-δklϵ



(4)




The various elements of a GFDKM (Figure 2) have the following constitutive relations



elasticspring⟹Skl=2G0Ekl(o)



(5)






eachFDKM⟹Skl=2[image: there is no content]D[image: there is no content]Ekl(n)︸nthdashpot+2GnEkl(n)︸nthspring(1≤n≤N)



(6)






singledashpot⟹Skl=2ηN+1DδN+1Ekl(N+1)



(7)




where [image: there is no content] are distinct nonintegers and the derivatives D[image: there is no content]=d[image: there is no content]/dt[image: there is no content] are defined in the Fourier sense [36]. For [image: there is no content]=1 with [image: there is no content], these fractional derivative (FD) representations immediately reduce to the corresponding integer derivative (ID) ones. Alternatively, without changing any of the relations to follow, the FDs can also be represented in the Riemann–Liouville format [37] as


D[image: there is no content]{F(t)}=d[image: there is no content]F(t)dt[image: there is no content]=1Γ(1-[image: there is no content])ddt∫0tF(t′)(t-t′)[image: there is no content]dt′(0<[image: there is no content]<1)



(8)




but with the limitations [image: there is no content]<1<n it is not possible to recover the corresponding integer derivatives [image: there is no content]. However, the original definitions in [38,39,40] carried no such restrictions, requiring only that ℜ([image: there is no content])>0. In the present paper, the original more permissive condition for [image: there is no content] will be enforced.
The total strain deviator for the GFDKM and also for the GKM is the sum of the individual contributions, or



Ekl=∑n=0N+1Ekl(n)



(9)




while this sum may be formed by successive fractional differentiations of the individual parts [3], it is much more expeditious to apply FT to Equations (5)–(7), such that


2E¯¯kl=1G0+1ηN+1(ıω)δN+1+∑n=1N1[image: there is no content]1(ıω)[image: there is no content]+1/[image: there is no content]S¯¯kl=S¯¯klG¯¯FD



(10)




where [image: there is no content] and the double bars indicate FT. From Equation (10), the complex shear modulus then can be defined as


1G¯¯FD=∏n=1N+1An(ıω)γn+BnG0(ıω)δN+1∏n=1N(ıω)[image: there is no content]+1/[image: there is no content]=[image: there is no content]



(11)




with [image: there is no content] as the complex shear compliance. The complex moduli and compliances, of course, are at the heart of the isotropic and anisotropic elastic-viscoelastic integral transform analogies [3,35].
Substitution of Equation (11) into (10) and formally carrying out the multiplications results in



2G0∑n=0N+1bn′(ıω)[image: there is no content]E¯¯kl=∑n=0N+1an′(ıω)[image: there is no content]S¯¯kl



(12)




and upon inverting the FT yields


2G0[image: there is no content]{Ekl}=[image: there is no content]{Ekl}



(13)




where


[image: there is no content]=∑n=0ran′D[image: there is no content]and[image: there is no content]=∑n=0sbn′D[image: there is no content]



(14)




It should be noted that when [image: there is no content] then the single elastic spring is present in the system. (See [3] for other combinations and for the relations between r, s and N.) Some other observations are noteworthy, namely that for [image: there is no content] and [image: there is no content]



αN=βN=∑n=1N+1[image: there is no content]



(15)




and with the single dashpot absent, [image: there is no content] or [image: there is no content] or both. For [image: there is no content], the fractional derivative operators [image: there is no content] and [image: there is no content] reduce to integer order derivative ones denoted by P and Q. On the other hand, the fractional derivative orders [image: there is no content] are not necessarily equal to the corresponding [image: there is no content] for each n. One of the advantages of the fractional derivative models is that for the same number N of individual Kelvin or Maxwell bodies a third more material parameters, i.e., the [image: there is no content], are available for fitting actual creep or relaxation data, thus in principle, reducing the needed value of N for the same goodness of fit when compared to ID characterizations.
The FT of the creep and relaxation functions are given by



ıωϕ¯¯FD=1ıω[image: there is no content]=G¯¯FD=1[image: there is no content]



(16)




which relates the FT of the creep function [image: there is no content] directly to the expression in square bracket in Equation (10). The FT inversion of the first two terms poses no difficulty, but the individual terms in the summation have no tabulated transform. Consequently, their inversion can be accomplished only by formal integration, fast Fourier transforms (FFT) [41], asymptotic expansions or some approximation. In [15] one of these for a single [image: there is no content] and large times are presented. In [11] the approximation applicable for long times, i.e., small ωs,


11+(ıω)βτ≃1-(ıω)βτfor(ıω)βτ≪1andt≫1



(17)




has been used. Alternatively, a different approximate inversion scheme is suggested here for each fraction in the sum of Equation (10) by noting the near similarity of the functions


1(ıω)[image: there is no content]+1/[image: there is no content]≃1(ıω+[image: there is no content])[image: there is no content]⟹F(t)=e-[image: there is no content]tt[image: there is no content]-1Γ([image: there is no content])



(18)




as seen in Figure 3 with p=ıω for corresponding Laplace transforms. While the agreement is poorest in the range of small values of p, it must be remembered that this is the region of very long time responses where solutions may not be required and where asymptotic expressions can be used to greater benefit. Furthermore, while the approximation between individual terms may be less than desired, all parameters [image: there is no content] and [image: there is no content] can be adjusted by appropriate curve fitting of creep and relaxation data so that the sums match each other collectively with much greater accuracy than that of each individually paired term. This is in keeping with the practical requirements of actually modeling the behavior of real materials in terms of the entire complex modulus representations without the need to necessarily produce precise values for each of its constituent parameters. The advantage of the Equation (18) is that the approximation on the r. h. s. has a known inverse and an approximate analytical expression can then be obtained by inverting Equations (10) and (16) to yield


[image: there is no content](t)≃1G0︸initial spring+tβN+1+1ηN+1Γ(βN+1+1)︸final dashpot+∑n=1N1[image: there is no content]Γ([image: there is no content])∫0tp[image: there is no content]-1exp-p[image: there is no content]dp︸Kelvin models



(19)




where the first two expressions are exact, but the last is approximate for [image: there is no content] even though it is the exact inverse of the r. h. s. of Equation (18). The exact expression for the Kelvin model integrals is given in Equation (44).


