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Propagation of Thermo-Mechanical Waves in Deforming Nonlinear Viscoelastic Bodies
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Adviser: Mehrdad Negahban

This work studies the propagation of thermo-mechanical disturbances in bodies made
of viscoelastic materials that might already be loaded such that they are undergoing large
inhomogeneous time varying deformations. In the process of this study we develop the
general equations governing the thermo-mechanical motion of such disturbances and ones
for internally constrained systems, provide the general structure of the solution, match the
solution to existing results for the special case of time harmonic plane waves in elastic bodies
and in viscoelastic bodies under constant homogenous loading, and consider some special
applications.

The results of this work should have applications in the study of anisotropic and in-
homogeneous bodies that are inhomogenously loaded with the possibility that these loads
are time varying, and may become part of tools used for non-invasive and non-destructive
testing of such bodies. Many common materials are anisotropic and inhomogeneous. These
include most polymers, composites, soft and hard tissues, and all kinds of bio-mass. Many
bodies are undergoing static or time varying inhomogeneous loading. Examples can vary
from conditions that result in or from earthquakes and landslides to composites and live
tissues functioning in loaded structures and bio-MEMS.

Some of the contributions of this dissertation are to introduce a full, thermodynamically
consistent, nonlinear viscoelastic model to represent the material, to properly introduce
thermo-mechanical coupling, to remove current limitations on the pre-deformation to be
static, homogenous and around the equilibrium, to remove existing restrictions on the rate
of loading of the perturbations, and to consider perturbations in the presence of material

constraints.
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CHAPTER 1

Introduction

The aim of this dissertation is to study the propagation of infinitesimal thermo-mechanical
time varying perturbations (waves) in a special class of nonlinear viscoelastic materials under
static and time varying, homogeneous and inhomogeneous, pre-deformations. The study
of the theory of infinitesimal thermo-mechanical perturbations on nonlinear viscoelastic
materials and structures is of importance in characterizing the dynamic properties and
addressing the stability issues of viscoelastic materials and structures under complex pre-

loadings and pre-deformations.

1.1 Background on thermo-mechanical dynamic phenomena

Thermo-mechanical dynamic phenomena, for example, vibrations of mechanical structures
and wave propagations in viscoelastic medium in the presence of pre-load and pre-defor-
mation, play an essential part in many engineering fields: geophysics, civil engineering,
seismology, underwater acoustics, non destructive control, bio-sensors, bio-actuators, air-
craft and rocket stability, wave wind and earthquake loaded civil engineering structures,
fatigue failure of turbines, settlement of railway tracks, non destructive testing, etc.

In civil engineering and geophysics, the problems of consolidation and tectonics involve
earth masses that are initially under high stress. The folds and fractures in the sedimentary

layers are the result of differential stress environment in the sediments. In the problems of



foundation engineering, the influence of initial stress appears in a buoyancy effect, which
amounts to floating a building on its foundation. The initial stress state inside the earth
is mainly due to the pressure of overburden. Crustal rocks are always subjected to stresses
[Garg, 2007]. A dynamical explanation of earthquake phenomena is required in earthquake
research. In this context, the term dynamics implies a consideration of the initial stress
with in the viscoelastic Earth that act to cause fault ruptures and ground displacements.
However, most of the research does not take into account the effects of initial stress on the
wave propagation in viscoelastic medium [Garg, 2007].

Intravascular ultrasound (IVUS), wavelet analysis of radio frequency intravascular ultra-
sound signals, and integrated backscatter intravascular ultrasound [Gorb and Walton, 2010]
are medical imaging methodologies that detect blockage or narrowing of the vessels which
may cause cardiovascular diseases [Rachev, 1997]. These techniques are in vivo invasive
procedures performed through cardiac catheterization that produces detailed images of
the interior walls of the artery to see blood vessels and allows one to detect an obstruc-
tion of the lumen of the artery. The catheter tip emits acoustic sound waves, usually
in the 15-40 MHz range. The catheter also receives and conducts the return echo in-
formation out to the external computerized ultrasound equipment which constructs and
displays a real time ultrasound image of a thin section of the blood vessel surrounding the
catheter tip. However, many of these techniques are still under investigation and at present
none of them can accurately identify a vulnerable plaque and how it is going to develop.
Achieving satisfactory results by means of traditional techniques is very difficult due to
the complex nature of the tissue characterization problem and the imaging characteristics
[Gorb and Walton, 2010]. One of the main problems to solve is to understand the effect
of the basic artery features, such as layered, anisotropic [Holzapfel et al., 2000], heteroge-
neous, pre-stressed [Fung and Liu, 1991], viscoelastic, on ultrasound wave propagation in
the deformed body [Gorb and Walton, 2010].

In the general anisotropic and dissipative media, waves are attenuated differently in
different directions. There has been a recent interest in the anisotropy of seismic atten-
uation as it may provide additional information about subsurface elastic properties. In

particular, velocity and attenuation anisotropy have important implications for fracture
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characterization in exploration seismology Liu et al. and Zhu et al. [E.Liu et al., 2007,
Zhu and Tsvankin, 2007].

In recent years, there has been significant interest in the soft materials with potential ap-
plications in bioMEMS for comfortable cancer detection and treatment Bashir[Bashir, 2004]
and Bhushan [Bhushan, 2007]. A novel shear assay technique and micro patterned biomate-
rial surfaces can be used to characterize cell adhesion, viscoelastic properties, and prestress
of the human asteosarcoma cells on biocompatible surfaces, in an effort to develop tools
for characterizing cancer cell properties Kumar et al [Kumar and Weaver, 2009]. There-
fore, some of the human organs exhibit viscoelastic properties along with initial stress and
demands results for initially stressed viscoelastic medium.

Polydimethylsiloxane (PDMS)-based micropillars (or microcantilevers) have been used
as bio-sensors for cellular force measurement to understand the fundamental physiologi-
cal processes associated with cell growth, division, migration and apoptosis Zhao et al.
[Zhao and Zhang, 2005] and Lin et al. [Lin et al., 2008]. They have also been considered
for use as bio-actuators to drive both solid microstructures and fluids in a microchip without
recourse to electrical power supply [Du et al., 2010]. The measurement accuracy of these
sensitive devices depends on appropriate modeling to convert the micropillar deformations
into the corresponding reaction forces.

Stress fibers in living cells behave as viscoelastic cables that are tensed through the
action of actomyosin motors. It is required to quantify their retraction kinetics in situ, and
to explore their contribution to overall mechanical stability of the cell and interconnected
extra cellular matrix (ECM) [Kumar et al., 2006]. The interplay between the biophysical
properties of the cell and ECM establishes a dynamic, mechanical reciprocity between the
cell and the ECM in which the cell’s ability to exert contractile stresses against the extra-
cellular environment balances the elastic resistance of the ECM to that deformation. It
has become clear that this force balance can regulate a surprisingly wide range of cellular
properties that are all critical to tumorigenesis, including structure, motility, proliferation,
and differentiation, see review by Kumar et al [Kumar and Weaver, 2009].

Damping augmentation is a common approach to vibration control in structures (vibroa-

coustic, vibration fatigue). Viscoelastic materials can be used to design efficient damping
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treatments. The mechanical properties of these materials however depend on frequency,
but also on pre-stress and temperature. The study of viscoelastic medium under the effect
of initial stress will help to design more efficient damping treatments. Vibration control
in machines and structures for situations involving vibration excitations can be carried out
by incorporating viscoelastic materials and applying the principle of vibratory energy dis-
sipation due to damping as a result of deformation of viscoelastic materials [Nakra, 1998].
Recently, Rao [Rao, 2003] discussed recent applications of viscoelastic damping for noise
control in automobiles and commercial airplanes.

Stress relaxation in prestressed laminates with viscoelastic matrices, together with creep
deformation under constant rate loading or large changes in temperature can be used to
develop a technique leading to improvement of damage and penetration resistance of lam-
inated composite structures, such as army vehicles and their armor. Applications of fiber
pre-stress can be explored in compressive pre-stressing of ceramic/FRp armor plates for

improved resistance to projectile penetration [Garg, 2007].

1.2 Review on the study of viscoelastic solids under pre-de-

formation and pre-load

The theory developed in this dissertation permits studying a variety of phenomena in pre-
deforming viscoelastic media. There is a large group of bodies in service that belong to
the category of pre-deforming nonlinear viscoelastic bodies. One can mention, for example,
the rolling resistance of automotive tires and elastomeric engine mounts for a passenger
car [Lion and Kardelky, 2004]. Also, one might use this for studying the deformation of
biological soft tissues such as tendons [Pioletti et al., 1998], and the study of the skin and
possibly the brain, during multiple loading events, such as expected in impact or blast
loading, see the recent review by Hoskins [Hoskins, 2007]. Other possible applications are
in deformation ultrasound and magnetic resonance imaging, which are tools for non-de-
structive evaluation and medical imaging. In particular, this study, for example, could con-
tribute to developing non-invasive methods to investigate properties during medical imaging

[Sinkus et al., 2006]. One key issue to figure out in these problems is the effects of pre-loads



and pre-deformations on the wave characteristics, such as is seen, for example, by Fatemi
et al. [Fatemi et al., 2003] and Greenleaf et al. [Greenleaf et al., 2003], in which compres-
sion of soft tissues before imaging is shown to increase contrast and reduce de-correlation
noise, but might also provide invaluable information on thermo-mechanical properties, for
example during loading and growth.

There are relatively few studies dedicated to looking at thermo-mechanical waves super-
imposed on finite thermo-mechanical deformations in viscoelastic materials that consider
both homogeneous and inhomogeneous pre-deformations, and temperature perturbations.
Saccomandi [Saccomandi, 2005] derived the equations of small amplitude homogeneous and
inhomogeneous plane shear waves in a homogeneous biaxially deformed Mooney-Rivin vis-
coelastic solids whose elastic part of the stress tensor is modeled through the use of the
Mooney-Rivlin form of the stored energy function, and whose dissipative part is mod-
eled as a Newtonian fluid. Destrade et al. [Destrade et al., 2009] and Quintanilla et al.
[Quintanilla and Saccomandi, 2009] studied the propagation of small amplitude waves in a
large statically deformed nonlinear viscoelastic solid and addressed both material and geo-
metric stability. In this case, the viscoelastic material was characterized by a Cauchy stress
tensor depending only on the left Cauchy Green deformation tensor and on the deforma-
tion rate tensor, as the author mentions, the constitutive model they use can account for
classical effects like creep and recovery, but cannot describe stress relaxation. Rajagopal
et al. [Rajagopal and Saccomandi, 2003] investigated shear wave propagations in a certain
class of nonlinear viscoelastic materials which are modeled the same as in Destrade et al.
[Destrade et al., 2009] and provided some exact solutions for initial data with compact and
non-compact support. Garg [Garg, 2007] used Biot’s theory to study the effect of initial
homogeneous stress on phase velocity and attenuation of plane homogeneous waves in a
general viscoelastic anisotropic medium, and showed that the attenuation is more sensitive
to the initial stress as compared to the propagation velocities. Biot [Biot, 1965] presented
the theory of elasticity and viscoelasticity of initially stressed solids and fluids including the
applications to finite strains. Hayes et al. [Hayes, 1969, Hayes and Rivlin, 1972] discussed
the propagation of a sinusoidal wave of small amplitude in an initially isotropic viscoelastic

solid, which is subjected to a static pure homogeneous deformation, and they applied their
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results to the reflection-refraction problem at the plane interface between two half-spaces
of such materials, subjected to different pure homogeneous deformations. They model the
viscoelastic material as a Rivlin-Ericksen type of material which was detailed in Rivlin et
al. [Rivlin and Wilmanski, 1987] for which the Cauchy stress at a material point at time ¢
depends not only on the instantaneous value of the deformation gradient, but also on its
time derivatives of various orders. Karnaukhov [Karnaukhov, 1977] presented a thermo-
mechanical theory of small viscoelastic strains imposed on stable initially large strains for
thermo-rheological materials, where the Cauchy stress is the partial derivative of the free
energy with respect to the strain tensor and is represented by a single integral with the inte-
grand depending on the history of the deformation. Rendek et al. [Rendek and Lion, 2010]
and Lion et al. [Lion, 1998, Lion et al., 2009] investigated the dynamic behaviors of non-
linear viscoelastic bodies under finite static pre-deformations superimposed by sinusoidal
loads with small amplitudes. The storage and loss moduli were measured through dynamic
mechanical analysis (DMA) under varying frequencies, pre-deformations and temperatures.
The authors formulated the models for three-dimensional finite deformations by employing a
finite linear viscoelasticity model, by using modified Mooney-Rivlin strain energy function,
or a Neo-Hookean strain energy function with the viscosities depending on the deforma-
tion history. In order to derive the expressions for dynamic moduli, the authors linearised
the constitutive equations with respect to the static pre-deformations. The identification
process of the material constants based on the dynamic moduli was also provided.
Destrade [Destrade, 2000] considered the propagation of finite-amplitude linearly-polar-
ized inhomogeneous transverse plane waves propagate in an incompressible Mooney-Rivlin
rubber-like material maintained in a state of finite static homogeneous deformation. The
author showed that such waves are possible when the directions of the normal to the planes
of constant phase and of the normal to the planes of constant amplitude are orthogonal and
conjugate with respect to the initial left Cauchy-Green strain tensor ellipsoid. Chadwick et
al. [Chadwick et al., 1985] and Borejko [Borejko, 1987] considered the effects of the internal
constraints on the properties of homogeneous and inhomogeneous waves in elastic media
and developed the linearized dynamics of a non-heat-conducting elastic body subject to a

general system of internal constraints and an arbitrary homogeneous pre-strain. Hayes and
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Saccomandi [Hayes and Saccomandi, 2002] considered the propagation of finite amplitude
plane transverse waves in a class of homogeneous isotropic incompressible viscoelastic solids
subject to a homogeneous static deformation. The Cauchy stress in their paper was assumed
as the sum of an elastic part and a dissipative viscoelastic part. The elastic part was of
the form of the stress corresponding to a Mooney-Rivlin material, whereas the dissipative
part was a linear combination of the first and second Rivlin-Ericksen tensors. The authors
found that two finite amplitude transverse plane waves may propagate in every direction
in the deformed body and they provide several exact solutions. Destrade and Saccomandi
[Destrade and Saccomandi, 2004] provided new exact solutions for finite-amplitude, trans-
verse, linearly polarized, inhomogeneous motions superposed upon a finite homogeneous
static deformation. The viscoelastic body is modeled as a Mooney-Rivlin viscoelastic solid,
whose constitutive equation consists of the sum of an elastic part (Mooney-Rivlin hyper-
elastic model) and a viscous part (Newtonian viscous fluid model). The authors found
the conditions for the directions of polarization, of propagation, and of attenuation un-
der which the waves may propagate. Specifically the authors studied solutions including
traveling inhomogeneous finite-amplitude damped waves and standing damped waves.
Fosdick et al. [Fosdick and Yu, 1996] studied the thermodynamics and stability of a vis-
coelastic second grade solid where the rate effects are characterized by two microstructural
coefficients in addition to the Newtonian viscosity. The authors showed the necessary and
sufficient conditions for the material model to be compatible with thermodynamics and the
free energy to be at a local minimum in equilibrium. In the paper the authors constructed
a stability theorem for second grade solids subject to mechanically isolated motions and
showed that the motion of the body relative to its center of mass dissipated in time. Fos-
dick et al. [Fosdick and Yu, 1998] studied the thermodynamics and stability of a history
type viscoelastic solid with an exponentially decaying relaxation function. The authors
constructed a stability theorem for a history type solid undergoing mechanically isolated
motions by showing that the intrinsic motion of the body with respect to the center of mass

is stable in the sense of Lyapunov.



1.3 Current limitations

In many of the cited studies the constitutive model used to describe the nonlinear vis-
coelastic material response is fairly special. For example, Mooney-Rivlin viscoelasticity,
Newtonian viscosity, initial isotropy and incompressibility are common starting assump-
tions. In this dissertation we start with a fairly general constitutive modeling structure
for the nonlinear viscoelastic response that allows both isotropic and anisotropic response.
Wineman [Wineman, 2009] provided an overview of the current state of the subject of non-
linear viscoelastic solids. The review presented an introduction to the continuum theory
of nonlinear viscoelastic solids, discussing the constitutive equations and illustrating their
application to several problems of technical relevance by showing the solutions to boundary
value problems that have appeared in the literature. The author discussed the formula-
tion of constitutive equations for isotropic, transversely isotropic and orthotropic nonlinear
viscoelastic solids and summarized some proposed constitutive equations for nonlinear vis-
coelastic solids, for example rate and differential type constitutive equations, Green-Rivlin
multiple integral constitutive equations, finite linear viscoelasticity, Pipkin-Rogers consti-
tutive theory, and quasi-linear viscoelasticity, with emphasis on nonlinear single integral
finite linear viscoelastic and Pipkin-Rogers constitutive equations. The author presented
the material symmetry restrictions on the proposed constitutive equations, like isotropy,
transverse isotropy and orthotropy.

Other common limitations in many of the published articles are either the assumptions
that the infinitesimal mechanical perturbations are superimposed only around stable ther-
modynamic equilibrium states, and/or the time rates of the infinitesimal perturbations are
infinitesimal, not allowing the use of the results for states that largely deviate from ther-
modynamic equilibrium of the pre-deformations or when considering high frequency wave

motions. The development provided here does not require making such assumptions.

1.4 Outline

For all the reasons given in the previous section, the synopsis of the present dissertation

can be stated as follows.
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In this dissertation, we look at time varying perturbations in a nonlinear viscoelas-
tic material, with specific examples for wave motions in mind. The results are based on
a general nonlinear thermo-viscoelastic constitutive modeling structure embedded into a
thermodynamically consistent framework, which permits large deformations and also large
deformation rates. The model is capable of capturing continuous material relaxation and for
example, in the linear case, can specialize to a linear viscoelastic model with a continuous
relaxation spectra. Using the proposed constitutive equations, we develop a superposition
method to impose infinitesimal thermo-mechanical perturbations on a loading body. There
are no specific equilibrium requirement on the thermodynamic state of the loading body,
which has not been studied before. Earlier approaches to perturbing the pre-loaded body
either were restricted to small deviations away from thermodynamic equilibrium of the pre-
deformations, did not account for thermo-mechanical coupling effects, or controlled the time
rate of the perturbation relative to the loading.

In Chapter 2, we present the notation and basics of nonlinear continuum mechanics,
which includes kinematics and balance laws. We also develop the balance equations for
thermo-mechanical perturbations superimposed on a deforming body. For finite material
bodies, we study different types of boundary conditions for the perturbations. In order
to study the propagation of discontinuities, we derive the perturbed jump conditions and
consider two special cases.

Chapter 3 is devoted to presenting the finite deformation thermo-mechanically cou-
pled elasticity theory and developing the perturbation equations for thermo-elastic solids
undergoing large deformations. The propagation of different types of mechanical waves in
an axis-symmetrically deformed thermo-elastic cylinder is also studied, which shows the
potential application of the current work to load sensoring devices.

Chapter 4 presents the thermodynamically based viscoelastic constitutive equations
used in this dissertation. For infinitesimal perturbations on a given changing base history,
we develop the resulting constitutive model for the perturbations, and provide a general
solution for the evolution of the associate internal variables. We consider the example of
a homogeneous pre-deformation, present results for isothermal harmonic waves that are

space attenuating and time damping, and also provide the associated special cases. In
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particular, we show the relation of this study to the work of Garg [Garg, 2007], Cerveny et
al. [Cerveny and Pgenéik, 2005], and Biot [Biot, 1965].

Chapter 5 focuses on material constraints in elastic materials and in one-element vi-
soelastic materials. The perturbations with material constraints are developed.

Chapter 6 discusses the propagation of mechanical waves in inhomogenously deforming
viscoelastic bodies. We also look at the propagation of discontinuities (jumps) in deforming
visoelastic bodies.

Chapter 7 summarizes and discusses the results, possible applications and future plans.



CHAPTER 2

Kinematics and balance laws for thermo-mechanical

perturbations

2.1 Introduction

This chapter starts by introducing the notation through the presentation of nonlinear
continuum mechanics. This includes discriptions of the kinematics and balance laws.
Most of this development is based on Negahban [Negahban, 2012]. For more comprehen-
sive treatment the reader is referred to the books on the subject by Truesdell and Noll
[Truesdell and Noll, 1965] and Negahban [Negahban, 2012], among others.

Next, we consider the perturbation of loading history and in the process define the base,
total and perturbation parts of a history, and present the balance laws for the perturbation
terms and the boundary conditions for the perturbations. We also derive the perturbation
equations for the jump conditions, which allow us to later study the propagation of surface

discontinuity.

2.2 Kinematics

We consider a continuous material body with x, denoting the reference configuration and
k(t) denoting the current configuration at time ¢. We let X denote the position vector of

particles in the reference configuration and x denote the position in the current configura-
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tion. The motion of the body is given by the function x(X,t), which maps each particle
given by the position X in the reference configuration to its position in the current config-
uration at time ¢. The deformation gradient F = Grad(x) is a second order tensor which

relates dX and dx through the relation
dx = FdX, (2.1)

where Grad(.) is the gradient relative to changes in position X in the reference configura-
tion.

The relation of the deformation gradient to the nabla operator comes from the relation
dx = dXVx(x), that gives the relation F = [Vx(x)]?, where the superscript “T” denotes

the transpose. The displacement u(X,t) of each particle is defined by
x(X,t) = X +u(X,t). (2.2)

The relation between the deformation gradient F and the displacement gradient H is given
by F = I+ H, where H = Grad(u) = [Vx(u)]?, and has the property du = HdX. The
left Cauchy stretch tensor is given as B = FFT and the right Cauchy stretch tensor is given
as C =FTF.

The velocity v of particle X is calculated from the motion of the body by taking a

material time derivative, which holds X constant, to get

v(t) = axgj’”. (2.3)

The velocity gradient is denoted by L = grad(v) and provides the relation
dv = Ldx, (2.4)

where grad(.) is the gradient relative to changes in position x in the current configuration.
It follows that L = FF~!. The relation with the nabla operator comes from dv = dxV(v)
which provides L = [Vx(v)]%.

In a similar manner, we take the temperature to be given by a function 6(X,t). De-
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pending on the selected configuration, there are at least two commonly used temperature

gradients. We denote these by G and g and define them through the relations

df = GdX = gdx. (2.5)

As can be seen, G is the gradient of temperature with respect to changes of position in
the reference configuration and g is the gradient of temperature with respect to changes of
position in the current configuration so that we have G = Grad(6) and g = grad(#), with
the relation G = gF.

2.3 Balance laws

The prediction of material response requires the combination of several elements. In general,
these elements include mathematical models describing the material’s response character-
istics (constitutive equations), specific conditions describing the initial state of the matter
(initial conditions), conditions describing how the specific body is being influenced by its
surrounding (boundary conditions), and laws describing how to combine these elements
(balance laws). The focus of this section will be on the balance laws. These laws have a
special place in the theory of material response since they are the same for all materials, in
contrast to constitutive equations that are different for each material.

The five laws that we collectively call the balance laws include: the conservation of mass,
the balance of linear momentum, the balance of angular momentum, the balance of work
and energy and the entropy production inequality. Each of the balance laws is a general
statement on how all materials will respond over time, and can be used to calculate the
specific response of a particular material body only when augmented by constitutive models
for the specific material, and specific initial and boundary conditions describing the initial

state of the material body and the processing conditions.
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2.3.1 Conservation of mass

Conservation of mass states that the mass in a body will not change if the particles in the

body remain the same. This is mathematically written as

pJ = po, (2.6)

where p, is material density in the reference configuration, p is material density in the
current configuration, and J is the volume ratio of the current configuration relative to the

reference configuration given by J = det(F).

2.3.2 Balance of linear momentum

The law of balance of linear momentum states that the resultant of all applied forces on a
material body is equal to the rate of change of linear momentum for that material body.

This law is written as

/ t<”>ds+/bdm:d(/ vdm), (2.7)
S(t) B dt"Jp

where the first integral represents the resultant force due to traction on the surface of the
body S(t), the second integral represents the resultant body force, and the third integral
represents the linear momentum of the body. In this expression b is the body force per
unit mass of the body, t(™ is the traction vector that can be replaced by the Cauchy stress
tensor through the relation t® = TTh, and the integration over mass can be replaced by
integration over volume through the relation dm = pdV'.

In the current configuration, the differential form of this law can be obtained by assuming
that the law must hold for each part of the body and that the arguments of the integrals

are continuous for every subregion. This results in
div(TT) 4 pb = pa, (2.8)

where the material time derivative of the velocity is replaced by the acceleration a.
Since the domain of integration for the integral form of this balance law, given in (2.7),

may be changing with time, it is sometimes desirable to work in the reference configuration,
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which has a domain that is unchanged with time. To do this we will use the relation for

the total load applied on the surface of the body given as

P = / t("ds = / tNds,, (2.9)
S So

where P is the total resultant load applied on the surface of the body, S is the surface of
the segment in the current configuration and S, is its associated surface in the reference

configuration. The traction th) is associated with the nominal stress T, through the

Cauchy relation th) = NT,.

Changing the volume integrals in (2.7) by using the relation dV = JdV, and introduction

of the conservation of mass pJ = p, yield the relation

/th>dSO+/ bpodVo—/ ap,dV,. (2.10)
SD Vo o

This must hold not only for the entire body, but also for any segment of it. Therefore, if
the functions in the arguments are continuous functions of position X, then we obtain the

alternate differential form of this balance law in the reference configuration as
Div(Ty) + pob = po¥, (2.11)

where Div(.) is the divergence relative to changes in position X in the reference configura-
tion, T, is the nominal or engineering stress in the current configuration given in terms of

the Cauchy stress T and deformation gradient as
T, =JF T, (2.12)
and b is the specific body force in the current configuration.

2.3.3 Balance of angular momentum

The law of balance of angular momentum states that the resultant moment applied on a

body must equal the rate of change of angular momentum of that material body. This can
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be written as

/ th(”)dS+/xxbdm:d(/xxvdm), (2.13)
S(t) B dt"Jp

where the first integral is the moment due to the traction on the surface of the body S(¢),
the second integral is the moment due to body forces, and the third integral is the angular
momentum of the body. In this expression, x represents the vector describing the position
of the particle under consideration, either the position of the particle the load is applied
on or the position of the particle for which angular momentum is to be calculated. This
position must be measured relative to a point on an inertial reference frame.

Using the Cauchy relation t® = TTh and the divergence and transport theorems and
assuming the arguments of the integral is continuous result in the symmetry of the Cauchy

stress T = T7, which requires that FT, = TJF7.

2.3.4 Balance of work and energy

The law of balance of work and energy states that the rate at which heat flows into a body
plus the rate at which work is being done on that body is equal to the rate at which the
kinetic plus internal energy of the body changes. The heat may be added to a body through
the surface or directly to each particle, and the work can be done on a body by traction
forces and by body forces.

The law of balance of work and energy can be written for a body as

_/ qoﬁdS—l—/rdm—l—/ t(”)ovdS—i—/bovdm:d/(lvov—i—e)dm, (2.14)
S(t) B S(t) B dt Jp 2

where q is the heat flux vector, g, = qon is the net heat flux out of the body, r is the rate
of heat addition per unit mass inside the body, and e is the internal energy per unit mass
of the body known as the specific internal energy.

It follows, after the application of the divergence theorem, the transport theorem, the
assumption of sufficient continuity in the variables and their derivatives, the balance of

linear momentum, and standard arguments, that the differential form of the balance of
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work and energy can be written as
—div(q) + pr + tr(TL) = pé. (2.15)

The balance of energy can be written in terms of integrals over the shape of the body in the
reference configuration and with the use of the engineering stress T, and the “engineering”
or “nominal heat flux” q,. Using the relation dm = p,dV,, the engineering traction vector

th) and heat flux vector q,, the balance of work and energy (2.14) can be written as

. d 1
—/ qo © NdSo—i—/ rpodV0+/ th) ovdSo—i—/ bovp,dV, = / (zvov+e)p,dV,.
S, : S0 . dt Jv, 2
(2.16)
Introduction of t((JN) = TZN, application of the divergence theorem, and standard assump-
tions of continuity of the arguments result in
—Div(qo) + por + tr(T,F) = poé, (2.17)

where r is the specific radiation in the current configuration, q, is the nominal heat flux
vector in the current configuration, which is related to the heat flux vector q in the current
configuration through the relation q, = JF~'q, and where e is the specific internal energy,

given in terms of the free energy and entropy as e = v + 07.

2.3.5 The entropy production inequality

The entropy production inequality, also known as the second law of thermodynamics, states
that the entropy in a material body of fixed mass increases at least as rapidly as entropy
is added to the body through the addition of heat to the body, either by radiation directly
into the body or by heat flow through the boundaries of the body.

