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Abstract

This work considers initiation of nonlinear waves, their propagation, reflection, and their interac-
tions in thermoelastic solids and thermoviscoelastic solids with and without memory. The con-
servation and balance laws constituting the mathematical models as well as the constitutive theo-
ries are derived for finite deformation and finite strain using second Piola-Kirchoff stress tensor
and Green’s strain tensor and their material derivatives [1]. Fourier heat conduction law with
constant conductivity is used as the constitutive theory for heat vector. Numerical studies are
performed using space-time variationally consistent finite element formulations derived using
space-time residual functionals and the non-linear equations resulting from the first variation of
the residual functional are solved using Newton’s Linear Method with line search. Space-time local
approximations are considered in higher order scalar product spaces that permit desired order of
global differentiability in space and time. Computed results for non-linear wave propagation, ref-
lection, and interaction are compared with linear wave propagation to demonstrate significant
differences between the two, the importance of the nonlinear wave propagation over linear wave
propagation as well as to illustrate the meritorious features of the mathematical models and the
space-time variationally consistent space-time finite element process with time marching in ob-
taining the numerical solutions of the evolutions.
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1. Literature Review, Outline, and Significance

The subject of nonlinear wave propagation in which nonlinearity primarily arises due to consideration of finite
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deformation and finite strain is an area of significant interest due to the introduction of polymeric solids and
their abundant use in industrial applications. Polymers can undergo finite deformation, finite strain, have a dis-
sipation mechanism, and exhibit rheological behavior. Thus, the deformation physics in such materials is quite
complex. Development of mathematical models for finite deformation and finite strain for solid continua in La-
grangian description using conservation and balance laws resulting in initial value problems (IVP) and time ac-
curate numerical simulations of the evolution described by the IVPs is the main objective of this research.

A review of the published works related to the research presented here is given in the following. In the pub-
lished works cited and discussed here we address four basic questions: 1) what is the source of nonlinearity, 2)
type of material considered (elastic, viscoelastic, etc.), 3) constitutive theories, 4) methodology or approach used
to obtain numerical solution of the resulting mathematical model. In reference [2] conservation and balance laws
are considered and some aspects of the constitutive theories are also discussed with the main objective of ob-
taining simplified mathematical models with various assumptions that would permit theoretical or semianalyti-
cal solutions. Many specialized forms of the 1D and 2D wave equations and their possible solutions are dis-
cussed. Reference [3] considers solids under high-pressure shock compression. This book presents many aspects
of mechanics, physics, and chemistry in such deformation. Plasticity or irreversible deformation processes are a
central point of focus in this reference. The material in the book is largely devoted to experiments, design of ex-
periments, and analysis of experimental data. Experimentally focused work on “nonlinear phenomena in the
propagation of elastic waves in solids” is also presented in reference [4]. The authors consider Green’s strain
and many applications to different and unique materials. Precise mathematical models used, the constitutive
theories considered and their derivations are not given. In reference [5], the authors consider a one degree of
freedom oscillator subjected to an external force and a restoring viscoelastic force with memory based on a
phenomenological approach. Such models are not valid in the thermodynamic sense and their extension to R
and R? is not possible [1]. Finite amplitude waves in isotropic elastic plates are considered by Lima and Hamil-
ton [6]. A perturbation technique with semianalytical solution is used to obtain the solutions of the governing
equation of equilibrium in Lagrangian description. Periodic harmonic solutions are presented. In reference [7],
thermoelastic small-amplitude wave propagation in nonlinear elastic media is considered. Helmholtz free energy
density is expressed as a nonlinear function of the principal stretches and is used to derive the constitutive equa-
tion for stress. For thermoelastic material based on reference [1], this approach of deriving constitutive theory is
unfounded. This approach is applied to layered structures. Lima and Hamilton [8] presented a study of finite
amplitude waves in isotropic elastic waveguides with arbitrary cross-sectional area using perturbation and modal
analysis techniques to obtain the solutions of nonlinear equations of motion for harmonic motion. The second
Piola-Kirchoff stress tensor is expressed as a quadratic function of the Green’s strain tensor using a special form
given in references [9] [10]. A study of nonlinear deformation waves in solids and dispersion due to microstruc-
tures using Mindlin type model is considered in reference [11]. Finite volume method is used to study propaga-
tion and interaction of one-dimensional waves. Nonlinear transient thermal stresses and elastic wave propaga-
tion studies in thick temperature-gradient dependent FGM cylinder using a second-order point-collocation me-
thod are presented in reference [12]. In reference [13], numerical simulations of linear and nonlinear waves in
hypoelastic solids are presented using conservation element and solution element method (CESE). These inves-
tigations are hypothetical as the constitutive theories for hypoelastic solids are hypothetical since these constitu-
tive theories cannot describe the constitution of solids. Numerical simulations of nonlinear elastic wave propa-
gation in piecewise homogeneous media are considered in reference [14]. Wave reflection, transmission, and
interaction of waves are not clearly demonstrated primarily due to complexity of the properties of the domain.
Vibrations and wave propagation in thick FGM cylinders with temperature dependent material properties are
investigated in reference [15]. A nodal discontinuous Galerkin finite element method is considered for nonlinear
elastic wave propagation in reference [16]. Nonlinear transient stress wave propagation in thick FGM cylinder
using a unified generalized thermoelasticity theory is considered in reference [17]. Nonlinear constitutive model
for axisymmetric bending of annular graphene-like nanoplates with gradient elasticity enhancement effects is
considered in reference [18]. In reference [19], nonlinear semianalytical finite-element algorithm for the analysis
of internal resonance conditions in complex wave guides is considered. Linear stress waves in elastic medium
for infinitesimal deformation linear elasticity have been studied by Surana et al. [20].

From the brief literature review presented here we note the following. 1) The mathematical models resulting
from conservation and balance laws are not explicitly defined and stated in most cases. 2) The constitutive theo-
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ries for thermoelastic and thermoviscoelastic materials with and without memory and the basis for their deriva-
tions are mostly absent. In many instances phenomenological approach is used. 3) A mix of various space-time
decoupled methods based on finite volume, finite element approaches for discretization in space followed by
some time integration scheme is used to obtain evolutions described by the IVVPs. In many instances semi-ana-
Iytical approaches are considered for highly simplified mathematical models that lack the desired physics. 4) In
the model problems considered and the numerical studies presented for them, the complexity of the physics of
the model problem rarely permits the assessment of the importance of nonlinearity when compared to the cor-
responding solutions from the linear models. 5) The issue of time accuracy of numerical solutions is never ad-
dressed in any of the references. This is of utmost significance as only with the correct time evolution can we
assess the importance and significance of the nonlinear wave propagation.

The outline of the work presented in the paper is given in the following. General considerations and scope of
study are contained in Section 2. The mathematical models in R® (3D) are presented in Section 3. The mathe-
matical models in R* (1D) are given in Section 4. The dimensionless forms of the mathematical models in R* are
presented in Section 4.4. The computational framework, the space-time finite element formulations based on
space-time residual functional and the time marching procedure for computing evolutions are presented in Sec-
tion 5. Descriptions of model problems, schematics, loadings, boundary conditions and the material coefficients
are given in Sections 6, 6.1, and 6.2. Computations of evolutions, convergence of the solutions, converged nu-
merical results for the three types of solid continua considered here are presented in Section 6.3. Summary of the
work and the conclusions drawn from the work presented in this paper are given in Section 7.

There are many important and meritorious aspects of the present work compared to the published works.
Conservation and balance laws including constitutive theories are presented in R® and R* for finite deformation
and finite strain in Lagrangian description for thermoelastic and thermoviscoelastic solids with and without
memory using second Piola-Kirchoff stress tensor and Green’s strain tensor as conjugate pair. Dimensionless
forms of the mathematical models in R are used for presenting linear as well as nonlinear wave initiation,
propagation, reflection and subsequent propagation. Some of the significant aspects of the present work are: 1)
demonstration of the fact that nonlinear waves result in shock formation and complex thermal field due to dissi-
pation. 2) Wave amplitude decay and base elongation due to dissipation are clearly demonstrated for linear as
well as nonlinear waves in case of solid continua with damping. 3) Rheological behavior due to memory is
demonstrated for thermoviscoelastic solid continua with memory. 4) The finite element formulations used based
on space-time couple approach are shown to be free of inherent numerical dispersion. 5) Computations of evolu-
tions for large values of time are presented to illustrate various aspects of linear and nonlinear wave propagation.
6) It is clearly shown that extremely low values of space-time residuals obtained for all numerical computations
confirm time accuracy (i.e. proximity of the computed solutions to the theoretical solutions) of the results pre-
sented in the paper.