The isothermal integral fractional derivative constitutive relations are



2Ekl(t)=∫0t[image: there is no content](t-t′)∂Skl(t′)∂t′dt′=∫0tJFD(t-t′)Skl(t′)dt′



(20)




and they differ from the integer derivative ones only in the definition of the creep and relaxation functions, i.e., by replacing [image: there is no content] with ψ in Equation (20).
Expressions similar to Equations (5) through Equation (20) can also be formulated for volumetric constitutive relations for σ and ϵ resulting in



ϵ(t)=∫0tψFDV(t-t′)∂σ(t′)∂t′dt′+∫0tψFDVT(t-t′)∂[image: there is no content]T(t′)∂t′dt′



(21)




where [image: there is no content] is the coefficient of thermal expansion. Using Equations (3) and (4) and substituting Equation (21) into Equation (20) produces a single set of isotropic constitutive relations between [image: there is no content] and [image: there is no content] such that


2[image: there is no content](t)=∫0t[image: there is no content](t-t′)∂[[image: there is no content](t′)-δklσ(t′)]∂t′dt′+2δkl∫0tψFDV(t-t′)∂σ(t′)∂t′dt′+∫0tψFDVT(t-t′)∂[image: there is no content]T(t′)∂t′dt′



(22)




As can be seen from these isotropic stress-strain relations, the normal strains are related only to normal stresses and shear strains are expressed in terms of only a single corresponding shear stress component, such that



ϵii¯=fii¯[σ11,σ22,σ33,t]orσii¯=Fii¯[ϵ11,ϵ22,ϵ33,t]



(23)






ϵij=fij¯[σij¯,t]orσij=Fij¯[ϵij¯,t]i≠j



(24)




These isotropic constitutive relations—and in the next section their anisotropic cousins—are cast in the form of relaxation and/or creep functions, rather than combinations of the latter and viscoelastic Poisson’s ratios (PR). This is due to the fact viscoelastic PRs have been shown to be intrinsic functions of time [42,43,44], stresses and loading conditions and not “pure” material properties such as relaxation functions or moduli [45,46,47,48].

From a practical analysis point of view, the integral constitutive Equations (20) to (22) are always preferable to those expressed as differential operators such as Equation (14) even if the derivatives are of integer order. While the numerical evaluations of convolution integrals are CPU and memory intensive, they are by far more accurate than numerical solutions of high order PDEs. Furthermore, the discretized recurrence relations for such convolution integrals based on only two previous time steps developed in [49] are computationally economical and accurate.

For distinct temperature conditions viscoelastic materials admit the presence of temperature shift functions [image: there is no content], which for thermorheologically simple materials (TSM) are material property functions of temperature, moisture, degree of cure and aging effects [34,50,51]. An associated reduced time ξ can then be defined as



ξ(x,t)=∫0t[image: there is no content](x,t′)dt′



(25)




which transforms Equation (20) to a single relation in ξ instead of t for all service temperatures called the master relaxation or creep curve. The volumetric constitutive Equation (21) will have two additional reduced times, one for stresses or strains and the other for thermal expansions. Thus isotropic viscoelastic materials may have three distinct reduced times, although for convenience they are often approximated as all equal to each other, which makes characterization in terms of deviatoric and volumetric master curves possible. More complex nonisothermal behavior has been described in [24,52,53]. During the curing processes the material properties are also dependent on the degree of cure as well as on temperature and moisture content, thus further complicating the modeling of viscoelastic responses [54], but not conceptually altering any of the above results except that the shift function, as well as other parameters, become [image: there is no content], [image: there is no content], [image: there is no content] and [image: there is no content] where α is the degree of cure and M the moisture content, and with similar expressions for the volumetric components.
Nonlinear viscoelastic behavior necessitates that creep and relaxation functions are strain dependent, i.e., [image: there is no content], where [image: there is no content] are the first three invariants of the strain tensor [image: there is no content] [55]. The nonlinearities introduce additional complications into the analysis and make analytical solutions difficult if not impossible, necessitating numerical finite element formulations. While FT cannot be successfully applied to nonlinear constitutive relations, they can be used in the generalized linear formulation and then nonlinearities can be introduced a posteriori through proper interpretation when the entire linear modeling has been formulated and completed.



Figure 3. Comparison of exact and approximate relaxation moduli Laplace transforms of [image: there is no content] and [image: there is no content].
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2.3. Anisotropic Relations

For anisotropic viscoelastic materials it is no longer possible to readily separate the stresses and strains into deviatoric and volumetric components, because volumetric stresses are now material property dependent [35]. Material parameters associated with mechanical models, such as [image: there is no content] and [image: there is no content] instead of the isotropic ones [image: there is no content] and [image: there is no content], must be identified with specific directions. Anisotropic states can then be achieved in three separate ways:


	(1)

	different parametric values [image: there is no content] and [image: there is no content] with equal numbers N in all directions



	(2)

	same parameters [image: there is no content] and [image: there is no content] in all directions but with distinct [image: there is no content], thus generating different numbers of GKM parameters in each direction



	(3)

	combinations of (1) and (2) above





Inherent in such anisotropic behavior is the need to prescribe distinct integral and differential operator equations with property functions which are directionally dependent and which are associated with [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], etc. In matrix form this can be written as



{ϵ}=[image: there is no content]{σ}+[image: there is no content]{[image: there is no content]T}



(26)




where the compliance matrices [image: there is no content] and [image: there is no content] are either a set of integral or differential operators, resulting in FT expressions


{ϵ¯¯}=[C¯¯]{σ¯¯}+[CT¯¯]{[image: there is no content]T¯¯}



(27)




Consequently, the anisotropic integral constitutive relations incorporating the above features and following the pattern of the isotropic relations of Equations (20) and (21) now read



ϵij(x,t)=∫-∞t[image: there is no content](x,t,t′)∂[image: there is no content](x,t′)∂t′dt′+∫-∞t[image: there is no content](x,t,t′)∂[[image: there is no content]klT](x,t′)∂t′dt′



(28)




with similar expressions for the fractional derivative ones obtained by changing [image: there is no content] and [image: there is no content] to [image: there is no content] and [image: there is no content] respectively. A modification of Equation (19) incorporating anisotropic representations then leads to


[image: there is no content](t)=˜1G0+tβNijkl¯+1+1ηNijkl¯+1Γ(βNijkl¯+1+1)+∑n=1Nijkl¯1ηijkl¯nΓ(μijkl¯n)∫0tpμijkl¯n-1exp-pτijkl¯ndp



(29)




where the underscore indicates no summations on the marked indices.
Similarly, associated differential operators can be found by properly interpreting Equation (14) as