The integral form of the entropy production inequality is given by

T 1 d
—dm — —qondS < / dm, 2.18
/Be s 0 dt Jg" (2.18)

where 7 is the entropy per unit mass of the body, also known as the specific entropy.
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Using the divergence and transport theorems, one can find the differential form of this

law as

r 1 )
pg — div(za) < pi). (2.19)

We can introduce the relation e = i + nf into the entropy production inequality, assume a
strictly positive temperature scale and use the balance of energy to obtain the form known

as the Clausius-Duhem inequality and written as
. .1
p — tr(TL) 4+ pnb + gacos <0. (2.20)

As was the case for the previous laws, we can directly transfer the integrals over the current
configuration to integrals over the reference configuration. This process gives the entropy

production inequality (2.18) as

r 1 - d
—podV, —/ —q, o NdS, < / NpPod V. 2.21
/Vo 0 s, 0 dt [y, ( )

Following similar steps as above, we arrive at the differential form of this law given by

T

! .
Pog — DW(EQO) < pol, (2.22)

that must hold at every point in the reference configuration. In a similar process to that
described above, one can introduce the free energy and arrive at a statement of the Clausius-
Duhem inequality to be applied in the reference configuration. This form of the Clausius-

Duhem inequality is given by

) ) .1
pot — tr(T,F) + pond + o © Grad(9) < 0. (2.23)

2.4 Balance equations for small thermo-mechanical pertur-

bations superimposed on a deforming body

We plan to study the response of a thermo-mechanically deforming body to superimposed

infinitesimal thermo-mechanical perturbations. These perturbations may represent waves,
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for which we seek equations to describe. To construct these equations, we consider two
thermo-mechanical loading histories: a base history and a total history. The total history
is constructed from the base history by adding an infinitesimal thermo-mechanical pertur-
bation. The response of the material to both the base history and the total history can be
obtained from the constitutive equations, and both histories must satisfy the balance laws.
In this section we obtain the general balance laws for the perturbations, their boundary
conditions, and associated jump conditions. We do this by first defining the notation for

describing the base, total and perturbation parts of a history.

2.4.1 Base and total history

In describing the process of perturbation we use two histories. We start with a base history
on which we impose a perturbation to arrive at what we call the total history. We use
a superscript “x” to describe variables associated with the total history, while we put no
special marking for the variables evaluated for the base history.

The base history is assumed to start at an initial time ¢; and is described by giving the

history of the motion and temperature up to the current time t. This we write as

H(t;, 1) = {[x(X,7), 00X, 7)]|t: < T < t}, (2.24)

where x and 6 denote, respectively, the position vector and temperature of a material point
for the base history. We take the term intermediate configuration to denote the configuration
associate with the base history, and u(X,t) = x(X,t) — X as the displacement vector for
the base history.

The total history for the same time interval is described as

H*(t;,t) = {[x*(X, 7), 0" (X, 7)]|t; < T < t}, (2.25)

where x* and 0* are, respectively, the position vector and temperature of a material point
for the total history. We take the term current configuration to denote the configuration
associate with the total history, and u*(X,t) = x*(X,t) — X as the displacement vector for
the total history.
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The difference between the value of a variable in the total history and the value of the
same variable at the same time in the base history will be designated by adding “6” to the
left of the variable and will be the perturbation of the variable. For this notation we will
have

u' (X, t) = u(X,t) + du(X, 1), (2.26)

where du(X,t) is the perturbation of the displacement vector. In a similar manner we
can define the deformation gradients for the two histories by F(X,t) = Grad(x) and
F*(X,t) = Grad(x*) and write

F*(X,t) = F(X, 1) + 0F(X, t), (2.27)

where 0F (X, t) is the perturbation of the deformation gradient. Following a similar manner

for the temperature and its gradient, we will write

0" (X, 1) = 0(X. 1) + 60(X, 1), (2.28)

G*(X,t) = G(X,t) + 6G(X, 1),

where 60(X,t) is the perturbation of the temperature and dG(X,t) = Grad[06(X,t)] is
the perturbation of the temperature gradient. Taking a time derivative gives the following

relations between the associated derivatives of the two histories as

(X, t) = u(X, t) + ou(X, t), (2.29)
F*(X,t) = F(X,t) + 0F(X, 1),
0" (X, t) = (X, t) + 60(X, 1),

G*(X,t) = G(X,t) + 6G(X, 1).

We define a relative deformation gradient F(X, t), which maps the intermediate configura-

tion to the current configuration, through

F*(X,t) = F(X,t)F(X, ). (2.30)
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F Current configuration

Total history

Perturbation

Base history

Reference configuration Intermediate configuration

Figure 2.1: Deformation gradients in the base history and total history.

This is shown in Fig. 2.1.
The relation between the perturbation of the deformation gradient and the relative

deformation gradient is given by
SF(X,t) = H(X, t)F(X, 1), (2.31)

where H(X,t) = F(X,t) — I is the displacement gradient associated with F(X,t). The
volume ratio J is given by J* = J.J, where J = det(F) and J* = det(F*).

A proper perturbation I:I(X,t) is assumed to be small in comparison to the identity
tensor. This gives

J 1+ &, (2.32)

where &, = tr(€é) is the infinitesimal volumetric strain of the relative infinitesimal strain
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associated with the relative deformation gradient H, and given as
Ll g
é= §(H+H ). (2.33)
For an infinitesimal H we also know that
Fl~I-H (2.34)

2.4.2 Balance laws for the perturbation terms

The material responses for the base history #(¢;,t) and for the total history H*(t;,t) should
each obey the balance laws. We will write these balance equations and with some manipu-
lation show how to obtain equations for the thermo-mechanical perturbation.

For the base history we have the conservation of mass, balance of linear momentum,

and balance of work and energy given by

pJ = po, (2.35)
Div(TZ) + pob = poi, (2.36)
—Div(qo) + por + tr(ToF) = poé, (2.37)

and for the total history they are given by

P T = po, (2.38)
Div(T:T) + p,b* = p,ii*, (2.39)
—Div(q}) + por* + tr(TiF*) = pyé*, (2.40)

where T, = JF~!T and T} = J*F*~1T*.
Dividing the equations of conservation of mass and subtracting the equations of balance

of linear momentum and the balance of work and energy result in the general perturbation



23

equations

p*J = p, (2.41)
Div(8TL) + po(6b) = podi, (2.42)
—Div(6q,) + podr + tr(TIF* — T,F) = p,oé. (2.43)

These equations are general and hold for small or large perturbations.

We now look at the case of infinitesimal perturbations. For example, using the approxi-
mation J &~ 1+¢&, and ignoring higher order terms, the conservation of mass can be written
as

0p = —Eup, (2.44)

which only holds for infinitesimal perturbations. For the remaining balance laws we need
to note the relation between the nominal and Cauchy stress, the associated heat fluxes, the
working term, and the internal energy. For example, the perturbation of the nominal stress

is given as

6T, =T; — T,
=JF*'T* - JF'T
=JJF'F YT +6T) - JF!T

=JF Y (JF' - DT+ JJF'F 16T, (2.45)
For an infinitesimal perturbation we also recall that F~' ~ T — H so that

T! ~(1+&,)JF 11 - H)(T + 6T)

=JF!'T - JF'HT 4+ &,JF T + JF 16T, (2.46)
Substituting this into the expression for 0T, and ignoring higher order terms one obtains

6T, ~ JF~1(§T — HT +&,T). (2.47)
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Substitution of this into the balance of linear momentum gives
Div[J(6T — THT 4 &, T)FT] 4 po(6b) = p,dii. (2.48)

In general, we know that for any arbitrary scalar function ¢ and second order tensor func-

tions A and B we have the identities

Div(¢A) = AGrad(¢) + ¢Div(A), (2.49)

Div(AB) = Grad(A) : B+ ADiv(B), (2.50)
which are used to write the balance of linear momentum as

(0T — TH” 4 tr(H)T][F~ T Grad(J) 4+ JDiv(F~1)]
+ J{[Grad(6T) — TGrad(H”) + T ® Grad(tr(H)) + tr(H)Grad(T)] : F 7

— Grad(T) : (HTF 1)} + p,6b = p,dii, (2.51)

where the form of éT is related to the constitutive model used and may be different for
different material models.
In a similar way, the equation of balance of work and energy for the perturbation can

be written as

—Div[JF(5q — Hq + £,q)] + tr{JF (T + 6T — HT + &,T)HF
+ (6T — HT + &, T + TH)F]} + poor

= pol0t) + 051 + 106 + (80)(6n) + 067 + 166 + (56)(57)], (2.52)
where dr = r* — r. After some manipulation we arrive at

— Div[JF " (3q — Hq + £,q)] + tr[(T, + 0T,)HF] + tr(T,HF)

+ (8T F) + po0r = poldth + 651 + 1060 + (36)(9n) + 067 + 160 + (60)(67)],  (2.53)

where we use the standard assumptions for the perturbations as dq = q* — q, d¢ = ¢* —,
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and dn = n* —n. In general, we know that for any arbitrary scalar function ¢, vector

function u, and second order tensor function A, we have the identities

Div(¢u) = Grad(¢) - u+ ¢Div(u), (2.54)

Div(Au) = uDiv(AT) + AT : Grad(u), (2.55)

which with the identities (2.49) and (2.50) can be used to write the equation for balance of

work and energy for an inhomogeneous pre-loading as

— [6q — Hq + £,q]Div(JF~T) — (JF~T) : [Grad(éq) — qGrad(HT) — HGrad(q)
+ q ® Grad(é,) + £,Grad(q)]
+tr{JFY(T + 6T — HT + &,T)HF + (6T — HT + £, T + TH)F]}

+ podT = po[6¢) + 06n + 160 + (56)(51) + 067 + 1760 + (56)(57)], (2.56)
that after reorganization becomes

— [6q — Hq + £,q]|Div(JFT) — (JF~T) : [Grad(éq) — qGrad(H') — HGrad(q)
+ q ® Grad(é,) + ¢,Grad(q)] (2.57)
+ Jtr[(T + 0T — AT + £, T)H + (0T — HT + &, T + TH)L]

+ pol0r = pol6t + 06 + 00 + (56)(5n) + 6517 + 1760 + (660)(67)). (2.58)

From (2.51) and (2.57) we can clearly see the contributions of the time changing rates of the
base history to the propagations of the superimposed thermo-mechanical perturbations. If
we consider the base history as a static history, i.e. 1 = 0 and write (2.51) in components

form in Cartesian coordinates, we reduce (2.51) to the equation derived in Biot [Biot, 1965].

2.4.3 Boundary conditions for the perturbations

A finite body may be subjected to traction boundary conditions, displacement boundary
conditions, temperature boundary conditions and heat flux boundary conditions. These

would exist for the base history and for the total history, as is schematically shown in
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4 () = q(t) = A(t) t™ () =T (H)A()

Base History

Intermediate Configuration

Reference
Configuration

(X, 1)
" ®) =TT (t)

Total History g™ ) =q"(t)oA"(t)

X (Xy,1)

Reference Frame 0 (X,,1)

Figure 2.2: Perturbations of the traction, displacement, temperature and heat flux boundary
conditions.

Figure 2.2. We use dA, and N to denote the differential surface area and the associated
unit normal vector in the reference configuration, dA and n to denote the differential surface
area and the associated unit normal vector in the intermediate configuration, dA* and n*
to denote the differential surface area and the associated unit normal vector in the current
configuration. t((t) is the traction boundary condition in the intermediate configuration,
and t*(®")(¢) is the traction boundary condition in the current configuration.

For the base history (intermediate configuration) we can show that

dA,

n = det(F) Ta

F N, (2.59)
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where
dA, 1
1= - —. (2.60)
\/det(C)N o (C-1N)
After substituting (2.60) into (2.59), we can get
F'N
h= —F— (2.61)
No (C~IN)
For the total history (current configuration) we can show that
dA ~
n* = det(F*)——2F* "N 2.62
n* = det( )dA* , (2.62)
where
dA, 1
A - —. (2.63)
\/det(C*)N o (C+IN)
After substituting (2.63) into (2.62), we can get
F* TN
At = (2.64)

JN o (C 1N

We can also relate the unite norms between the intermediate configuration and the current

configuration through

f* = fi + 68, (2.65)
where )
Q LHT LRI T
pa— (Mol H AHFTN, W ), (2.66)
2[No (C™IN)J2 No (CIN)

We obtain the perturbation of the traction boundary condition between the two histories
as

™) = ¢ 4 5t (2.67)

where

5t = T760 + (6T )n. (2.68)
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The displacement boundary condition can be prescribed for the material particles on the
surface of the body. We use X3 to describe the position of the surface particles in the
reference configuration, x(Xp,¢) to describe the position of the surface particles in the
intermediate configuration, and x*(Xp,t) to describe the position of the surface particles
in the current configuration. For the base history, the displacement boundary condition is
given by

u(Xp, t) = x(Xp, t) — Xp. (2.69)

For the total history, the displacement boundary condition is given by
u*(Xp, t) = x*(Xp, t) — Xp. (2.70)
Therefore, the perturbation of the displacement boundary condition is given by
ou(Xy, t) = ox(Xy, t), (2.71)
where

su(Xy, t) = u(Xp, t) — u(Xp, t), (2.72)

0x(Xp, t) = x*(Xp, t) — x(Xp, 1).

The temperature boundary condition can be prescribed for the material particles on the
surface of the body. For the base history, the boundary temperature can be written as
0(Xy,t), and for the total history, the boundary temperature is given as 6*(X;,t). We can
calculate the perturbation of the boundary temperatures as 00(Xp, t) = 0*(Xp, t) — 0(Xyp, t).

We can introduce the heat flux through the surface of the body. We let ¢(™ represent
the amount of heat that is flowing through the surface with normal n, measured per unit

area and per unit time for the base history. This is given by
™) = q(t) o (t). (2.73)

In a similar way we define ¢*(™") as the heat flux passing through the surface with normal
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n* for the total history. This is given by
¢ (t) = q*(t) o A" (1). (2.74)
The perturbation of the heat flux boundary condition is given by
™) = @ 4 5™, (2.75)

where

5q™ = qodn+ (6q)on, (2.76)

the expression for “dn” is given in (2.66).

2.4.4 Perturbed jump conditions

Up to this point we have assumed that all functions are sufficiently smooth and continuous
over all the body so as to allow us to obtain the differential form of the balance laws. Now
let us look at the case when the functions are not sufficiently continuous across a surface.
As a general starting point, let us consider having a surface of discontinuity S for the base
history and its corresponding surface of discontinuity S* for the total history, as shown in
Figure 2.3. For the general problem, we assume that there is a mapping connecting the two
surfaces so that the relations given in the figure are meaningful, in spite of the fact that
the domains on the two sides of the surface are materially different regions when comparing
the base and total history. For our discussion, we will consider two special cases. First we
consider the effect on the motion of the surface by perturbations on two sides of the surface,
and the constraints between the possible perturbations. Next we consider the case where
there is no jump in the base history, but the perturbation has a discontinuity. In general,
for the base history the jump conditions associated with the conservation of mass, balance

of linear momentum and balance of work and energy across any point of S with normal N
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Base history Total history

Wave front § Wave front §

Motion of perturbation
Motion of perturbation

ut=u"+du’, U =u +du"

0" =0"+00", 0 =0 +50"

T*T(+) =T (+) +§TT(+) T*T(—) — TT(—) +5T7 =)
pr=p +8pt, pT=p +p

*+

Vi=V +6VY, V =V +6V

ou*, ou-, 66, 56 are infinitesimal

=V+6V, q'=q"+0q9", q =q +5q
+6e", e =e +0e

Figure 2.3: Perturbation of the jump conditions.

are, respectively, given by

[p(v = ¥)][ o N =0, (2.77)

lv® (v—¥)]oN = |[T?]| o N, (2.78)

Hme—%vovxv—vﬂ

oN = | [VTT —q]|o N, (2.79)

where we define the bracket “|[.]|” to describe the jump in the variable across the disconti-
nuity such that, for example, |[u]] = ut —u~ for u™ being the value of u on the side that

N points into, and u™ being the value of u on the opposite side of S. In a similar manner,
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for the total history we will have the jump conditions

[p" (v =)l o N* =0, (2.80)

[p*v* @ (v —¥%)]| o N* = |[T*"]| o N¥, (2.81)

T

oN* = ‘ [V*T*T - q'] | o N*, (2.82)

over the surface S* with normal N*, and where v* = v 4 dv, v¥ = v 4 IV, etc.

As described, in the first case we look at the effect and the constraints resulting from
perturbations in the continuous fields on the two sides of a discontinuity. That is, we select
an instant that § = $* and N = N*, and assume that the fileds on either side of the
discontinuity are perturbed such that u*~ =u~ +du~, u** =u’ +du’, 6*~ =0~ + 0,
0*t = 0T + 60T, etc., as shown in the figure. Subtracting the two sets of jump conditions,

while ignoring second and higher order terms, results in the equations

[pd(v — %) + dp(v — ¥)]| o N = 0, (2.83)
[0pv @ (Vv — V) + pdv @ (v = ¥) + pv @ §(v — V)] o N = |[4TT]| o N, (2.84)
‘ [5;)(@ - %v o V(v — ¥) + p(de — v 0 6V)(v — %) + ple — %v o v)(v — 9)] oN

= |[6vTT +voTT - 4q]| o N. (2.85)

Next, let us select to look at the case where there is no discontinuity in the response of
the base history, but there is a discontinuity in the perturbation. In this case, for the base
history we have v.=0 and um =u~, " =6~, v = v, etc. Once we introduce this into
the jump conditions of the total history using u*~ = u~ + du~, u** = ut + du™, etc., we

get the jump conditions for the perturbations as

{p|l6(v = )]l +[[6p]| v} o N* =0,

{[18oll v @ v +pl[v]] @ v+ pv @ [[6(v — ¥)][} o N* = [[§TT]| o N*,

{01 (e = Jvovv+ pllsell = vo vy + ple - v o) [ty - D)1 o

= {I[6v]| T" + v |[6T"]| — [[6q]|} o N*. (2.86)



CHAPTER 3

Thermoelastic solids and wave propagation in thermoelastic

materials

This chapter will focus on thermoelastic response and perturbation equations of the ther-
moelastic solids. We will start this chapter by defining a thermoelastic solid. As is the case
in all of this dissertation, the development will be confined to first-gradient material models.
That is, we focus on models that assume the responses at a material point are characterized
by functions or functionals of position, temperature, and their first spatial gradients.

We will start by making the constitutive models behave as expected when superimposing
rigid body motions. This is followed by a discussion of material symmetry. We then study
the constraint of thermodynamics on the constitutive functions of thermoelasticity. As an
introduction to the decomposition of the deformation into elastic, viscoelastic and thermal
deformations, we look at the separation of the deformation gradient into elastic and ther-
mal parts. Finite deformation thermo-mechanically coupled elasticity theory is presented
and the constraints imposed on the constitutive model is derived for a thermodynamically
consistent model. We then develop the perturbation equations of the thermoelastic con-
stitutive model and consider the examples of infinitesimal wave propagation in a deformed
thermoelastic body. In the last section, we show the potential applications of the current

development to load sensors.
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3.1 Thermoelastic solids

A characteristic of the elastic response is that the unloading response is very close to the
loading response, sufficiently so that the difference can be ignored. We will consider the
response of a thermodynamic body to be the values of its specific free energy v, specific
entropy 7, Cauchy stress T, and heat flux vector q. We will denote the response by R and
consider it to be a function of the current conditions of the material point, given in terms

of the position in the reference configuration X, and current time . We write this as
R(X,t) = {v(X,1),n(X,1), T(X,t),a(X,1)}. (3.1)

We will select the independent variables to be the current position x, temperature 6, and
their first gradients with respect to space denoted, respectively, as F and G. We use U to

denote this variable set and write it for a given material point and at current time as
U(X7 t) = {X(X7 t)7F(X7 t)79(X7 t>7G(X7 t)}‘ (3'2)

A thermoelastic material will be defined as one for which its thermodynamic response at
each material point X can be written in terms of the current value of this variable set. We

symbolically write this assumption as
R(X,t) = RIX, U(X, 1)], (3.3)

where RT denotes the function that is used to evaluate R. This assumption must be
modified in the presence of material constraints such as incompressibility or inextensibility.
The absence of time ¢ as an explicit variable in the constitutive response function R' implies
that time does not independently influence the response. This excludes all possibilities of
explicit changes in the constitutive response with time such as aging or curing.

To simplify the presentation, we will frequently omit in the notation the dependence on

(X,t). Therefore, we consider a thermoelastic material to be one that is characterized by
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the following explicit constitutive assumptions

v =y1(X,x,F,0,G), (3.4)
n=n(X,x,F,0,G),
T =THX,x,F,0,G),

q= qT(vaa Fa 97 G)7

where, the superscript “1” is used to distinguish between the material response on the left
of the equality sign and its constitutive model on the right.

We will lay out a set of assumptions on how the material responds under specific condi-
tions, and follow through to see what simplifications in the form of the constitutive response

functions are implied by these assumptions.

3.1.1 The influence of pure rigid body motion on the constitutive re-

sponse

We now consider the alteration of the current distortion of the body by adding a pure rigid
body motion. It will be assumed that the temperature of each material particle stays the
same (i.e., the temperature field rigidly translates and rotates the same as the body does).
Let U designate the argument set before the rigid-body motion and let U* designate the
argument set after such a rigid body motion is imposed on the current conditions. Any

rigid body motion can be written as
x*(X,1) = QU)X(X, £) = %o(t)] + Xo(8), (3.5)

where Q is an orthogonal second-order tensor describing the rotation and x, is the position
of the point about which the body is rotated. For the motion to be a rigid body motion,
both Q and x, must only be functions of time (i.e., they are the same for all material

points). Taking the gradient of both sides, it is clear that

F* = QF, (3.6)
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where F is the deformation gradient associated with the motion x and F* is the deformation
gradient associated with the motion x*. Since the temperature field is assumed to transform

rigidly with the body, the temperature of the material points will not change. That is,

0" (X, 1) = 0(X, ). (3.7)

It therefore follows that
G* =G, (3.8)

where G is the temperature gradient associated with the temperature field 6 (i.e., df =
GodX ), and G* is the temperature gradient associated with the temperature field 6* (i.e.,
df* = G*odX). A plausible assumption is that such a rigid body motion will leave the free
energy and entropy unchanged and will result in a rotation of the traction vector and the
heat flux. That is, since the relative conditions of the material particles have only changed
by a rigid body rotation, the free energy and entropy are unchanged and the heat flux and
traction vector reorient to reflect the new relative location of the material particles. Any
vector u connected to material points of the body will be transformed to u* = Qu by such
a rigid body rotation. Therefore, we will assume that both the traction vector and heat

flux rotate in a similar manner. The combination of these assumptions makes us conclude

that
" =1, (3.9)
n* =,
(") — Qt("),
q" = Qaq.

These assumptions restrict the form of the constitutive functions. First, we note that a
pure translation can always be selected equal to negative the current location, removing
the current position from the list of arguments by replacing it with zero. We note that
the normal vector n to a material surface before the rigid body rotation transforms to

n* = Qn, that the traction t™ on the material surface with normal n before rotation is
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given by t(™ = TTn, and that traction on the same material surface after the rotation
is given by t*("") = T*Tn*. Combining these relations with the assumption on how the
traction is to change results in

T = QTQ’. (3.10)

Therefore, given the initial response

R ={¢,n,T,q}, (3.11)

then the response after superimposing a pure rigid body motion is given by

R* = {¢,1,QTQ", Qq}. (3.12)

Let us now impose these assumptions of how the material should respond onto the response
functions. First we start with the specific free energy. The results will be similar for specific
entropy. Next we will look at Cauchy stress and then the heat flux vector. If ¢)* = ¢ for
every rigid body rotation, then the constitutive function for the specific free energy must
be of a form such that

(X, QF,0,G) = ¢/(X,F,0,G) (3.13)

for every orthogonal Q. If R and U are, respectively, the orthogonal and right symmetric
factors in the polar decomposition of F = RU, and if we take Q = R”, then we can rewrite
this as

¥ =9I(X,F,0,G) = ¢(X,U,0,G). (3.14)

Therefore, the constitutive function for the specific free energy will yield the same value for
every deformation gradient F as it would give for its associated U. We now can conclude
that the constitutive function for free energy cannot depend on the orthogonal part R of
the deformation gradient. Since both the specific free energy and specific entropy have the

same values after rigid body rotation, we can rewrite their constitutive functions in terms
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of functions of U, as opposed to F. That is,

v =71(X,U,0,G), (3.15)

n=17(X,U,0,G).

Since U is unaffected by rigid body rotations, these new forms for the constitutive functions

automatically satisfy our assumptions, behaving as expected under rigid body rotations.
Now let us consider the implications of the restrictions on the constitutive function for

Cauchy stress. The assumption T* = QTQ” imposes a constraint on the constitutive

function for Cauchy stress. This can be written as
T!(X,QF,6,G) = QT (X,F,0,G)Q", (3.16)

which must hold for all orthogonal tensors Q. As above, taking Q = R” and rearranging

the expressions to give
T =T/X,F,0,G) = RT (X, U,0,G)R”. (3.17)
Defining the rotated stress T® = RTTR, it follows from the above relation that
TF = TR (X, U,0,G), (3.18)

where TP is the function used to calculate the rotated stress. This T is actually the
same function as the one used to calculate the Cauchy stress, but when inputting U in
place of F. Therefore, the rotated stress does not depend on the rigid body rotation. The
Cauchy stress is obtained from the rotated stress by the relation T = RTERT.

Finally, let us look at the simplification imposed on the constitutive equation for the

heat flux. The condition q* = Qq requires that

q'(X,QF,0,G) = Qq'(X,F,0,G), (3.19)



38

which must hold for all orthogonal Q. Again, selecting Q equal to R yields
q=q'(X,F,0.G) =Rq'(X,U,0,G). (3.20)

Therefore, we can introduce the rotated heat flux g = R”q that has a constitutive repre-

sentation given by

q” = q"(X,U,0,G). (3.21)

The heat flux can be calculated by first calculating g% using U, and then using q = Rq™.

The right Cauchy stretch is given by C = U? and can uniquely be inverted, because U
is positive definite, to get U = y/C. Similarly, the Green strain is E = %(C —1I) so that
E = %(U2 —1I) and U = /I + 2E, again uniquely defined. As a result, we may replace
for U in any of the above constitutive functions and obtain new versions of these functions

that depend on C or E.

3.2 Material symmetry

Material symmetry normally refers to existing symmetry in the structure of the material.
This is the symmetry that exists before we start the thermo-mechanical loading process.
If present, symmetry in the material structure means that certain reorganizations of the
structure are thermomechanically indistinguishable from each other. For example, for an
initially isotropic material, we can rotate the material by any amount before cutting a
testing specimen and will observe the exact same response and obtain the exact same
results, irrespective of the test.

Material symmetry is described by mathematical mappings that reorganize the neigh-
borhood of a point in the reference configuration. Fig. 3.1 shows a schematic of the idea
of reorganizing a material’s neighborhood. For first-gradient materials, these reorganiza-
tions can be represented by second-order transformation tensors, here denoted by M and
shown in Fig. 3.1. Each material symmetry is characterized by a group of transformations
M that take the neighborhood of a material point and reorganize it to materially equiva-

lent neighborhoods (i.e., ones that are indistinguishable in their response from the original
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neighborhood). This group will be denoted by G. As might be expected, the description of
the transformation M is related closely to the reference configuration since these transfor-
mations (the Ms) represent reorganizations of the reference configuration. Let us look at
how changing the reference configuration changes the representation of material symmetry.
If M, is a symmetry described relative to configuration k, and M+ is the same symmetry

described relative to configuration x*, then Noll’s rule states that
M, = FM,F~ 1, (3.22)

whereF is the deformation gradient mapping the neighborhood in « to the associated neigh-
borhood in k*. Since each member of the material symmetry group follows Noll’s rule, we

then can write the relation between the groups as
gﬂ* = anﬁ_l- (323)

We note that Noll’s rule refers to changing the reference configuration, but Noll’s rule does
not apply to actually deforming the material. The transformations in the material symmetry
group need not be orthogonal. For example, an isotropic material normally is represented by
the set of orthogonal transformations. This is actually a set of transformations with respect
to a given reference configuration. If we choose to use another reference configuration,
through Noll’s rule we get a new set of transformations representing the same isotropy, but
possibly some of these new transformations may not be orthogonal. This is because Noll’s
rule does not preserve orthogonality of the transformations.