2. Considerations in the Present Study and the Scope of Work

The work presented here considers nonlinear wave propagation, reflection and interaction in thermoelastic solid
continua and thermoviscoelastic solid continua with and without memory. The mathematical models in Lagran-
gian description consist of conservation and balance laws and the appropriate constitutive theories for stress
tensor and heat vector [1]. The primary source of nonlinearity is due to finite deformation and finite strain. The
contravariant second Piola-Kirchoff stress tensor and Green’s strain are used as conjugate pairs in the deriva-
tions of the balance laws and the constitutive theories. The solid continua are assumed compressible thus per-
mitting finite deformation and associated changes in density. For thermoelastic solid, rate constitutive theory of
order zero is used in which the contravariant second Piola-Kirchoff stress is a linear function of the Green’s
strain tensor. The work presented here only considers thermal affects due to rate of entropy production asso-
ciated with rate of dissipation due to rate of mechanical work, thus for thermoelastic solids, the energy equation
and entropy inequality resulting from the first and second law of thermodynamics are not required. In the case of
thermoviscoelastic solids with and without memory, the second Piola-Kirchoff stress tensor is decomposed into
equilibrium stress tensor and deviatoric stress tensor. The constitutive theory for the second Piola-Kirchoff equi-
librium stress tensor is derived in terms of thermodynamic pressure. The constitutive theory for deviatoric
second Piola-Kirchoff stress tensor for thermoviscoelastic solids without memory is considered as a first order
rate theory [1] in which the deviatoric second Piola-Kirchoff stress tensor is a linear function of the Green’s
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strain tensor and its material derivative. In the case of thermoviscoelastic solids with memory, the constitutive
theory for deviatoric second Piola-Kirchoff stress tensor is a first order rate theory in deviatoric second Piola-
Kirchoff stress tensor as well as Green’s strain tensor.

The mathematical models are non-dimensionalized for use in the computational framework. Explicit forms of
the mathematical models are presented in R'. These models are used to study one dimensional nonlinear wave
propagation, reflection, and interaction in the three types of solid continua considered here. Linear forms of
these mathematical models based on small-strain small-deformation assumptions are also considered in the nu-
merical studies. The evolutions of the nonlinear and linear waves are compared to demonstrate the differences
between the two. Ramp and pulse stress loadings and pulse velocity loading are considered in the numerical stu-
dies.

The dimensionless form of the mathematical models in R* are utilized to construct the space-time coupled fi-
nite element processes for an increment of time (giving a space-time strip) based on space-time residual func-
tionals that are space-time variationally consistent, hence the computations during the entire evolution remain
unconditionally stable. Evolutions are computed by time marching using the space-time strip. The space-time
local approximations for the dependent variables over a space-time element are considered in higher order scalar
product spaces that permit higher order global differentiability of the space-time approximations over a discreti-
zation of the strip as well as at the inter-strip boundaries. The minimally conforming spaces ensure the space-
time integrals over discretization of a space-time strip are in the Riemann sense. This feature enables computa-
tions of time accurate evolutions.

3. Mathematical Models in R3

In this section we present mathematical models for thermoelastic and thermoviscoelastic solids with and without
memory consisting of conservation and balance laws and the constitutive theories. The mathematical models are
first presented in R®. These are then followed by explicit forms of the mathematical models in R* for 1-D wave
propagation including their dimensionless forms. Finite deformation and finite strain are considered in the ma-
thematical models. Contravariant second Piola-Kirchoff stress and Green’s strain tensor are used as conjugate
pairs [1]. Solid continua are considered compressible. In the mathematical models, the energy equation is only
considered if the rate of mechanical work results in entropy production. The mathematical models are consi-
dered in Lagrangian description.

3.1. Thermoelastic Solid Continua in R3

In such solid continua the deformation process is reversible; hence rate of mechanical work does not result in
rate of entropy production. Thus, the specific internal energy in the absence of strain energy is not affected by
the rate of work. As a consequence, mechanical deformation and thermal effects remain uncoupled; hence the
thermal behavior can be studied independent of the mechanical deformation. Since in the present work we only
consider thermal effects due to rate of entropy production resulting from the rate of work, for thermoelastic sol-
ids the mathematical model only consists of conservation of mass, balance of linear momenta, and balance of
angular momenta. The energy equation in this case is a linear (or nonlinear) diffusion equation and entropy in-
equality contains no dissipation terms but forms the basis for deriving constitutive theory for the heat vector ap-
pearing in the energy equation. The constitutive theory for the contravariant second Piola-Kirchoff stress
Sa[o] is based on o and Green’s strain tensor 80]) as conjugagte pair and is derived using strain energy

ensity function or theory of generators and invariants (see reference [1] for details). Thus for compressible
thermoelastic solids, the mathematical model consists of continuity equation (conservation of mass), momentum
equations (balance of linear momenta), balance of angular momenta, and the constitutive theory for the stress
tensor. In the absence of body forces, we can have the following in Lagrangian description [1]. In the
constitutive equation for o!” we assume o!” asa linear function of &) -

po =[] p(x,t);  continuity equation (3.1)

Po {V} —([J ][a[o] TJ{V} =0; momentum equation (3.2)
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[a[o]] = [a[(’] ]T : balance of angular momenta (3.3)
[ )= 2u] 5 |+ A{tr g )1
or constitutive theory (3.4)

In which

-5t 580
v} ={u} (3.6)

(o1)" = [of2 o of9 ol ol of2]
{8[01 }T - [(5[01 )11 (g[o] )22 (g[o] )33 (g[o] )23 (g[o] )31 (g[o] )12}
[0 ] =5 ([T 12111 (39)

Dy =2u+A;Dy=A,i# ;D =2u,i=4,56
D;=0;i,j=456 and i# j

3.7)

3.9)

The X =x +u, are coordinates of a material point P(x,t) in the current configuration, u, are displace-
ments in the x, directions and v, are the corresponding velocities. The density in the reference configuration
(t=0) isgiven by p, and p(x,t) is the density of the material point P(x,t) in the current configuration
at time t. Subscripts 1, 2, and 3 in (3.7) refer to x,, x,, and x, axes of a fixed x-frame. A dot () on the
quantity implies material derivative. Equation (3.6) can be substituted into (3.2) thereby eliminating v as a
dependent variable. The contravariant second Piola-Kirchoff stress tensor is symmetric (3.3). Thus the mathe-
matical model reduces to

Po =|3| P (x,1) (3.10)
o {1} —([J o ]T){v} 0 (3.11)
o} =[D]{¢iq) (3.12)

in which |:€[0]:| and [D] are defined by (3.8) and (3.9). Material coefficients are 4 and . When the u;,

hence [J], are known, the density, p in the current configuration, is deterministic from (3.10). Thus, for

thermoelastic compressible solid continua, p(x,t) is not a dependent variable in the mathematical model. Eg-
uations (3.11) and (3.12) are nine partial differential equations in three displacements u; and six stresses

ai[j°] (: JE?]) , hence the mathematical model has closure. Equations (3.10)-(3.12) and [5[0]} defined by 8 is the

final form of the mathematical model for thermoelastic solids in R® in which (3.10) only needs to be used to de-
termine p(x,t) once [J] is known in the current configuration.

3.2. Thermoviscoelastic Solid Continua without Memory in R3

In such solid continua the deformation process is not reversible due to rate of mechanical work resulting in en-
tropy production (dissipation) which affects the specific internal energy. Hence, in such solid continua, the ma-
terial exhibits elasticity as well as dissipation mechanism but has no memory (or rheology). In such solid conti-
nua, the mechanical deformation and thermal effects are coupled implying that the energy equation resulting
from the first law of thermodynamics is an integral part of the complete mathematical model. Entropy
inequality resulting from the second law of thermodynamics along with decomposition of o into equilibrium
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(ea[o]) and deviatoric (d a[ol) contravariant second Piola-Kirchoff stress tensor provides mechanism for de-
riving constitutive theory for heat vector and (eam) and additionally requiress that rate of work due to

(1d a[ol) be positive. The constitutive theory for o' s derived using the theory of generators and invariants
[1]. The complete mathematical model for thermoviscoelastic solid continua without memory consists of con-
servation of mass, balance of linear momenta, balance of angular momenta, which are the same as in the case of
thermoelastic solids (Equations (3.1)-(3.3)). Additionally, the energy equation and constitutive theories for
eo-[o], do-[o], and heat vector ¢ are needed. The complete mathematical model is given in the following in
Lagrangian description for compressible matter (in the absence of body forces). The constitutive theory used for
;o) is a simple first order linear rate theory in which ,o'* is a linear function of &, and &, (material

derivative of &) )- The constitutive theory for {q} is simple Fourier heat conduction law [1]. The constitutive

theory for ea[°] is in terms of thermodynamic pressure [1].
po =|3|p(x,t);  continuity (3.13)
P {U} —([J ][JIO]TJ{V} =0; balance of linear momenta (3.14)
[a[ﬂ = [cr[o]T ;. balance of angular momenta (3.15)
Do+ {V}T {q}—tr ([a[o] ]T |:é‘[0] Tj =0; energy equation (3.16)
[O.[O]J:[EO.[O]] [d [0]]
[0 ]==pp|aT [3]
| (3.17)
o0 =20 g [+ 2(tr[ i )11+ 26 [ 59+ A (e [ )01
or {40} = [D]{e(q} +[B1{4s
D :2/f+%; Dy =4,i#j;D; =2,L~l, i,j=4,56
D; =0;i,j=4,56 and i=# j
(3.18)
Biizz~ +4: By =4,i# ] By —2ﬂ1:|v]—456
B;=0,i,j=456 and i#]
and
{a} =-k{V@};  Fourier heat conduction law (3.19)

Here ,, and J, are material coefficients related to dissipation, k is thermal conductivity, € is absolute
temperature, and e is specific internal energy. The compressive thermodynamic pressure, p in (3.17) is as-
sumed positive. Equation of state, p = p(p,8) is known for each specific solid continua under consideration.