P^ij(x,t)=∑n=0rij¯a^ij¯n(x,t)Dαij¯nQ^ijkl(x,t)=∑n=0sijkl¯b^ijkl¯n(x,t)Dβijkl¯nQ^ijklT(x,t)=∑n=0sijkl¯′b^ijkl¯Tn(x,t)Dγijkl¯n



(30)




where the symbol ^ is generic and refers to either integer or fractional derivative representations and for integer derivative characterization [image: there is no content]. The anisotropic DE constitutive relations then become


P^ij¯{σij¯}=Q^ijkl{[image: there is no content]}-Q^ijklT{[image: there is no content]klT}



(31)




Temperature shift functions and reduced times must similarly be directionally identified as



[image: there is no content](x,t)=∫0taTijkl[x,s,T(x,s),M(x,s),α(x,s)]ds



(32)






[image: there is no content](x,t)=∫0taTijklT[x,s,T(x,s),M(x,s),αcure(x,s)]ds



(33)




While in isotropic viscoelasticity there are only two ψs, one [image: there is no content], two ξs and one [image: there is no content], anisotropic viscoelasticity requires due to symmetry a maximum of 21 [image: there is no content] and [image: there is no content] each and six [image: there is no content] and [image: there is no content]. The possible presence of even two or three reduced times in isotropic viscoelasticity, much less 27 for anisotropic responses, makes any solution by analytical means totally unmanageable. For effective analytical anisotropic viscoelastic formulations, it is, therefore, necessary to introduce only a single shift function and a single reduced time. This is analogous to what is done in isotropic viscoelasticity where the shift functions for changes in volume and shape and the one for thermal expansions are all equated to each other. Then



[image: there is no content]=aTijkl=aTijklT



(34)




and


ξ(x,t)=[image: there is no content]=[image: there is no content]



(35)




This simplifies the constitutive relations to



ϵij(x,ξ)=∫-∞ξ[image: there is no content]ijkl(x,[image: there is no content],[image: there is no content],ξ-ξ′)∂[image: there is no content](x,ξ′)∂ξ′dξ′+∫-∞ξ[image: there is no content]ijklT(x,[image: there is no content],[image: there is no content],ξ-ξ′)∂[[image: there is no content]klT](x,ξ′)∂ξ′dξ′



(36)




where [image: there is no content] and [image: there is no content] are the reference temperature and the moisture content respectively [35,49,54,55,56]. It should be noted that the shift function [image: there is no content] and [image: there is no content] itself and consequently the reduced time ξ may change their functional definitions drastically from one temperature and moisture region to another as the material undergoes phase changes, as is for instance the case during cure processes where the material property functions become additionally dependent on the degree of cure α [54, i.e., [image: there is no content](x,T,M,α,ξ-ξ′) or [image: there is no content](x,T,M,α,ξ,ξ′).
Nonlinear responses may again be introduced into the characterization in the same manner as in the isotropic case, i.e.,



[image: there is no content]=[image: there is no content]x,t,T(x,t),M(x,t),α(x,t),I1(x,t),I2(x,t),I3(x,t)



(37)




Similar functional expressions can be generated for [image: there is no content], [image: there is no content] and [image: there is no content]. Such nonlinear representations, of course, turn the material property parameters [image: there is no content], [image: there is no content] and [image: there is no content] of Equations (19) and (29) into functions of the variables contained in the preceding square bracket defining ψ. Specific isotropic examples have been formulated in [57] and extended to anisotropic viscoelasticity in [55].

Practical computational questions need to be raised about the FD characterization involving creep or relaxation functions. Neither the approximate Equations (19) and (29) nor the corresponding exact ones can be directly analytically integrated except by (asymptotic) series expansions for each [image: there is no content], thereby increasing computational times for FEM solutions. It must be remembered that this solution process is inherently costly since these integrals or series must be repeatedly evaluated at every node point and at each time step in every direction.

One must, therefore, turn to an alternative but equally valid characterization for both isotropic and anisotropic viscoelastic materials in terms of compliances rather than creep functions. For anisotropic materials, Equation (16) can be rewritten as



ıωϕijklFD¯¯=1ıω[image: there is no content]¯¯=GijklFD¯¯=1[image: there is no content]



(38)




The constitutive Equation (28) in terms of compliances are



ϵ^ij(x,ξ)=∫-∞ξJ^ijkl(x,ξ-ξ′)∂[image: there is no content](x,ξ′)∂ξ′dξ′+∫-∞ξJ^ijklT(x,ξ-ξ′)∂[image: there is no content]klT(x,ξ′)∂ξ′dξ′



(39)




with similar relations in the ξ space replacing Equations (14) and including both isotropic and anisotropic ID and FD representations. The inverse of the FD compliance [image: there is no content] for time dependent properties in the ξ space defined by Equations (10) and (18) is


JijklFD(x,ξ)=˜δ(ξ)G0ijkl(x,ξ)+ξβNijkl¯+1ηNijkl¯+1(x,ξ)Γ(βNijkl¯+1)+∑n=1Nijkl¯ξ(-1+μijkl¯n)ηijkl¯n(x,ξ)Γ(μijkl¯n)exp-∫0ξdξ′τijkl¯n′(x,ξ′)



(40)




where [image: there is no content] and the [image: there is no content] do not necessarily represent actual relaxation times. For time independent nonhomogeneous anisotropic properties, the compliances reduce to


JijklFD(x,ξ)=˜δ(ξ)G0ijkl(x)+ξβNijkl¯+1ηNijkl¯+1(x)Γ(βNijkl¯+1)+∑n=1Nijkl¯ξ(-1+μijkl¯n)ηijkl¯n(x)Γ(μijkl¯n)exp-ξτijkl¯n′(x)



(41)




The constitutive Equation (39) are considerably more tractable for analytical and computational analyses based on either isotropic or anisotropic materials, since they involve single time integrals, rather than the double ones needed for the ψ or φ relations. The use of moduli or compliances in the FD relations offers minimal computational penalties as it entails almost identical computational time and labor, except for the extra [image: there is no content] in the series terms, when compared to the integer derivative characterization.

The integer derivative constitutive Equation (18) are recoverable from Equations (19) and (20) by setting β[image: there is no content]+1=[image: there is no content]=1 for 1≤n≤[image: there is no content].