With thermomechanical loading the material’s symmetry can change. For example, by
melting a crystal we can increase its symmetry, or by drawing an isotropic bar we might
make it anisotropic. These types of changes are not what Noll’s rule applies to. By melting
the crystal or drawing the bar, we actually are subjecting the material to thermomechanical
loading that is altering the state of the material, in the process creating a new material with
possibly new symmetries. When changing the reference configuration, we simply are using
a different, but related, mathematical formulation, without subjecting the actual material

to any deformation whatsoever. Since we do not intend to make changes to the reference
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Remove, reorganize, return

Initial configuration

After reorganization

Figure 3.1: Schematic of a material symmetry reorganization of the neighborhood of a
material point by Negahban [Negahban, 2012].

configuration, we will not use the required configuration subscript on the transformations
M, always implied to be transformations of the reference configuration, which also normally
will be the initial configuration.

Let us now consider the restriction imposed by material symmetry. Let us assume that
t, is the initial time from which we are to model the response of the material to further
loading. For our first-gradient material, a loading history imposed on the state at ¢, will be

noted by H(t,,t) and symbolically represented by

Hto 1) = Uls) = {F(s),0(s), G(s)}. (3.24)

s=to s=to

A history that is essentially identical to this, but for a reorganization of the neighborhood

by material symmetry transformation M before the loading will be denoted by H(t,,t) and
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H(to 1) = afs) — [F(s),0(s), G(s)} (3.25)

s=to s=to

_ [F(s)M, 0(s), G(s)M}.

s=to

The existing material symmetries at time ¢, can be represented by a material symmetry
group G(t,). Each transformation M in G(t,) represents a reorganization at time ¢, that
leaves the response identical for the two histories H(t,,t) and H(t,,t), irrespective of history

H(to,t) and the current time ¢, as shown in Fig. 3.2. Symbolically, we write this as
R(t) = R(t) (3.26)

for all pairs of histories H(t,,t) and H(t,,t) related by each symmetry transformation M

in the symmetry group of the material G(¢,).

3.3 Finite deformation thermoelastic model

In this section we will study thermoelasticity at large deformations, including large rigid
body motions. We will do this in the context of the multiplicative decomposition of the
deformation gradient into an elastic part, that is due to mechanical loading, and a thermal

part, that is due to thermal expansion, given by
F = F°F’, (3.27)

where F¢ is the elastic part, and F? is the thermal part. For this separation to have a
meaning, we need to define how to do it. We will do this by giving a method to calculate
the thermal deformation gradient. We will assume the current value of F? can be calculated

from an initial value F? and an evolution equation given as

L? = ad, (3.28)
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Reference configuration

Figure 3.2: A deformation imposed before or after a material symmetry transformation M
by Negahban [Negahban, 2012].

where « is the coefficient of thermal expansion, a second order tensor function of F¢, F?
and 0. We can use this evolution equation to integrate F? = LYF? to get F? from F?.

The next assumption that we will make is that the free energy can be written as
Y =I[Fe,F? G, 0], (3.29)
so that its derivative can be written as

¥ = Ope (Y1) : FC + 0po (01 : FO + 0010 + 8g (¥1) 0 G. (3.30)
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We now rewrite this in terms of F by using F = F¢F?. We know that the derivative of F is
F = FF’ + FF?, (3.31)

so that
F¢ = FF/~! — FeRipo—1, (3.32)

If we substitute this into 1/}, we get

V= (1)« (FF7 = FRF ) + 0po (U7) - B+ 0p (010 + 0a(v1) 0 G (3.33)
We now can substitute this into the Clausius-Duhem inequality (2.20) to get

[T =TT : L+ [pn + pde(v7) — ATT : aJf + [pda (1)) 0 G + [%q 0g] <0, (3.34)

where we have used F? = LF? = aFeé, and we have defined, respectively, the thermody-

namic elastic and thermal stresses as

T = pdp. (YFeT, (3.35)
T = poge (W1 FIT. (3.36)

and the thermal overstress as
ATY = FeITF° — 1%, (3.37)

We assume that the entropy, Cauchy stress, and heat flux depend on the same argument
set as we selected for the free energy. As a result, the terms in the square brackets are

independent of the rates L, 9, and G, which, given the assumption that this equation must
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hold for all rates, results in the relations

T - TT =0, (3.38)
1

n+ (") — AT : a =0,
P

pdc(¥') =0,

%quSO-

It follows that the free energy does not depend on the temperature gradient, so that
Y =T [Fe,F 0], (3.39)

and that

1
T7 = T = pop (W1FT, n = ;ATBT o — p(yh), (3.40)

which indicate that the stress and the entropy do not depend on the temperature gradient.

Before we impose the effect of rigid body motions, we need to assume how the elastic
and thermal parts of the deformation gradient change with rigid body motions. We know
that as a result of a rigid body motion the deformation gradient F becomes F* = QF.
We will assume that the thermal deformation gradient does not change with rigid body

motions, so that we have

F** = QF°, (3.41)

FG* _ FB,

resulting in F* = F*F% = QF°F? = QF. The assumption that the free energy does not

change with rigid body motions requires that
vH(QF*, F7,0) = o1 (F*, F’,0) (3.42)

for every orthogonal Q. Since G does not change with rigid body motions, the assumption
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that the heat flux rotates by Q results in
qa' (QF°, F?,0,G) = Qq'(F*,F,0,G) (3.43)
for every orthogonal Q. By the selection of Q = R¢T, we conclude that
¥ =i(U°, F,0), (3.44)

and

q=Rq™ (3.45)

for the rotated heat flux q®° with the model
qRe = qReT(Uev F97 67 G) (346)

The material symmetry constraint can be imposed once we assume how the elastic and
thermal deformation gradients change. We assume that F changing to F = FM under the
material symmetry transformation M results in the elastic and thermal parts transforming

to

F¢ = F°M, (3.47)

F/ = M 'F'M,

which gives F = FeF! = FEMM 'F/M = FM. This results in the condition on the

coefficient of thermal expansion being
& =M taM. (3.48)

Assuming that the free energy and heat flux do not change because of a material symmetry
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reorganization before the deformation, we must have

HFM, M FPM, 0] = ' [F°, F7, 6], (3.49)

' [F°M, M~'F’M, 9, MTG] = |'[F*, FY 6, G]. (3.50)
The condition on the constitutive model for the coefficient of thermal expansion is
M Lal[F¢ FY )M = ol [F°M, M~ 'F?M, 6. (3.51)

Combining the constraint imposed by rigid body motion and the constraint imposed by

material symmetry, for the case of orthogonal M, results in requirements such as

pIMTceM, MTF'M, 6] = T[Ce, F?, 6], (3.52)
Mq® T MTCceM, MTF'M, 9, MT G| = 7 T(C?, F?, 0, G), (3.53)
a'[ce, F? 0] = Ma'[MTceM, MTF/M, o)M 7. (3.54)

3.4 Thermo-elastic constitutive models for the perturbations

In the previous section we developed the balance laws and their boundary and jump con-
ditions for the perturbations. We will now evaluate the constitutive equations for these
perturbations. We first start by decomposing the perturbation into elastic and thermal
parts and then derive the perturbation term for the stress, followed by those for the free
energy, entropy and heat flux. Finally, we evaluate the evolution rule for the perturbations
of the internal parameter associated with thermal expansion and then integrate it to obtain

a general solution.

3.4.1 Decomposition of the perturbation into elastic and thermal parts

In the constitutive model, both the base deformation and total deformation are each sepa-
rated into elastic and thermal parts. The constitutive model provides evolution equations
for the thermal parts of each and so in each case leaves the elastic part to be matched

against the applied stress. As will be shown here, we can also set up the perturbation to
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have the same form.
For the base history, the deformation gradient F(¢) is decomposed into the elastic de-

formation gradient F¢(¢) and the thermal deformation gradient F?(t) so that
F(t) = FC()FY(t). (3.55)

For the total history, the total deformation gradient F*(¢) is also decomposed into the elastic

deformation gradient F¢*(t) and the thermal deformation gradient F%*(¢) so that
F*(t) = F* (t)F% (1). (3.56)

The relations of the elastic and thermal parts for the base history and the total history are
described in Fig. 3.3, where, F¢(t) and F?(t) are the relative “increment” of elastic and
thermal deformation gradients comparing each pair. The actual change in these deformation

gradients from the base history to the total history is given by

SFC(t) = Fe(t) — FO(t) = F°(t)Fe(t) — F°(t) = H°(t)F°(t), (3.57)

SFY(t) = F*(t) — FO(t) = FO (1) FP(¢t) — FO(t) = HO (1) F (1),

where H¢(t) = F¢(t) — I is the displacement gradient for the elastic perturbation and
H?(t) = FY(t) — I is the displacement gradient for the thermal perturbation. As the per-
turbation is small, it can be shown that the increments represent small differences so that
the deformation gradients are close to the identity I. We can also define a direct separation
of the perturbed deformation gradients F(t) = F¢(¢)F?(¢) and obtain their relations with
the “~” variables as shown in Fig. 3.3. This allows us to define a consistent set of relations

given by

Fe(t) = F(t), (3.58)

FO(t) = FE()FO (1)F ().

We can introduce the displacement gradient for F¢(t) = I+ H¢(t) and F(t) = T + H’(#).
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*

F' =F"F" Current configuration

. . Intermediate configuration
Reference configuration

F=FF’
Figure 3.3: Decompositions of the perturbation into elastic and thermal parts.

Solving for these, we get

He(t) = H(t), (3.59)

HY(t) = FC () B (1) FeL(t).

It can be shown that F¢(t) and F?(t) are each close to the identity I, therefore, resulting
in infinitesimal H¢(¢) and H?(¢). It should be emphasized here that the perturbations of
the kinematic variables obtained in (3.59) can be applied to time changing states, which
obviously include as special cases the static base history. Therefore, we can reduce the
incremental kinematic relations (3.59) to the case studied by [Biot, 1965] where the small
mechanical perturbation is superimposed in the vicinity of the static pre-deformation by

simply holding F¢(¢) and F?(t) both constant in time during the disturbances.
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Since the perturbations imposed are infinitesimal, after eliminating the second and

higher orders of the infinitesimal terms, we get the following approximations

Flt)~TI-H(), (3.60)

3.4.2 Perturbation of the stress by a change in history

In this section we calculate the stress difference between the base and total history. Since the
thermodynamic stresses are only a function of the state, minus the temperature gradient,
given that the changes are small, we can calculate the change by using a Taylor series
expansion.

We start this process by calculating the approximation to éT¢T = T7 — T¢I The
difference between the thermodynamic elastic stresses from the base history and the total
history is approximated by taking its derivative with respect to each variable and multiplying

it by the change in the variable and finally adding the results to get
6T = E®: 6F° + E? : 6FY + E“50), (3.61)

where the coefficients are associate tangent moduli with respect to the given variables and

evaluated at the base history. They are defined as

E® = dp(TT), (3.62)
E? = Opo (TT),

E’ = 9p(TT).

1R

We can now replace for the changes in the variables in terms of the “~” variables to get

the thermodynamic stresses relative to the values at the same time in the base history from
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the equation

T = 7T 4 57T (3.63)

=T + E°: (HF®) + E : (H’F’) + E?60.

Recalling the relation T¢? = T7, the above equation provides the change in the Cauchy
stress.
Taking account of the symmetry of the Cauchy stress T = §TT or §T¢ = 6T¢" and

eliminating the elastic deformation gradient in favor of F, this can be written as
6T = (E°F~TFT) . (A - H%) + (E’FT) . (F'F'H’) + (60)E’. (3.64)

3.4.3 Perturbations of the free energy, entropy and heat flux vector

The perturbations of the free energy, entropy and heat flux vector are obtained from steps
similar to those described for the stress. We start first by defining the perturbation of the
free energy, entropy and heat flux vector, respectively, as d¢ = ¢¥* — ¢, on = n* —n, and
dq = q* — q. Noting the dependence of these functions on the state variables, we obtain

first order approximations for these perturbations given by

Sp(t) = Ope (1) : OFC + Opo (1p7) : OF + 9y(11)06,
on(t) = Ope(n) : 6F¢ + Apo(n') : SFY + 9y(n')60),

6q(t) = Ope(ql) : 0F° + O (q") : 6F% + dg(q")6G + y(q')d0, (3.65)

where G = Grad(d0) is the gradient of 60 with respect to changes in the reference con-
figuration. It should be noted here that, from specific relations selected to satisfy the
Clausius-Duhem inequality, we can directly obtain the forms for the entropy n*(¢) and 7n(t),
and in a similar manner choose the possible constitutive functions for q* and q taking
account of %q og < 0 and G%q* og* < 0. For example, one simple choice of the heat
flux in the isotropic case is the linear Fourier model considered in Lion and Reese et al.

[Lion, 1997, Reese and Govindjee, 1997].
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3.4.4 Evolution rule for the incremental perturbation of the internal pa-

rameter

In the constitutive equation for the thermo-elastic solid, there is one internal variable that
must evolve based on the state of the material. This variable is the thermal deformation
gradient. The evolution of this variable will be different for the base and the total histories,
and so their difference will change based on how the two change. As such, the variables we
have chosen to describe the perturbation between the internal variables of the two histories
will have evolution equations that reflect the expected difference in the evolutions in the
two histories. We will use the evolutions for the two histories to calculate in this section
the evolution equation for the perturbation variables for the thermal deformation gradient.

We note that the relation between the velocity gradient and the deformation gradient
rate is given by L = FF~! and that similar rules are true for the associated internal variables
so that for the base history we can write F? = LYF?. Using this, we can reorganize the
evolution equation given for the thermal deformation gradient during the base history and
obtain

F’ = faF?. (3.66)

In a similar fashion, the same evolution equation for the total history is given by
F% = 0*a*F%. (3.67)

The thermal expansion coefficient tensor a(t) is also effected by the thermo-mechanical
perturbation, and this material function for the base history and the total history is related
by

a”(t) = a(t) + da(t), (3.68)

where, a*(t) is the thermal expansion parameter in the total history, a(t) is the thermal
expansion parameter in the base history, and da(t) is the incremental thermal expansion
parameter from the perturbation. Since «(t) is assumed to be a function of the state of the

material, we define the following coefficients which are the derivatives of v with respect to
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its associate variables and given by

a® = dp<(al), (3.69)
a’ = o (al),

a@ = 89(0‘1-)7

where, a¢ and a’ are fourth-order tensor functions, and o is a second-order tensor function.
After substituting the increments of the kinematics variables given in (3.57), we obtain

the increment da for the thermal expansion in terms of the “~” variables as
da = a®: (HF®) +a’ : (H'FY) + o490, (3.70)

with the parameters a¢, a’ and a’ evaluated in the base history.

The relations for the time derivatives are given by
0% (t) = O(t) + 66(t), (3.71)
and

Fe (1) = FE(HF(1) + FC(4)F<(t), (3.72)

F0*(t) = FO(H)FO(t) + FO()FO (1),

By using equations (3.71) and (3.72) and manipulating the two sets of evaluation equations
(3.66) and (3.67) for the two histories, we get the effects of the perturbation on the thermal
expansion through the following coupled first-order differential equation with the unknown

incremental internal variable H?(t) given by
¥+ HOF? + HOFY = (0 + 60) (o + da)(1 + FY)F?. (3.73)

We use the relations between H¢ and H¢, and H? and H? given in (3.59), and simplify the

notation in (3.73) by using I'?(¢t) = HY(¢)F(t) to denote the unknown variable, and using

d6(t) and I'(t) = H(t)F(¢) as the known values. From this, we get the following modified
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equation

| A o ) (3.74)
= FF~1 (6 + 66){a® : (T — T))FP~1] +a’ : (FF~'T%) + a?50) + (5é)a] F’

+ (60)FF'laF'F~'1?,
which can be simplified to the form
9(t) = B%(t) : T%(t) + B(t) : T(t) + O(t). (3.75)

In this simplified form, B?(¢) and B(t) are fourth-order tensors and 0(t) is a second-order
tensor.

In order to solve the tensor form differential equation (3.75), we should represent the
tensors in a curvilinear coordinate system and then solve the differential equations in the
component form. For simplicity, here we choose an orthonormal base and write the corre-

sponding component form in this base as
IY(t) = BE (T (1) + Bijra () Tk (t) + 045(t). (3.76)

To solve this system of first-order differential equations, we organize the unknowns into a

one-dimensional array denoted by x that takes the form
— 0 0 0 0
x = (I, T, T3, 915 -0). (3.77)

To do this, we introduce one transformation Kjj; which can transform the components of

I'Y into the one-dimensional array x through the relation
Xi = K%, (3.78)

where, the values of Kjj;, are either zero or one, defined by the pattern of x. The inverse
transformation is given as

F?j = K;;Xk (3.79)
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After substituting the transformation (3.79) into (3.76), and then substituting into the time

derivative of (3.78), we get the first-order system of differential equations

x(t) = A(t)x(t) + £(2), (3.80)

where, the component of the coefficient matrix A,,,(¢) and the component of the inhomo-

geneous array f(t) are given as

Amn(t) = Kmiszejkl(t)K&:u (3.81)

fm(t) = KinijBijri ()T k() + Kinij0is (1)

From the existence and uniqueness theorem, there exists a unique solution, since the coeffi-
cient matrix [A(¢)] and the inhomogeneous array [f(¢)] are continuous. The general solution

to the system (3.80) is provided by Myskis [Myskis, 1975] as

X(t) = /t _t Y (&, 7)E(r)dr + Y (4 £)xi, (3.82)

under the initial condition x; = x(t;), and where,

t t T1
Y (t,t;) :I+/ A(Tl)d71+/ A(Tl)/ A (72)dradr (3.83)
t; t; t;

t T1 T
+/ A(Tl)/ A(T2)/ A(T3)d7’3d7’2d7’1 + ...
t; ti t;

From the general solution for x(¢) given in (3.82) and the inverse transformations from x(t)

to I'Y(t), we then can calculate the increment of the internal variable H?(t).

3.5 Wave propagation in incompressible nonlinear elastic ma-

terials under simple shear deformation

Polydimethylsiloxane (PDMS) is modeled as an incompressible elastic material by Negahban
[Negahban, 2012] with the free energy given by ¢ = T(I;). The material function of PDMS
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is given by
o
Pog I

= 15643(I; — 3)? — 23730(I} — 3) + 128638. (3.84)

Let us consider PDMS under simple shear. Fig. 3.4 shows the in-plane deformation for
simple shear. The out-of-plane deformation is assumed to be zero. The two coordinate
systems are rectangular and mutually parallel, so that the coordinates are identical to those
described for rectangular systems. The deformation associated with simple shear is written

as

r1 = X1 +7Xo,
r2 = Xo, (3.85)
T3 = X3.

The deformation gradient is given by
F=e®e+ters®er+e3Re;+ve; Qeo. (3.86)
The inverse of the deformation gradient is given by
1

Fl=e1®e;+es®Res +e3@e3 —ve; Qes. (3.87)

The right Cauchy stretch tensor is therefore given by

1 ¥ 0 e]
C= e} ey es3 ] Y 1 —l—’yQ 0 & e . (388)
0 0 1 €3

The first invariant is given by I; = tr(C) = 3 + ~2.

The left Cauchy stretch tensor is given by

B=(1+7)e1®e;+e;Rer+es@es+ve; Dey+yer@ey. (3.89)
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Figure 3.4: In-plane deformation for simple shear.
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Figure 3.5: PDMS simple shear response.
The Cauchy stress for incompressible materials takes the form
T = TL + I, (3.90)
where,
oy I
TE =2po~+ (B— 31 3.91
and p is an indeterminate scalar due to the incompressibility.
The simple shear stress of PDMS is given by
T1o = 2(15643~° — 237307> + 1286387). (3.92)

The response of PDMS under simple shear is shown in Fig. 3.5.
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For incompressible materials the perturbation of Cauchy stress is given by

OTT = E° : 6F + opl. (3.93)

The tangent modulus is defined as E° = 9p(T%) and can be written in the rectangular
coordinate system as

321# Il —1 Il
¢ 2l L (g — LBy — =6,
abed P {aIiKQ[ ( d 3 de )]( b 3 b)

N 2 R
Y Foiboe + Foabe — = (Fog — LF1)5.1}, 3.94
+ alik[ badac + Fadp 3( a5 Fa )0ab) } (3.94)

where, for our PDMS model we have po 2% = 15643 x 2(If — 3) — 23730
1

Since for small perturbation, we have J ~ 1 + &, for

(3.95)

The perturbation should satisfy the incompressibility constraint, i.e. J = 1. This requires

gy = 0.

(3.96)

For an incompressible material under a homogenous base deformation, the perturbation of
balance of linear momentum is given by

[Grad(éT) — TGrad(HT)] : F~T = p,dii, (3.97)

where,

oT = (E°FT) : H + opL. (3.98)

Let us consider a wave motion given by

—)ld. (3.99)
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The acceleration of this wave is

X
Sit(t) = —uw? cos{wlt — 2 X T Wg (3.100)
c
The perturbation displacement gradient is given by
. X
H=u” sinfw(t — no——i—nou)]d ® n. (3.101)
c c

The incompressible perturbations should satisfy the balance of linear momentum equation

given in (3.97), that is
{(E°FT) : Grad(H) + I ® Grad(ép) — TGrad(HT)} : F~T = p,dii. (3.102)
We write equation (3.102) in a rectangular coordinate system as

[Grad(&p)]bef

1

no(X+u 1 e

+ uw? cos[w(t —
C

where,

0 I
Tij = 2/)0%(317' - gléz-j) + poij. (3.104)
1

We select the perturbation of the undetermined scalar dp in such a form that

no (X +u)

[Grad(6p)] = uw? cos[w(t — p

)IE, (3.105)

where, f is determined from the boundary conditions. Therefore equation (3.103) is written
as

foF e + (Tiang — ESuo)da + poc®daida = 0. (3.106)

Let us superimpose the wave given in (3.99) on the PDMS under the simple shear
deformation described in Fig. 3.4. For the wave propagation direction n = es, there are
two simple shear modes that satisfy the incompressibility constraint (3.96), i.e. in-plane

shear wave and out-of-plane shear wave. For the in-plane shear wave d = e, the in-plane
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Figure 3.6: In-plane shear wave speed in PDMS under simple shear.

shear wave speed ¢;;, is determined from

poczzn = i2127 (3107)

where, by satisfying equation (3.106) we have

fl = Oa
f2C2 = E5212>
f3=0. (3.108)

Fig. 3.6 shows the effect of the simple shear on the in-plane shear wave speed for the PDMS

we considered.
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Figure 3.7: Out-of-plane shear wave speed in PDMS under simple shear.

For the out-of-plane shear wave d = e3, the out-of-plane shear wave speed ¢, is deter-
mined from

PoCaut = ESa32, (3.109)

where, by satisfying equation (3.106) we have

fl = 07
Ja =0,
fs =0. (3.110)

Fig. 3.7 shows the effect of the simple shear on the out-of-plane shear wave speed for the

PDMS we considered.
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3.6 Wave propagation in axis-symmetrically deformed non-

linear elastic cylinder

In this section we study the axis-symmetric problem of wave propagation in a deformed
nonlinear elastic cylinder under isothermal conditions. In particular, we look at a long
cylinder deformed by a rigid central shaft and held at the outer surface, rigidly fixed, as
shown in Fig. 3.8.

This is a special case of wave propagation in a general thermoelastic deformed body and
will demonstrate how the results can be used. The material considered here is an initially
isotropic nonlinear elastic material. The response functions of such materials are assumed
to depend on three kinematical invariants I7, I3 and I3.

To keep the presentation simple, we further assume that the behavior of the material can
be captured by two invariants I] and I5. As an example, we then look at the propagation of
shear waves in polydimethylsiloxane (PDMS). PDMS is a typical nonlinear elastic material
at room temperature and exhibits close to incompressible responses.

As shown in Fig. 3.8, we use (R, ©, Z) to denote a cylindrical coordinate for the reference
configuration and (7,0, z) to denote a cylindrical coordinate for the current configuration.
We use (ér,éo,€éz) and (é,,&9,€,) to denote the unit vectors along the reference and
current coordinates. The associated base vectors of the curvilinear coordinates are given

by

e = éR, (3.111)

€y = Ré@,

e3 = éz, (3.112)
and by

eT = &,

e§ = Tég,

e =é.. (3.113)
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Problem description: axis-symmetric static determined problem

1 éZ’éz

- Rigid Shaft
/]
] v
H>R,
Ri
>
RO

(R,®,2Z) denote the coordinates in the reference configuration,
(r,0,z) denote the coordinates in the current configuration.

e; =ep, e = Reg. e;=ey. e]=e, e;=rey e;=e,

Figure 3.8: Propagation of waves in an axis-symmetric deformed thermo-elastic body.

For our body, we take a cylinder, in the reference configuration, with the height much
longer than the outer radius such that H > R,. We will further confine our attention to a
response that does not depend on the axial coordinate Z, and we ignore the body force.

First, we will consider the application of an axial load P = —Péyz through the rigid
shaft. Next, we will look at a torque 1" applied through the rigid shaft. Three types of wave
motion (longitudinal, in-plane shear and out-of-plane shear waves) will be, respectively,
superimposed on these pre-deformations. The wave speeds will be obtained for each mode
and will be shown to vary over space due to the inhomogeneity of the pre-deformations. In
this process we will look at the propagation of shear waves in a PDMS cylinder under axial
loads.

Due to the axis-symmetry and the long bar assumption, the deformations are indepen-



dent of © and Z, and take the forms as

0=0+0(R),
r=R+7(R),
z=72+z2(R),

where, the specific functions of A(R), 7

ditions and the material properties.

3.6.1 Waves in an elastic cylinder under axial load

For an axial loaded cylinder we have

0=0,
r=R+7(R),
z=27+2R),
and we get
éz = éZa
ér = éR7
€ = €o

The deformation gradient is calculated as

or . . 0z . . T R . .
F:(1+—)eR®eR+—ez®eR—|—(1—|—E)e@®e@+ez®ez.

OR OR

The inverse of the deformation gradient is

0z

1 35 . . R. . . N
F!= oR ez®eR+?e@®e@+eZ®eZ.

eR®eR—1 o

- or
1+ 5% R

64

(3.114)

(R) and Z(R) are determined by the boundary con-

(3.115)

(3.116)

(3.117)

(3.118)
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The left Cauchy stretch is given by

or ep®é +82( 8_)6 ®én+(1+ 87")82
o) er@ert gplltaplez®er OR’OR

+ [(%)2 +1llez@éz+ (1+ E)Zég ® eg.

B=(1+ ér R ey (3.119)

The nominal stress takes the general form

To.rr To.re ToRrz er
To = [ ér €o ey } Toor Toee Troz | ® | o |- (3.120)
Tozr Toze Tozz ez

The axis-symmetry and the loading give the nominal stress for the base history in the form

To.RR 0 Torz €r
T, = éR é@ éz 0 T(L@@ 0 & é@ . (3.121)
Tozr 0 Ty zz éz

The boundary conditions we consider for this problem are

T(R;) =0,
’F( o) =0,
#(R,) = 0. (3.122)

The problem is statically determinate for the shear. This gives

P

SRE (3.123)

To,RZ (R) =

As can be seen, we assume rigid supports on both the inner surface and outer surface of the
cylinder. We also consider the outer surface to be stationary. Also, the shaft is assumed to

uniformly distribute the load on the material.

The balance of linear momentum in the reference configuration is given by the following
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component equations

OTopr | 10156r | 0Tozr | 1

ATy pr —Ty06) =0, 124

OR 2 o0 oz T gplenn 00) =0 (3.124)
0l,re 101,00 0T,z 1

- = To To, =Y,
9R R o0 97+ pTeretToer) =0
0l,rz 101,07z O0lozz 1

=z ~T) py = 0.
R 'R 00 oz T glerz=0

The axis-symmetry simplifies the balance of linear momentum to

oT, "RR 0T, 7R 1
2 = + *<T0,RR - Tm@@) - 07

OR 07z R

laTo,@@ —0

R 006 7

orz | o zz | 1 B

onz  Mozz g Ly =, (3125)

where, the last two equations are automatically satisfied due to the axis-symmetry, the
static determinacy of the shear and the long bar assumption.