3.3. Thermoviscoelastic Solids with Memory in R3

In such solid continua the deformation process is also not reversible. In these solids the rate of mechanical work
also results in rate of entropy production (dissipation). Additionally, such solids exhibit rheological behavior, i.e.
memory. Due to rate of entropy production, the thermal and mechanical effects are coupled; hence the energy
equation is an integral part of the complete mathematical model. Entropﬁ/ mequallty resulting from the second
law of thermodynamics along with the stress decomposition ol + o- I provides mechanism for de-
riving constitutive theories for eo-[o] and heat vector and addltlonally requwes that rate of work due to ;o ol
be positive. The constitutive theory for do-[o] is derived using theory of generators and invariants [1]. The
complete mathematical model for thermoviscoelastic solids with memory, in Lagrangian descrlptlon conS|sts of
continuity equation, momentum equations, energy equation, and constitutive theories for ecr[o], ,and ¢.

Constitutive theories used here are first order linear rate theories in ,o'* and &) 1€ materlal derlvatlve of
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da[o] is a linear function of &) 5’[0] ,and o). This constitutive theory permits dissipation as well as rheol-

ogy. Constitutive theory used for q is a simple Fourier heat conduction law. The constitutive theory for eo-[o]
is in terms of thermodynamic pressure p(p,6). The complete mathematical model is given in the
following (in the absence of body forces).

po =3 p(x.t);  continuity (3.20)

o (U} —([J ][a[o] Tj{v} =0;  balance of linear momenta (3.21)
[a[ﬂ = |:G[O] T ;' balance of angular momenta (3.22)
o+ V}T (q)—tr ([O-[O] T [g[o] Tj =0; energy equation (3.23)

s e s et a[ﬂ)[l] (3.24)
:aé[ﬁo}]*ag(”[g[ol])[']+ail[g[lﬂ+af(”[‘9[ﬂ)[']
or {soth+[c){ oo™} =[an] {4} +[2]{ |

where coefficients of [c], [a,], and [a,] are functions of (c,c,), (aéaé) and (ailaf) and are defined
in the same manner as coefficients of [D] in (3.18). Additionally, q is defined as
{q} =—k{V@};  Fourier heat conduction law (3.25)

We consider compressive thermodynamic pressure to be positive, hence the negative sign in the constitutive
theory for eo-[°] . Here also, p= p(p,e) is an equation of state and is known for a material under considera-

tion. The constitutive theory for do-[o] (last equation in (3.24)) can also be written (similar to thermoviscoelastic
solid continua without memory) in the following form if we neglect tr([da[oq) in equation three in (3.24),

divide throughout by c,, and define 1 as 4.
G

{d 0[01} +4 {d 0[1]} - [go]{g[o]} +[§1J{gm} (3.26)
in which
2] s lan) )=o) e27)

Equation (3.26) is the final form used in the present work to obtain its equivalent form in R™.

Remarks:

Even though the model problems considered in the present work are wave propagation studies in R', the ma-
thematical models in R® are necessary to demonstrate the presence of all relevant terms, many of which drop out
in R* as in R* there is no concept of the other two dimensions.

4. Mathematical Models in R!

In this section explicit forms of the mathematical models for 1D wave propagation in R* for thermoelastic and
thermoviscoelastic solid continua with and without memory are presented. These models are derived using the
mathematical models presented in Section 3 for the three dimensional case, i.e. in R®, hence they hold for finite
deformation and finite strain. We assume directions 1 and x, to be the same as x. Displacement u, in x
(or x) direction is denoted by u and the velocity v, by v. Details of the mathematical models based on
conservation and balance laws and the constitutive theories for the three types of material behaviors considered

)
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are given in the following (in the absence of body forces).

4.1. Thermoelastic Solid Matter (Compressible): R1

For 1D wave propagation in R* the mathematical models of Section 3.1 in R® reduce to
ou
=| f—+1|p(xt
Po ( o jp( )

o’u 0 ou

2
o g 5_U+f1(5_uj
OX 2\ Ox

inwhich f =0 for small deformation and small strain and f =1 for finite deformation and finite strain. This
is a mathematical model in dependent variable u and 0')[(2] . E is material coefficient in the reference configu-
ration.

Alternate form of the mathematical model using v

It is some times more convenient to introduce velocity v =Z—l: as a dependent variable in the mathematical
model. This form of the mathematical model is specially helpful in studies in which velocity needs to be speci-
fied as a boundary condition or initial condition. Thus, using velocity v = Zt_u as a dependent variable Equation

(4.1) becomes

au
=| f—+1|p(xt
oo~ 120 41)p(x)
poﬂ—ﬁ [fa—“+1ja£§1 =0
ot ox OX

2
ol gl Mg l(a_uj
oX 2\ OX
&

ot
This mathematical model contains dependent variables u, o and v.

XX !

(4.2)

v

4.2. Thermoviscoelastic Solids without Memory in R!

Using equations in Section 3.2, we can obtain the following in R'. We consider ¢ = cpoé =Cyo % .

ou
= f—+1 t
po={ 1241

Ou_offou o, S0 2
poy_&([f&—i_lj(egxx +d0xx) =0
ea£3]=_p[fa_u+lj

X

10 = “E(gy ) “e(4 ) 4.3)

+
ou 1(ouY
(), =5 fz(a—)
in which p(p, 6’) is thermodynamic pressure defined by the equation of state, thus o is defined in terms

e XX
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of known p(p,0) in (4.3). Equations (4.3) are five partial differential equations in u, da£2], (g[o]) , g,and

6, hence the mathematical model has closure. Material coefficients “E and “c are related to elasticity and
dissipation respectively and are defined in the reference configuration.

Remarks

For solid matter the equation of state is rather involved [1] even though there is no particular problem in in-
corporating it in (4.3). Since the main oijective of this research is the study of linear and nonlinear wave pro-
pagation, the constitutive theory for eag‘; is modified by considering the solid continua to be incompressible
just for the purposes of establishing the constitutive theory for the equilibrium stress e0->[<x] The same assump-
tion is applied to linear and nonlinear wave propagation so that the comparisons of linear and nonlinear wave
propagation studies remain meaningful. This is obviously an assumption that will undoubtedly influence the
model behavior, the extent of which is believed to be not serious. There is further work in progress that incorpo-
rates actual equations of state for p(,8) for compressible solid matter. This work is expected to provide
quantitative measures of the deviations in true behavior of wave propagation due to incompressibility assump-
tion for the constitutive theory for equilibrium stress. For incompressible matter, equilibrium stress is mean
normal stress. Following [1], for incompressible solid matter we have the following in R*

1 3 2
ol =20l ol=3 ol ol =20 @)
Using (4.4), . XX in (4.3) can be expressed either in terms of a[o] or a[o] and the resulting mathematical

model can likewise be expressed either in terms of a[ I or d 0[0] In the following, we choose a[o] so that

this mathematical model contains the same stress measure as in case of thermoelastic solids 4.1.

:[fg—iJrljp(x,t)

o’u o ou

o I )
oo 8x[( ox )GJ

3y 3
"£3]=E(5) o(dq), E=5 Erc=5"
2 (4.5)
(“’[o])xx ( j
00 6q 2 0.

pocpoa+&—50' (8[0])xx 0

:—k—
a OX

The factor of 3 in the dissipation term, in the energy equation, is due to incompressibility assumption in the

constitutive theory. Here also f =0 for small deformation and small strain and f =1 for finite deformation
and finite strain. Absolute temperature is given by &. Thus, we have five partial differential equations (not

including continuity) in five dependent variables u, cr£$], (.9[0]) , g,and @, thus the mathematical model
XX

has closure. Material coefficients E and c define the modulus of elasticity and dissipation coefficient re-

spectively. An alternate form of (4.5) can be derived by using v = gt—u as additional equation in (4.5) and by re-

2

placing ZT;J in the second equation in (4.5) by % This model contains v as an additional variable (com-

pared to (4.5)) but also contains additional equation v = a_u’ hence has closure.