3. Discussion

Three of the important problem areas associated with viscoelastic constitutive relations and stress-deformation analyses are:


	(a)

	Performing “simple” experiments for which analytic solution can be formulated and evaluated



	(b)

	Curve fitting of actual creep and/or relaxation data by least square or other methods in order to determine modulus, creep function or compliance parameters



	(c)

	Inversion of FT or LT expressions for moduli, stresses and deformations





Curve fitting of moduli, etc. expressions can be carried out in either the real time space t or with FT in the frequency domain ω [1,2,3]. Values of the parameters [image: there is no content] are selected a priori in order to achieve a preassigned accuracy of fit. For the ID representation there are only two sets of other parameters to be determined for each n (1≤n≤[image: there is no content]), namely [image: there is no content] and [image: there is no content], while for the FD relations a third set [image: there is no content] or [image: there is no content] must be added.

It can be readily seen from Equations (10), (19) and (41) that these expressions contain nonlinear functional dependencies on τs, βs and μs. (Changing the ηs to their inverses results in their linear contributions and, consequently, they present no computational problems.) For isotropic ID constitutive relations, Schapery [58] has suggested that an approximation be applied to the [image: there is no content] by setting each equal to [image: there is no content] and then leaving only the 1/[image: there is no content] to be determined by the fit. The same scheme is extended here to anisotropic ID relations. Experience shows that by proper selection of [image: there is no content] any reasonable accuracy of fit can be attained, but for assumed τ values the Ns may be roughly twice as large as those corresponding to the correct τ evaluations, i.e., twice as many Prony series [59] terms. Under the Schapery approximation, the τs loose their physical meaning as relaxation times, but the modulus and/or creep functions maintain their accurate representations and physical meaning in toto, while the separate parameters do not. This represents no loss of generality in the physical definitions or actual evaluations by curve fit of experimental data of the entire modulus expressions [60,61,62,63].

Similarly, if one extends this idea to anisotropic FD relations, then approximate values can be generated for the exponents by setting 0<[image: there is no content]≃|n±[image: there is no content]| and 0<[image: there is no content]≃|n±b˜n| and where [image: there is no content] and [image: there is no content] can be adjusted for a “best” fit of the experimental data. This greatly simplifies the procedure for determining 1/[image: there is no content] if additionally the same Schapery approximation is applied to the relaxation times, i.e., [image: there is no content]=τn′=O([image: there is no content]).

The ID representations lead to integrable analytical expressions for ψ and φ and even though their values of the Ns may possibly be up to two to three times as large as the comparable ones for the FDs, the general computational time is considerably shorter. However, as was shown in the previous section, in order to avoid the second time integral needed for the [image: there is no content] inversions in the FD forms, one must use the compliance form of the constitutive relations as shown in Equation (38). This still necessitates FT inversions to determine compliances as time functions. Such FT inversions can be accomplished by


	exact procedures, such as table look up or analytical evaluation of the ω FT inversion integrals


	numerical procedures, such as FFT [41]


	approximate procedures, such as those devised in [58], given by Equation (45) and limited to quasi-static problems where inertia and body forces are negligible


	exact for [image: there is no content], but approximate for [image: there is no content] LT inversions due to Post [64] as








f(x,t)=limk→∞(-1)kk!pk+1∂kf¯(x,p)∂pkp=k/t



(42)




where k are positive integers. Note that when the transform integrals exist, the relationship between LTs and FTs is given by


f¯(x,p)=∫0∞f(x,t)exp(-pt)dt=f¯¯(x,ω)p=ıω=∫0∞f(x,t)exp(-ıωt)dt︸= half interval FTp=ıω



(43)




Table look up and/or formal inversions through integration are, of course, the approaches of choice. Unfortunately, these work only for limited classes of LT and FT functions. In principle FFT always work but, as has been shown in [65] they are computationally intensive even on supercomputers because in order to obtain accurate FT inversion values one must sweep some 13 or more decades of ω, thus making the process computationally very costly. Finally, the approximate inversion scheme of Schapery based on producing inversions by multiplying the FT by ıω and then setting ıω=p=.5/t in the transform leads to simple procedures. Recalling that at the reference temperature [image: there is no content], the exact and approximate inverses of the r. h. s. of Equation (18) are given by



exactF1n(ξ)=ξ[image: there is no content]-1exp(-ξ/τn′)Γ([image: there is no content])



(44)






approximateF2n(ξ)≃p(p+1/τn′)[image: there is no content]|p=.5/ξ



(45)




These functions together with the absolute error [image: there is no content] are displayed in Figure 4 . (The relative error cannot be shown because the exact solution tends to zero for larger values of ξ.) It is seen that the approximate inverse, while simple, is not very accurate. Equations (44) and (45) deal with only a single term of the Equation (40) representing the FD anisotropic compliances [image: there is no content]. The cumulative effect of such errors makes the Schapery approximate inversion scheme unacceptable in this instance.

Figure 4. Fractional derivative inverse.
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Accuracy limitations of Schapery’s approximate inversion method when applied to dynamic isotropic viscoelastic problems has been previously pointed out in [66,67,68], among others. Although the method has found favor with much justification in quasi-static viscoelastic problems, this appears to be the first time that Schapery’s approximate inversion of a non-Prony series complex compliance itself is seen to also yield undesirable time functions.

In [69] the simple quasi-elastic and more involved self-consistent approximations for evaluating convolution integrals are compared. The reference’s conclusion is that the self-consistent method is more accurate, but yields more complicated results. The quasi-elastic method simply stated is



σij(ξ)=∫0ξEijkl(ξ-ξ′)[image: there is no content](ξ′)dξ′≃Eijkl(ξ)[image: there is no content](ξ)



(46)




still requires knowledge of the inverses of [image: there is no content] and [image: there is no content], but avoids the need for costly convolution integral evaluations. However, it is applicable only intermittently over relatively short time intervals and unfortunately, it is adequate only for simple classes of functions, such as single power laws, and cannot begin to cope with the complicated set of functions describing real material relaxation moduli [70]. The self-consistent approach leads to complicated results, even when tested against relatively simple functions, and is of limited practical use for real materials with the usual series expansions for their viscoelastic moduli.
More accurate, but also considerably more cumbersome, approximate inversion schemes are available [71]. Other pertinent works on approximate integral transform inversions may be found in [72,73,74,75].