The Cauchy stress has the form

3

oyt op(I})FT, (3.126)

T = pop (v F! = ——0p(I;

where, the invariants are

I =tr(C), I,=tr(C?), I3=tr(C?),
I I

I*_ 1—5:7127

and the derivatives with respect to the deformation gradient F are

2 no_
Ir(I7) = m(F - glF ), (3.128)
4 I
) = —F(C - “21),
Ir(13) 2 ( I )

Oe(I5) = JF 1.
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This gives the Cauchy stress in the form

2 9% = +4awB—éB)+J

oV
i D+ =
J2/3 01;( 5 2 (91;( I

I3

T = p| I. (3.129)

If we assume that the free energy takes the simpler form as ¢ = (I 1, 13), we will have

2 oY I o
T _ _4
T _p[ﬂ/?’éﬂf(B 3I)+J8[* I]. (3.130)
The nominal stress can be obtained from
T, = det(F)F'T, (3.131)
where, the components of the nominal stress are given by
7 2 o or, L1 2 0
To =(1 HIPrefl 5579 a7+ 1 ap’) ~ o T5/9 )
rn = o G U 5~ 5 o T ar)
T 2 oY or . 0z
To =(1 H/Pref 75793 ATx 1 ap/an’
w2 =t peres 55U 5R) o
T 0z. 2 0y or., It 2 0y 0Oy
Tosr=— (14 =)prefom|—mor (1 4+ =—)2 = L2
ozr ==t o opl mrar W o)~ 5 FRar T ar)
or T 2 oY 0z or
L+ )1+ =) prefome e (1 4 =—
+( + 8R)( + R)pTEfJ5/3 8[? 8R( + aR)?
T 0z 2 0O or ., 0z
Tozz=—(1+ )pres s aie(l+ o5) 2
2z ==L+ Rl faRJ5/3aI*< " or)or
or L 2 Oy 2 0y 0%,
1 51 re 9 75/9 ) ap 1 )
* +8R)( * >p f{E)I* s7nar T pranier) T
or r R, 2 0 rTo It 2 0y Oy
T, 00 =14 =—)(1 e 1+ =) ——=—+ . 132
After considering T, rz(R) = %R_l from the static determinacy, we only have the first
equation in (3.125) as
2 F. 0z P
(R4 7)—2- 00 (4 002 P (3.133)

7rar "t aR)oR T 2rm

Substituting the nominal stress given in (3.132) into the balance of linear momentum
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(3.125) results in

0T, RR 1 T 2 oY
or TR +R)p°{J5/38[*( +0R)

112a¢ b 1afR 2awlf

11 2 9 9y

— 2 _
(3.134)
where,
or T

J =det(F) = (1 + @)(1 + E>’

OF 9 9 0z

EY?) - a5 . 1
L= (14 550+ (L )+ () + 1 (3.135)

7(R) and Z(R) are determined by solving equations given in (3.133) and (3.134) under
the boundary conditions provided in (3.122).

For an incompressible material we have J = 1 and therefore we have

dr
F=—— 1
7= dR(R +7), (3.136)

which results in #(R) = 0 under the boundary conditions 7#(R;) = 0 and 7(R,) = 0.

For 7(R) = 0 the invariant can be simplified to

I =3+ (%)% (3.137)

OR

For an incompressible material the nonlinear elastic free energy is assumed to take a form

as ¢ = T (I}), and therefore the Cauchy stress is given by

Y I
5T (B— 3D+l (3.138)

T = 2p,

where, p is an indeterminate scalar due to the incompressibility.

For an incompressible material the nominal stress is then given by

oy (B—ﬁl

T, = F1[2p,
2o B~ 3

+pI). (3.139)
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Figure 3.9: The shear deformation of a PDMS cylinder under axial load P.

Equation (3.123) then becomes

ooz P
3T 3R = TR (3.140)

For the incompressible elastic model for PDMS given in (3.84), equation (3.140) becomes

0z P

3

128638~ = ——— 141
)7 +128638 50 = s (3.141)

oz

OR

0z

15643( o5

)5 — 23730(

where, g—é is determined for given P and R. For example, Fig. 3.9 shows the inhomogeneous
shear deformations along the radius of the PDMS cylinder under axial load.

The superimposed wave propagates along the radial direction “e,” and can be described



where,

X = ReR + Zez,

X =re, + ze,,
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(3.142)

(3.143)

and where, d represents the unit dispalcement direction vector, ¢ is the wave speed, and

{=xoe,.

The balance of linear momentum for the perturbation, given inhomogeneous base de-

formation, is given by

[(6T) — TH")[Div(F~T)]

+ [Grad(éT) — TGrad(H?)] : F~7 — Grad(T) : (H'FT) = p,dit.

For
-7 0z
F :eR®eR—@GR®ez+e@®e@+ez®ez,
we have
Div(F~T) = 0.

The perturbation of Cauchy stress is
0T = (E°FT) : H + 6pI,
and the tangent modulus is defined as

E® = 9p(T%).

(3.144)

(3.145)

(3.146)

(3.147)

(3.148)
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The acceleration of the wave is given by

i(t) = —uw? cosfw(t — d—g
Ju(t) = [w(t /ec)]d. (3.149)

The perturbation displacement gradient is given by

. 1
H =usin[w(t — /dﬁ)]wdReRQQeR
¢ C C
! cos|w(t /1d2)]d ep®e
— —ucosjw(t— | =
R c O€R S)

1
+ usinfw(t — /dﬁ)]wd@e@ ®er
¢ C Cc

1 1
+ Y cos[w(t — /ecdﬁ)]dRe@ ® eeq

1
+ usinfw(t — /cdf)]uc}dzez ® eR, (3.150)
l

where, d = drer + doep + dzez, and

r(EL) = u{sinfw(t — /E %dﬂ)]% + %cos[w(t - /E %dﬁ)]}dR. (3.151)

The superimposed wave motion (3.142) should satisfy the balance of linear momentum
for the incompressible perturbation terms given in (3.144). The component forms of these

equations are written in the e] system. For example, the Cauchy stress is given by

T :[2po§}?(l — %) +ple} ® e}

+ 2po%%e§
%%e“{ ® e}
SrlGRr+1-3
o I

1 * *
an(l —g)tolger e, (3.152)

*
®el

+ 2p,

+ {200 ] + p}e;, ® e§

+ 20
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the gradient of Cauchy stress is

o(T, Tin
Grad(T) = (8R )em Dep®ert+ prer@e,@e
+2126, 0600 12 2es 12 el ®
—e e e — 78 e ey — —e e e
R 2 2 1 R 1 2 2 R 2 1 2
T
+ 3 em ®es ® es. (3.153)

The tangent modulus is given by E® = E;yqpe; ® € ® e, ® ej, where,

2¢ L I
aw 2 I
T o [Fybgm T+ Eagya = 5(Fw = 3 F Mayl) (3.154)

The gradient of the perturbation of Cauchy stress is given by

3(Ee T)

Grad(0T) = 3
Q;

:H®g;'ej+ (E°F") : Grad(H) + 1 ® Grad(dp).  (3.155)

We also have

. H, H,,
Grad(HT) :a(aR )em®en®e1 + 73 e2®en®e2

H,, H, Him
+7e2®en®e1——e1®en®e2+ e, Qe ® ey

R R R3
H H
+ e, Res@e) — e, ® el ® e, (3.156)
R R
and
- O(Hp Hy,
Grad(H) = ( )em Re, Qe+ —er e, e

OR R3

H, H,
e Res e — e, De| D es. (3.157)

R R
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In this process we have used the relations

dley)

or O
d(ei) _ e
90 R’
d(e})

YA =0,
O(e;) _ e
OR R’
d(e3)

po ~ feu
d(es)

YA =0,
d(e;)

or
d(e;)

0
d(e3)

S =0 (3.158)

To satisfy the incompressible perturbation condition, i.e. &, = 0, this requires dgr = 0.
We consider two types of wave propagating in the axially loaded incompressible cylinder:
in-plane shear wave and out-of-plane shear wave. The wave speeds are evaluated by sub-

stituting the wave equations into equation (3.144) written in the e system.

For the in-plane shear wave, the unit displacement vector d = %95 = ey. The accelera-

tion of the wave (3.149) becomes

Sii(t) = —uw? cosfw(t — /dg)}ie;, (3.159)

¢ C

and the perturbation of the displacement gradient (3.150) becomes

r

1 1
+u? L infw - /d@)]e; 2 6. (3.160)
cr v C

. 1 1
H = —u— coslw(t - /gcdf)]e*f ® €
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The gradient of the perturbation displacement gradient (3.157) is simplified to

. oH H OH. H
Grad(H) =( 8R12 + }%2)e1 ®ey®ep + ( 8}? + %)62 ®e; ® e,
H12 I:I H H12
+( g5 T glefese (2 + e ve ge. (3.161)

We substitute the equations given in (3.159), (3.160) and (3.161) and other associated terms
into the balance of linear momentum for perturbations (3.144), then we can calculate the in-
plane shear wave speed. The in-plane shear wave speed is varying along the radial direction

and given by

9y

= |22
¢ oI

(3.162)

The variation of the in-plane shear wave speed in PDMS under axial load is shown in Fig.
3.10.

For the out-of-plane shear wave, the unit displacement vector d = ej = ez. The
acceleration of the wave (3.149) becomes

5ia(t) = —uw? cosfu(t — /Z et (3.163)

and the perturbation of the displacement gradient (3.150) becomes

H = usinfw(t — /ecd@] ® ej. (3.164)

The gradient of the perturbation displacement gradient (3.157) is simplified to

. 0(Hz Hsq
Grad(H) = (8R )eg Re Re + 7 e3 R e ® es. (3.165)

We substitute the equations given in (3.163), (3.164) and (3.165) and other associated terms
into the balance of linear momentum for perturbations (3.144), then we can calculate the

out-of-plane shear wave speed. The out-of-plane shear wave speed is varying along the
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Figure 3.10: In-plane shear wave speed in a PDMS cylinder under axial load P.
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Figure 3.11: Out-of-plane shear wave speed in a PDMS cylinder under axial load P.

radial direction and given by

0% 0z o
=4/4 —)2 42 . .1
‘ \/ o2 or)” " 2or; (3.166)
If no load is applied,
_ [,0¢
c= 2(9[{' (3.167)

The variation of the out-of-plane shear wave speed in PDMS under axial load is shown in

Fig. 3.11.

The time of flight of the waves from R, to R; can be evaluated from

/Ro dR
t= —.
R, €

(3.168)
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Figure 3.12: Time of flights of in-plane shear wave and out-of-plane shear wave in the PDMS
cylinder under different axial loads.

Fig. 3.12 shows the time of flights of in-plane shear wave and out-of-plane shear wave in
the PDMS cylinder under different axial loads.

The change of the time of flight At can be obtained from the change of the load applied
AP by
,0(0)

(c)
5 dR. (3.169)

Ro
At = —AP/ c
w C D

Load sensor (a forward application)

For an incompressible elastic material, if the nonlinear free energy (13) is known, from the
measurement of the time of flight we can evaluate the applied load P. This can be used as
a load sensor.

Considering I7 — 3 = (3—2)2 and I; = J = 1, and the relations between the material
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functions and the deformations given in (?7), the deformation field zZ can be determined as
a function of R and P.

After substituting the deformation function zZ(R, P) into the forms of time of flight of
the in-plane shear wave and out-plane shear wave measured in experiments, the value of
the load can be calculated. If both waves are considered, the accuracy of the measured load

can be increased.

3.6.2 Waves in an elastic cylinder under torque

Let us look at another example, that is, torque T is applied through the rigid shaft as shown

in Fig. 3.8. The deformation field under torque is described as

r=R+7(R),
0=0+0(R),
z =272+ zZ(R). (3.170)

The relations between the cylindrical vectors in the reference configuration and in the

current configuration are given by

€, =ez,
e, = cos(f)ég + sin(f)ée,

&y = cos(f)ée — sin(h)eéx. (3.171)

The deformation gradient is calculated as

F=[(1+ ﬁ) cos(f) — (R+7) = sin(f)|ér ® ér

OR OR
or, . = 00 1 .
+[(1+ ﬁ) sin(f) + (R + T)@ cos(f)]ée ® ér

0z . . r A A . NP . . .
+ éez ®eép+ (1+ %) cos(0)ée ® 6o — (1 + %) sin(f)ép ® 6o + ez ®éy. (3.172)
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The left Cauchy stretch is given by

B ={[(1+ E) cos(#) — (R + 77)% sin(0)]? + (1 + i)2 sin?(f)}ég @ ér

OR or"™ R .
or. . - .06 - or _ 00 -
+{[(1 +7@) sin() + (R + T)ﬁ cos(0)][(1 + ﬁ) cos(0) — (R+ r)ﬁ sin(0)]
—(1+ %)2 cos(f) sin(f)}ée ® ér
0z or _ 00
+ @[(1 + @) cos(f) — (R+ r)_a—R sin(f)]éz ® ér )
or - o0 - or. . = 00 -
+{[(1 —+—_£) cos(d) — (R+ r)ﬁ sin(0)][(1 + @) sin(6) + (R + T)@ cos(0)]
—(1+ %)2 sin(f) cos(f)}er ® ég
+{[(1 + E) sin(f) + (R + f)a—é cos(0)]2 + (1 + i)2 cos®(0)}ée ® &
dR OR R °=re
0z or., . = _, 00 1A .
+ @[(1 + @) sin(6) + (R + r_)@ cos(f)]éz ® ég
or _ o0 .~ 0%, .
+[(1+ @) cos(f) — (R + T)@ sm(@)]ﬁeg ® éy
or. . - _. 00 _ 07 . R 0Z 9. .
1+ — — — 1 — . 1
+ 1+ 8R)sm(9) + (R—i—?“)aR Cos(ﬁ)]aRe@ ®ez+[1+ (8R) léez ®éz. (3.173)
The inverse of the deformation gradient is
-1 :mlgg)[cos(g)é]z ® er + Sin(é)éR ® eg — gfi COS(é)éZ ® er — g; Sin(é)éz ® ég)|
00  cos(f) sin(),. . cos(f) 90 sin(0) .. . . .
— R|—= = éo®eérp+ R ————"léegReég + €&z R eéey.
[8R(1+%) Jeo ® ér + 1| aR(1+ng)]9 orrIET

(3.174)

The Cauchy stress takes the form as in (3.130), for this case, it is given by

T =Trrér ® €r + Toreo ® er +1Tzrez ® €r + Troer ® €o + Toote ® €

+T70€z7 @€ +Trzer ey +Tozeo ®eéyz+ Tz 8z @ ey, (3.175)



where, I = tr(B), and the components are given by

Trr ={[(1 + @) cos(f) — (R+ f)% sin(0)]2 + (1 + Z)? sin?() — %}po

OR

99
oI’

OR R

+ po

Tor ={[(1+ 25) sin(@) + (R + 722 cos(@]1(1 + 20 cos(d) — (R + 1) 2

OR OR OR
_ T2 Ao, 2 0Y
(1+ R) cos(6) sin(0)} p, T8 oI
0z or . 00 o 2 9y
Tzr _@[(1 + a—)cos(@) (R—H“)@ sm(@)]pomalf,

Tro ={[(1 + ) cos(@) — (B + 1) 2L sin@][(1 + 22 ) sin(@) + (R + 7) 22

OR OR OR
_ LRV IS . 2 O
(1+ R) sin(0) cos(0)} po YOEETR

Too ={[(1+ o0 sin(@) + (R+7) 5% cos(@) + (1+ =) cos’(0) — Lp,

OR OR
+po(§;§:a _
T = S5l(1+ S1)snl0) + (R +7) 3 cos@pu o 3%
Tz =I(1+ 5) cos®) - (R4 1) S5 2 2L
Toz =[(1+ 57)sinl0) + (R +7) 0 cos@)] 5 pu 2 24
Tzz =[1+ (%)2 - Q]Pojg/g)gff + Pogg-

80

(3.176)



81

The nominal stress defined as T, = det(F)F~!T is given by

Ty =(1+ 1) [T cos(0) + Tor sin(@)]én @ én
+(R+ f){T@R[%(l + g—;) cos(f) — % sin(0)]

00 oF 1 . -~ . .
- TRR[@ cos(f) + (1 + é); sin(f)]}éo ® ér

R+ 7 or 0z - 0Z . .. R
+ ( R r)[(l + é)TZR - Tm{% cos(f) — T@R£ sin(f)]éz @ ér
R+7T _ _
(*) e cos(@) + Toe sin(@)]én @ éo
_ 1 or 00 . -
+(R+ r){T@@[;(l + @) cos(0) — 3R sin(0)]

o0 or1 .
- TR@[@ cos(f) + (1 + %); sin(f)]}ée ® éo

R+7 or 0z 5 02 . = .
R (1 + @)TZG - TR@@ cos(f) — T@@@ sin(f)]éz ® ég
R4 _ _
+ (%)[TRZ cos(0) + Tozsin(f)|ér ® éz
_ 1 or N -
+(R+ T){T@Z[;(l + ﬁ) cos(#) — BT sin(0)]

00 =1 or . . o .
- TRZ[@ cos(0) + ;(1 + ﬁ) sin(f)]}ée © €z
R+r or )TZZ —T@Z%Sin(é) —TRZ%COS(Q_)]éZ ®éz, (3.177)

7 0+ 3R oR oR

+

+(

where, J = det(F) = (1 + 9%)(1 + %).

Balance of linear momentum in the reference configuration is given as

oT 10T, or, 1
o-RR | 0 Of 2 | —(To.rr — To0e) =0,

OR R 0O 07 R
0T, reo 101,00  01bze | 1 -~
or TR oo t oz Tg\TeretToer) =0,

aTo 1 8TO BTO 1
Rz | 101,60z 22 L L, =0 (3.178)

OR R 00 07 R
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Boundary conditions are given by

f(RZ) =0,
T(R,) =0,
0(R,) =0,
Z(R,) =0,
T
T. = — 1
oro(R) = 5 (3.179)
The axis-symmetry constrains the nominal stress to the form
TO,G)Z = 07
To rz = 0. (3.180)

The axis-symmetry constrains the balance of linear momentum in the reference configuration

to the form

0T, rr | 1
= - To - To, = 07
R + R( RR 00)
6T07R® 1
—(To T, er) = 0. 3.181
o T R( ro+T,0R) ( )

For incompressible materials i.e. J = 1, we have r = R. If we assume the deformation field

is simple shear, i.e.

z=2Z, (3.182)

where, the boundary conditions (3.179) are automatically satisfied. For this deformation

we have I} = 3 + (5—2)27“2.



The balance of linear momentum for this simple shear field are

8T07RR 1
— (T — T =Y,
on T plo-RR ee) =0
and
6T07R® 1
—(Ts T5. =Y,
SR +R( ro +Toer) =0
where, after substituting T, re = ﬁ into equation (3.184), we get
T
foor = pr R
where,
o - 00 ,R* . o
To_re =2po R— 0) — (—)"— ] o
ro =200 551 8Rcos( )= (G s+ 0
A 00 LR 90 ., R?
Toer 2’0061* [R@ COS(@‘H@) 3 ( +(@) ?Sm( )l
oY A . n
— poa—@[R@ cos(6) + sin(6)].
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(3.183)

(3.184)

(3.185)

(3.186)

After manipulating equations we obtain the relations between the material functions and

the deformation (T, R) as

o T
oIy 4pO7TR3H6R cos(6 )7
oy T 00
0IF  6p,mRH cos() OR’
P T
oI B _8p07rR4H(87R %)% sin(0)
T %0 00
8pO7TR5H cos(@)(g;_ R+ %)(3—2)3 (aRQR * 3@)’
%) T T
oI301; 6p07rR3H 3B cos(@) 12p07rR2H(%R + (%9;) sin(f) OR
T %0 00
12,007TR3H cos(é)(gRé R+ %)% (0R2 R+ 3ﬁ)

(3.187)
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The tangent modulus defined as E® = 9p(T7T) has the component form in the e} base as

* 10 * % 8¢ * Il * 82711
ijd ZPO{*EFbal*gac bdal*(B 731 )+2[81*2 (Fabgac Ivd — 3
2w T
—1%x _* % * 1 s
+8[*81*Fba GacIbal (Bl — 3I )
0 2F% gk .95,
+ a;/i((szc(sxdFygmy Fizéjcéydg;y WI )
+[8]§8]T(Fabgacgbd gFal YacIba) aI*QFbal*gacgbd]I}
where,
1 0 0
g'l=10 »* 0|,
0 0 1
1 0 0
== 0 & o],
0 0 1
cos() %ﬂw) 0
[F*] _ Rg—g cos(#)+sin(h) cos(é)fR% sin(6) 01,
T 72
0 0 1
cos(6) Rggsm(é) smr(g) 0
[F_l*] _ 7[s1n(§)+lj gcos(e_)} CO:gg) 01,
0 0 1
and
o0
1 28
[Bl=| 55 =+Gr)? 0
0 0 1

The superimposed displacement field du(¢) = u*(t) — u is described as

du(t) = ucoslw(t — /dg)}d = ucos|w(t — /gde)]die;‘,

¢ C C

I
L

T* *x _x
b acgbd)

(3.188)

(3.189)

(3.190)

(3.191)

(3.192)

(3.193)

(3.194)
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where, d represents the unit dispalcement direction vector, ¢ is the wave speed varying
along the radial direction, and /¢ is the wave path.

For the longitudinal wave d = d;e] = d,&, = &,, the wave speed c is varying along the
radius and given by

@[@(@)2,1 4R2(89) ,R72
OR" 9 "OR 9 'OR 3

? = % {2005 (0)sin(0)R ]

oIy
2R RS OB, SR 00, AR 0, AR OB

+cos(8)sin* () - — —5- ()" — - (gp)° + 5 (Gp) + 5 (Gp) +2

R K . ) K I L)

4 gj; lcos(d) — R% sin(6)] [cos2(8) + R% cos(0) sin(0)(R? — 1) + R2sin?(d)]
T R
200y 2 500(5) — cos' )

sin?(0) cos(0) (o0 R 2 e I O
21;26(862) 81;%4(68;) +4— 4R (3.195)

If no load is applied, i.e. §(R) = 0,

2_ 08 9%

° , 3.196
oI; 3 * OI3* ( )

For the in-plane shear wave d = dqe) = €y, the wave speed c is varying along the radius

and given by

= S eos@sn @R - B (LR - 1) - B ) O
#2008 n0) ggRS(R %) 28 cos'(0) - zg;_R sin(6)}
b S (0 cos R — ST+ 2
- 2?3}2 sind(0) + 4R cos® () — 23R5§2 cos2(9) sin(8)}
ik sin?() cos() R*(1 — R?). (3.197)

81*2
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If no load is applied, then
oY

2
=9
© T

R?. (3.198)

For the out-plane shear wave d = dse; = ez, the wave speed c is varying along the radius

and given by
0
oIy

<

c=4/2

cos(6), (3.199)

after considering equations (3.187), we obtain

T
c= [ (3.200)
2pom R3H 2%

If no load is applied,

oy
=4/2 . .201
c ar; (3.201)

The time of flight of the waves propagating from R, to R; is evaluated as
R

°dR

t= / —. (3.202)
R, €

Torque sensor-forward application

If the nonlinear elastic free energy (I, I5) is known, for the wave propagation in the simple
shear deformation field under the unknown torques, from the measurement of the time of
flights, we can evaluate the applied torque T', which can be used as the torque sensor.

Considering I7 = 3 + (g—g)QR2 and I3 = 1, and the relations between the material
functions and the deformations given in (3.187), the deformation field § can be determined
as a function of R and 7.

After substituting the deformation #(T, R) into the form of time of flights for the lon-
gitudinal wave, in-plane shear wave, and out-plane shear wave, that can be measured from

experiments, then the value of the torque can be calculated.



CHAPTER 4

Thermo-viscoelastic solids and wave propagation in these

materials

Viscoelastic materials are those which show stress relaxation at all magnitudes of loading,
even at very small loads. Models normally describing viscoelasticity show rate-dependent
response and even yielding-like behavior without the use of a yield function. As such, they
normally are characterized as a different class of material response. Mechanical analogs to
describe the phenomenon seen in viscoelasticity are constructed from springs and viscous
dampers. For a nonlinear response, the components of these analogs can be nonlinear.

We start the chapter by looking at the nonlinear viscoelastic constitutive model which is
constructed from a continuous series of standard linear solids put in parallel. In this process,
we consider the effects of rigid body rotation and the constraints of material symmetry. We
then derive the viscoelastic constitutive models for the thermo-mechanical perturbations.
As a special example, we present the equations for perturbations on a homogeneous pre-
deformation, and consider the examples of attenuating and non-attenuating plane harmonic

waves.

4.1 Viscoelastic solids

The results in this section are developed for a thermodynamically based nonlinear viscoelas-

tic material model. As will be seen, the model is of single integral form, and can be shown
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Figure 4.1: An infinite element analog constructed from elements in parallel that each
separates into a thermal, viscoelastic, and elastic element in series.

to specialize at the limit of infinitesimal deformations to a general single integral linear
thermodynamic viscoelastic response. The analog to the model we use is visualized by an
infinite number of elements put in parallel as shown in Figure 4.1. We take s to denote a
continuous variable used to parameterize these elements so that each s denotes a different
element, and where —oo < s < co. Each s is assumed to represent a nonlinear viscoelastic
element, but for the purpose of understanding the model each can be visualized as the sum
of a thermal, a nonlinear viscoelastic Kelvin-Voigt, and a nonlinear elastic element in series.
As shown in Figure 4.1, the deformation gradient F for each element s is assumed to be
composed of three parts given by

F = FFYF?, (4.1)
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where F¢ is the elastic deformation gradient, F?¢ is the viscoelastic deformation gradient
and Fg is the thermal deformation gradient, paralleling the idea proposed for the struc-
ture of each element, but in a nonlinear multiplicative decomposition. The multiplicative
decomposition of the deformation gradient, originally suggested by Lee [Lee, 1969] in the
context of elastoplasticity, has also been applied in nonlinear viscoelasticity by Sidoroff
[Sidoroff, 1974] and others. As will be shown at the end of this section, the constitutive
assumptions that follow lead to the fact that the decomposition F = F¢FY*FY is uniquely
related to the decomposition F = F¢FYF2¢ for each given loading history. The parallel
results for a theory based on the decomposition F = FEFIF ¢ are given in the appendix.
The response of each element s is assumed to be fully described by the values of the
associated elastic, viscoelastic, and thermal deformation gradients plus the values of tem-
perature and temperature gradient. As such, the model is assuming limited influence of

elements on each other. One can define a state Sy for each element s as
S, = [F¢,F* FY 0, G], (4.2)

which fully describes the response of the element. As is commonly done, we start by
assuming equal presence of state variables in all the response functions so that we take the
response functions for the specific free energy 1, the specific entropy 7, the Cauchy stress

T and the heat flux vector q given by the equations

Ws(t) = WIFS(0), F(1), FUL), (1), G(1)),

ns(t) = nl[FL(t), FL(8), FA(1), 6(1), G(t)],

Ts(t) = THF(t), F(t), FL(1), (1), G(1)],

as(t) = al[F(t), FL(1), F(t), 0(t), G(1)], (4.3)

where the superscript “1” denotes the constitutive function used to calculate the specific

quantity. We next assume the total response is the sum of the response in the elements to
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obtain the single integral models

e(t)

/ Z by(t)ds,

o = [ " (t)ds,

—0o0

qlt) = /  qut)ds. (4.4)

As in common, we require the material response to satisfy the second law of thermodynam-
ics. This was given in the form of the Clausius-Duhem inequality in equation (2.20), that
must hold for all admissible processes. For this equation we need the expression of the rate
of change of the free energy. We can calculate this from the assumed constitutive form and

write

o) = [ b (4.5)
where
hs(t) = Ope (Y1) : FE + Opue (1) : FL° + Opo (1) - FE + 0p(0])0 + 0 (¥]) 0 G. (4.6)

For convenience, we define, respectively, the thermodynamic elastic, back, and thermal

stresses as

T = pope (V1) FL,
T = pdpve (Y1) FUT,

T = pops (WDFT (4.7)
and, respectively, define the over stresses from the back and thermal stresses as

AT = FeITeFS — T2, (4.8)

ATY? = Fre R ITeFeFee — TY. (4.9)

§T 8T 8 S
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We also use the identity
L¢ =L — FLYF ! — FeFUeLI/Foe et (4.10)

where L¢ = FCFe! LUe = FF ! and LY = FIF?~!. Once we introduce all these into
the Clausius-Duhem inequality, we arrive at

o [ee]
[ / T ds — TT]: L — / AT : LYds

— o0

—/ AT?T:Lids+p9/ (s + Op(¥])]ds + Gaog <0, (411)

which must hold for all admissible processes. We add one additional assumption by taking
the form of thermal expansion as

L! = a0, (4.12)

S

where o, a function of the state Ss, represents the coefficient of thermal expansion for
element s. A sufficient, but not too restrictive, condition to satisfy the Clausius-Duhem
inequality is then given by assuming each element is dissipative and that its free energy

does not depend on the temperature gradient. This sufficient condition can be written as

T :/ Tids,
* N P
n=- [30(%) - ;ATS : as]ds,

— AT . L2 <0,

1
08 <0. (4.13)

A fairly general viscoelastic model can be developed by taking for each element a nonlinear

evolution equation (flow law) of the form
L =C,: AT, (4.14)

where C; is a fourth order coefficient function depending on the state Sg at the current

time, excluding dependence on the temperature gradient. This is the form we consider for
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our study, which, from the Clausius-Duhem inequality, must always satisfy
AT . C,: AT >0, (4.15)

for every admissible over stress ATI;. In our development we also leave off the dependence
on the temperature gradient for all variables other than the heat flux vector.