4.3. Thermoviscoelastic Solids with Memory in R?

Using the mathematical model of Section 3.3 (in R®) we can obtain the explicit form of the equations in the ma-
thematical model in R. In this case also we employ Equation (4 4) The final form of the equations for the
mathematical model in R* is given in the following (in terms of o-XX )

)
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Here E :gdg and c:gdg are elastic and dissipation material coefficients and A is relaxation time.
This model has five equations and five dependent variables (same as for thermoviscoelastic solids without
memory). Similar to Section 4.2, here also, we can derive an alternate form of (4.6) by using velocity v asa

dependent variable. Here also f =0 for small deformation and f =1 for finite deformation. The factor of %

in the energy equation is due to incompressibility assumption in the constitutive theory.

4.4. Dimensionless Form of the Mathematical Models in R1

We present the dimensionless forms of the mathematical models given in Sections 4.1-4.3 by choosing appro-
priate_reference quantities. We consider the mathematical models derived in Sections 4.1-4.3 and introduce
hat ( ) i.e. x changesto X, t to £, @ to 6, etc. This implies that all quantities with hat have their usual
dimensions or units in terms of force (F ), length (L) , and time (f). Next we choose a reference value of
force (F,), length (L), and time (t,) which would yield dimensionless force (F), length (L), and time

. . - t o
t), the quantities without hat ,as F =£, in, and t=—. This is a general process of non-
F L,
0

dimensionalizing. Additionally, we may have to choose other reference quantities too, for example, 6, for

0 0

temperature 6 so that we can obtain dimensionless temperature @ :6’i . For wave propagation the reference
0

speed of sound is a good choice for reference velocity (v, ). If we choose L, as reference length then with v,

. L, . . . .
and L,, reference time t, =—, i.e. t, cannot be independent of L, and v,. We consider the following ref-

erence quantities, the resulting dimensionless variables, and the dimensionless parameters.

% b ¢ a k
SV B S S
LO pO CpO LO kO
[0 [0 [0
do_ig] 4 O . EO_£S1:eO'X . O_E]:Uxx ’
z-0 2-0 TO
E E,
E=—, v,= = (reference speed of sound) 4.7
E P
7, =E,=pv,  (characteristic kinetic energy)
L 6
t,=—"2, 0=—
\ [

P, and ¢, are reference values of density and specific heat
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Using (4.7), the mathematical models in Sections 4.1-4.3 can be nondimensionalized.

4.4.1. Thermoelastic Solids: R!
The dimensionless forms are the same as in Section 4.1, Equations (4.1) and (4.2), with and without velocity as
a dependent variable respectively, hence they are not repeated here for the sake of brevity.

4.4.2. Thermoviscoelastic Solids without Memory: R!
The mathematical model in Section 4.2 (Equations (4.5)) can be nondimensionalized using (4.7). The resulting
dimensionless forms of the equations are

(4.8)

The dimensionless modulus of elasticity is given by E and c is the dimensionless dissipation coefficient.

For small deformation and finite deformation we use f =0 and f =1 respectively. In (4.8), we can also in-
2

. . . . .. . ou
troduce velocity, v, as an additional dependent variable with the additional equation V:Z—Ltj and e re-

ov
laced by —.
p y o

4.4.3. Thermoviscoelastic Solids with Memory: R!
The mathematical model in Section 4.3 (Equation (4.6)) can be nondimensionalized using (4.7). The resulting
dimensionless form of the equations are

2o (o o
| () o

(4.9)
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where Deborah number De = ti .

0

5. Computational Framework for Numerical Simulation of Evolution

The mathematical models described in Sections 3 and 4 are a system of nonlinear partial differential equations
(for finite strain measures) describing evolutions i.e. these are initial value problems (IVPs). Even in R, the eg-
uations are complex enough not to permit theoretical or analytical solutions. In the present work, we consider a
space-time coupled finite element formulation based on space-time residual functional for an increment of time
with time marching for computing evolutions. The space-time local approximations are considered in higher or-
der scalar product spaces that permit higher order global differentiability in space and time. Details of
space-time coupled methods for IVPs, time marching, higher order global differentiability approximation spaces,
space-time variationally consistent integral forms etc. can be found in references [21]-[30]. In the following we
present a summary.

5.1. Space-Time Finite Element Formulation Based on Residual Functional and
the Solution Procedure

For the sake of simplicity, we consider mathematical models in R* describing one-dimensional wave propaga-
tion in thermoelastic and thermoviscoelastic media with and without memory. This choice is due to simplicity of
physics so that the significant and subtle features of linear and non-linear wave propagation can be clearly dem-
onstrated. Thus the mathematical models in Section 4 (R*) contain x and t as independent coordinates. All
three mathematical modes in Section 4 can be arranged in the following compact form.

Apg—f =0 V(xt)eQ, =Q,xQ =(0,L)x(0,7) (5.1)

or
Ag—f =0 i=12--m V(xt)eQ, (5.2)
Equations (5.1) or (5.2) are a system of m partial differential equations. In (5.1), matrix A contains the dif-

ferential operators, ¢ is a vector of dependent variables, and f is a vector containing nonhomogeneous
terms. In (5.1), Q, is the open space-time domain such that Q , =Q, U, Q, being closure of Q, and T

being the closed boundary of Q,, . Additionally, the following holds (Figure 1), Q, =Q UT, and Q, =Q, UT,

4
such that T=r, UT,. For simplicity, we consider F:UFi as shown in Figure 1(a). Figure 1(b) shows a
i=1
subdivision of the space-time domain Q,, into space-time strips such that

S_lxt :U"(_ZXt V(X,t)e "ﬁxt :§_2X x" (_2t :[0, L]x[tnfl,tn] (5.3)

The n" space-time strip, with domain "Q,,, is from time t,, to t, over the spatial domain [0,L]. The
time interval At for the strips need not be uniform (but assume so here for simplicity). Consider the n'" space-
time strip "Q,, and its discretization "Q], into space-time elements

" ﬁ; = U ﬁit (5-4)

in which Q¢ is the space-time domain of a space-time element, e (Figure 1(c)), a nine node space-time p-ver-
sion element. Consider the n™ space-time strip with its space-time domain "Q, and its discretization "Q, .
Let "g;i=1,2,---,m be the approximations of ¢;i=1,2,---,m over "QJ and let !¢ be the local ap-
proximation of ¢ over a space-time element Qf, such that

Tg =i i=1,2,-,m (5.5)

If we substitute g, in (5.2), then we obtain the residual functions (equations), E, =i=12,---,m, for the ni
space-time strip.

E=A(i4)-fii=1,2-m (5.6)
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Figure 1. Space-time domain, space-time strips, and discretization for nth space-time strip. (a) Space-time domain; (b)
Space-time strips “Q; k =1,2,---,n,---; (c) Discretization for n™ space-time strip.
On the other hand, if we substitute ¢° in (5.2), we obtain residual equations, E’, for a space-time element e.
EF=A({4)-fii=12-m (5.7)

We consider the space-time finite element method based on residual functional (space-time least squares me-
thod). See references [21]-[30] for more details. Let "I be the residual functional for the discretization of the
n™" space-time strip defined by the sum of the scalar products of E, with itself over "Q .

"l :Zm:(Ei,Ei)nQL (5:8)

Since (E;,E )nﬁT is a functional, (5.8) can be written in terms of the sum of element residuals, i.e.
Xt

nl=Z(Eiin)"QL=§KZ<Eie’Eie)Qgtj=Ze:le 5.9)

Based on the calculus of variations [21], an extremum of the functional "I is also a solution of the asso-
ciated Euler’s equations (partial differential equations in the mathematical models). An extremum of "I re-
quires that we set its first variation, 5(” | ) to zero, a necessary condition, provided "I is differentiable in its
arguments.

s(")=Y51°= 22[2(56,556)9;]: 2> {g°}=2{g}=0 (5.10)

Thus, {g}=0 is a necessary condition for an extremum of functional "1. The sufficient condition, or ex-

tremum principle, is given by
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52("')=2§(Z((5Eﬁ555 ). +(ESOED), )J (5.11)

i t xt

In (5.11), 8*("1)>0,=0,<0, ensures a minimum, a saddle point, or a maximum, respectively, of "I for
the solution !¢ obtained from (5.10). Equation (5.11) is clearly not an extremum principle. Following
[21]-[30], we approximate (5.11) to obtain a unique extremum principle.