Another possibility is the expansion of the complex moduli or compliances for both ID and FD characterizations in terms of a Lorenz series [3], such that



J¯¯ijkl(ω)=∑n=0∞[image: there is no content](ıω)n+[image: there is no content](ıω)n



(47)




where the [image: there is no content] and [image: there is no content] coefficients are determined by curve fitting experimental data. Even when truncated, the first sum gives excellent results for short times, [image: there is no content], and the second one does the same for long times when [image: there is no content]. However, both sums must be used in the entire space [image: there is no content], except as noted in the relatively narrow bands at either time end, making this approach very cumbersome when combined with FEM for isotropic or anisotropic viscoelasticity.
The selection between FD and ID characterization then comes down to a choice between (a) fitting and using more complicated FD stress-strain laws with fewer individual terms but three parameters per term, and (b) simpler ID ones with two parameters per term but needing more terms in their series. In the final analysis, the ease with which the ID Prony series parameters can be generated from real material data in either the t or ω domains outweighs any advantages the FD representations may offer with its relatively shorter sums. A case in point is the work by [76] comparing the performance of a single ID Kelvin body with a 3- and 4-parameter FD model, showing marked improvements in accuracy of fit for FD models over ID ones for rubber and acrylic materials. However, as seen in Figure 6 , more complex real materials such as composites require ID characterizations with values for each [image: there is no content] of approximately 30, i.e., about 61 Prony series parameters. For the corresponding ID and FD models in this example, the [image: there is no content] are 29 and 10 with maximum errors of fit of 0.056 % and 10.15 % respectively. The [image: there is no content] for FD representations can, of course, be increased but this defeats the primary purpose of their use. In the final analysis, the choice between ID and FD characterization has to be examined on a case by case basis for specific problem solutions, particularly those involving highly computationally intensive finite element approaches.

Figure 6. Laplace transform modulus.
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Figure 5. Comparison of ID and FT modeling of [image: there is no content]. 






Figure 5. Comparison of ID and FT modeling of [image: there is no content].
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The requirement for relatively large [image: there is no content] values for both ID and FD representations make the FD characterizations less attractive and modeling with the relatively simpler ID integral constitutive relations is less computationally intensive. Furthermore, for large scale engineering problems requiring upward of 10,000 FEA nodes, integral transforms are prohibitive and real time or reduced time ξ integrations need to be undertaken.

It should be further noted that while the area of highest percentage relative error is in the long time domain (small p values), the continuing mismatch between the actual and FD relaxation moduli spans over three initial time decades which are of primary interest. Because of the hereditary nature of the constitutive relation time integrals, these early time errors propagate throughout the entire time regime and adversely influence stress and displacement evaluations at all times.

Figure 6 represents comparisons for only one direction with normalized relaxation moduli and is typical of what is seen in other directions for anisotropic viscoelastic materials, except for adjustments in the fully relaxed modulus values and in the time scales.

In Figure 7 the approximate Kelvin model function of Equation (18) is displayed for a number of [image: there is no content] values. As can be readily seen these terms are sensitive to the exponent over the entire range of Laplace transform variable p and therefore correspondingly over the entire time range [image: there is no content]. Figure 8 exhibits the exact curve [image: there is no content] and its approximate representation by [image: there is no content] for specific, but representative, values of [image: there is no content] and [image: there is no content]. The approximate representation mimics the exact one quite well with an error of of less than 0.1 over the entire time range. It must, of course, be remembered that experimental data for viscoelastic material properties is customarily in a comparable scatter range.

Figure 7. The influence of δ.
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Figure 8. Exact and approximate FD.
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Figure 9 depicts the time functions associated with an ID and an approximate FD [image: there is no content] single Kelvin mode for [image: there is no content]. It is readily seen that agreement between the two models is excellent, i.e., error [image: there is no content], except in the neighborhood of the origin [image: there is no content]. This is due to the fact that for a single Kelvin model

Figure 9. Comparison of ID and approximate FD.
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limt→0exp-tτ→1andlimt→0exp(-t/c)tμ-1Γ(μ)→∞0<μ<1



(48)




For materials characterized by a sum of approximate FD models,



limt→0∑n=1N[image: there is no content]exp(-t/[image: there is no content])t[image: there is no content]-1Γ([image: there is no content])=limt→0∑n=1N[image: there is no content]Fn(t)→∞0<[image: there is no content]<1



(49)




the singularity still cannot be removed even through proper choices of the [image: there is no content], [image: there is no content] and [image: there is no content] are made to minimize the error of fit for ∑n=1N[image: there is no content]Fn(t) elsewhere at [image: there is no content], since no value of [image: there is no content]≠0 can correct or ameliorate the discrepancy at the time origin when for any one n [image: there is no content]<1.




On the other hand, if the Riemann–Liouville condition of ℜ([image: there is no content])>0 is enforced and [image: there is no content]>1, then



limt→0[image: there is no content]Fn(t)→01<n<N



(50)




For the Prony series representations in both real time t-space and reduced time ξ space, the constitutive relations can be transformed into ordinary instead convolution integrals, i.e.,



∫-∞ξ(x,t)exp-ξ(x,t)-ξ′(x,t′)τ0nf^[ξ′(x,t′)]dξ′→exp-ξ(x,t)τ0n∫-∞ξ(x,t)expξ′(x,t′)τ0nf^[ξ′(x,t′)]dξ′



(51)




so as to avoid CPU intensive computations [77]. Unfortunately, no such transformations have been derived for FD constitutive relations.
It is worthy to note that from a practical point of view either FD or ID are use to characterize the same material behavior and are obtained from the same experimental stress, strain and time data by fitting either or both appropriate analytical expressions to the latter. The accuracy of these fits depends on the number of terms used in each truncated series and on the scatter of the experimental data.

The least square fits used to determine parameters for the truncated FD and ID series lead to nonlinear transcendental relations in the first instance and to linear algebraic ones for the Prony series [60,61,62,63]. Comparisons of the goodness of fit for the two approaches can only be made only in a case by case approach for a specific material and a given set of experimental data.



4. Conclusions

While sufficiently accurate approximate procedures have been formulated to reasonably characterize real anisotropic materials with generalized integral and differential viscoelastic fractional derivative constitutive relations, their use with or without approximate characterization protocols requires functional complexity. Although integer derivative representations require possibly twice or three times as many terms in the expressions defining viscoelastic moduli, the relative simplicity of the resulting Prony series leads to computationally efficient anisotropic viscoelastic constitutive relations in real time as well as in FT frequency domains. In both fractional and integer derivative use, characterizations by integral rather than differential constitutive laws remain operationally preferred models because of their higher computational accuracies.






Acknowledgement

Support by the Private Sector Program Division (PSP) of the National Center for Supercomputing Applications (NCSA) at the University of Illinois at Urbana-Champaign (UIUC) is gratefully acknowledged.