A simplification of the model for a finite number of elements can be easily obtained by
changing the integrals to sums over a finite number of individual elements. Also, addition
of a thermo-elastic element in parallel with the continuous system can easily express the
equilibrium stress for systems that do not include a back stress in the elements (i.e., systems
that have elements that resemble the Maxwell fluid).

There are some possible choices available in the literature for modeling the evolutions
of viscoelastic flows. For example, for the case of isotropy, Lion [Lion, 1997] and Reese
and Govindjee [Reese and Govindjee, 1998, Reese and Govindjee, 1997] proposed thermo-
dynamical consistent constitutive models for finite deformation viscoelasticity that utilize
nonlinear evolution laws by employing nonlinear viscosities which can be shown to be spe-
cial forms of the viscoelastic flow coefficient function C; we introduced above. Their models
are based on an additive split of the Helmholtz free energy into an equilibrium and a non-
equilibrium part and multiplicative decomposition of the deformation gradient F into an
elastic part F, and an inelastic part F; as F = F_F;, where F; is the internal parameter to
be determined from the evolution equations.

The assumptions we used to create the viscoelasticity theory have a special structure
that relates the models formulated based on the decomposition F = F¢FYF? to models
constructed based on the decomposition F = F¢FIF. To see this relation, consider
having two theories that start from similar assumptions, but one is based on the former
decomposition and the other is based on the latter. For each we would have a flow rule
and thermal expansion rule. The flow rules for LY and LY¢ would each be given by the

associated variables defining the state, but would not depend on the rates. The thermal
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expansions would be given by

L? = a0, (4.16)

L! = a0, (4.17)

where, again, as and @ would each be given by the associated variables defining the state,
but would not depend on the rates. If we now consider the relation FU*F? = FI/F?¢ and

take its time derivative, we would get
FUFY 4+ FUF) = FIF + FUFL° (4.18)
which could be rewritten as
LYFFY + FLIF? = LIFIF 2 + FOL “F . (4.19)
We can now introduce the thermal expansion rules to get

LYFYFY + Fa,F% = a,FIF 0 + FILYF°. (4.20)

If we examine the terms, only the second and third terms depend on the rate of loading,
which in this case is characterized by the temperature rate. If we assume the temperature
rate can be selected arbitrarily, then the relation can only be satisfied if the first term equals

the fourth term, and the second term equals the third term. This gives

LUFYFY = FILF e, (4.21)

F*a,F? = a,FIF, (4.22)
and can be reorganized to get the relations

@, = Fa Fo ! (4.23)

FILYFI! = LYe, (4.24)
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Examination of the relations brings us to the conclusion that if one constructs the thermal
expansion and flow rule for one assumed decomposition, then the values of the thermal
expansion and flow rule for the other decomposition are uniquely defined. Since we can
integrate these equations for each given loading history to get the corresponding thermal
and viscoelastic deformation gradients, this result states that for each loading history the
two decompositions are uniquely related. Therefore, models based on one decomposition
will be closely related to models based on the other, and would use state parameters that

could be calculated, even though not algebraically, from each other.

4.2 Superposition of rigid body rotations

How the “internal parameters” F¢ and F? are influenced by rigid body motions strongly
influences how the resulting thermodynamic model behaves. In particular, it can be shown
that certain selections result in expressions that are consistent with other imposed con-
ditions, such as the symmetry of Cauchy stress that results from the balance of angular
momentum. This section will look at one such selection and its influence on the resulting
expressions.

Let us look at the expected effect of imposing rigid body rotations on the history. As can
be seen in Fig. 4.2, pure rigid body rotations move points on the body on arcs of spheres
defined by the particular point on the body, the center of rotation, and the specified rotation.
Given the motion of a body as x(X,t), a motion derived from this by superimposing rigid

body rotations about x,(s) can be written as
x" (X, s) = Q(s)[x(X, s) — X0(5)] + X0(5), (4.25)

where Q(s) is an orthogonal tensor representing a rigid body rotation, and s takes values
from the starting time t, to the current time ¢. Consider a general first gradient material

having a response R(X,t) given by

R<X7 t) = {¢(X7 t)a U(X7 t), T<X7 t),a(X, t)}v (4'26)
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Before rotation 4 After rotation

Center of rotation

Reference Frame

Figure 4.2: Rigid body rotation of the current configuration by Negahban [Negahban, 2012].

when subjected to the history described by x(X, s) and the response R*(X,t) given by

R (X, 1) = {¢"(X, 1), 77 (X, 1), T*(X, 1), ¢" (X, )}, (4.27)

when subjected to the history described by x*(X,s). It would be expected that the rigid
body rotations should not alter the value of the specific free energy and specific entropy.
The influence of rigid body motions on the stress is normally dictated by the influence of
rigid body motions on the traction. Normally, a rigid body motion is assumed to reorient
the traction by the amount of the rigid body rotation. As shown in Fig. 4.3, if the body
is rotated by a rigid body rotation given by the orthogonal transformation Q, then any
normal n transforms to n* = Qn and the traction on the surface with normal n given by t"

changes to t*("") = Qt(™). This can be shown to require that the Cauchy stress T changes
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to the Cauchy stress T* = QTQT. As for the traction, the heat flux vector is assumed to

rotate by the amount of the rigid body rotation so that we can write

R*(X,t) = {¥(X. 1), (X, 1), Q(t)T(X,1)Q" (1), Q()a(X, 1)}. (4.28)

The general response functional R for the first gradient material can be written as

R(X.1) = R [X, x(X, 5), F(X, ), 0(X, 5), G(X, 5)] . (4.29)

s=to

This same response functional should give R*(X, ¢) when introducing into it the “x” history

so that we should have

R*(X,t) = RT[X, Q(s)[x(X, s) — xc(5)] + Xc(st), Q(s)F(X,s),0(X,s),G(X,s)]. (4.30)

s=to

Assumptions of invariance to rigid body motions is given by the assumption that when
the history of the deformation is transformed through F(t) — F*(¢) = Q(¢)F(t), and the

internal parameters are unaffected by rigid body motions superimposed and follow the rules

Fi(t) = FJ'(t) = QOF(), (4.31)
F(t) = F5& (1) = Fo(0),

F(t) — (1) = F{(1),

which is consistent with the assumption F* = F&F*F/* = QF.
We postulate that the free energy is not affected by rigid body motions and follows the

rule

Ys(t) = Yi(t) = ¥s(t), (4.32)

which also gives the rule

1s(t) = 5 (t) = ns(t). (4.33)
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History #

\

History # ™

/ n" =Q()n

t*(n') _ Q(f)t(”)
Reference Frame

Figure 4.3: Two deformation histories that are identical but for the fact that each con-
figuration in one is obtained by an arbitrary rigid body translation and rotation of the
configuration of other is assumed to simply rotate the traction vector by the final amount
of rotation by Negahban [Negahban, 2012].

The thermodynamic stresses in each element s have the properties

T5(t) = T () = Q) T5(1) Q" (1), (4.34)
T(t) — TY(t) = TL(1),

TI(t) — T (1) = TL(t),
which result in the over-stresses in each element s having the properties

ATY(t) — ATY(t) = AT(1), (4.35)

ATY(t) — AT (t) = AT (1).



98

The viscoelastic flow rule coefficient and the thermal expansion coefficient in each element

s follow the rule

C,(t) — C*(t) = C, (1), (4.36)

Since Q(s) is an arbitrary rotation, we can select Q(s) = R¢¥ (s), where R¢ is the orthogonal
part in the polar decomposition of F¢(s) = RE(s)US(s). This selection requires that the

free energy in each element s has the property
YIFS(0), FLe(t), FA (1), 0(1)] = $I[US(6), Fe (1), F(¢), 6(8)], (4.37)

and requires that the viscoelastic flow rule coefficient and the thermal expansion coeflicient
in each element s have the property

CIFS(1), F2(1), F(1), (1)) = CL[US(t), FL°(t), FL(1), 6(2)], (4.38)

S

al[F(1), FL(1), FL(1), 6(t)] = ol [US(1), F*(), FY(2), 0(1)).

4.3 Material symmetry constraints

We next will look at imposing material symmetry on the constitutive functions. Symme-
try in the material’s response can substantially limit the possible forms of the constitutive
equations and, therefore, simplify the process of characterizing the material response. The
basic idea behind material symmetry is introduced in Chapter 3. In this section we will
focus on imposing material symmetry in the context of the current viscoelastic constitutive
model. We will let M denote a general transformation representing a symmetry of the ma-
terial at a material point of consideration. As was discussed before, M is a transformation
that represents a reorganization of the neighborhood of the given point in the reference
configuration, and this transformation changes the neighborhood in a way that leaves it
thermodynamically indistinguishable from before reorganization. A symmetry of the ma-

terial represented by the transformation M allows us to change the history of deformation
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gradient F(t) to F(¢t)M for any deformation gradient history without seeing a change in the
response of the material at that point. We denote this change of history by a “~” over the

symbol and write it as F(t) — F(t) = F(¢t)M. To construct a consistent theory, we need

ve

ve and FY change in a way that is consistent with

to have the kinematic variables F¢, F
F(t) — F(t) = F(t)M. To create such a consistent relation, we will assume the internal

parameters transform in response to this change by

Fe(t) — FS(t) = F¢(t)M, (4.39)
FU(t) — FU(t) = M 'F(H) M,

F{(t) = F{(t) = MT'F{(t)M,

which is consistent with the condition F = F¢FUF? = FM. The assumption that the
free energy of each element s is the same in value for a change in the deformation history

described by F — FM can be written as

Vs(t) = ¥s(t) = Ps(t), (4.40)

and giving the rule for specific entropy

ns(t) - ﬁs(t) = 775(75)- (4‘41)

A consistent set of assumptions on how the thermodynamic stresses change are given by

the rules

T(t) — T(t) = T(t), (4.42)
TS (t) — T5(t) = M TS (t)M,

T() — TY(t) = MTITE()M,
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which result in the thermodynamic over-stresses change in a similar way

ATY(t) — ATE(t) = M AT (1) M, (4.43)

ATY(t) = AT?(t) = MTATY (t)M.

The restriction imposed by material symmetry on the viscoelastic flow coefficient then
becomes

C,: MTATYM™T) = M~ Y(C, : AT*T)M, (4.44)

and the constraint on the coefficient of thermal expansion becomes
a(t) — as(t) = M Lo (t)M. (4.45)

A full thermodynamic multi-dimensional model would be obtained once we specify a func-
tion for the specific free energy, the viscoelastic velocity gradient, the thermal expansion
coefficient, and the heat flux, keeping in mind that in all processes LY and qs need to

satisfy the thermodynamic constraints.

4.4 Constitutive models for the perturbations

In Chapter 2 we developed the balance laws and their boundary and jump conditions for the
perturbations. We will now evaluate the constitutive equations for these perturbations. We
first start by decomposing the perturbation into elastic, viscoelastic and thermal parts, then
derive the perturbation term for the stress, followed by those for the free-energy, entropy,
and heat flux. Finally, we evaluate the evolution rules for the perturbations of the internal

parameters and then integrate them to obtain a general solution.

4.4.1 Decomposition of the perturbation into elastic, viscoelastic, and

thermal parts

In the constitutive model both the base deformation and total deformation are each sepa-

rated into elastic, viscoelastic, and thermal parts. The constitutive model provides evolution
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equations for the viscoelastic and thermal parts of each and so in each case leaves the elastic
part to be matched against the applied stress. As will be shown here, we can also setup the
perturbation to have the same form.

For the base history the deformation gradient F(¢) is decomposed into the elastic de-
formation gradient F¢(¢), the viscoelastic deformation gradient F¢(¢) and the thermal

deformation gradient F?(t) so that
F(t) = FL(O)F S (OF(1). (4.46)

For the total history, the total deformation gradient F*(¢) is also decomposed into the elastic
deformation gradient F:¢(¢), the viscoelastic deformation gradient FiV¢(¢) and the thermal

deformation gradient F*?(t) so that
F'(t) = F*(t)F(F (1), (4.47)

The relations of the elastic, viscoelastic and thermal parts in the base history and in the
total history are described in Figure 4.4, where, F¢(t), FU¢(t) and F?(t) are the relative
“increment” of elastic, viscoelastic and thermal deformation gradients comparing each pair.
The actual change in these deformation gradients from the base history to the total history

is given by

OF((t) = Fio(t) — F(t) = F(OF<(t) — FL(t) = H{(4)F(2),
OF((t) = F'°(t) — Fu°(t) = FU()FL(t) — F2o(t) = H()FL(2),

OF{(t) = F1'(t) - F(t) = F{(t)F{(t) — FL(t) = H{()F{(2), (4.48)

where HE(t) = F¢(t) — I is the displacement gradient for the elastic perturbation, HY¢(t) =
F¥¢(t)—I is the displacement gradient for the viscoelastic perturbation, and H?(t) = F(t)—
I is the displacement gradient for the thermal perturbation. As the perturbation is small,
it can be shown that the increments represent small differences so that the deformation
gradients are close to I. We can also define a direct separation of the perturbed deformation

gradients F(t) = F¢(t)Fv(t)F?(t) and obtain their relations with the “~” variables as shown
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F =F°F"“F’ Current configuration

Intermediate configuration

F=FF“F’

Figure 4.4: Decompositions of the perturbation into elastic, viscoelastic, and thermal parts
[Zhang and Negahban, 2012].

in Figure 4.4. This allows us to define a consistent set of relations given by

F(t) = F{(t),
F(t) = Fi(FC(FT (2),

F(t) = F(OF S (OFOF S (OFTH (1), (4.49)

We can introduce the displacement gradient for F¢(t) = I+ H¢(t), FUé(t) = T+ H(t), and
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F/(t) = I+ HY(t). Solving for these we get

H(t) = H(1),
HE(t) = F()HE(OF (1),

H{(t) = Fo(OF (OHI(FC (OF (2). (4.50)

It can be shown that F¢(t), FU¢(¢t) and F%(t) are each close to I, therefore resulting in
infinitesimal HE(t), HY(¢) and HY(t).

It should be emphasized here that the perturbations of the kinematic variables obtained
in (4.50) can be applied to time changing states, which obviously include as special cases
the thermodynamic equilibrium states. Therefore we can reduce the incremental kinematic
relations (4.50) to the case studied by Lion [Lion, 1998] where the small mechanical per-
turbation was superimposed in the vicinity of the thermodynamic equilibrium state of the
pre-deformation by simply holding F¢(t), F¢(t), and F¢(t) all constant in time during the
disturbances.

Since the perturbations imposed are infinitesimal, after eliminating the second and

higher orders of the infinitesimal terms, we get the following approximations

Fl(t) ~ T—H(1),
o (1) ~ T - HY(0),
B (1) ~ T HY9(0),
FI7H(t) =~ T—HI(t),

HE (1) ~ H(t) — HY(t) — H(4). (4.51)

4.4.2 Perturbation of the stress by a change in history

To calculate the stress differences between the base and total history, we start by calculating
the stress differences between the components of each element and then integrate them.
Since the thermodynamic stresses evaluated for each element are only a function of the
state of the element, minus the temperature gradient, given that the changes are small,

we can calculate the change by using a Taylor series expansion. After integrating over the



104

element, this process gives the difference between the stresses for the base and total history.

We start this process by calculating for each element the approximation to 6T¢! () =
T:eT (1) =TT (t) and ST (t) = T*T (t) =T (¢). In each element the difference between the
thermodynamic elastic stresses from the base history and the total history is approximated
by taking its derivative with respect to each variable and multiplying it by the change in

the variable and finally adding the results to get
OTT = EC: 6FC + EY : 6F°° + E? : 6FY + E%50, (4.52)

where the coefficients are associate tangent moduli with respect to the given variables and

evaluated at the base history. They are defined as

ES = Opg(TS'),
E® = Opye (TST),
Eg = 81.7;0 (TETT)a

EY = 9,(TT). (4.53)
Similarly, we calculate the difference of the back stresses from
ST = Eb . 6F¢ + EV° : 6FY° + EY : 6FY + EY 50, (4.54)
where,

B = 0r (T™),
£ = 0. (111,
Ega = aFg (TgTT)u

EY = 9y(TT). (4.55)

We can now replace for the changes in the variables in terms of the “~” variables to get the

total thermodynamic stresses in an element from its values at the same time in the base
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history from the equations

T = T 4 5T
=T L ES: (HFS) + EX: (HYF*°) + EY : (HIFY) + E%60,
T = T +oTy"

=T + B : (HEFS) + B« (HUFY) + B« (HIFY) + EF60. (4.56)
Integration of the elastic part over s provides the change in the Cauchy stress as
oo
0T (t) = / OT(t)ds. (4.57)
—00

Taking account of the symmetry of the Cauchy stress 6T (t) = §T7 (t) or 6T¢ = §T¢! and

eliminating the elastic deformation gradient in favor of F, this can be written as

6T = / [(ESFe"F7FY) : (H - HY — H) + (EXF)'FT) « (FUFIF ' HY) ds

- / h [(E9FT) . (FOFTH?) + (66)E?]ds. (4.58)

—00

4.4.3 Perturbations of the free energy, entropy and heat flux vector

The perturbations of the free energy, entropy and heat flux vector are obtained from steps
similar to those described for the stress. We start first by defining the perturbation for each
element s of the free energy, entropy and heat flux vector, respectively, as d¢s = ¥k — s,
ons = ni —ns, and 6qs = q — qs. Noting the dependence of these functions on the state

variables, we obtain first order approximations for these perturbations given by

5t (t) = Ope (Y1) : OFG + Opee (Y1) : 6F L + Opo (y]) : 6F + 9p(w])36),
s (t) = Ope(nh) : OFS + Opye () : SFLE + Ipo () : 5FY + 9p(n}) 30,

5as(t) = Ope(al) : OF + Opye(al) : FL° + Ips(al) : 6F] + dc(al)dG + dp(al)s0, (4.59)

where G = Grad(d0) is the gradient of 60 with respect to motions in the reference

configuration. It should be noted here that from the relations assumed so as to satisfy
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the Clausius-Duhem inequality, we can directly obtain the forms for the entropy n¥(t)
and ns(t), and choose the possible constitutive function for q¥ and qs taking account of
%qs og < 0 and e%qi og* < 0. For example, one simple choice of the heat flux in the
isotropic case is the linear Fourier model considered in Lion and Reese et al. [Lion, 1997,
Reese and Govindjee, 1997].

From the assumptions in (4.4), we have the following incremental relations between the

overall responses at a material point and the responses in each element as

o= Z (5¢2)ds,
on = /oo (6ns)ds,

—0o0

5q:/ (0qs)ds. (4.60)
4.4.4 Evolution rules for the incremental perturbation of the internal

parameters

In the constitutive equation for each element there are two internal variables that must
evolve based on the state of the element. These variables are the viscoelastic and thermal
deformation gradients. The evolution of these variables will be different for the base and the
total histories, and so their difference will change based on how the two change. As such,
the variables we have chosen to describe the perturbation between the internal variables of
the two histories will have evolution equations that reflect the expected difference in the
evolutions in the two histories. We will use the evolutions for the two histories to calculate
in this section the evolution equations for the perturbation variables for the viscoelastic and
thermal deformation gradients. We note that the relation between the velocity gradient
and the deformation gradient rate is given by L = FF~!, and that similar rules are true for
the associated internal variables so that for the base history we can write F?¢ = LY*F¢ and

F? = LIFY. Using this we can reorganize the evolution equations given for the viscoelastic
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and thermal deformation gradients and for each element, during the base history, we obtain

Fie = [C,: (FITEIRS T - TRy

F’ = a,F%. (4.61)
In a similar fashion, the same evolution equations for the total history are given by

F:ve _ [C: . (F:eTT:eTF:e—T _ T:bT)]F:UE,

F1¥ = oF9%". (4.62)

The thermal expansion coefficient tensor a(t) and the viscoelastic flow parameter Cg(t) in
each element s are also effected by the thermo-mechanical perturbation, and these material

functions for the base history and the total history are related by

as(t) = as(t) + das(t),

Cr(t) = C,(t) + 6C,(1), (4.63)

where a(t) and C;(t) are the thermal expansion parameter and the viscoelastic flow pa-
rameter in the total history, as(t) and Cs(t) are the thermal expansion parameter and the
viscoelastic flow parameter in the base history, and das(t) and 6Cs(t) are the incremental
thermal expansion parameter and the incremental viscoelastic flow parameter from the per-
turbation. Since a(t) and Cg(t) are assumed to be functions of the state of the element,
we define the following coefficents which are the derivatives of g and C4 with respect to

their associate variables and given by

af = 9y(al), (4.64)
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and

D¢ = Op: (Cl),

DY = dpye(Cl),

D? = 3 (C),

C? = 9y(C), (4.65)

where a¢, a, a’ and CY are fourth order tensor functions, a? is a second order tensor, D¢,
DY and D? are sixth order tensor functions.

After substituting the increments of the kinematics variables given in (4.48), we obtain
the increments dag and 6C, for the thermal expansion and the viscoelastic flow in terms of

the “~” variables as

dog = a’ : (HEFS) 4+ a% : (HYFY) +a’ : (H/F?) + %60, (4.66)

6Cy = D¢ : (HSFS) + DY : (HF°) + DY : (H/F?) + %60, (4.67)

: 0 0 0 0 : :
with the parameters a, a’¢, aJ, a;, D¢, D:°, D; and C{ evaluated in the base history.

The relations for the time derivatives are given by
0% (t) = (t) + 66(t), (4.68)
and

Fre(t) = FE(6FC() + FE(OF(8),
Froe(t) = FU(6F () + B (0 F (1),

F0(t) = FU(6)F() + FUHF(2). (4.69)

By using (4.68) and (4.69) and manipulating the two sets of evaluation equations (4.61) and
(4.62) for the two histories, we get the effects of the perturbation on the flow rules through

the following two coupled first order differential equations with the unknown incremental



109

internal variables HY¢(t) and HY(t) given by

FO 4 HOFY + HOFY = (6 + 66)(cvs + devs) (I + HY)FY,
I:I:nge + F;}e + I:IZnge
= {(Cs +6Cy) : [P (T +H ) (TS + 6T ) (I - HFS

— (T + 6T} (1 + HY®)FYe. (4.70)

We use the relations between HE and I~{§, HY¢ and ﬁge, and H? and flg given in (4.50),
and simplify the notation in (4.70) by using T'Y(t) = H?(t)F(¢) and T'*¢(t) = H**(t)F(t) to

denote the unknown values, and §6(t) and I'(t) = H(¢)F(t) as the known values. From this

we get the following two modified equations. The first becomes

1) =(0 + 60)FF ' [(@iFy "FT) : (T — Ty —TY)
+ (@ FST) (PR TY) (4.1)
+a? : (FUF'1)|F? + [(00)FF! o, FIF ! + FF I
+FF? (6 + 66)(60)a + (560) x| FY,

which can be simplified to the form

T9(t) = BY(t) : TY(t) + BY(¢) : TY(t) + By(t) : T(¢) + 0,(t). (4.72)
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The second equation becomes

I + 0FF o ,FIF'T% — FFITY — gTv°F) o F?

= FFI IR HC, : [Fre TR TRT (s P TFIT ROl

+ Fge—TFg—T(IxT . erT . FgT)TgTF—TFgTFgeT

. Fzs;e—TFg—TFTTgTF—T(FT . Iﬂg)eT . FgT)F—TFgTFgeT

— ST VFYF) + FF) ' {[DS : (T —TY° —THOF,'Fi )
+ DY : (FUFIFIrver?—1)

+ DY (FIF'1%) + C%0) . (FTTTFT — T} FUeRY, (4.73)
which can be organized into the form
TU(t) = YUo(t) - TV(t) + YO (1) : T2(t) + Yo (t) : T(t) + s (t). (4.74)

In these two simplified forms, B?(t), BY(t), B4(t), Y *(t), Y?(t) and Y(t) are fourth order
tensors, 65(t) and ns(t) are second order tensors.

In order to solve the tensor form differential equations (4.72) and (4.74), we should
represent the tensors in a curvilinear coordinate system and then solve the differential
equations in the component form. For simplicity, here we choose an orthonormal base and

write the corresponding component form in this base as

195(t) = BT 4y (1) + BY i (DT 0% (1) + Boijra ()T wa(t) + 0565 (t),

1055 () = Y5 T % ) + Y (DT 10 (8) + Y sijra (DT wa (8) + msij (2). (4.75)

To solve this system of first order differential equations, we organize the unknows into a

one-dimensional array denoted by xs that takes the form

_ ve ve ve ve 6 6 6 6
Xs = ( s 119+ 512>+ 5137+ 8219 > Fs,lb F3,127 F3,137 F3,217 ) (4'76)

To do this, we introduce two transformations T;;;, and Kj;;, which can transform the com-
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ponents of T'?¢ and T'Y into the one-dimensional array x, through the relation
Xsi = Tyl 85 + Kijel'l s (4.77)

where Tj;, = 0 for ¢ = 10, ...,18 and K;;;, = 0 for i = 1,...,9, and the remaining values are

either zero or one, defined by the pattern of xs. The inverse transformations are given as
-1 0 -1
Fgel] = L4k Xs ks Fs,z'j = Kiijs,k- (4.78)

After substituting the transformations (4.78) into (4.75), and then substituting into the

time derivative of (4.77), we get the first order system of differential equations

Xs(t) = A (t)Xs(t> + fs(t), (4'79)

where, the component of the coefficient matrix A _,,(¢) and the component of the inhomo-

geneous array fs,(t) are given as

As,mn( ) TmZJYS ZJk’l( )Tkln + KmU Bs z]kl( )Tkln + Kml] BS Ukl( )Klgln
+ Tm’LJYs z]kl( )Kkl%p (480)

Fom(t) =Tmi; Y s ijrt(O)Thi(t) + Tinijnsij(t) + KmijBs ikt (O)Tki(t) + Kimijbsij(t). (4.81)

From the existence and uniqueness theorem, there exists a unique solution, since the co-
efficient matrix [A4(¢)] and the inhomogeneous array [fs(t)] are continuous. The general

solution to the system (4.79) is provided by Myskis [Myskis, 1975] as

/ Y, t T dT+Y ( i)Xsia (482)

under the initial condition xs; = xs(ti), and where,

Y(tt I+/A 1 dTl—i-/ A 7’1/ A Tg)dTQdTl

/A 7'1/ A 7'2/ A 7'3 dngTQdTl—i-.... (4.83)

7,
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From the general solution for xs(t) given in (4.82) and the inverse transformations from
xs(t) to T%(t) and TY(t), we then can calculate the increments of the internal variables

HY(t) and HY(t).

4.5 Homogeneous pre-deformation

As a special example, in this section we look at the equations for perturbations on a ho-
mogeneous pre-deformation, and consider the examples of attenuating and non-attenuating
plane harmonic waves.

For a homogeneous pre-deformation the general equations for the balance laws given in
(2.51) and (2.57) can be simplified by setting the divergence and gradients of the homoge-

neous terms equal to zero. For the balance of linear momentum this results in
[Grad(dT) — TGrad(H?)] : F~T + TF~ T Grad(s,) + pdb = pdil. (4.84)

The equation for balance of work and energy for a homogeneous pre-loading can be written

as

— (JF 1) : [Grad(dq) — qGrad(H?) + q ® Grad(s,)]
+ Jtr[(T + 0T — AT + ¢, T)H + (0T — HT + £, T + TH)L]

+ podT = po[6¢) + 06 + 160 + (50)(5n) + 057 + 1760 + (50)(57)]. (4.85)

These special balance equations for homogeneous pre-loadings can be further simplified by
selecting additional assumptions on the base history and the perturbations. For example,
one can study different aspects of the problem of propagations of specific types of pertur-
bations, one can decouple the thermal effect from the mechanical loadings by controlling
the temperature field, or one can assume that the base history is “static” compared to the
perturbations. In particular, for example one can specify the form of the perturbations, like
the case considered by Destrade et al. [Destrade et al., 2009] where incompressible two-
dimensional waves were superimposed on a static deformed body by taking one component

of du equal to zero.
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Space attenuating and time damping harmonic wave: su =ude “*"e™” cos[w(t——)]
In space:

N

n
- d: direction of displacement

N e |
Ny e = = u: magnitude
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w: circular frequency
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. - circular fr n
In time: . C _cuaf eque c_y
7\ A n: direction of motion of wave
c: wave speed

\/\/

Figure 4.5: Space attenuating and time damping plane harmonic wave and a pure harmonic
wave.