52 (")= 22(2 (9E¢, OE; )ﬁit ] >0 (5.12)

This is a unique extremum principle (see reference [21] for details). Since some of the equations in the ma-
thematical model are nonlinear, some ES are nonlinear functions of the dependent variables. That is {g} in

(5.10) is a nonlinear function. Consider the local approximations g eV, < H*? (ﬁit) inwhich k = (k,,k,), k

and k, being the orders of the scalar product space Hk"’(ﬁ;) in space and time. Consider the local ap-
proximations of ¢ over QO

"o =[NU]{ 07 i=1,2m (5.13)
in which [N‘] are space-time local approximation functions and {i5e} are nodal degrees of freedom for a
dependent variable ¢ . Let {ée}T =|:{15E}T , {Zée}T , ...,{mée}q be the total degrees of freedom for all of

the dependent variables ¢4 for an element, e. Therefore, the total degrees of freedom {s} for the discretiza-
tion "Q can be written as

{s}=U{s°} (5.14)

e

With (5.13) and (5.14), {g} in (5.10) is a nonlinear function of {&}, hence the necessary condition
{g} =0 must be satisfied iteratively. We consider Newton’s linear method. Let {5,} be an assumed solution
(a starting solution), then

{g({o,})} =0 (5.15)
Let {As} beachangein {s5,} such that

{a({}+{as})f =0 (5.16)

We expand {g} in(5.16) ina Taylor series about {s,} and retain only up to linear terms in {A&} .

{g({5o}+{A5})} = {g({(so})}+ Zigi

{AS)=0 (5.17)

Then
{Ad} = {%Lﬂ} {o({a})} (5.18)

An improved solution, {&}, is obtained using
{6} ={5,} +a{As};0<a<2 suchthat "I({s})<"1({,}) (5.19)

Use of o in (5.19) is called line search [21]-[30]. Using {&} in (5.19), we check if the absolute value of
each component of {g({ﬁ}) is less than or equal to A, (generally 10° or lower) a preset tolerance for
computed zero. If this condition is satisfied by {5} in (5.19), then we have a converged solution {5} from
Newton’s linear method, otherwise we set {5,} tobe {5} and repeat (another iteration) the calculations de-

scribed above. It is worth noting that
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{9}

o{s}

1
==5% 5.20
5 (5.20)

which when approximated using (5.12) gives a positive definite coefficient matrix due to the fact that 6°1 >0.
Thus, we can rewrite (5.18) as

-1

(A5} = —%[5%]{%} {9({5})} (5.21)

52 =Z(Z(5Ef,5Ef)ﬂe j:Z[Ke] (5.22)
in which Ke] is the element coefficient matrix and | &6° I] in (5.19) are the assembled element equations for
the discretization "Q], . Likewise, the following holds

{9}=§{ge}: {0°} =2 (Er.0F) (5.23)

5.2. Time Marching Procedure: Computations of Evolution

We initiate computations with the first space-time strip shown in Figure 2 with boundary conditions on two
boundaries (for example) and initial conditions at time t =0, the boundary at t= At being the open boundary
where nothing is known about the solution. With proper choice of discretization, p-level, and minimally con-
forming space choice [21]-[30], the integrated sum of squares of the residuals *1 for the first space-time strip
are achieved to be less than or equal to 0(10’6) . With the minimally conforming choice of k, the orders k,
and k, of the approximation space in space and time, the space-time integrals are Riemann over "Q] , hence
' of the order of O(lO’6 or lower indicates that the GDEs are satisfied accurately in the pointwise sense
over *QJ [21]-[30]. Upon obtaining an accurate solution for *Q] the computations are initiated for
2Q"  keeping the same p-levels, same values of k, and the same discretization as used for 'Q] . For the second
space-time strip, Q] , ICs at t=At are from the computed solution at t=At for *Q] . This process is
continued till the desired time t=17 is reached. The benefits of space-time coupled finite element process
based on residual functional and the computations of evolutions using space-time strip with time marching are

well documented in references [21]-[30].

6. Model Problems

We consider one-dimensional axial wave propagation in thermoelastic solid continua and thermoviscoelastic
solid continua with and without memory. In all three mathematical models (Section 4.4) Green’s strain tensor is
used as a measure of finite strain and the second Piola-Kirchoff stress tensor as energy conjugate stress measure.
Figure 3(a) shows a schematic of the dimensionless rod of length one unit. The fixed end at x =0 is also the

t
A

,— open boundary

t=2At
BCs Qth B(Cs
t=At
ICs from Qg at t = At
/‘ /7 open boundary
t=At
BCs - BCs
t=0 -

x
ICs

Figure 2. First two space-time strips with BCs and ICs.
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Figure 3. Problem schematic, stress pulse, stress ramp, and velocity pulse loading. (a) Schematic; (b) Stress pulse loading:
L1; (c) Stress ramp loading: L2; (d) Velocity pulse loading: L3.

origin of the x-frame. The dimensionless axial rod is of unit length. The right end of the rod (at x=1.0) is sub-
jected to three different types of loading.

6.1. Loadings

We consider three different types of loads applied to the end of therod at x=1.0.

Loading L1:

This loading consists of a stress pulse a£2] (t) of maximum amplitude +o;, positive for tensile loading and
negative for compressive loading applied over a time interval of 2At . In Figure 3(b), ag‘j] (t) is continuous
with continuous first time derivative for 0 <t <2At and is defined using the following.

o 80'[0]
at t=0;00(t)=0,“2% =0
ot
ool
at t=At; ol (t)=+0,, —2 =0
O-XX ( ) O-l (61)
[0]
at t=2at 0% (t)=0,2% o

ot
for t>2At;0!J(t)=0

The stress pulse 0'£S] (t) described by (6.1) has support of 2At with maximum amplitude of +o; at
t=At suchthatfor 0<t<2At olJ(t) isacubic function of time t and ol (t)=0 for t>2At.
Loading L2:
This loading consists of stress cr£§] (t) defined as a ramp function over a time interval of At with maximum

va[ll]Je of +o,. Positive and negative signs correspond to tension and compression respectively. The ramp
0

o, (t) is continuous with continuous first derivative for 0<t<At and remains +o; (constant magnitude)
for t>At.
[o]
at t=0;0%(t)=0, %2 _¢
a (6.2)

ool
at t=At ol (t) =0, gt” =0 for t>At; 6l (t)=+o,
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The ramp o (t) described by (6.2) is a stress loading with maximum value of +o, such that for

0<t<At, ol (t) is a cubic function of t with zero time derivatives at t=0 and at t=At and a constant

XX

value of +o; for t>At. Figure 3(c) shows a schematic of this loading.

Loading L3:

This loading (Figure 3(d)) consists of a velocity pulse, v(t), of maximum amplitude +v,, positive for ten-
sile loading and negative for compressive loading applied over a time interval of 2At . Similar to loading L1,
we can define v(t) as follows.

at t:O;v(t):O,av—(t):

0
ot 0
ov(t
at t=At;v(t) ==y, " =0 63)
at t:ZAt;v(t):O,%zo

for t>2At;v(t)=0

The velocity v(t) described by (6.3) is a velocity pulse of support 2At with maximum amplitude of +v,
at t=At.For 0<t<2At v(t) isacubicfunctionof t and v(t)=0 for t>2At.

6.2. Material Coefficients, Reference Quantities and Dimensionless Parameters

We define the material coefficients for thermoelastic sold continua and the thermoviscoelastic solid continua
with and without memory, choice of reference quantities, and the resulting dimensionless material coefficients
and the dimensionless variables and the parameters. The basic material is hard rubber or polymer which we
would treat as thermoelastic, thermoviscoelastic without memory as well as with memory.

Thermoelastic Solid Continua (TE)

=1850 ¢
m

E =1.49x10" -
m

2

If we choose g, :1850k—g3 and E, =1.49x10’ ﬁz as reference values, then the dimensionless density
m

Po = @ =1 and the dimensionless modulus of elasticity E = EE =1.
Po 0
Thermoviscoelastic Solid without Memory (TVE)
518509 ¢ —1650 7
m kg-K
K=0235 W . E—=149x10" %
m-K m

L,=1m; 6, =300K

reference speed of sound

—89.7444 ™
S

Vo =

ST

reference time
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t, = - 001115

characteristic kinetic energy.
If we choose

[

po=p E,=E,and €, =C then p, =L -1 and E=
Po
Thermoviscoelastic Solid with Memory (TVEM)

The material coefficients, reference quantities, and dimensionless quantities and parameters for TVE hold

om||'|'l)

=1 and c,,=—2=1.
p0o

(@}

here. Additionally for this solid continua we have Deborah number, De, defined by De :ti. Numerical val-
0

ues of De used in the evolution computations are given with the details of studies.