References


	1. 
Brinson, H.F.; Brinson, L.C. Polymer Engineering Science and Viscoelasticity: An Introduction; Springer: New York, NY, USA, 2008. [Google Scholar]

	2. 
Christensen, R.M. Theory of Viscoelasticity—An Introduction, 2nd ed.; Academic Press: New York, NY, USA, 1982. [Google Scholar]

	3. 
Hilton, H.H. An Introduction to viscoelastic analysis. In Engineering Design for Plastics; Baer, E., Ed.; Reinhold Publishing Corp.: New York, NY, USA, 1964; pp. 199–276. [Google Scholar]

	4. 
Lakes, R.S. Viscoelastic Solids; CRC Press: Boca Raton, FL, USA, 1999. [Google Scholar]

	5. 
Lakes, R.S. Viscoelastic Materials; Cambridge University Press: London, UK, 2009. [Google Scholar]

	6. 
Bagley, R.L.; Torvik, P.J. A generalized derivative model for an elastomer damper. Shock Vib. Bull. 1979, 49, 135–143. [Google Scholar]

	7. 
Bagley, R.L.; Torvik, P.J. Fractional calculus—A different approach to the finite element analysis of viscoelastically damped structures. AIAA J. 1983, 21, 741–748. [Google Scholar] [CrossRef]

	8. 
Bagley, R.L.; Torvik, P.J. A theoretical basis for the application of fractional calculus to viscoelasticity. J. Rheol. 1983, 27, 201:1–201:10. [Google Scholar] [CrossRef]

	9. 
Bagley, R.L.; Torvik, P.J. Fractional calculus in the transient analysis of viscoelastically damped structures. AIAA J. 1985, 23, 918–925. [Google Scholar] [CrossRef]

	10. 
Bagley, R.L.; Torvik, P.J. On the fractional calculus model of viscoelastic behavior. J. Rheol. 1986, 30, 133:1–133:23. [Google Scholar] [CrossRef]

	11. 
Bagley, R.L. Power law and fractional calculus model of viscoelasticity. AIAA J. 1987, 27, 1412–1417. [Google Scholar] [CrossRef]

	12. 
Koeller, R.C. Applications of fractional calculus to the theory of viscoelasticity. ASME J. Appl. Mech. 1984, 51, 299–307. [Google Scholar] [CrossRef]

	13. 
Koeller, R.C. Polynomial operators, Stieltjes convolution, and fractional calculus in hereditary mechanics. Acta Mech. 1986, 58, 251–264. [Google Scholar] [CrossRef]

	14. 
Torvik, P.J.; Bagley, R.L. On the appearance of the fractional derivative in the behavior of real materials. ASME J. Appl. Mech. 1984, 51, 294–298. [Google Scholar] [CrossRef]

	15. 
Rogers, L. Operators and fractional derivatives for viscoelastic constitutive equations. J. Rheol. 1983, 27, 351–372. [Google Scholar] [CrossRef]

	16. 
Kiryakova, V.S. Generalized Fractional Calculus and Applications; Wiley: New York, NY, USA, 1994. [Google Scholar]

	17. 
Miller, K.S.; Ross, B. An Introduction to Fractional Calculus and Fractional Differential Equations; John Willey and Sons: New York, NY, USA, 1993. [Google Scholar]

	18. 
McBride, A.C. Fractional Calculus and Integral Transforms of Generalized Functions; Pitman Advanced Publishing Program: San Francisco, CA, USA, 1979. [Google Scholar]

	19. 
Nishimoto, K. Fractional Calculus; Descartes Press Co.: Koriyama, Japan, 1984, 1987, 1989, 1991; Volumes 1–4. [Google Scholar]

	20. 
Nishimoto, K. The Essence of Nishimoto’s Fractional Calculus; Descartes Press Co.: Koriyama, Japan, 1991. [Google Scholar]

	21. 
Oldham, K.B.; Spanier, J. The Fractional Calculus—Theory and Applications of Differentiation and Integration of Arbitrary Order; Academic Press: New York, NY, USA, 1974. [Google Scholar]

	22. 
Podlubny, I. Fractional Differential Equations; Academic Press: New York, NY, USA, 1999. [Google Scholar]

	23. 
Samko, S.G.; Kilbas, A.A.; Marichev, O.I. Fractional Integrals and Derivatives—Theory and Applications; Gordon & Beach Science Publishers: Amsterdam, The Netherlands, 1993. [Google Scholar]

	24. 
Bagley, R.L. The thermorheologically complex material. Intern. J. Eng. Sci. 1991, 29, 797–806. [Google Scholar] [CrossRef]

	25. 
Volterra, V. Sulle equazioni integrodifferenzialli dela teoria dell’elastica. Atti Reale Accademi Lincei 1909, 18, 295–301. [Google Scholar]

	26. 
Boltzmann, L. Zur theorie der elastischen nachwirkung. Sitzungsberichte Kaiserliche Akademie Wissenhaft Wien Mathematische-Naturwissenhaft 1874, 70, 275–306. [Google Scholar]

	27. 
Biot, M.A. Theory of stress-strain relations in anisotropic viscoelasticity and relaxation phenomena. J. Appl. Phys. 1954, 25, 1385:1–1385:7. [Google Scholar] [CrossRef]

	28. 
Biot, M.A. Dynamics of viscoelastic anisotropic media. In Proceedings Second Midwestern Conference on Solid Mechanics, Urbana, IL, USA, 1955; pp. 94–108.

	29. 
Edelstein, W.S.; Gurtin, M.E. Uniqueness theorems in the linear dynamic theory of anisotropic viscoelastic solids. Arch. Ration. Mech. Anal. 1964, 7, 47–60. [Google Scholar] [CrossRef]

	30. 
Gurtin, M.E.; Sternberg, E. A reciprocal theory of anisotropic viscoelastic solids. SIAM J. 1963, 11, 607–613. [Google Scholar]

	31. 
Hilton, H.H. On the inadmissibility of separation of variables solutions in linear anisotropic viscoelasticity. Intern. J. Comput. Mater. Struct. 1996, 3, 97–100. [Google Scholar]

	32. 
Vosteen, L.F. Effect of Temperature on Dynamic Modulus of Elasticity on Structural Alloys; NACA TN 4348; US Gov. Printing Office: Washington, DC, USA, 1958. [Google Scholar]

	33. 
Mathauser, E.E. Compressive Stress-Strain Properties of 2024-T3 Aluminum Alloy Sheet at Elevated Temperatures; US Gov. Printing Office: Washington, DC, USA, 1956. [Google Scholar]