In the following we consider the case of isothermal plane harmonic waves in an isothermal
static and homogeneously pre-deformed body, obtaining the general mechanical equations

for such waves.

4.5.1 Isothermal plane waves propagating in a homogeneous pre-deformed

body

The characteristics of propagation of time harmonic and time damping plane waves provide
a natural tool for addressing the material stability of the deformed body. In this section
we restrict our analysis to some simple perturbation types, find the relations between the
material parameters, the pre-deformations and the superimposed wave properties, then

reduce the present results to those provided in other studies. In particular, we assume that
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the loading rate of the base history is slow enough compared to the propagations of the
superimposed waves, so that we can take the variables associated with the base history as
constant in time.

The base and the total histories are described by

H(ti, t) = {[x(X,7),0,]|t: < T < t},

H*(ti, t) = {[x"(X,7),0,]|t: <T <t} (4.86)

where 6, is the constant reference temperature for both loading histories, therefore, the two

processes are kept isothermal.

Space attenuating and time damping plane wave in a homogeneous pre-de-

formed viscoelastic body

Let us look at a homogeneous plane wave which attenuates in space and decays in time and

can be described by

du(x,t) = ue” ¥ cosfw(t — nox

), (4.87)

where, as shown in Figure 4.5, u is the magnitude of the superimposed displacement vector,
d is a unit vector along the displacement direction, « is the spatial attenuation coefficient,
B is the time damping factor, n is a unit vector along the wave propagation direction, w is
the circular frequency, ¢ is the wave speed, and x is the position vector in the intermediate
configuration. It is clear to see that the amplitude variation has two parts, one is from the
spatial attenuation and the other is from the time decay.

From the displacement equation of the imposed wave (4.87), we can calculate the per-

turbation displacement gradient H as

H =ue e XA coslw(t — IIX%)]
X :
+ (2)sinfut - “76“1“)]}(1 on. (4.88)
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The acceleration of this imposed displacement is calculated from

X ru))

)1}3d. (4.89)

sia(t) =ue o XAWe=A1(52 _ w2) coslw(t —

n-(X+u)

+ 2fw sin[w(t —
c

We substitute the perturbation displacement gradient into (4.79) to get the evolution of the
viscoelastic deformation for this mechanical perturbation, and keeping in mind that Fg =1
and f‘g = I since the temperature field is kept constant, the solution to this specific problem

can be obtained from the general solution given in (4.82) as
t
xs(t) = / DA (T)dr + Ay (4.90)
t;

under the initial condition

Xsi = Xs(ti) =0. (491)

We then use the inverse transformations from x(t) to T'%¢(t), and calculate HY® by using
HY = TVF~L.

The material response to this superimposed infinitesimal mechanical wave should satisfy
the balance of linear momentum for the homogeneous preloading equation. We substitute
the acceleration term (4.89) and HY® into equation (4.84). This must hold over any time
t and over space. We equate the coefficients of the “sin” and “cos” terms, so that for an

arbitrary wave propagation direction n, we get two eigenvalue problems to solve as

(K — hI)d = 0,

(R—=A)d =0, (4.92)
where the components of the matrices K and R are given by

(t—t;)
K, = / Gy sin(w§)dg,
0

o0

(t—t;)
Ry = / Giy cos(w&)dE + J Fypmnjng / ES bl ds, (4.93)
0

—0o0
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for

o

Giu = ‘]Tyszhvnjnh/ (Fab Tbln gz]kl svjﬁa B Tkmn s Z]le:F;;l )YS—Zwuv(egAs)nyeﬂgdS'
—00
(4.94)
In order to get nontrivial solutions for d, the characteristic equations have to be zero, so

that we must have

det |K — hI| =0,

det |R — AI| = 0. (4.95)

The eigenvalues h and A are functions of wave speed, attenuation coefficient, time damping
factor, and circular frequency, and given as
we?(caf? — caw? + a?c?B — w?pB)

(022 + w?)2
(a?cB? — w?B? — a?Pw? 4+ wt — dwlach)

h = 2p,

9

A= 4.96
Po (@2c% + w?)?2 (4.96)

Manipulation of the above equations results in an equation for “a” given as

h2ctat — 4hcPwda® + 2w 2 (202 — h? — 2p,c®N)a? + 4wdch(X — 2poc?)
+ (h* — 4p2c* + 4p,PN)wt = 0, (4.97)
and one for “B” given as
h(a?c® — w?) — 2wlac

_ 4.98
B 2o (4.98)

Guz [Guz, 1999] investigated and formulated the stability criterion of the state of equi-
librium for viscoelastic bodies as follows: the state of equilibrium is regarded as stable if
perturbations attenuate in time and is unstable if perturbations increase in time indefinitely.

For the specific perturbation (4.87) we have considered, the material stability is ensured
when there is no amplitude growth for a given phase, as indicated by Boulanger at al.
[Boulanger and Hayes, 1993]. Namely, when an - x + 3t > 0 with the phase w(t — **) =

constant. This gives the stability condition as a + % > 0, where conditional stability
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is given by a + % = 0 where the perturbations are propagating periodically. Since the
wave speed “c > 07 for propagating waves, the stability condition constrains the possible
values of “a” and “B.” The stability condition that o + % > 0, after substituting the
representations of “a” and “B,” results in bounds on the material parameters, the pre-
deformations, the propagation direction and the circular frequency so as to ensure the
stability of the equilibrium state of the pre-deformed materials.

The possible directions of particle displacement are given by the common real eigenvec-
tors of the two equations in (4.92). The eigenvectors can be affected by the initial material
symmetry and the anisotropy introduced by the pre-deformation. As a result, there might
be cases under which there are no pure shear or pure longitudinal waves existing, unlike the

special case of a linear isotropic viscoelastic material that always permits them.

Attenuating plane wave in a homogeneous pre-deformed viscoelastic body

Next let us take a look at a time harmonic plane attenuating wave propagating in a homo-
geneous pre-deformed viscoelastic body. To do this, we take 8 = 0 in equation (4.98) so
that “a” should satisfy

hac® — 2wlac = hw?, (4.99)

and at the same time “a” should be a root of equation (4.97). The stability condition now
reduces to a > 0.

This type of attenuating plane wave is described by the displacement

n-x

du(t) = ue ™ cosw(t — )ld, (4.100)

C

and results in simplified forms of the results given in the last section and one obtains two
eigenvalue problems that are the same form as in (4.92). If we assume that the current

time ¢ is large enough compared to the initial time ¢; that the material responses are in the
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steady state, the components of the matrices K and R are given by

Kiu = /Ooo Gw sin(wé)df,

o0 o0
Ry, = / Gy cos(wg)d€ + JFxmnjnx/ ES ”ulFsvemllds (4.101)
0 —00
for
> 1 1 A
Giu = JTyszhannh/ (Fab Tbl’n s l]k)l .;U,(;Ca - Tkmn s 'L]leS’Ufﬂl )YS,Z’u)’U/U(eg S)nyds-
-0

(4.102)
The eigenvalue problems in (4.92) with the components given in (4.101) can be shown to
be equivalent to the modified Christoffel equations obtained in Garg [Garg, 2007] for the
propagation of plane homogeneous waves in a general viscoelastic anisotropic media under
static homogeneous initial pre-deformation.

If there is no pre-deformation, i.e. F(t) = F¥¢(¢) = I, the two matrices reduce to

K, = /000 Gy, sin(wé)dg,

o o
Ri., :/ Giu cos(w&)dﬁ—l—,]njnm/ ES ijumds, (4.103)
0
for
* e - A
Giuw = JTyzwnjny / (Tran B it — T B i) Y s_zwun (€539 nyds. (4.104)
—0o0

The eigenvalue problems are reduced to plane attenuating waves propagating in a general
linear viscoelastic anisotropic media (also called the modified Christoffel equations in Garg

and Cerveny et al. [Garg, 2007, Cerveny and Psencik, 2005)).

Non-attenuating, time harmonic plane wave in a homogeneous pre-deformed

body

Next let us look at the propagation of infinitesimal time harmonic, non-attenuating plane
waves in a pre-deformed body. We construct this perturbation by taking “a = 0” in equation

(4.97) and “B = 0” in equation (4.98). As a result, we must satisfy the two simultaneous
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equations

A = poct. (4.105)

From the stability condition we note that this type of perturbation is conditionally stable.

In order to satisfy the first equation in (4.105), we can conclude that the “K(w)” matrix
has to be a zero matrix, since all of its eigenvalues are zeros, and since the “K(w)” matrix
and the “G(&)” matrix are “sin” transforms of each other, we have to require G(£) = 0 in

equation (4.93), which will lead to the requirement

00
—1—1 A
Tyszthab Tbln n;np / ( g,eijkl svjca)ysfzwuv(eg s)nyds

—00

00
= TyszhUTk_ninnjnh / (Eg,ijle;iem_ll)Ys,zwuv(eéAs)nyds7 (4106)

—00
for 0 < £&. We can expand the exponent using the identity

1

A (1] 4+ [A] + = (4] + "

[A]P + ... (4.107)

This results in a polynomial series in & which must be satisfied for all £. One may satisfy
this by forcing the coefficient of each power of £ in the equation to go to zero.

Therefore, we obtain the conditions for time harmonic non-attenuating plane waves
propagating in the pre-deformed body. From equation (4.106) we can show that even
for viscoelastic materials, non-attenuating plane waves probably exist under certain pre-
deformations and along certain propagation directions. It can be easily shown that a pure
elastic material, where the viscoelastic flow coefficient C; = 0, will have Y, ,up = 0 in
equation (4.106) and automatically satisfy it as a special case.

The infinitesimal non-attenuating perturbation is given as

n-x

ou(t) = ucos|w(t — )]d, (4.108)

Cc
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as shown in Figure 4.5. This results in the displacement gradient

. w n-X+n-u

H=u(—)sinjw(t — ——)|d ®n, (4.109)
c c
and the acceleration
(X
Sit(t) = —uw? cos{wlt — X FWng (4.110)
c
This results in the equation
(R—-AI)d =0, (4.111)
for the matrix R given by
o0
Riy = J Fymnjng / ES bl ds. (4.112)

For the nontrivial solutions for d, the characteristic equation has to be zero. The eigenvalues
are A\ and given in (4.105), the eigenvectors of equation (4.111) are the directions of the
partical displacements.

It can be shown that equation (4.111) is equivalent to the Christoffel equation derived
by Garg [Garg, 2007] for a plane homogeneous wave propagating in a perfectly elastic
anisotropic/isotropic medium under the effect of initial stresses. If we restrict our analysis
to plane elastic longitudinal waves propagating in a homogeneous pre-deformed medium,
equation (4.111) is reduced to the equation obtained in Biot [Biot, 1965] for studying one
dimensional wave propagation along one of the principle axes of the homogeneous pre-
deformation.

We should emphasize that the perturbation forms we have selected here are very simple
and ideal. This is done so that we can decouple the thermal effect from the elastic responses
of the material and we have studied it while holding the temperature field constant and
homogeneous during the whole process. It will be of great interest and useful to study the
fully coupled thermal-elastic responses to thermal-mechanical perturbations. In this case,
we need to invoke the equation of balance of work and energy for the perturbation terms

given in (2.57).



CHAPTER D

Perturbations with material constraints

Material constraints change the results for a thermodynamically consistent constitutive
model. Material constraints refer to internal restrictions in the material such as incom-
pressibility, where the volume of the material cannot change, or inextensibility, where ma-
terial lines along a particular direction cannot change their length. In general, material
constraints are idealizations, reflecting the difficulty of initiating one mode of deformation,
for example, relative to other modes.

This chapter starts by looking at material constraints described by relations between
components of the loading: deformation gradient F', temperature # and temperature gradi-
ent G. We also consider material constraints that depend not only on loading variables F,
6 and G, but also on the internal parameters FU¢ and/or F?. Next, we study the effect on

the perturbation when we have material constraints.

5.1 Material constraints in elastic materials

Let us look at the material constraints in the form of relations between components of the

loading £ = (F, 6, G). For example, the constraint equation describing incompressibility is

det(F) = constant, (5.1)
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since J = det(F) is the volume ratio relative to the volume in the reference configuration.
Obviously the constant is unity if the reference configuration is taken to be a configuration
that the material actually takes, such as the initial configuration.

Letting f denote the constraint equation, the generic constraint equation can be written
as f(X,F,0,G) = 0. As can be seen, for each material point, f represents a relation between
the deformation gradient, temperature, and temperature gradient. As we have already
introduced the loading £ = (F, 0, G), this constraint can also be written as f(X, L) = 0.

Even though one can have several simultaneous constraint conditions, we will focus first
on a single scalar constraint. If more than one constraint condition exists, they need to
be compatible in the sense that satisfying one constraint will not exclude the possibility of
satisfying the others.

The existence of a material constraint in an elastic material also changes the character-
istics of the constitutive response functions. Let p be a scalar that denotes the additional
information needed to calculate the constitutive response functions. It will be assumed that

all constitutive functions must depend on this additional variable. That is,

¥ =¢1(X, L, p), (5.2)
T =T/(X,L,p),
n=n"(X,Lp),
a=d'(X,L,p).

The constraint restricts how the components of £ can change. The relation between the
rates of change of these variables with respect to time can be obtained from taking the time

derivative of the constraint to get f = 0. Expanding this gives
Or(f) : ¥ +05(f)0 + da(f) o G = 0. (5.3)

As can be seen, this is a scalar relation between the thirteen components of L= (F, é, G),
and thus reduces the degrees of freedom from thirteen to twelve. As a result, we can no

longer arbitrarily assign values to all thirteen components of L. To simplify the presentation
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we will write this equation as

de(f)o L =0. (5.4)

The constraint condition dz(f) o £ = 0 states that all admissible loading rates £ are
“orthogonal” to d.(f). That is, the projection of £ onto dz(f) is zero. We can construct
every arbitrary loading rate £ by adding to an admissible loading rate £ an appropriate

loading rate along J.(f), which can be written as
LY =L+ ad,(f), (5.5)

where « is a scalar factor which may be changed as needed. Using this relation, one can
construct an admissible loading rate £ from any arbitrary loading rate £ by selecting
o such that £ = £9 — adr(f) satisfies the constraint condition. To have L satisfy the

constraint condition dz(f) o £ = 0, we must, therefore, have

A (f) o [£S —ade(f)] =0, (5.6)

which results in an expression for « given by

_ Oc(f)oL®
“= 0l o0 () >0
We thus will have ”
. s Oclf)ok
L= = ahyoacn W) (58)
which yields the relations
RO 31:(f)°£<>
F = oo n™) o9
s Oc(f)o L0
= g eacin™
Gogo o QDR

“ac(fooc(hH

The material time derivative of the free energy for an elastic material when we have a
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constraint is given by

b= 0r(¥) o L+ 0p(¥)p, (5.10)

where £ is constrained to loading paths that are consistent with the constraint condition.

One can write ¢ in terms of an arbitrary loading rate Lo using the above relation to get

. . o Y
§ = 0c(0) o L9 — 520 ()] + Oyt 6.11)
— 10c(0) ~ G TER O] o £ + 3,6

The Clausius-Duhem inequality is given as
. .1
p — tr(TL) 4+ pno + gacos <0, (5.12)

which must hold for admissible £ and £. After introducing the relations given above into

this expression one will get

pioc(w) — 220 o 20 4 gy — (17 00 - LD 0L
(5.13)
i L i e
Reorganization of the terms yields
(pioev) - L0y ) () 0 (5.1
g 0 o £0  (TTET) B pnd® 4 3w} + gace <0,

which must hold for every arbitrary £¢ = (F<>79‘<>7 GO), and any arbitrary p. We note
that the system is linear in £ and p, so that we can organize the equation into five terms,
where the first term only contains F¢, the second term only contains 6, the third term
only contains G, the fourth term only contains p, and the fifth term is (q o g)/0. The
factor multiplying each rate is a function of X, £, and p, and independent of £ and p. For

the equation to hold for all values of £ and p, the factors multiplying FO, 90, G and p
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each must be zero. The result of this process is the following five relations

pd () 0 Oe(f) = (TTFT) : 9p(f) + pnda(f)

. T e-T _
p0p() ~ | e (1) - TTE T =0, (5.15
pOL() 0 0c(f) = (TTE"T) : O (f) + pns(f) _
Pt 52(7) 0 92 () o=
pIE() 0 De() — (TTET) : 0p() 4 puibld) )
B - 0:(7) (1) delh =0
8p(¢) =0,
%q og < 0.

The fourth relation excludes the dependence of free energy on p, so that only the other
constitutive functions may depend on it. Since we have not given any particular form or
physical interpretation to p, other than that it is the quantity needed to fully determine the

values of the responses, as shown in [Negahban, 2012], we can take p to be

pOr (1) 0 0 (f) = (TTFT) : 9p(f) + pnda(f)
Oc(f) o 0c(f)

p=-I J- (5.16)

This will yield the following five relations

T" = pde(V)F" + pog(f)ET, (5.17)

n=—0p(th) — gae<f>,

da(v) = —];fac;cf),

In addition, the constraint condition must also be satisfied so that
f(X,F,0,G) =0, (5.18)

and note the fact that free energy does not depend on p.

For the case of an absolutely incompressible material given by the constraint f =
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det(F) —1 =0, we have

Or(f) = det(F)F " =F 7, (5.19)

9(f) = 0a(f) = 0.

The response of such a material is given by

T" = pde(¢)F" + pl, (5.20)
n = —0p(1),
da(v) =0,

%quSO-

The first equation states that the Cauchy stress can be determined from the free energy
only up to an unknown hydrostatic stress pI. We physically interpret this to say that for an
incompressible material the constraint makes it such that we can add any hydrostatic stress
pl onto any state of stress without altering its shape. The second equation states that for
this material the entropy is fully determined from the free energy, and is independent of p.
The third equation states that the free energy is independent of the temperature gradient,
and, therefore, so are the Cauchy stress and entropy. It should be noted that for the abso-
lutely incompressible material the volume cannot change even with temperature. Therefore,
this constraint does not even accommodate for thermal expansion. An isothermally incom-
pressible material constraint can be constructed that accommodates thermal expansion by
making the volume change fully determined by the temperature change, remaining constant
if there is no temperature change.

The balance laws should always be satisfied and are given by

pJ = po, (5.21)
Div(TT) 4 pob = poid,

— Div(qo) + por + tr(ToF) = pyé,
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where,

T, = poOr(v) + pJox(f), (5.22)
Div(TY) = Div[po0p (v)] + JOp(f)Grad(p) + pDiv[JOr (f)].

The material constraint f(X,F, 0, G) = 0 should also be held during the process, so that

Ip(f) : F+9g(f)0 + da(f) o G = 0. (5.23)

5.2 Material constraints in one-element visoelastic materials

We will consider the process of constructing the influence of the material constraints in
materials that depend not only on the deformation gradient, temperature, and temperature
gradient, but also on internal variables. This type of material and constraint is more general
and allows us to study the influence of restrictions of the evolutions of the internal variables,
in addition to the constraint on the components of loading. To do this, we construct a
single-element viscoelastic model. The results will be similar for the general models with a
continuous series of elements in parallel.

The general constraint is assumed to be given by a scalar constraint function C' written
as

C(F,6,G,F* F’) = 0. (5.24)

This requires that
Or(C) : F 4+ 95(C)0 + 0g(C) 0 G + dpve (C) : FY® 4 9o (C) : F? = 0. (5.25)

As before, we assume the viscoelastic flow rule to be a function of the state of the material
and the indeterminate scalar p, representing the added information needed to define the
state, and written as

LY = LUI(F¢, F*° F? 0, p). (5.26)
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We postulate the thermal expansion rule taking the form
L? = ad, (5.27)

where, the thermal expansion coefficient « is a function of the state of the material and the

indeterminate scalar p and written as
o = ol[F¢, F FY 0,p|. (5.28)
Substituting the evolution rules into (5.25) results in
Or(C) : F +[09(C) 4 0po(C) : (aF?)]0 + 0g(C) 0 G = —3pee (C) : (LYFY®).  (5.29)

Using U = [0p(C), [89(C) + 9pe (C) : (aF?)],8a(C)], £ = [F,0,G], and L = [F,0,G], we
will write this as

Uo L =—0pwe(C): (LVF). (5.30)

Since £ represents a loading rate, the constraint requires that an admissible loading rate be
such that its projection along U be “—0pve(C) : (L'*F¥¢).” We can manipulate the above
equation to get

Uo (L —pU) =0, (5.31)
where,

O (0) : (LF™)

= Uold

(5.32)

This being the only constraint, we can construct any arbitrary loading rate £9 from an

admissible loading rate £ by adding an arbitrary amount along U onto “L — SU” to get
LY =L — U+ old, (5.33)
where « is an arbitrary scalar. Introducing this into the constraint equation requires that

UoLP —aldold =0. (5.34)
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We can solve this for a to get

Uo LS
= ) 5.35
= (5.35)
Therefore, we can write
L=LY+ U~ u. 5.36
U (5.36)
This can be written in “component form” with use of F = LF and L® = FOF ! as
L=+ (5 L oo (5-37)
N Uol ’ ’
. Uo L
6= 09 + (8~ 5 2 [00(C) + Do (C) : (@F?)],
G=G° —~ 9c(0).
(8- 52 )06(0)

In a constraint material, we need more information to calculate the response than just the
history of the deformation gradient and temperature. For example, we know the stress in
an incompressible material only can be calculated up to a hydrostatic component, which
is then matched to the applied stress, or selected such that it satisfies the balance laws
and boundary conditions. Not knowing what the form of the indeterminacy is going to be,
we add a scalar p to the response functions to represent the added information needed to
calculate the response, and later show that its form can be evaluated knowing the constraint.

For the single-element viscoelastic model we will assume the free energy is given by
¢ =PI [F,F° F? G, 0,p), (5.38)

and will assume similar forms for the other response functions.

Putting this into the Clausius-Duhem inequality we get

— AT . L+ [pn + pdg(1p) — ATT : a]f (5.39)

: 1
+p0c () 0 G + pdy(¥)p — AT : L + 2qog <0,
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where, we have defined the thermodynamic stresses as

T = poge (Y)FT, (5.40)
TUeT = paFUe (¢)FveT,

T = pga (V)FT,
and where, the thermodynamic overstresses are defined as

AT® =T — T¢, (5.41)
ATV = FeflTeFe o Tve’

AT@ = FveleeflTeFeFve o TQ‘

Before we proceed, let us note that without a constraint AT¢ = 0 since T becomes equal
to T€, which is not the case here. If we now substitute for L, 0 and G from, respectively,

equations (5.37), we get

T
{—ATeT + Ww} LY (5.42)
+ {pn + pdp(v) — AT : a + 195(C) + 8;90(5) : (oF?)] w} 6@

+ {pag(w) + Ww} 0 G®

1
+ pOy(0)p — B — AT™T . L 4 sqog <0,
where,

w =AT : [0 (C)F Y] — [pn + pds(v) — ATT : a][95(C) + e (C) : (aF?)]  (5.43)
= plc(¥) o 0c(C)].
The development is very much identical to those given in the last section. To extract the

equations, we note that the term “—fBw — ATVT : Lve + %q o g” does not depend on the

loading rate L, L9, or p. Since £ and p can be selected arbitrarily, we have to conclude,
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through arguments that are similar to those given before, that we must have

TT = poge (V)FT + wm (5.44)
B 1 ' [09(C) + Oge (C) : (aFQ)]
n——69(¢)+;AT0T.a— p?ljlou w,
_ [0a(0)]
8G(¢) - —Wf%
ap(lb) =0,

1
—ﬂw—ATUET:LUC—l—éqogSO_

Examining the equations one immediately notes that the free energy cannot depend on
the indeterminant parameter p. Further examination of the terms, noting that v does
not depend on p, reveals that @ and « are the only terms on the right-hand side in the
expressions for stress and for entropy that can depend on p, which it inherits through the
possible dependence of Cauchy stress and entropy on p. Also, one notes that the free energy
cannot depend on the temperature gradient if the constraint does not, which represents the
most common form of the constraint. We next assume that homogeneous temperature fields

always are admissible and, therefore, conclude that
—fw — ATVT . LV <. (5.45)

One may note that in this model the parameter p can influence the viscoelastic flow and the
thermal expansion. For example, the viscosity of an incompressible material can depend on
pressure. The results for a general model with a continuous series of elements in parallel

are similar.

5.3 The effect of material constraints on perturbations

In this section, we will look at how the material constraints influence the perturbation
equations. We will investigate the effect on the perturbations from the general material
constraint which is studied in the previous section and mathematically can be expressed

as C(F,0,G,F*, F%) = 0. We first look at how the incremental internal parameters will
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evolve under material constraint. Then we study the conditions on the admissible loading
rates for the perturbations. Again, in the rest of this section, we construct the arguments
for a single-element viscoelastic model. The results will be similar for the general model

with a continuous series of elements in parallel.

5.3.1 Evolution of incremental internal parameters under a material con-

straint

As defined before, the base history is assumed to start at an initial time ¢; and is described
by giving the history of the motion and temperature up to the current time ¢. This is
written as

H(ti, t) = {[x(X,7),0(X,7)]|t; < T < t}, (5.46)

where x and 6 denote, respectively, the position vector and temperature of a material point
for the base history.

The total history for the same time interval is described as
H*(ti,t) = {[x"(X,7),0" (X, 7)]|t: < T < t}, (5.47)

where x* and 6* are, respectively, the position vector and temperature of a material point
for the total history. The constraint relation should always be satisfied during both of the

loading histories. In the base history, the constraint equation can be described as
C(F,0,G,F* F’) = 0. (5.48)
In the total history, the constraint equation can be written as
C(F*,60*, G*, F** F¥) = 0. (5.49)

The relations of the kinematic variables between the base and total histories described

in Chapter 4 are still true for the single-element viscoelastic model considered here. The
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deformation gradients of the two histories are related through

§F =F* —F, (5.50)

where, 0F is the perturbation of the deformation gradient. Following a similar notation for

the temperature and its gradient, we will write

0" =0+ 50, (5.51)

G* =G + 4G,

where, 06 is the perturbation of the temperature and 6G = Grad(d6) is the perturbation
of the temperature gradient. Taking a time derivative gives the following relations between

the associated derivatives of the two histories as

F*=F + 0F, (5.52)
0* = 6 + 60,
G* =G +4G.

We define a relative deformation gradient F which maps the intermediate configuration to
the current configuration through

F* = FF. (5.53)

The relation between the perturbation of the deformation gradient and the relative defor-
mation gradient is given by

6F = HF, (5.54)

where H = F — I is the displacement gradient associated with F.

The relations of the elastic, viscoelastic and thermal parts in the base history and in
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the total history are given by

SF¢ = F¢* — F¢ = FeFe _F¢ = Ij]:eFe7
SFY¢ — Fve*x _ Fve — FveFve _ Fve — I:IveFve

OF! = F% — FY = FIF? — ¥/ = HOF?, (5.55)

where, Fe, Fv¢ and F? are the relative “increment” of elastic, viscoelastic and thermal
deformation gradients comparing each pair, and H¢ = F¢ — I is the displacement gradient
for the elastic perturbation, H"® = Fv¢ — I is the displacement gradient for the viscoelastic
perturbation, and HY = F? — I is the displacement gradient for the thermal perturbation.
As the perturbation is small, it can be shown that the increments represent small differences
so that the deformation gradients are close to the identity I.

Using first order Taylor series expansion, the constraint equation in the total history

can be expanded around the base history as

C(F*,0*,G*, F'* F%) = C(F,0,G,F", F%) (5.56)

+ Op(C) : 6F + 95(C)80 + g (C) : 6G + Fpve (C) : FFY + e (C) : 6F? = 0.
Since the constraint is satisfied in the base history, this requires
Op(C) : OF + 05(C)30 + dg(C) : 6G + Opve (C) : 6F + o (C) : 6FY = 0. (5.57)
After substituting the kinematics relations (5.55), the above equation becomes
Op(C) : 6F + 89(C)30 + 8 (C) : 6G + [Opee (C)FUT] : HY® + [0pe (C)FT] : H? = 0, (5.58)

which indicates the restriction on the perturbations 0F, §6, G and the incremental internal
variables HY® and H? from the material constraint. This relation should be satisfied all the
time.