6.3. Computations of Evolutions: Numerical Results

In the following sections we report numerical studies for loading L1 and L2 for TE, TVE, and TVEM solid con-
tinua. Evolution in each case is computed using space-time strip with time marching until the desired value of
time is reached. The choice of h, p, and k defining the scalar product space H®*(QS ) containing
space-time local approximation function is important. Since all three mathematical models (dimensionless forms
given by (4.1), (4.8), and (4.9)) are a system of first order partial differential equations in space coordinate x
and time t, the choice of k =(k;,k,)=(2,2) in space and time ensures that the local approximations are of
class C' in space and time. Here the space-time integrals over "Q[ , discretization of n" space-time strip
"Q, are always Riemann. We consider a sixteen element uniform discretization of "Q , giving rise to a spa-
tial discretization length of 1/16. With E =1, p, =1, the dimensionless wave speed is one, thus with At =0.1,
the wave would be over a spatial domain of 0.1 which is spanned by approximately one and a half space-time
element. Hence, at the onset, the sixteen element uniform spatial discretization (h, =1/16) appears to be rea-
sonable. With k =(k,,k,)=(2,2) and h, =1/16, we need to conduct a p-convergence study to establish at
what p-levels this choice of h, is adequate to yield values of the residual functional for the space-time strip low
enough for the computed solution to be considered accurate or time accurate. For this purpose, we consider the
first space-time strip with loading L2 and o, =+0.01 and o, =+0.1 at x=1.0 and At=0.1. The p-levels
in space and time, (p,, p,), are increased uniformly (p=p, =p,) from 3to 11 in increments of 2. For each
p-level, a solution is computed using a tolerance A =10"° for |g;|<A,i=12,-- in Newton’s linear method
with line search. The behavior of the residual function | for 'Q] is examined as a function of the
degrees of freedom for TE, TVE solids and for TVEM. Plots of residual function I versus degrees of freedom for
TE, TVE, and TVEM for both linear and nonlinear cases corresponding to infintesimal (linear) and finite strain
formulations (nonlinear) are given in Figure 4. In the mathematical models, f =0 is used for the linear case in
which there is no non-linearity in any of the equations in the mathematical model. When f =1 (nonlinear

case), the strain measure is Green’s strain and p(x,t) = p, (x), instead p, = (z—uﬂJp(x,t) holds due to the
X

continuity equation. From the graphs in Figure 4, we note that: 1) in all three cases (TE, TVE, and TVEM) the
residual | is of the order of O@O’12 or lower for p=p,=p,=9 or greater confirming that h, =1/16,
k,=k,=2,and p, =p,=9 are sufficient for accurate solution for the first space-time strip. For the second
space-time strip, ICs at t = At are obtained from the solution for the first space-time strip at t = At . For these
choices of h, p, and k, the evolution is expected to stay accurate as long as | of the order of O(107?) or lower
is achieved. This in fact is the assurance of good accuracy of the computed evolution. 2) Even though the slopes
of the I vs dof graphs vary slightly in Figure 4(b) and Figure 4(c), for all practical purposes the change is not
significant, hence we can conclude that the rate of convergence (in the asymptotic range) is almost the same in

each plot of | shown in Figures 4(a)-(c).
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Figure 4. Convergence of residual functional I: | versus dof. (a) TE; (b) TVE; (c) TVEM.

6.3.1. Linear and Nonlinear Waves in TE Solid Continua
In this section, we present computed evolutions for TE solid continua for linear and nonlinear cases. In linear

wave propagation with infintesimal deformation, there is no change in density and the stress aLil = oif) =0,

and is a linear function of g_u and Z—u<<1, hence p, = p(x,t) holds during evolution. When considering
X X

compressive cr£2] at x=1, for nonlinear case, caution should be exercised regarding the magnitude of —o,
as for this case for some value of —o, the stiffness due to 0'£2] will become equal to the nonlinear stiffness of
the rod causing instability, hence failure of computations [31]-[33]. This will occur at the fixed end during ref-
lection when the magnitude of the stress momentarily jumps (double in linear case). In the present studies for TE
solid continua, we choose o, =20.01 for loading L1 as well as loading L2, well below the stress value that
causes instability. In all computations, constant At =0.1 is maintained.

Loading L1

(a) Compressive

We consider a compressive stress pulse with o, =-0.01. When f =0 i.e. linear case, the stress pulse
propagates without amplitude decay and base elongation as expected due to reversibility of the deformation
process. Figures 5(a)-(f) show stress wave propagation over 0<x<1 for t=5At, 9At,11At,17At,and 23At.
At t=11At, the stress pulse is reflecting from the impermeable boundary at x =0. Exploded view of the pulse
reflectionat x=0 for t=11At isshown in Figure 5(d). Upon reflection, the reflected pulse propagates back
toward the right end of the rod (x=1.0) and reflects from the free boundary at x =1.0. This reflected stress
pulse now propagates toward the left end of the rod (Figure 14(f) at t = 23At ). We observe that the amplitude
of the stress pulse and its base are maintained during propagation and repeated reflections as expected.

When f =1, nonlinear wave propagation, the material experiences compression, hence increase in density in
the deformed portions of the rod which results in reduced wave speed. From Figures 5(a)-(f), we note that the
nonlinear wave also maintains its support and its amplitude during propagation and reflections, but lags the li-
near case due to reduced wave speed compared to linear case.

Figures 6(a)-(f) show plots of velocity v over 0<x <1 for the same values of time as in Figures 5(a)-(f) for
the compressive pulse. Here also we observe the same features for v versus x for various values of time as in
Figures 5(a)-(f), namely, the velocity pulse remains unchanged during evolution and the nonlinear velocity
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wave lags the linear case. Most dramatic is the reflection of the velocity wave shown in Figure 6(c) and its ex-
ploded view in Figure 6(d). Dramatically different behaviors for linear and nonlinear waves are clearly ob-
served, yet upon further evolution, the wave shape is recovered (Figure 6(¢e) for t=17At).

(b) Tensile

In this study, we choose a tensile stress pulse with o, =0.01 applied at x=1.0. Computed evolutions for
linear and nonlinear cases are shown in Figures 7(a)-(f) for the same values of time, t, as used in Figures
5(a)-(f). For both linear and nonlinear cases (f =0 and f =1), the wave shape is preserved during propaga-
tion and the reflections from the boundaries at x=0 and x =1 take place as expected. When f =1 (nonli-
near tensile wave), then the material density reduces due to elongation, hence increasing the local wave speed.
Thus, in Figures 7(a)-(f) we observe that the nonlinear wave leads the linear wave throughout the evolution.
The velocity pulse evolution for this case is similar to compressive case (except the signs). The significantly
different behaviors of linear and nonlinear velocity pulses at reflection from the boundardy at x=0 is ob-
served here also. This is quite similar to the reflection shown in Figure 6(c) and Figure 6(d), hence not re-
peated.

Loading L2

(a) Compressive

In this study, we consider loading L2 with &, =-0.01, a ramp loading over 0<t<At that is of class C'
in time. Here also we consider f =0 (linear wave) aswell as f =1 (nonlinear case). When f =0, the mag-
nitude of o, remains constant and its support At, also remains constant i.e. no amplitude decay and base
elongation. Figures 8(a)-(f) show propagation of stress wave over 0<x <1 for t=D5At, 9At, 11At, 17At, and 23At .
At t=11At, the stress wave is reflecting from the impermeable boundary at x =0. Exploded view of reflec-
tionat t=11At isshown in Figure 8(d). Upon reflection, the reflected stress wave propagates back toward the
right end boundary at x=1.0 and reflects from the free boundary at x=1.0. The reflected stress wave now
propagates back toward the left end of the rod at x=0.0 (Figure 8(f) at t=23At). We observe that the am-
plitude of the stress wave and its support (base) are maintained during propagation and after reflection as ex-
pected in the thermoelastic solid continua. When f =1, the waves are nonlinear compressive as the mathemat-
ical model consists of nonlinear partial differential equations. Due to compression, the density increases in the
deformed portion of the medium, hence the wave speed is reduced. From Figures 8(a)-(f), we note that the non-
linear stress wave also maintains the amplitude and the support during evolution but lags the linear case due to
reduced wave speed compared to linear case. The velocity evolution shows similar features as the stress waves,
but drastically different behaviors for linear and nonlinear case when reflecting from the impermeable boundary
at x=0 (similarto Figure 6(c) and Figure 6(d)) but are not reported here for the sake of brevity.