	34. 
Williams, M.L.; Landel, R.L.; Ferry, J.D. The temperature dependence of relaxation mechanisms in amorphous polymers and other glass-forming liquids. J. Am. Chem. Soc. 1955, 77, 3701–3707. [Google Scholar] [CrossRef]

	35. 
Hilton, H.H.; Dong, S.B. An Analogy for Anisotropic, nonhomogeneous linear viscoelasticity including thermal stresses. In Development in Mechanics; Pergamon Press: New York, NY, USA, 1964; pp. 58–73. [Google Scholar]

	36. 
Fourier, J.B.J. Théorie de la Chaleur; Didot: Paris, France, 1822. [Google Scholar]

	37. 
Ross, B. A Brief History and Exposition of the Fundamental Theory of Fractional Calculus; Springer-Verlag: Berlin, Germany, 1975; volume 451, pp. 1–36. [Google Scholar]

	38. 
Liouville, J. Mémoire sur quelques quéstions de géometrie et de mécanique et sur un nouveau genre de calcul pour résoundre ces quéstions. J. l’École Poly. Paris 1832, 13, 1–69. [Google Scholar]

	39. 
Liouville, J. Mémoire sur le changement de la variable dans le calcul des differentielles à indices quelconques. J. l’École Poly. Paris 1835, 15, 17–54. [Google Scholar]

	40. 
Riemann, G.F.B. Versuchung einer allgemeinen auffassung der integration und differentiation (1847). In Gesammelte Mathematische Werke und Wissensschaflicher Nachlass; B.G. Teubner: Leipzig, Germany, 1876; pp. 331–344. [Google Scholar]

	41. 
Loan, C.V. Computational Frameworks for the Fast Fourier Transform; SIAM: Philadelphia, PA, USA, 1992. [Google Scholar]

	42. 
Lakes, R.S.; Wineman, A. On Poisson’s ratio in linearly viscoelastic solids. J. Elast. 2006, 85, 45–63. [Google Scholar] [CrossRef]

	43. 
Tschoegl, N.W. Time dependence in material properties: An overview. Mech. Time-Depend. Mater. 1997, 1, 3–31. [Google Scholar] [CrossRef]

	44. 
Tschoegl, N.W.; Wolfgang, G.; Knauss, W.G.; Igor Emri, I. Poisson’s ratio in linear viscoelasticity—A critical review. Mech. Time-Depend. Mater. 2002, 6, 3–51. [Google Scholar] [CrossRef]

	45. 
Hilton, H.H.; Yi, S. The significance of anisotropic viscoelastic Poisson ratio stress and time dependencies. Intern. J. Solids Struct. 1998, 35, 3081–3095. [Google Scholar] [CrossRef]

	46. 
Hilton, H.H. Implications and constraints of time independent Poisson ratios in linear isotropic and anisotropic viscoelasticity. J. Elast. 2001, 63, 221–251. [Google Scholar] [CrossRef]

	47. 
Hilton, H.H. The elusive and fickle viscoelastic Poisson’s ratio and its relation to the elastic-viscoelastic correspondence principle. J. Mech. Mater. Struct. 2009, 4, 1341–1364. [Google Scholar] [CrossRef]

	48. 
Hilton, H.H. Clarifications of certain ambiguities and failings of Poisson’s ratios in linear viscoelasticity. J. Elast. 2011, 104, 303–318. [Google Scholar] [CrossRef]

	49. 
Yi, S.; Hilton, H.H. Dynamic finite element analysis of viscoelastic composite plates in the time domain. Intern. J. Num. Meth. Eng. 1994, 37, 4081–4096. [Google Scholar] [CrossRef]

	50. 
Brinson, L.C.; Gates, T.S. Effects of physical aging on long term creep behavior of polymers and polymer matrix composites. Intern. J. Solids Struct. 1994, 32, 827–846. [Google Scholar] [CrossRef]

	51. 
Monaghan, M.R.; Brinson, L.C.; Bradshaw, R.D. Analysis of variable stress history on polymeric composite materials with physical aging. Compos. Eng. 1994, 4, 1023–1032. [Google Scholar] [CrossRef]

	52. 
Harper, B.D. Optimal cooling paths for a class of thermorheologically complex viscoelastic materials. ASME J. Appl. Mech. 1985, 52, 634–638. [Google Scholar] [CrossRef]

	53. 
Harper, B.D.; Weitsman, Y. Characterization method for a class of thermorheologically complex materials. J. Rheol. 1985, 29, 49–66. [Google Scholar] [CrossRef]

	54. 
Yi, S.; Hilton, H.H. Constitutive relations for thermosetting resins during curing processes. In Proceedings AIAA/ASME/ASCE/AHS/ASC 36th SDM Conference, Reston, VA, USA, April 1995. AIAA Paper 95–1428.

	55. 
Yi, S.; Hilton, H.H.; Ahmad, M.F. Nonlinear thermoviscoelastic analysis of interlaminar stresses in laminated composites. ASME J. Appl. Mech. 1996, 3, 97–100. [Google Scholar]

	56. 
Yi, S.; Ling, S.F.; Ying, M.; Hilton, H.H.; Vinson, J.R. Finite element formulation for anisotropic coupled piezo-hygro-thermo-viscoelasto-dynamic problems. Intern. J. Num. Meth. Eng. 1999, 45, 1531–1546. [Google Scholar] [CrossRef]

	57. 
Schapery, R.A. On the characterization of nonlinear viscoelastic materials. Polym. Eng. Sci. 1969, 9, 295–310. [Google Scholar] [CrossRef]

	58. 
Schapery, R.A. Approximate methods of transform inversion for viscoelastic stress analysis. In Proceedings of the 4th US Nattional Congress of Application Mechanics, Berkeley, CA, USA, June 1962; Volume 2, pp. 1075–1085.

	59. 
Prony, G.C.F.R. Essai experimental et analytique. J. l’École Poly. Paris 1755, 1, 24–76. [Google Scholar]

	60. 
Michaeli, M.; Shtark, A.; Grosbein, H.; Hilton, H.H. Analytical, Experimental and computational viscoelastic material characterizations absent Poisson’s ratios. In Proceedings of the Fifty-second AIAA/ASME/ASCE/AHS/ASC SDM Conference, Denver, CO, USA, April 2011. AIAA Paper 2011-1809.