In the total history we assume the viscoelastic flow rule to be a function of the state of
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the material and the indeterminate scalar p* and written as
LVe* = LveT(Fe*’ Fve*’ F€>|<7 9*’1)*). (559)
In the total history, the thermal expansion rule takes the form

L% = a*6, (5.60)

*

where, the thermal expansion coefficient a* is a function of the state of the material and

the indeterminate scalar p* and written as
af = aT[Fe*’ Ffue*, FO*’ 9*,]?*]- (561)

The thermal expansion coefficient tensor @ and the viscoelastic flow LV are also effected
by the thermo-mechanical perturbation, and these material functions for the base history

and the total history are related by

o’ =a+da, (5.62)

L’UE* — L’UC + 5L’U€
where,

dav = dpe () : OF + Dpoe (@) : OF + dpo () : OFY 4 9p(x) 50 4 0, (x)dp, (5.63)

SLY¢ = Ope (L) : 6F° + Opve (L¥°) : SF + 9o (L) : 6F + 9p(L)56 + 0, (L),

and dp = p* — p denotes the perturbation on the indeterminate parameter and is assumed
to be infinitesimal.

The evolution rules for the incremental perturbation of the internal variables HY and
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H¢ are given by

HY (I — BY) + BPRYF ! — FORO 1 — aod

+ (0 + 66){[Ope ()F] - F° + [Opue (@)F"T] : H' + [9po () F7] : HY
+ 0p()60 + 9y (x)dp},

ﬁve(I _ I:Ive) | fvefvepve—l _ foepue—lfve _ [Ope (LY)F<T] - e

+ [Opoe (LU)FVT] - HY® + [9po (LU)FT] - HY + 9y(LY)56 + 9, (L%)dp, (5.64)

which is a system of first order differential equations in tensor form.
The procedures to solve equations in (5.64) are similar as those for solving equations in
(4.70) and are not discussed in detail here.

5.3.2 Conditions on the admissible loading rates for the perturbations

Let us now look at the admissible loading rates, which satisfy the material constraint, of the
perturbation superimposed on the base history. In the total history, the constraint equation
is given by

C(F*,60*, G*, F** F’*) = 0. (5.65)
This requires that
g+ (C) : F* 4 99« (C)0* + g+ (C) 0 G* + Opves (C) : FY* 4 9po. (C) : F** = 0.  (5.66)
Substituting the evolution rules (5.59) and (5.60) into (5.66) results in

Ip=(C) : F* 4 [0« (C) + 9o+ (C) : (a*F)]0* + dg(C) 0 G* = —pvex (O) : (LU*FVe),
(5.67)

where, in the base history, the corresponding required relation due to the constraint is

Op(C) : F +[09(C) 4 0pe (C) : (aF?)]0 + 0g(C) 0 G = —3pee (C) : (LYFU¢).  (5.68)
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Using first order Taylor series expansion on the functions evaluated in the total history

around the base history results in

O+ (C) = 0r(C) + 6[0r (C)], (5.69)
Opves (C') = Opve (C) + §[Opve (C))],

Opo+(C) = Opo(C) + 6[0pe (O],

0p«(C) = 0g(C) + 0[0s(C)],

da+(C) = 0c(C) + 6[0c(C)];

where,

60r (C)] =0r[0r(C)] : 0F + 05[0r (C)]06 + 9 [0 (C)] 0 6G (5.70)
+ Opve [0 ()] : 6F" + 9o [0r (C)] : OF7,
§[0pee (C)] =0p[0pve (C)] : 6F + 99[dpee (C)]60 + dg[dpve (C)] 0 6G
+ Opoe [Opve (C)] : GFC + Opo [Opve (C)] : OFY,
6[0pe (C)] =0p[0po (C)] : OF 4 05[0po (C)]06 + Og[Ore (C)] 0 6G
+ Opee[Opo (C)] : OFYC + Opo[dpe (C)] : 6F?,
8[09(C)] =0r[95(C)] : OF + 9p[0(C))00 + c[85(C)] 0 6G
+ Opoe[09(C)] : OFC + Oga[0(C)] : OF?,
610 (C)] =0r [0 (C)] : 6F + 0y[0c (C)]60 + 9 [0 (C)] © 0G
+ Opve [0 (C)] : 0FY + Opo[0c (C)] : OFY.

The relations of the loading rates between the base and total histories are given by

F*=F + 0F, (5.71)
0* = 6 + 60,

G =G +6G.
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After substituting (5.69), (5.62), (5.55) and (5.71) into (5.67), and omitting the second and
higher order terms, and substracting (5.68), we obtain the condition on perturbations and

rates of perturbations from the material constraint that is given by

{0r(C) +6[0p(C)]} : (OF) (5.72)
- {89(0) + 8[09(C)] + Opo (C) : (adF? + aF? + 5aF?) 4 5[0pe (C)] : (aFe)} (66)
+{06(C) +6[0c (O)]} o (6G)

+6[0p(C)] : F + {5[89(0)] + 0o (C) : (adF? + 5aF?) 4 5[0 (C)] : (aFQ)} 0

+8[0c(C)] 0 G = —dpwe(C) : (LVSF + SLUF) — §[0poe (C)] : (LY“EFY®).



CHAPTER O

The propagation of mechanical waves and jumps in

inhomogenously deforming viscoelastic bodies

In this chapter we will apply the general theories of thermo-mechanical perturbations de-
veloped in Chapter 2 and Chapter 4 to special problems involving fairly general mechanical
wave propagating in inhomogenously deforming and relaxing viscoelastic bodies. The con-
stitutive model for the viscoelastic material under consideration is presented in Chapter 4.
To do this we first describe the superimposed wave equation, then substitute it into the
balance laws for the perturbations, and next we obtain the relations between the charac-
teristics of the wave propagation, the material parameters and the underlying deformations
in the base history.

We also study the propagation of wave fronts (jumps) superimposed on homogeneously
and inhomogeneously deforming viscoelastic bodies. In this process, we derive the conditions

for the wave fronts (jumps) to split their directions during propagation.
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6.1 The propagation of mechanical waves in inhomogeneously
deformed or inhomogenously deforming viscoelastic bod-

ies with moderate loading rates

This section will focus on the propagation of mechanical waves in viscoelastic bodies un-
dergoing inhomogeneous large deformations. We will restrict our interest to static pre-
deformations or to the base deformations with moderate loading rates compare to the wave.
In other words, we assume that during the time interval of the wave propagation considered
the changes in the base loading can be negligible.

We describe the mechanical wave equation in a curvilinear coordinate system. As we
will see later in this chapter, the choice of using a curvilinear coordinate system will simplify
the process of studying the propagation of curved waves. We will restrict our interest to
isothermal loading, which means the temperature is kept at the reference temperature for
both loading histories and we thus assume that there will be no thermal expansion.

The position vector of the material point in the base history (intermidiate configuration)
is given by

x(X,t) =X +u(X, 1), (6.1)

where, u(X,t) is the displacement vector in the base history. The position vector of the

material point in the total history (current configuration) is given by
x"(X,t) = X +u"(X,1), (6.2)

where, u*(X,t) is the total displacement vector. We define du(X,t) as the superimposed
displacement vector given by u*(X,t) = u(X,t) + du(X,t).

As shown in Fig. 6.1, if we use the coordinate system «; to describe the position of
a material particle in the reference configuration, and use (; to describe the position in

the intermediate configuration, we can write differential displacements associated with the
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change in coordinates, respectively, as

dX = daiei y

where, the base vectors in each system are defined, respectively, by

0X
€; = )
80@
ox
& — 6.4
€ 88, ( )
with the metric tensors of the two bases given, respectively, as
Gij = €; © €y,
Jij = €; 0 &;. (6.5)
The deformation gradient for the base history is defined as
0B 1~
F— 804; gjklei ® e, (6.6)
and the inverse of the deformation gradient is
_ ooy __ .
Fl= a—ﬁ;gjklei ® & (6.7)

We model the wave motion based on that given in (4.87) for attenuating and damping
harmonic plane waves. We thus describe the infinitesimal mechanical wave superimposed on
an inhomogenously pre-deformed or inhomogenously deforming body with moderate rates
as

su(x,t) = u(t)fT(H,t)g"(L,t)d(L), (6.8)

where, u(t) is the infinitesimal magnitude factor, L(f1, 32,03) is the wave path in the
intermediate configuration, the direction of the tangent line to the wave path L is the

wave propagation direction, d(L) represents the dispalcement direction, H (31, 52, 3) is the



142

o) X(By: Bo: f55)

Curvilinear coordinate system in RC Curvilinear coordinate system in IC
Base vectors: e, =— .8 =
' b, Base vectors: & B

Figure 6.1: Curvilinear coordinate systems in the reference configuration and in the inter-
mediate configuration.
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attenuation path in the intermediate configuration, the direction of the tangent line to the
attenuation path H is the wave attenuating direction, fT(H ,t) is the amplitude function

factor, and gf(L,t) is the phase function factor. From this wave equation, we define 8HT(f)

as a measure of space attenuation, and % as a measure of time damping. We also define

the phase speed ¢(L,t) of this wave motion as

iy (L, )]

ALot) = =5 (AT o]

(6.9)

From the symmetry property of second derivatives of g'(L, t), we have the following relations

between the partial derivatives of ¢'(L,t) and ¢(L,t) as

Oulg" (L, 0)]4[e(L )] + e(L, 6)*0r[e(L, )AL [g" (L, )] + ¢(L,1)°0{dLlg" (L, )]} (6.10)

= {ailg" (L, )]} e(L, 1).

The similarity of this wave and the one used in Chapter 4 can be seen if we recall the
space attenuating and time damping plane wave in a homogeneous pre-deformed viscoelastic

body, given in equation (4.87), was written as

nox

du(x,t) = ue P *X P coglw(t — )]d. (6.11)

C

We thus see, for example, if we take L = nox, H = nox, d(L) as a constant, f = e~@RX=Ft,

nox
c

and g = cos[w(t — 2], we specialize the general wave in (6.8) to the plane wave of Chapter
4. For this case, we can calculate the characteristic parameters of the plane wave, such as
spatial attenuation coefficient «, time damping factor 5, and wave speed ¢ using the current

definitions as

7 = —aq, (6.12)
0(f) _

f - /87
A(9)
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The second order time derivatve of the superimposed displacement is given by

. . 0? 0? .0 .0 a(f)o
ou(x,t) =[ifg+u ag)g +uf ag) + 20 é{)g + 2uf(,g§) + Qué{)éi)]d, (6.13)
where, we have used
L(ﬁl? 527 ﬁ3> = Oa
H(B1, Ba, B3) = 0, (6.14)

based on the assumption that rates of the base deformation is moderate or zero,

9Bi
ot

= 0. (6.15)

These equations are based on the approximations that the wave propagation is much faster
than the changing of the base loading, which indicates that the changes of the wave propa-
gation path and the attenuation path during the wave event are negligible.

We introduce an arbitrary set of base vectors €;, and construct the relations with the

curvilinear coordinate system used in the reference configuration as

€; = jkaka
d(em)
80@

= Qmi,a/e\aa (616)

where, Pj;, and Qpm; are the transformation arrays. In this case, d(L) can be written in
the e; system as

d(L) = d;e, (6.17)

where, 32 are the components of d(L) in the e; system. The gradient of the superimposed

wave motion written in the e; system is

Opute,t)] o 1 _ O ST (H, D)g' (L, t)dmen)

Grad[ou(x,t)] = Do 9ij € = e ® gi;lej (6.18)
o(f)o(H) ,0(g)d(L).~ dpm) ~ IR
= u(o){lg gl S p DL 1 1ol P) 1 Quinl )i P © B
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where,

O(H) _O(H)0p  O(H)90pB2  O(H)Ips

éai N 851 8011' 8B2 80&1 (9@3 80&1’ (6'19)
o(L) _ O(L)0By O(L)IP2  O(L)0Bs
8041‘ 6,31 8041‘ 8,82 80@ 653 8041‘,
Oldm(L)] _ 0dm(L)] O(L)
80@ oL 60@ ’
The displacement gradient of the perturbation H is defined in Chapter 2 as
H = [Grad(éu)]F 1. (6.20)

Since the temperature is kept at the reference temperature for both loading histories, there
will be no thermal expansion. In order to evaluate the unknown internal variable I''¢(t) =
H(t)F(t) in the evolution equation (4.73) for the incremental viscoelastic deformation, we

write the component form of the tensor equation in the e; system as
Fg,eij(t) = Y35k (O 5% () + Yo () Tri(t), (6.21)

where, T' = HF = [Grad(du)]. We have used the following rules to extract the components
of the tensors in equation (4.73).

Extracting the components of second order tensor A = A;je; ® e;, fourth order tensor
C=Cjjne; ®e; ® e, ® ey, and sixth order tensor D = Djjpsiei @ € R e, @ € ® es ® ey,

in the e; system can be obtained by using the dual bases given by

_ 82 X 63
= ">
(61 X eg)oeg
_ es3 X e
€ ===
(61 X 82)063
e xe
63 = — 2 (6.22)

(61 X ,ég) 063'
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The components are then extracted using the standard rules

Aj; = e;0 (Aej),
Cijin = {[(Cer)erle;} o &,

Dijrist = {{{[(Der)e,]ei}erte;} o €. (6.23)

To solve this system of first order differential equations in (6.21), we organize the un-

knows into a one-dimensional array denoted by x that takes the form

xXs = (15591, 1552, 15593, T8%1, ). (6.24)

To do this, we introduce transformation 7;;, which transforms the components of I';¢ into

the one-dimensional array xs through the relation
Xsi = TijrT 35 (6.25)

where, T;;;, = 0 or 1 defined by the pattern of xs. The inverse transformation is given by

ve

sij — i;;iXs,k. (6.26)

After substituting the inverse transformation (6.26) into (6.21), and then substituting into

the time derivative of (6.25), we get a system of first order differential equations

Xs(t) = A, (t)Xs(t) + fs(t)7 (627)

where, the components of the coefficient matrix As_,,(¢t) and the components of the inho-

mogeneous array fs_,(t) are given as

Asmn(t) = Tonig Y2550 (0) T (6.28)

fsm(t) = TimizY s ijra ()L (1)

We denote t,, as the starting time of the wave event, and assume that the duration “t —t,,”
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is very small.
From the existence and uniqueness theorem, there exists a unique solution, since the
coefficient matrix [A4(t)] and the inhomogeneous array [fs(t)] are continuous. The general

solution to the system (6.27) is provided by Myskis [Myskis, 1975] as

t
Xs(t) = Y (t, T)s(7)dT + Ys(t, tw) Xsw, (6.29)
tw

under the initial condition X s, = Xs(tw), and where,

T1

t t
Ys(t,tw) =1+ As(Tl)dTl + As(Tl) AS(TQ)dTQdTl

tw tw tw
t T1 T2
-+ A5<7'1) AS(TQ) A5<T3)d7'3d7'2d7'1 + ... (6.30)
tw tw tw

From the general solution for x(¢) given in (6.29) and using the inverse transformation
from x(t) to TU(t), the evolution of incremental visoelastic flow HY(t) is obtained. We

then can calculate the components of I:Ige(t) in the e; system from the following equation

HYve;®@ e, =T0F ' gpe; ® ep. (6.31)
In the €; system, we can write F~1 = F . e: ® ex. Examining the solution for HY¢(¢)
reveals that it includes d, and % inherited from Grad[du(x,1)].

Since the base deformations are inhomogenous, the perturbation equation for balance

of linear momentum takes the inhomogenous form given in (2.51), and can be represented

as three scalar equations in the e; system given by using (6.23) as

M Hjp + / ;),eijkgg,ejkds + Niji[Grad(H)] i + / s ikl [Grad(HY°)] ds
+ ijkl [Grad(I:IT)]jkl + Ljj [Grad(trI:I)]j +m; = podil, (6.32)

S S

where, M;j, M”el.jk, Nijkis N”el.jkl, ijkl, L;j, and m; are material parameters that depend

on the base history.
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The terms that appear in equation (6.32) can be calculated as follows

8Hve ® o 1e$ _ 8[Hsejk€j & gk]
Doy iz

Grad(HY) = Do

® g, e (6.33)

aHS -jk ve
= [ Do +Hs kang + stsz k]gw nye]®ek®eya
i

Grad(H) =Grad{[Grad(ju)]F !}

:O[GI;d(&u)]F_l ® g;jlej + [Grad(du)|Grad(F ™) (6.34)
Qg
:WF_l © g1 Py, + [Grad(su)|Grad(F),
Grad(HT) = oF ) [Grad(6u)]” @ g;-'e; + F~ T Grad{[Grad(su)]’} (6.35)
o 8ai gij J ’
OF-T ~ _ _70[Grad(ou)]T
=9, 1Py (804' )[Grad(éu)]T ® er + giijij T[aa(-)] ® ey,
and .
o a(trH) —1 a(Hl‘y/g:L‘y) —1
Grad(trH) = 9 9ij € = Tgij Pjie. (6.36)
The perturbation of Cauchy stress 0T is given by
6T = / [(ESFUe~TFT) . (H — H) + (E¥FT) : (FF~'HY)]ds. (6.37)

The gradient of the perturbed Cauchy stress is given by

0o 8 EeFve TFT)
day;

/ {(ESF*~TFT) : Grad(H — HY)}ds

Grad(6T) / C(H-HY) 95 le;}ds

[e) 8 EveFT .
[ AT ) @ g e s
Q;

/ Erpry (M) JH 6 g le; + (FUF) Grad ()]s,

(6.38)
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In this process, the first and second order partial derivatives of fT(H,t), g'(L,t), and Em (L)

with respect to the coordinate «; are required and given by

oL (H, )] _ o(f) 9(H)

do;  OH 0oy’ (6:39)
O*[f1(H, )] _ 0°(f) O(H) d(H) ) 0*(H)
80(]‘8041‘ 8H2 80@ 80@ oH 8aj8ai’
g (L,t)] _ d(g) A(L)
aai N &L 804@-’
&gl (L,t)] _ 9*(g) A(L) O(L) L 9l9) 0*(L)
8aj8ai N 8L2 aOéj aai aL 80@'80@"
0*[dm(L)] _ 0*(dm) A(L) A(L)  (dm) O*(L)
dida;  OL2 da; dai | OL dcuda;’
where,
0*(H) _0%(H)0p1 0 | 0*(H) (%351 %352)
8aj8ai N (8ﬁ1)2 8aj 80@ 8ﬁ28ﬁ1 801]‘ 80&,’ 8aj 80@
O*(H) 0ps0B1 | 0P10Ps
053051 Dar; D; By Dy (6.40)

O*(H) 0B2 0p2 | 0*(H) 083 0 %3&5) O*(H) B3 9B3
(652)2 80éj 80@ 653862 aOéj 6041' 80£j 80@' (853)2 804j 80@
d(H) 9°B n O(H) 8P n d(H) 0°Bs

8,61 c%zjaai 8/82 80@'80@ 8ﬁ3 8(1]-8@1-’

+

and
0*(L) _0*(L) 91 9B | O*(L) (% 0B | 0B 0B
60&1'6041' N (8ﬁ1)2 aOéj 6041' 8ﬁ20ﬁ1 0aj 8041' 80@ 80@
8ﬁ38ﬁ1 8aj (‘)ai aOéj aai
(L) 0B2 B2 0*(L) (353 9B %353) 0*(L) 9B 083
(8/32)2 804]‘ 8042- 8/338ﬂ2 (90éj aai 80@‘ 80&1‘ (8,33)2 8aj (90@
a(L) 9% O(L) 0?%B3 O(L) 0%B3
95, 0c;0a; T 0Py da;00; | 0Bs daydcn

)

) (6.41)

_|_

Substituting the above terms into the component form of the perturbation equation for
balance of linear momentum (6.32), we obtain three scalar equations, which are second

order partial differential equations regarding the amplitude factor f T(H ,t), the phase factor
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g'(L,t), and the dispalcement direction d(L) over space and time.

These three scalar equations allow us to formulate problems from different perspectives.
For example,
(1) For a given base history, we specify the wave path L, the attenuation path H, and
the forms for f1(H,t) and g'(L,t), we can solve for the displacement direction of the wave
motion d(L).
(2) For a given base history, we specify the wave path L, the attenuation path H, and the
displacement direction d(L) of the wave motion, we can get information about the possible
forms of f1(H,t) and ¢f(L,t).
(3) For a given base history, we specify the forms for f1(H,t), g'(L,t) and the displacement
direction d(L), we can obtain information about the possible wave path L and attenuation
path H of the wave motion.
(4) We specify the wave path L and attenuation path H, and the forms for fT(H,t), g'(L, 1),
and the displacement direction d(L), we can get certain conditions on the base loading
history to permit such wave motions.
(5) For a given base history, we specify the wave path L, the attenuation path H, the
displacement direction d(L) of the wave motion, and the functionals of fT(H,t) and g'(L, 1),
we can calculate the characteristics of such wave motion, such as wave speed, attenuation

coefficient, and damping parameter. We will look at this case in the next section.

6.2 The propagation of attenuating mechanical waves in an

inhomogenously deformed viscoelastic body

Let us look at a special case. In this example we will specify the wave path L, the attenuation
path H, the displacement direction of the wave motion d(L), and the forms for fT(H,t) and
g'(L,t). We will obtain equations to solve for the wave propagation properties by following
the procedures introduced in the previous section.

The path of the wave propagation “L” in an inhomogenously deformed body depends
not only on the material properties but also on the inhomogeneity of the base deformation.

Therefore, the path can be curved.
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We describe the infinitesimal mechanical attenuating wave motion as

5u(x,t)::ue—llcdﬁdfcoqamtjﬁ(zf)ﬂd(L), (6.42)

where, the attenuation path H is, in this case, coincident with the wave path L. The
direction of the tangent line to the wave path L is the wave propagation direction. The

amplitude factor is f1(L,t) = e~ Jr 24 and the phase factor is g'(L,t) = cos [w(t — L)

d(L) represents the displacement vector, a(L) = —6LT(f) represents the attenuation coef-
f .
ficent, ¢(L) = —% represents the wave speed, and d¢ represents the incremental

segment along the wave path.

For simplicity, we select the e; system such that e; = &;, that is, we represent the
vectors and tensors in the intermediate configuration. For example, d(L) = d;e; and
F!=F e ® e

The superimposed displacement gradient can be calculated from H = [Grad(éu)]F~!,

that is,
H = ue 22 {cos[w(t — / d{)]f(mn + sinfw(t — / %)] mn}(€m ® ey), (6.43)
L L
where,

Kmn flpgggtF _1[

Y w O(L) 1 -1-
mn = ﬁ%dm% PigF 11 g1

I(dm)
ole%

9(L)
804,‘

+ dpQpim — (L) dm], (6.44)

Substituting the superimposed displacement gradient (6.43) into the general solution (6.29)
and taking the initial condition as x s, = 0 at t = t,, result in the solution for the incremental

internal variable H;’jk as

125 = ue e eosfut = [ D st [ Ty 649
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where,
*vec __ ()¢ a(dk’) B a(L) _0Os 8(L)
s_jk — Qje[ dare aQaek a(L) aa;dk] QjeiC(L) Do dy, (646)
*ves c w 9O(L) s 9(dy,) _ (L)
s_jk — Q ( ) 8046 d +Qje[ 80&6 aQaeJc Oé(L) (90(6 dk],
and,

(6.47)

ijne T]tanqu bk gthS qulgef Pfl’

t—top
G = Zimne [ {18 cos(io€)
0
t—top
B = Zimne [ A sin()de).
0
Since the base deformations are inhomogenous, the perturbation equation for the balance

of linear momentum takes the component form as given in (6.32) in the e; system, and for

this specific wave motion, the corresponding terms are

(Grad(E)];n —ue /2 2% fcosleo(t — /L d?g)][—a(L) 68(3 Ko+ 8(;2’“) (6.48)
- C(WL) %(a') M + K1 Quaij + K jnQnir)
+sin[w(t—/Ldf)][—a(L)%(OZ)MjH C(‘z) %(Oi)f?jw a(ézzk)

+ MarQai j + MjnQui ]} Pagic
[Grad (F7)];; =ue™Jz **{cosw(t — /L df)}[—a(m %(Oi) Ky + a((,i ’:J’) (6.49)
- c(wL)%( )Mkj + K omQumi g + KnjQuik]
pntate [ a2, 4 4 WD, 20

+ Mkami,j + Manni,k]}legi;la



{Grad[tr(H)]}; =ue” Juadtfeosfw(t — /L df)][(a(L)%(i) Kon + 8(§an:n) (6.50)
w 8( ) Y 10 8(§mn)
" AL) By I WKWW]

+ sm 80(1) I}mn - a(L) ia(olj an + 8(2{):”) )gmn

and

ryve — « dl a(L) rvec a(h:'ﬁ]e’:‘:)
[Grad(HY)]ju =ue™ 2 *{coslw(t — /L D) b + aaz
w O(L), res v e
a C(L) a(oz) s-gk T s bk Qbi,j s ]b Qvi. k]

. dl w 8(-[/) xvec 8(L) *ves
+ sinfw(t /Lc)][c L)Taih&jk a(L)T«i s_jk
3(%‘3‘35)

—1
+ v, :Ubelebz _j :Z‘ebszi,k]}gia; Py
(A

(6.51)

Substituting the above terms into equation (6.32) and equating the coefficents of the “sine”

and “cosine” terms, respectively, we obtain the following two sets of equations

s_ijk SJk

z]kKJk; + / M’Ue *’UeCdS

_ L)~ 0Ky w OL) -~
+ Nijklgzclpcl[_a(L) da, Kjk‘ + 3(;2 - C(L) da, Mjk + dede _J + K]nan k]

O(hEvee) w (L)

sk *vVes
_ J o
Oa, ¢(L) Oa sghlds

+ gzm CCl/ s zyk:l ) da si}jek? + sz,j sz)belg + sz,khsf]jebc +
z

L)~ | O(Kgy) w 9L

N P L Ky, — M K mz Kn nz._
+ ]klgz;r CCl[ ( ) da, kj T+ da, C(L) da, kj T km @ gt JQ k]
OL) 7z OEm)  w L) o HGn)
Lz 7Kmn - an mn Kmn
+ ngw J{[ ( ) 80éz + aaz C(L) 80éz ]g + aOéZ }

= —pow?d;, (6.52)
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and

ve g xves
z]ijk + / ER z]k s_jk ds

L)~ | w OL)-  O(My)
Oa, M ¢(L) da, K+ Oa,

+ Nijugze Pal—a(L) + MapQazj + M jnQnz 4]

- o w o), (L), A(he"%) . .
+gza;1PCtl/ Nve [ ( ) vec Oé(L) ( ) ves + -Jk + sz,j sijlflf + sz kh ves]d

s-ijkl ) s-jk 8&2 s-jk (9042 s_jb
w OL)- (M) —~
+ N]klgzac P [ ( ) k @ 6(06 )Kk‘j + ((904 ]) + Mkamz,j + Mananf]
w > L) o M)~ = O Gmn)y _
+LZngacP$J{[ ( ) 80éz mn—Oé(L) 8042 an"i'aiaz]gmn—i_an 6062 }_O

(6.53)

After organizing these equations, we obtain the following two systems of equations in terms
of the characteristics of the admissible wave mode, such as the wave speed ¢(L), the first
order derivative of wave speed ¢/(L), the attenuation coefficient (L), the first order deriva-

tive of attenuation coefficient o/(L), the displacement direction dp, the first order derivative
d*[dp(L)]

d, = W and the second order derivative dj = =77> given by
XKk — JijeMjx + Rijkzggz“) + /Z [Ss_ije S jxlds (6.54)
+ 92 Pu /_OO [ ;)eijkla(:;:é:k)]ds — 922 Pt (w)%(az) /_ [NgGimNs jxlds = —pow?d;,
and
XijuMji + Jijn K + Rijkz% + /_Z [Ss.ijuls_jxlds (6.55)

-1 w 8(L) 1) —1 o ve a(A;]k’)
* 920 le@ Do, Cw [ s ’ij‘lAs jk]ds + 9. Py [stjlewz]dS =0,

—0o0
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where,
Kjk = {Gik[QpLj - a(L)Bijp]} dp + (GikBijp) d;z’ (6-56)
_ w
M;y, = [C(L)GikBijp] dp,
Ag gk — I:Q]ere k — (L>Q§eB6kp Q Bekp (L):| dp + (QieBekP) d;;’
Ai gk — |:Q Bekp (L) + QJEQPC k — ( )Qj‘eBekp] dp + (Qj Bekp) d/

and

I(Kj) [0 (GiQpiy) o 0L 0 (G Bijp)
D, = da. a (L)@szszp + O‘(L)T dp (657)
a(L)
L) 9|Gika, a(L)
+ {Gikz[Qpij — a(L)Bijp] oo, + [ Do ]5jp d, + | GikBijp— — D dy,

OWMjp) _ w [0(GunBip) (L)OL), o a7,
|: Oa. C(L) Oa, szBij dp+ G’LkB’L]pa d
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a(L)
Oa,

0 (. Bery )

— /(L) 9o

d, (6.58)

Qe Berp — (L)

(AL i) _ |:8 (QgeQPe—Q
a Oa,

. F@m&@ ”3d@ww1%

c(L) Oa T yeekp ¢(L) Oay
: cp gy Yo (%)
+ |:<Qjerek _a(L)QjeBekp_ m jeBek'p> Do + dars d;;
(L
(9% Bu) 2
o) [P 5Bm) o oy e ()]
do, Do, c(L) 1€ Do, c(L)? da, P

L) 0 (9% Bur)
— {a/(L)a%QjeBekp + O[(L)T dp

cn W o, L 1o 0 (%BeBo)
+ { [QjeBekPC(L) + QeCper — (L) jeBEkp} da. T das %

L)
d;.
oo, P

+ (Qje Bekp)

The components of the coefficient matrix in equations (6.54) and (6.55) are given by

9(L)

Xijr = Wijir — a(L) D0,
w O(L)

(L) Da,

Rijkz, (6.59)
Jijk =

Rijiz = 920 Pa(Nijiw + Lug ji. + Nij0),

_ (9 )
Wijk = Miji + 9z¢ Pal(Niukt + Njut) Qjzu + (Nijut + Niyjt) Qe + Lia 805 B
4
_ o(L
Ss ijk = Os.iji, — (L) gz, Py s.ijkl 8(a )7

z
_ ve —1 ve . ve
Os,ijk = Ms,ijk t 9.c PCl(Ns,iule]Z—U + Ns,ijulez,u)a

G = 90 PugF 13" 9 g1
o(L)

Bekp == T%ékp
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The two systems of equations (6.54) and (6.55) should be simultaneously satisfied for the

admissible wave mode.