(b) Tensile

In this study, we consider tensile stress loading with o, =0.01 applied at x=1.0 over At. Computed
evolutions for linear and nonlinear cases are shown in Figures 9(a)-(f) for the same values of time t as used in
Figures 8(a)-(f). For both linear (f =0) and nonlinear (f =1) cases the wave shape is preserved during
evolution i.e. propagation and reflections. For nonlinear tensile stress wave, the material density reduces locally
during deformation (due to elongation) which results in increasing local wave speed. Hence, in Figures 9(a)-(f)
we observe that the nonlinear wave leads the linear wave throughout the evolution. The results for the evolution
of velocity are not presented for brevity.

6.3.2. Linear and Nonlinear Waves in TVE Solid Continua

In this section, we consider linear and nonlinear waves in TVE solid continua. These solids have elasticity, me-
chanism of dissipation i.e. conversion of mechanical energy into entropy production which results in heat, hence
influences specific internal energy. The dissipation mechanism is obviously present in linear (small strain) as
well as nonlinear cases (Green’s strain). For linear case, (f =0), here also (as in the case of TE solid

continua, Section 6.3.1) g—u<<1, hence p, = p(x,t) holds during evolution i.e. no change in density hence
X

constant wave speed during evolution. In the case of TVE solid continua, we can take more liberty with the
magnitude of stress o; due to not being restricted by the instability issues. We consider dimensionless damp-
ing coefficient ¢=0.006 in all numerical studies presented in this section.
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Loading L1

(a) Compressive

Evolutions are computed for compressive pulse of o, =—-0.1 over 0<t<2At. Figures 10(a)-(f) show
evolutions of linear and nonlinear waves for t =5At, 9At, 11At, 17At , and 23At. In both linear and nonlinear
waves, the amplitudes of the waves progressively decays and the support elongates as the evolution proceeds. At
t=17At (Figure 10(e)) the peak value is only 40% of the peak of the original wave initiated at the com-
mencement of the evolution. Due to local increase in density for the nonlinear case, the evolution for the nonli-
near wave lags the evolution for the linear case. Nonlinear wave evolution consistently exhibits lower peak
stress values compared to linear case. Since in TVE solid continua, there is entropy production due to rate of
mechanical work, hence heat generation due to mechanical work, this would result in temperature changes along
the length of the rod during evolution. In the studies conducted here, the initial dimensionless temperature at
time t=0 is considered to be 1 i.e. =1 is used as initial condition. Figures 11(a)-(f) show temperature
distributions along the rod for the same values of time as in Figure 10. Figure 11(d) is an exploded view of
Figure 11(c). We observe that the nonlinear case lags the linear case, lower peak values for nonlinear case and
quite complex temperature distribution along 0<x <1 after wave reflection from x=0.0 boundary (Figure
11(e) and Figure 11(f)).

(b) Tensile

When o, =0.1 for loading L1, we have a tensile pulse. Computed evolutions for same values of time t as in
the case of compressive loading are shown in Figures 12(a)-(f). Due to dissipation, the wave peaks are reduced
for both linear and nonlinear cases. The nonlinear wave peak values are slightly higher than those of the corres-
ponding linear waves. Whereas in the case of compression, the peaks of linear waves are higher than those of
nonlinear waves. The evolution of linear waves lags the evolution of nonlinear waves due to a decrease in den-
sity (because of tension), hence increased wave speed in the locally deformed region of 0<x <1 occupied by
the wave. Reflection of the wave at x=0.0 (Figure 12(c) and Figure 12(d) at t=11At) and from the
x=1.0 boundary (Figure 12(f) at t =23At) are smooth and present no problems. Evolution of temperature is
shown in Figures 13(a)-(f). Evolution of temperature for the nonlinear wave leads the linear wave. This is con-
sistent with the evolution of stress wave in Figures 12(a)-(f). Overall, we observe higher temperature peaks in
this case compared to compressive wave. Complex temperature distribution in Figure 13(e) and Figure 13(f)
after reflection are simulated accurately (I of the order of 0(10’13) or lower for each space-time strip).

Loading L2: Tensile

In this case we consider tensile ramp loading with o, = 0.4. We consider such high values of o, to demon-
strate more clearly the shock formation in case of nonlinear waves. In tension, such high values of o; can be
used as in tension we do not have the problem of instability. Dimensionless damping coefficient c is chosen to
be 0.006, same as in loading L1. Because of high value of o, large elongation and significant progressive re-
duction in density will occur. This results in substantial and progressively increased wave speed. As a conse-
quence, the waves behind the waves are moving at faster speeds resulting in “piling up” of the waves which ul-
timately results in a sharp front referred to as a shock. Figures 14(a)-(f) show evolution of stress for both linear
and nonlinear cases at times t=D5At, 7At, 11At,13At, and 18At. From Figure 14(a), we note that even at
t =5At, the nonlinear wave has steepened significantly compared to linear wave confirming shock formation.
Comparing evolutions of the linear and the nonlinear waves in Figure 14(a) and Figure 14(b) for t=>5At and
at t=7At, we note that between time t=D5At totime t=7At, the right portion of the wave is travelling faster
than the lower left portion of the wave resulting in further steepening of the nonlinear wave in Figure 14(b).
Reflection in Figure 14(c) and Figure 14(d) are smooth and present no problem. The nonlinear waves are tra-
velling much faster than the linear waves, hence the nonlinear waves are always ahead of the linear waves
throughout the evolution. This is dramatically illustrated in Figure 14(e) and Figure 14(f). The evolution of the
temperature for the same time values as in Figures 14(a)-(f) is shown in Figures 15(a)-(f). Shock formation in
the temperature evolution and its speed of propagation are similar to the stress wave evolutions shown in Fig-
ures 14(a)-(f). Due to the nature of the applied stress wave (ramp), the influence of dissipation can only be ob-
served in the temperature evolution and not the stress evolution. Without dissipation, there would have been no
change in temperature along the length of the rod.

6.3.3. Linear and Nonlinear Waves in TVEM

Loading L1: Compressive and Tensile
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TVEM are solid continua with dissipation and memory (rheology). If the damping coefficient is same in TVE
and TVEM, then the dissipation remains the same in both. Thus for the same damping coefficient in TVE and
TVEM, the only difference in the behavior of stress wave in TVEM compared to TVE solid is due to rheology
i.e. stress relaxation. Thus, in this study the most meaningful illustration is the comparison of nonlinear stress
waves for TVE and TVEM. We choose ¢ =0.006 in both TVE and TVEM and De=0.002 for TVEM. The
studies are conducted for loading L1 with o, =+0.1 i.e. a compressive and tensile pulse loading. Figures
16(a)-(f) show plots of the stress pulse propagation and reflection for TVE solid continua and TVEM for
o, =-0.1 attimes t=>5At, 9At, 11At,17At, and 23At.

Due to damping, the wave magnitudes progressively diminish along with base elongation as evolution
proceeds. For TVEM, the peak values of pulse are consistently higher due to rheology, i.e. stress relaxation. In
this case, the relaxation time (De) controls the relaxed state and hence additional time is required to achieve the
same lower peak values as for TVE solid continua. For example, in Figure 16(a), Figure 16 (b), Figure 16 (e),
and Figure 16(f), the peaks corresponding to TVEM (dashed line) will achieve the same lower values as the
corresponding peaks for TVE solid continua (solid lines) if more time was allowed to elapse. Secondly, we note
that the supports of the stress waves for TVEM are shorter than those of the corresponding TVE solid continua.

Similar results are presented in Figures 17(a)-(f) for o, =0.1 i.e. tensile wave. The behavior of the stress
wave in TVE solid continua and TVEM is similar to what has been described for compressive stress wave.

Loading L2: Tensile

For loading L2, we consider ¢=0.006, De=0.001 and o, =0.4 (tension). Computed evolution for li-
near and nonlinear cases are shown in Figures 18(a)-(f) for stress and Figures 19(a)-(f) for temperature. We
observe behavior similar to L2 tensile loading for TVE Figures 14(a)-(f) and Figures 15(a)-(f). Steepening of
nonlinear wave and formation of stress and temperature shocks is clearly observed in Figure 18(a) and Figure
18(b) and Figure 19(a) and Figure 19(b).