	61. 
Shtark, A.; Grosbein, H.; Sameach, G.; Hilton, H.H. An alternate protocol for determining viscoelastic material properties based on tensile tests without use of Poisson ratios. In Proceedings of the ASME 2007 International Mechanical Engineering Congress and Exposition (IMECE2007), Seattle, WA, USA, 11–15 November 2007.

	62. 
Shtark, A.; Grosbein, H.; Hilton, H.H. Analytical determination without use of Poisson ratios of temperature dependent viscoelastic material properties based on uniaxial tensile experiments. In Proceedings of the 2009 International Mechanical Engineering Congress and Exposition, Orlando, FL, USA, January 2009. ASME Paper IMECE 2009-10332.

	63. 
Shtark, A.; Grosbein, H.; Sameach, G.; Hilton, H.H. An alternate protocol for determining viscoelastic material properties based on tensile tests without use of Poisson ratios. ASME J. Appl. Mech. 2012. in press. [Google Scholar]

	64. 
Post, E.L. Generalized differentiation. Trans. Am. Math. Soc. 1930, 32, 723–781. [Google Scholar] [CrossRef]

	65. 
Yi, S. Finite Element Analysis of Viscoelastic Structures and Analytical Determination of Optimum Viscoelastic Materials. Ph. D. Dissertation, University of Illinois at Urbana-Champaign, Urbana, IL, USA, 1992. [Google Scholar]

	66. 
Knauss, W.G. Uniaxial wave propagation in a viscoelastic material using measured material properties. ASME J. Appl. Mech. 1968, 35, 449–453. [Google Scholar] [CrossRef]

	67. 
Sackman, J.L. A remark on transient stresses in nonhomogeneous viscoelastic materials. J. Aerosp. Sci. 1962, 29, 1015–1016. [Google Scholar]

	68. 
Sackman, J.L.; Kaya, I. On the propagation of transient pulses in linear viscoelastic media. ASME J. Appl. Mech. 1968, 16, 349–356. [Google Scholar]

	69. 
Pipkin, A.C. Convolutions as products in viscoelastic theory. In Recent Advances in Elasticity, Viscoelasticity and Inelasticity; Rajagopal, K.R., Ed.; World Scientific: Singapore, 1995; pp. 82–107. [Google Scholar]

	70. 
Beldica, C.E.; Hilton, H.H. Analytical and computational simulations of experimental determinations of deterministic and random linear viscoelastic constitutive relations. J. Sandw. Struct. Mater. 2012. in press. [Google Scholar]

	71. 
Bellman, R.E.; Lockett, J.A.; Kalaba, R.E. Numerical Inversion of the Laplace Transform: Applications to Biology, Economics, Engineering and Physics; Elsevier: New York, NY, USA, 1966. [Google Scholar]

	72. 
Cost, T.L. Approximate Laplace transform inversions in viscoelastic stress analysis. AIAA J. 1964, 2, 2197–2166. [Google Scholar]

	73. 
Cost, T.L.; Becker, E.B. A multidata method of approximate Laplace transform inversion. Intern. J. Num. Meth. Eng. 1970, 2, 207–219. [Google Scholar] [CrossRef]

	74. 
Dubner, H.; Abate, J. Numerical inversion of Laplace transforms by relating them to the finite Fourier cosine transform. J. Assoc. Comput. Mach. 1968, 15, 115–123. [Google Scholar] [CrossRef]

	75. 
Durbin, F. Numerical inversion of Laplace transforms: An efficient improvement to Dubner and Abate’s method. Comput. J. 1974, 17, 371–376. [Google Scholar] [CrossRef]

	76. 
Eldred, L.B.; Baker, W.P.; Palazzo, A.P. Kelvin-Voigt vs. fractional derivative model as constitutive relations for viscoelastic materials. AIAA J. 1995, 33, 547–550. [Google Scholar] [CrossRef]

	77. 
Hilton, H.H.; Sossou, S. An efficient protocol for evaluating viscoelastic Prony series hereditary integrals. J. Num. Meth. Eng. 2011. submited for publication. [Google Scholar]





© 2012 by the author; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
——ERROR INV

!
-

— — -APPROX. INV

VALUES

----- EXAC INV.

—---=RELATIVE ERROR

"\..._‘ﬁ

-2 -1 0
LOG (TIME)






nav.xhtml


  materials-05-00169


  
    		
      materials-05-00169
    


  




  





media/file1.png





media/file2.png
T

Elastic Action

%F
b
26 2n
26, 21

|

I Viscoelastic

Action

|

2G,, 2n
21 pyyq

Mewtonian
Flow






media/file7.png
P
. \\
. /
\\\ \“\
. \\
==
- \
\\\\‘. .’
7z \\ \\
\\ \\
_.\. .
K w N -
.\ n n n
\ ~\ ..D _.b T
... _ | _ .
! I
: ; i
- o © = i
o =] °© e
(L+,9)/L WaIL Wie

LOG (p)





media/file9.png
g
—EXP (- *t |
— -EXP (-1)

— - -ERROR
2 3 3

TIME (1)






media/file5.png
MODULUS

/// 4
\ va -EXACT INVERSION S
\: ]
‘.\ —---- APROXIMATE INVERSION | .
\

|—% ERROR|

-

e,

LOG TIME

JOoHII %





media/file3.png
RELAXATION COMPLIANCE

T T b

\‘

\_ :

~
\ . ——EXACT
~-
~
\-
\ ~. --=--FRACT. DERIV.
-\
\ \
\, wereeeee- ERROR
‘-
\
N1 eBa
LA U i A
1/ + /T)\
\
\
-2 1 0 1 2

LOG (p)






media/file0.png
LOG (COMPOSITES VISCOSITY) (poise)

METAL TEMPERATURE (C)

COMPOSITES TEMPERATURE (C)

0 200 400 600 800 1000
5
A\ ;
\
\
\
\ 30
N =
\ METALS
\
N 20
\
\
N\
~ 10
N\
N
~
L \. > \ 1o
— — -COMPOSITES SN 1
H H N - 4
o SO
i i 1.
0 200 400 600 800 1000

(esiod) (ALISODSIA 1VLIN) 901





media/file8.png
——EXACT 5=.75
\\ — -APPROXIMATE .= .88

\ |——-ERROR

\

FUNCTIONS

LOG (p)






media/file6.png
MODULUS and ERROR

S~ ——EXACT E
\
N — -FDE
\ N —--ERROR
\ h REL. ERROR
\\ . .'.
\
’
-/—l‘,
/ d.
- /— l‘ ’.
-2 I -1 0 1 2 3

LOG (p)