6.3 The propagation of wave fronts (jumps) in deforming

visoelastic bodies

Up to this point, we have assumed that all the base loadings and the perturbations are
continuous and sufficiently smooth over all the body. Now we will look at the case when
the perturbations are not sufficiently continuous, that is, in a volume the perturbation can
be discontinuous over an entire surface, say S as shown in Fig. 6.2, yet continuous at all
other points of the volume.

In this section we study the propagation of mechanical wave fronts (jumps) in inhomo-
geneously and homogeneously deforming and relaxing viscoelastic bodies. We select to look
at the case where there is no discontinuity in the response of the base history, but there is
a discontinuity in the perturbation.

To do this, we first describe the superimposed jump (discontinuity) equations. Then we
look at the jump conditions, which should be satisfied during the jump propagation. The
perturbation equations for jump conditions are derived in detail in Chapter 2. Next we
show the propagation characteristics of the jump in terms of the material properties and
the time varying base loadings. As an example, we will look at how the longitudinal jump

propagates in a triaxially deforming viscoelastic body.

6.3.1 Wave front (jump) equations

Let us look at how the wave fronts propagate in an inhomogeneously deforming and relaxing
viscoelastic body. We will obtain the effects of the base deformation and the relaxation of
the viscoelastic body on the propagation properties of the jump.

As shown in Fig. 6.2, we denote S = X[X,(X, 7),t] as the moving wave front (jump)
surface at the current time ¢, with the initial wave front surface as S, = %,(X, 7). We use N
as the normal vector to the moving wave front surface, and use v[X,(X, 7), t] describing the

wave front velocity. The “+” region is in front of the jump surface (base loading history)
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Motion of perturbation front

Normal to the moving wave

Wave front at t front surface: N

Particle velocity:

Initial wave +
front §, v =V
V. =V+0oV
F(X,t) Jump propagation
T (X 1) velocity: v

Perturbation displacement

F*(X,t) = F(X,t)F(X,1t) gradier]t: '
T (Xt) H(X,t) = F(X,t) I

Figure 6.2: Propagation of the wave front (jump) in a deforming and relaxing viscoelastic
body.

and the “—” region is behind the jump surface (total loading history). As before, we denote
u(X,t) as the displacement field in the base history (in front of the wave front surface) and
du(X,t) as the superimosed displacement field. The material particle velocity in front of
the wave front surface is v (X,t) = %[U(X, t)], and the material particle velocity behind
the wave front surface as v~ (X, t) = L[u(X,t)] + 4[su(X,t)].

As defined in Chapter 2 on the kinematic variables, the perturbation displacement

gradient is H(X,t), and the infinitesimal strain associated with the perturbation is given

by

—_

E(X,t) = 5[H(X,t) +HT(X,1)]. (6.60)
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The volumetric strain associated with the perturbation is
Eu(X,t) = tr[e(X, t)]. (6.61)
The jump of density across the wave front surface S can be obtained from
pm(Xt) = pT (X, t) = —&u(X, t)p" (X, 1), (6.62)

On the wave front surface S, the loading on the material particles is a jump (step loading),
therefore, the interval of integration in the solution to the incremental viscoelastic flow
(6.29) is t — t,, = 0, which results in HY(t) = 0.
The perturbation of Cauchy stress 6T for the material particles on the jump surface
S is defined as
T (X, t) — TT)N (X, 1) = —0T7 (X, 1), (6.63)

where, for the continuous viscoelastic elements in parallel, the change in the Cauchy stress

(198}

is the integration of the elastic part over “s
[e.e]

ST (X, t) = / ST (X, t)ds, (6.64)
—00

and, after substituting F%(t) = 0 into the perturbation of elastic stress in each element

“s,” we have

ST (X, t) = ES(X, 1) : [H(X, t)F(X, t)F* (X, 1)]. (6.65)

The jump conditions are the relations that connect the values of the parameters on the two
sides of a surface on which the parameters are discontinuous.

After manipulating the jump conditions for the perturbations in (2.86), we get the
following perturbation equations for the jump conditions of conservation of mass and balance

of linear momentum, respectively, as

pr(vt=v)—p (v —=v)]o N =0, (6.66)

A

prvie vt —v)—p v @ (v —v)]o N = [TT(Jr) _ TT(—)] oN.
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After substituting the perturbation equations for density (6.62) and for Cauchy stress (6.63)
into the jump conditions (6.66), we obtain the following relations, that include the jump

velocity v and the normal N to the jump surface S, as

[£0(X, 1) — 1][0v(X, ) o N(X, 1)]

V(X,t) o N(X,t) = [vF(X,t) o N(X, )] + XD . (6.67)
and
%[l (X, ][0V(X, 1) o N(X, £)]6v(X, 1) (6.68)
= /oo {ES(X, 1) : [H(X, t)F(X, t)F (X, )] }ds o N(X, t),
where, 0v =v~ —vT.

The velocity of the wave front (jump) surface

Let us apply these perturbation equations of the jump conditions to calculate the velocity
of the moving jump surface. For a given base loading history (“+” region in Fig. 6.2), we
assume that the normal vector N to the jump surface is known.

Taking a dot product with N of both sides in equation (6.68), we obtain the following
equation for §v(X,t) o N(X, ) given by

X\ ) gUJ AO * e. (T ve—1 SOA
(v oN)(ov o N) = 2= {/_oo [ES : (HIFF*~1)]d N}. (6.69)

Substituting this into (6.67), we get the condition on the velocity of the moving wave
front surface S in terms of the responses to the undergoing base deformations and the

perturbations as

VON:(V+ON)j:(év—1)\/ J No{/oo [Eg:(ﬁFFgel)]dsoN}. (6.70)

Pou —o0

This shows the effects of the material properties, the base loadings and the perturbations

on the velocity of the propagation of the jump.
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The splitting of the wave front surface during propagation

Let us look at how the material properties, the base history and the perturbations influence
the direction of motion of the jump surface. We will obtain the conditions that require
the wave front to split its direction during propagation. We assume given the base loading
history, and we assume that the jump velocity v and the normal to the jump surface N are
both unknown.

We can rewrite the perturbation equation (6.68) for jump condition as

A~

{202 ovios) - [ [ PRy as) o N —o, (6.7)

where, N(X, ¢) is the unknown unit vector, i.e. N(X,t) o N(X,t) = 1.

We represent the tensors and vectors in an arbitrary base e; as

N(X,t) = N.e., (6.72)
ES(X,t) =Ef_jjuei®e;®e,® ey,

H(X,t) = Hyye, ® ey,

F(X,t) = F.ye. ® ey,

Fri(Xt) = Fif,eu ® ey,

0v(X,t) = dvyeqy.

The component form of equation (6.71) in the e; system is given by a set of homogeneous

linear equations

where,
Po < - > e ve— & ~ s s s
K, = JE (1 - 50)(5va)gaz(5vi) - [/ ( s—ijk’lFs—U'z})dS]nychgycgdugkxglvgjz' (674)

The rank of a matrix is the largest order of any non-zero minor in the matrix. (The

order of a minor is the side-length of the square sub-matrix of which it is the determinant.)
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If the rank of the coefficient matrix [K;] is equal to 3, there is a trivial solution to this
homogeneous linear system.
If the rank of the coefficient matrix [K;,| is equal to 2, there is 3 — 2 = 1 independent
solution to this homogeneous linear system. In this case, the jump will propagate along one
unique direction.
If the rank of the coefficient matrix [Kj] is equal to 1, there are 3 — 1 = 2 independent
solutions to this homogeneous linear system. In this case, the jump may split its direction
during propagation. The possible normal vector N(X, t) is therefore the linear combination
of the two independent solutions and may be not unique.

Once the solution of the normal vector N(X, t) is obtained, if the solution exists, we can
substitute it into equation (6.67) or (6.70) to evaluate the jump velocity along the associated

normal direction v(X,t) o N(X, ).

6.3.2 The propagation of a longitudinal jump in triaxially deforming vis-

coelastic bodies

Let us look at the propagation properties of the longitudinal jump in a triaxially deforming
viscoelastic body as described in Fig. 6.3. Triaxial extension is a homogeneous deformation
that takes a cube into a cuboid. Fig. 6.3 shows the reference and intermediate configura-
tions for this deformation. As can be seen, X; are used to define position in the reference
configuration and rectangular coordinates x; are used to describe position in the intermedi-
ate configuration. The two coordinates are selected such that they are parallel. The same
orthonormal curvilinear base vectors are used for both coordinates. In summary, we will be

using

(a1, a2, a3) = (X1, X2, X3), (6.75)
(B1, B2, B3) = (w1, 22, 73),

e = €,

9ij = Gij = 0ij-

For this set of coordinate systems, the deformation can be written as
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Propagating wave front (jump) surface

Reference configuration Intermediate configuration

X, €3 X3

! -

! Zs
1 e
(X, X,.X5) I 1 ! O'L---— x,
\_0}-.- 17— & 0P
) P 1 @ A
/

AX'I xl (xlaxzsxa):(A’IXUA‘ZXZ’A“SXS)

Figure 6.3: Propagation of a longitudinal jump in triaxially deforming viscoelastic bodies.



1 = A (t) X7,
x2 = A2(t) Xo,
r3 = /\3(t)X3,
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(6.76)

where, \;(t) are changing with time, each one is a stretch ratio associated with extension

along one of the coordinate directions.

The deformation gradient is calculated as

F(t) = Mi(t)e1 ® e1 + Xa(t)ex ® ez + A3(t)es @ es.

This results in J = A1 () A2 (t)A3(¢).

The viscoelastic deformation gradient in element s is then given by

Fi(t) = A\ (t)er @ er + A5 (t)ea @ ex + A5 (t)es ® es,

and the elastic deformation gradient in element s is

e (1) Ao (1) A3(t)
B = S @ T g2 @0 T e O

The elastic stress in element s takes the form

TS(t) = T511(t)er @ e + Tg gg(t)es @ ez + Ty 53(t)es @ e3.

(6.77)

(6.78)

(6.79)

(6.80)

We assume the normal to the wave front surface is along e; direction, i.e. N = e1. The

longitudinal jump equation is described by

ou(X,t) = u(Xy, t)es,

(6.81)

where, the superimposed displacement direction is along e;, and the magnitude of the jump

displacement is u(X1,t).
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The gradient of the superimposed displacement is given by

X
Gradsu(X, )] = 2MELOL oo (6.82)
0X1
and the displacement gradient of the jump is
o Ou(Xy,0)],
H= 2B . )
09X, )\1 e ®e (6 83)

The infinitesimal strain associated with the perturbation is given by

. Olu(Xy, )]
g = 87)(11/\1 le; @e, (6.84)

and the volumetric strain associated with this infinitesimal strain is

g, = tr[é] = WA“' (6.85)

Substituting the base deformations and the perturbations described above into equation

(6.70) results in the propagation velocity of the longitudinal jump given as

o1(t) =v; (2) (6.86)

£ QL0 1y [\/ e U {Ei_m(t)Azil(t)}ds}] -

If the jump is superimposed at long time after the base deformation becomes constant,

there will be no relaxations in the base loading during propagation of the jump, we will

have a constant jump velocity as

u 2 oo
R N el {Ezm(oo)A:@fl(oo)}ds}] SN

where, ES_11;(00) is the long term elastic modulus of element s, and A% (c0) is the long

term viscoelastic deformation in element s.



CHAPTER 1

Conclusion and future work

7.1 Discussion and conclusion

This dissertation is primarily focused on studying the propagation properties of thermo-
mechanical perturbations in deforming nonlinear materials, which include thermo-elastic
solids and thermo-viscoelastic solids. The results are based on general nonlinear thermo-
elastic and thermo-viscoelastic constitutive modeling structures embedded into a thermo-
dynamically consistent framework, which permit large deformations and also large defor-
mation rates under a broad range of temperatures. The significant contributions made in
this process are listed below.

1. We considered two thermo-mechanical loading histories: a base history and a total
history. The total history is constructed from the base history by adding an infinitesi-
mal thermo-mechanical perturbation. We have derived the balance laws for the thermo-
mechanical perturbations superimposed on a time varying base loading history. These
perturbation equations are the same for all materials and therefore, are used throughout
the entire dissertation for the thermo-elastic and visoelastic materials we used. We also
developed the perturbation equations for jump conditions, which enable us to study how
the thermo-mechanical discontinuities (jumps) propagate in deforming bodies.

2. We have studied the perturbation of nonlinear thermo-elastic solids and obtained
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evolution equations for the incremental elastic and thermal deformations. We constructed
the relations between thermo-mechanical perturbations, material properties and the under-
going base deformations. We showed how inhomogeneity in the base deformation effects
the propagations of various isothermal waves.

3. In an effort to develop the theory for the propagation of thermo-mechanical pertur-
bations in deforming and relaxing viscoelastic bodies, we worked with a general nonlinear
thermo-viscoelastic constitutive model. This model is capable of capturing continuous ma-
terial relaxation and, for example, in the linear case, can specialize to a general linear
viscoelastic model with a continuous relaxation spectra. Using the proposed constitutive
equations, we developed a superposition method to impose infinitesimal thermo-mechanical
perturbations on a deforming body. There are no specific equilibrium requirement on the
thermodynamic state of the loading body, a case that has not been studied before. Ear-
lier approaches to perturbing the pre-deformed body were either restricted to small devia-
tions away from thermodynamic equilibrium of the pre-deformations, did not account for
thermo-mechanical coupling effects, or controlled the loading rate of the perturbations. In
the process, we obtained the constitutive equations for the perturbations and solved for the
evolutions of the incremental viscoelastic flow and thermal expansion resulting from the
superimposed perturbations.

4. We considered perturbations with material constraints. This includes the constraints
depending on loadings and the constraints depending on loadings and the internal vari-
ables. We also calculated the restrictions on the perturbations from the existing material
constraints.

5. As examples, we considered isothermal waves in homogeneously preloaded materials
and showed how the current results specialize to those published in the literature for simple
and attenuating harmonic waves. We also looked at the propagations of mechanical waves
and jumps in inhomogenously deforming viscoelastic bodies.

From these particular perspectives, we have addressed the objective of this dissertation,
that is to describe how the thermo-mechanical perturbation in the forms of a wave or a
jump propagates in deforming bodies.

In general, the equations enable us to study new types of wave motion and to investigate,
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for example, novel material modeling approaches and techniques based on testing under non-
equilibrium conditions. Based on the present thermo-mechanical perturbation equations,
many practical problems regarding material stability and geometric stability can also be
investigate for time changing material bodies and structures which use model conditions

that are much closer to reality.

7.2 Future work

We can extend the ideas on the propagation of perturbations in deforming bodies based on
the results in this work.
(1). Specifying the material model
The current results are based on a fairly general thermo-dynamically consistent constitutive
modeling structure for thermo-elastic and viscoelastic solids. This generality enables us to
study a broad range of materials, such as polymers, bio-materials, composite materials,
graded materials and soft materials. The characteristic responses of these materials include
loading rate dependency, anisotropy and inhomogeneity. We can directly apply the results
to incorporate their specific constitutive models and study the propagation properties of
thermo-mechanical perturbations in such materials during deformations.

(2). Studying the stability of the base history
The current perturbation method can be used to investigate whether the thermo-mechanical
base loading is stable for the selected material with or without material constraint. We
can superimpose a perturbation in the vicinity of the base history and study how the
perturbation evolves with time.

(3). Studying the uniqueness and stability of the solution to the initial and
boundary problem
We can also use the perturbation approach to study the uniqueness and stability of the
response of a material body with finite dimensions subject to initial and boundary condi-
tions. We can apply the perturbations for the boundary conditions and see the effect on the
response of the material particles inside the body due to the boundary perturbations. In

particular, this method can be used to analyze the quality of results from the computational
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methods, for example, Finite Element Method.

(4). Special propagation properties of the perturbation
The current results allow us to design material properties and the base history in order to
permit the perturbation propagating with the desired properties, such as the direction of
propagation, wave modes, wave speed and attenuation property.

(5). Characterizing material properties
From the characteristics of the propagation of perturbations in a material undergoing various
base histories, we can obtain certain information about the material properties, that can
be used to characterize the material in addition to the conventional techniques.

(6). Studying thermo-mechanical coupled waves
The current development allows us to investigate the more complicated wave motions, such
as the propagation of thermo-mechanical coupled waves. This can be useful for problems

where the thermal properties are of interest.



CHAPTER 8

Appendix

If the reader would like to construct a theory based on the decomposition F = F¢F/F 2,
as opposed to F = FiF’gng, the process is fairly similar. The response of each element
s is assumed to be fully described by the values of the associated elastic, viscoelastic, and
thermal deformation gradients plus the values of temperature and temperature gradient. As
such, the model is assuming limited influence of elements on each other. For the alternate

decomposition one can define a state S, for each element s as
S, = [Fg,F:e,F‘Z,G,G], (8.1)

which fully describes the response of the element.
In this case we define, respectively, the thermodynamic elastic, back, and thermal

stresses as

TSeT = PaFg (d’DFET?
T.)" = pOg e (W)FST,
T)" = pgo (W)FIT, (8:2)
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and, respectively, define the over stresses from the back and thermal stresses as

AT = FOIF e ITFF? - T, (8.3)

AT! =FITFS — T, (8.4)

The associated tangent moduli with respect to the given variables and evaluated at the base

history are defined as

ES =0 (Ty"), (8.5)
E)° = 05, (TST), (8.6)
EJ = 050 (T"), (8.7)
E50089(T56T)a (8 8)
and,

E{* = 0p (TS, (8.9)
E = 0g,.(TJ7), (8.10)
EY = 0gs(T)), (8.11)

)

We also use the identity
L=L¢+FLIF 4 FFILFIF, (8.13)

where L = FEFS! LY = FYFe !, and LY = FIF!~!. In this case we assume the
response is a function of this alternate decomposition. A sufficient, but not too restrictive,
condition to satisfy the Clausius-Duhem inequality is then given by assuming each element

is dissipative and that its free energy does not depend on the temperature gradient. This
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sufficient condition can be written as

T = / Teds,
_ > 1 1 T | —
n=— [Op(]) — ;ATS D a)ds,

— AT L@ <0,

5,08 <0. (8.14)

A fairly general viscoelastic model can be developed by taking for each element a nonlinear

evolution equation (flow law) of the form
L’ =C,: AT, (8.15)

where C; is a fourth order coefficient function depending on the state S, at the current time
but not the rates, excluding dependence on the temperature gradient. This is the form we

consider for our study, which, from the Clausius-Duhem inequality, must always satisfy
AT . C,: AT >0, (8.16)

for every admissible over stress AT?.

There are at least two ways to evaluate the incremental perturbation of the internal
parameters in this case. The first is to directly follow a similar process as in Section
4.4.. We will first do this, but there is an alternate solution that is based on relating the
perturbations from the two solutions which we will present at the end of the section.

The evolution equations given for the thermal deformation gradients for each element

during the base history and the total history are directly given by

Fo =a Fojr, (8.17)
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and the flow rules for the viscoelastic deformation gradients are directly given by

F = (C,: AT,

Frer = (Cr : ATVT)Fre. (8.18)
Next, we will use the following relations

ek :ve*ve
Fs - Fs Fs )
;ve* _ :ve*ve :ve;ve
Fs - Fs Fs + Fs Fs ’

F" =F[F/,

FY = prefpfpo-1pve—1FY. (8.19)

in manipulate the two sets of evaluation equations (8.17) and (8.18) for the two histories
while eliminating the higher order infinitesimal terms. From this we get the effects of the
perturbation on the evolution rules through the following two coupled first order differential

equations with the unknown incremental internal variables H? and H given by

H —a 090+ 60) + @00 + (56,) (0 + 60) — A&,

ﬁ;e =C,: [FOTFTHIT TR TFIT _FITRpIT TR FTRIT (8.20)
_F S@TFETTSeTF:—Tﬁ SGTF se—T
+ FTHF TR TR+ FUTES (6T )R TR T - 6T

+(6C,) : AT + (C, : ATYT)HY™ — H'*(C, : ATT), (8.21)

where, das = @) — @, and 6C; = C} — C, are, respectively, the incremental thermal

expansion parameter and the incremental viscoelastic parameter give by the perturbations

bar, = ag : (HFS) +a : (HYF) +al : (HIFY) + a@loo, (8.22)

6C, = D¢ : (HCFS) + D : (HYF) + D! : (H'F?) + Clo0. (8.23)

Since @;(t) and Cg(t) are assumed to be functions of the state of the element, we define
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the following associated coefficients which are the derivatives of &, and C, with respect to

their associate variables,

and

C/ = 9y(C)), (8.25)

where a¢, a?¢, a? and C? are fourth order tensor functions, @? is a second order tensor,
D¢, D¢ and DY are sixth order tensor functions.
The two systems of equations given in (8.20) are the counterparts of equations in (4.70)

and can be solved by using the same approach. The equations in (8.20) can be organized

into the forms

H!=B/:H/+B!:H+B,:H+0, (8.26)
He=Y' HX+Y H 4+ Y, H+7, (8:27)

In these two simplified forms Eg , BY¢, By, Y2, 739 and Y are fourth order tensors, 85 and
7, are second order tensors. In order to solve the tensor differential equations (8.26), we
should represent the tensors in a curvilinear coordinate system and then solve the differential

equations in the component form. For simplicity, here we choose an orthonormal base and
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write the corresponding component form in this base as

0 0 =0 Sve Trve B 5 0
Hs ij = BoijiH s g + BelijuiH S + BoijriHp + 0545,

_ S0 = _ . B
H:ij = Ys z]les kl + Ys,ijk:le,kl + Ys—ijk‘lHk‘l + 773,1‘]'- (828)

To solve this system of first order differential equations, we organize the unknows into a

one-dimensional array denoted by X, that takes the form

~ — (IFve TFrve TIyve TFruve 50 50 50 70
Xs:( s 11> 5,12aH5,137 5,217"'7Hs,11’Hs,12>Hs,13>Hs,217"')' (8'29)

To do this, we introduce two transformations T;;;, and Kj;;, which can transform the com-

ponents of HY® and ﬁse into the one-dimensional array ¢, through the relations
Xsi = Z]kH ik + Kz]kHs _jk> (8.30)

with the inverse transformations given as

ve _ m—1—
Hs iy z'ijSJﬁ’

", = KXo k- (8.31)

S_4j i

After substituting the transformations (8.31) into (8.28), and combining the equations we

get the first order system of differential equations

Ys (t) = K8 (t)Ys (t) + £ (t)v (832)

where the components of the coefficient matrix Zsfmn(t) and the components of the inho-

mogeneous array f, ,,(t) are given as

Zs,mn( ) TmZ]Ys z]kl( )Tkln + szy BS Z]kl( )Tk’ln + me BS 'ijl( )KI€_Z7]:L
+ TmZ]Ys zykl( )K]g}w (833)

Fsm(®) =TomisY sijia(8) Hia () + TonigNsij () + KomijBoiijra () Hia(t) + Kimi0sij (t). (8.34)
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The general solution to the system (8.32) is provided by Myskis [Myskis, 1975] as

Xs(t) = /t | Yo (t, 7)fs(T)dT + Yo(t, 1) Xs;, (8.35)

under the initial condition x,; = X,(t;), and where,

o ti ti T
Ys(t,ti) =1+ AS(Tl)dTl + As(Tl) AS(TQ)dTQdTl
t; t; t;
ti T T2
+ / A (m) / Au(r) | Au(r)drsdradrs + ... (8.36)
t; t; t;

From the general solution for xs(¢) given in (8.35) and the inverse transformations from
Xs(t) to ﬁ;’e(t) and ﬁf (t), we then can calculate the increments of the internal variables
He(t) and H(1).

The following is an alternate method to achieve a similar result.
Alternate Method :
For the base history the deformation gradient is decomposed by using the alternate method
as

F(t) = FL(t)F]()F(t), (8.37)

where the relations between the derivatives of the components for the two decompositions

are given by

il N0 —1qve— 1 0

FS = FgeFSFS Fge FS ?

il T vepd— — el

F'¢ = FYFI IR TpoeR?, (8.38)
In a similar manner, the deformation gradient of the total history is decomposed for the

alternate method as

F'(t) = FS'()F " ()F (1), (8.39)
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F =F"F"F"™ Current configuration

. . Intermediate configuration
Reference configuration

F= Felfelfve

s s’Ss

Figure 8.1: Elastic-viscoelastic and thermal parts.

where

o =F)"aF, (8.40)

L:e* — Ff*fge*ﬁg*—l‘ (841)

The relations of the elastic, viscoelastic and thermal parts in the base history and in the

total history are described in Figure 8.1, and the associated perturbations are

OF((t) = F'(t) — Fe(t) = F( )
SFL(1) = FO(1) - F (1) = FOOF (1) — FU() = HI (1)

SFL(t) = F2*(t) —FY(t) = f”e(t)F”e(t) —FY(t) =H(t)FX(t). (8.42)
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The perturbations of the thermodynamic stresses in each element in this case are given by

OTeT = EC: (HEFS) + E° : (HFY) + EY : (H'F?) + E%90, (8.43)

ST = Ebe . (FCF) + EXe : (HYF) + EY . (HIF?) + EX50, (8.44)
and the perturbation of the Cauchy stress can be obtained from
JE— o0 JE—
0T = / 0T ds. (8.45)
—0oQ

The superimposed deformation gradient F(t) can be directly separated by using an alternate
form as

F(t) = FC(OF (OF (1), (8.46)

therefore,

F* (1) =[FS(OF (1) [T (OF L (O)F 2 ()F ()]
=F()F(t) = FE(F ()F L (OFS(OF (OF (1), (8.47)
where the relations with the “~” variables are defined by
FL(t) = Fi(0), (8.48)
FI(t) = FS(OF L (0F (1), (8.49)
Fre(t) = FS(OF (OF Y (OF =L (1) Fe (1), (8.50)
H ~ He + FFYH F LRt 4+ FeReH RS, (8.51)

where F¢(t), Fre(t), FO(t), ﬁf(t), ff(t), and ﬁ;’e(t) are assumed close to I.
The two decompositions for the total history should be equal throughout the loading

process, which can be described as

F(t) = FJ'()FL (F (1) = [FLOF(O)[FL(OF ()] [FLOFL (D)), (8.52)

F* (1) = B (OF P (OF 2 (1) = [Fo()FS())[F L (OF L (1)][FL(0)F (1)) (8.53)
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After equating them and organization we obtain
(8.54)

R ORI = FURRURY,

Since the above equation should be satisfied at all times, we take the time derivative of

both sides and manipulate the equation to get
FFUFIF) + FUFUFIF) — FUFCFIFS ' FUF) = FIFIFF - (8.55)

Equations (8.54) and (8.55) can be further simplified by organization and by using the

smallness of the incremental displacement gradients of the internal parameters I:I;’e —F Je—

LA —F 1, H=F I and H? = F/ — I to get

B =R+ R ROR - RUHES

R T O L
(8.56)

+ FOHPF!HYF! - PP HIF! — HHFY),

From equations (8.56) combined with equations in (8.38) the values for H?® and H? in the

alternate decomposition can be evaluated from I:Is“e and I:ISH in the original decomposition

we use in the development by solving the first order differential system.
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