6.3.4. Evolution for Large Values of Time: Tensile
In the studies presented here, we consider loading L2 for TVE and also for TVEM. We choose o, =0.4 (ten-
sile o£2]), damping coefficient ¢=0.006, At=0.1, k =k, =2, p=9 for the same descritiztion for a
space-time strip as used in earlier studies for both TVE solid continua and TVEM. Evolution is computed for
4000 time steps i.e. 400 units of time that corresponds to 4.44 seconds as t, in this case is 0.0111 seconds.
Figure 20 shows plots of displacement u at x=1.0 versus time t for 0<t<400 for TVE solid conti-
nuafor f =0 (linearcase)and f =1 (nonlinear case). Similar plots for linear and nonlinear cases for TVEM
at De=0.001 are shown in Figure 21. From Figure 20 and Figure 21, we observe that linear and nonlinear
responses are drastically different for TVE as well as for TVEM in terms of peak negative and positive dis-
placement values and mean values of displacements. The residual functional | values for each space-time strip
are O(10™") or lower confirming the time accuracy of the evolution. A similar study for TE solid continua
further confirms that the computations are almost free of numerical dispersion (as the peaks are maintained and
the base does not elongate). Thus, the results reported for TVE solid continua and TVEM are free of numerical
dispersion. Upon further evolution, the stationary states for TVE solid continua and TVEM evolution

studies are obtained. The displacement values (Su .

TVE Solid Continua:

10) corresponding to the stationary states are

S

u

)= 0.3999  (linear)

x=1.

S

u

=0.3416  (nonlinear)
0

X=1.

TVEM Solid Continua:

‘u

.= 0.3999  (linear)

X=1.

S

u

=0.3416  (nonlinear)
0

These values of displacements at x=1.0 are almost the same as the mean values of the displacements in

)
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Figure 21. Displacement x at x = 1:0: TVEM, L2, At=0.1, 5;=0.4.

Figure 20 and Figure 21. We observe that: 1) displacement (Su

) for the nonlinear case is lower than

linear case as expected due to increase of stiffness caused by tensile stress field which results in lower values of
displacement. This holds true in Figure 20 and Figure 21 as well during the evolution. 2) In the case of TVEM,

the displacement values for °u 1o are exactly the same as those for TVE solid continua. This is due to the fact

that upon complete stress relaxation the TVEM behavior is the same as the behavior of TVE solid continua.
However, the peak values in Figure 21 for linear as well as nonlinear cases are not the same as the corres-
ponding values in Figure 20. Figure 22 shows plots of peak positive displacement of the free end

(u|X:1_O) as a function of time t for TVE solid continua and TVEM for both linear and nonlinear cases. The

differences in the displacement values for TVE solid continua and TVEM solid continua for linear case
(f =0) are obviously due to rheology in TVEM. The same is true for TVE solid continua and TVEM for the
nonlinear case. Drastically different values of displacements at x=1.0 for linear and nonlinear cases for both
TVEM and TVE solid continua are quite obvious from Figure 22 as well as Figure 20 and Figure 21.

Remarks

Numerical studies were also conducted for loading L3 consisting of a velocity pulse. We note that if a veloci-
ty pulse of the same signature as generated by the loading L1 is applied at x=1.0, then the resulting stress
pulse is the same as loading L1. Hence, the numerical solutions for the velocity pulse are intrinsically contained
in the stress pulse loading. The value of Deborah number used here is quite small, hence the influence of rheol-
ogy is not as pronounced as it would be for higher Deborah numbers.
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7. Summary and Conclusions

In this paper, initiation, propagation, reflection, and the interaction of one-dimensional nonlinear waves in ther-
moelastic solid continua and thermoviscoelastic solid continua with and without memory have been presented.
The mathematical models are first presented in R® and then specialized for R* for 1D wave propagation. The
second Piola-Kirchoff stress and Green’s strain tensors are used as conjugate pairs in the conservation and bal-
ance laws. The constitutive theory for the second Piola-Kirchoff stress tensor is a linear function of Green’s
strain tensor for TE. For TVE and TVEM, the constitutive theories are linear in strain tensor, its material deriva-
tive, and the material derivative of the second Piola-Kirchoff stress tensor. The constitutive theory used for heat
vector is simple Fourier heat conduction law with constant thermal conductivity. The mathematical models for
the nonlinear case consider the solid continua to be compressible. The mathematical models permit linear as
well as nonlinear wave propagation studies. In the case of linear waves, the Green’s strain tensor becomes linea-
rized small strain tensor and the second Piola-Kirchoff stress tensor is simply Cauchy stress tensor. For linear
wave propagation the solid matter is incompressible.

In the case of thermoelastic solid continua, the rate of mechanical work does not result in rate of entropy pro-
duction, hence the energy equation can be decoupled from the rest of the mathematical model. In this case, de-
formation i.e. wave propagation and thermal effect can be studied separately. For thermoviscoelastic solid con-
tinua with and without memory, the rate of mechanical work results in entropy production; hence in these solid
continua energy equation is integral part of the mathematical models. The present work is based on some as-
sumptions in order to simplify the mathematical model.

1) The equilibrium second Piola-Kirchoff stress is expressed as a function of thermodynamic pressure (equa-
tion of state) and [J] is approximated by mean normal stress, thus avoiding equation of state altogether. This
is an assumption, but in view of the fact that the main goal here is to study the nonlinearity in wave propagation
due to Green’s strain tensor, this assumption is not very crucial.

2) For compressible matter, the specific heat is a function of thermodynamic pressure (p) and temperature or
density and temperature dueto p = p(p,8). In the present work, a constant value of the specific heat is used.

3) Even though lack of precise account of compressibility in the energy equation may affect the overall results
somewhat, the present forms used here are adequate enough to demonstrate the complex temperature distribu-
tion along the rod due to dissipation during wave propagation and reflection.

The space-time integral formulation based on space-time residual functional for a space-time strip with time
marching is highly meritorious in (a) reducing the problem size, (b) ensuring accurate evolution for the current
space-time strip before time marching is commenced. When the space-time residual functional is 0(10’6) or
lower only then time marching is commenced. This ensures time accurate evolution during the entire range of
time. The orders of the scalar product approximation space in space and time (k,,k,) are chosen to be 2 so that
the space-time integrals over the discretization of the space-time strip are Riemann, an essential condition for

time accurate evolution.



K. S. Surana et al.

From the numerical studies we observe the following.

1) In thermoelastic solid continua, linear or nonlinear waves maintain their amplitude and support for all
space-time strips as well as for extended time evolution confirming that the computational process utilized here
is elatively free of numerical dispersion.

2) The compressive nonlinear waves lag the linear waves due to increased density, hence reducing wave
speed.

3) The tensile nonlinear waves lead the linear waves because of reduced density, hence increasing wave
speed.

4) Both 2) and 3) hold for thermoelastic solid continua as well as thermoviscoelastic solid continua.

5) In both thermoviscoelastic solid continua with memory as well as the thermoviscoelastic solids without
memory, the wave amplitude decays and the wave base elongates as evolution proceeds due to dissipation i.e.
conversion of mechanical energy into entropy which results in temperature rise along the length of the rod.
Complex temperature distribution due to dissipation is free of oscillations and is simulated without any difficulty
together with the deformation field.

6) Progressively changing density due to compressibility or elongation results in progressively changing wave
speed which finally results in piling up of waves forming a shock. This phenomenon exists in compressive as
well as tensile nonlinear waves when the matter is compressible. Compared to linear waves, in the case of non-
linear compressive waves the shock formation occurs behind the linear wave, whereas in the case of tensile
wave the shocks are formed ahead of the linear wave. Since in tension, large values of o, can be used without
occurrence of instability, the studies shown in Figures 18(a)-(f) for L2 loading with o, =0.4 clearly show the
formation of shock wave ahead of the linear wave.

7) In the case of TVEM, the results are similar to TVE solid continua except that in case of TVEM momenta-
rily higher stress magnitudes are observed during evolutions because of rheology.

8) From the extended time evolutions shown in Figure 20 and Figure 21 for TVE and TVEM (for L2 loading)
for 4000 time steps we make some remarks.

a) Transient response has dramatically higher displacements than the static response. A rod of length one unit
is elongated as much as 0.75 units during evolution.

b) Evolutions are smooth and free of numerical dispersion and are time accurate. This is confirmed by | val-
ues 0(10‘6) or lower for each space-time strip.

c) Linear and nonlinear responses differ significantly. Tension increases the effective stiffness value as com-
pression reduces it.

d) Peak positive displacements for linear and nonlinear cases for TVE and TVEM shown in Figure 22 show
the differences in linear and nonlinear responses quite clearly.

This work demonstrates the significance of nonlinearity due to Green’s strain and the need for incorporating it
in wave propagation studies involving finite deformation. This is dramatically illustrated for tensile loading (L2)
with o, =0.4. These studies presented here cannot be performed in a time accurate manner without using the
mathematical models presented here and without using the space-time variationally consistent space-time finite
element formulations, [21]-[30], based on space-time residual functional as used here. Extensions of this work
for R® as well as with the equation of state and with specific heat formulation that incorporates compressibility
influence are currently in progress.
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