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Preface

Elastic solids and viscous fluids are two types of engineering materials whose
response to loads, almost everyone, either seems to understand or takes for
granted. Then there are materials whose response to loads combines the features of
both elastic solids and viscous fluids. Not surprisingly, these materials are called
viscoelastic and are a little trickier to understand than elastic solids or viscous
fluids. The engineering discipline that developed to provide a rigorous mathe-
matical framework to describe the behavior of such materials is called visco-
elasticity. This book presents a comprehensive treatment of the theory and
applications of viscoelasticity.

Polymers are viscoelastic materials. The term polymer has been around since
Berzelius used the word “polymeric” in 1832; at a time when chemists were still
unsure of the structure of even the simplest of molecules. Today, it is hard to
imagine our world without polymers. Polymers and polymeric-based products are
commonplace in virtually every industry. This is unquestionably true of the
aerospace, rubber, oil, automotive, electronics, construction, piping, and appli-
ances industries; and many more. Yet, despite the fact that viscoelasticity has been
taught in universities for several decades, providing the necessary tools to design
with polymers, today many polymeric-based products are still designed as if the
materials involved were elastic. One reason for this practice is that viscoelasticity
has been taught exclusively at the graduate level, yet most practicing professionals
lack an advanced degree in engineering; and those with advanced degrees, never
studied viscoelasticity, because the subject is usually an elective one.

If one thinks about it, the basic design courses, such as machine design, struc-
tural steel design, reinforce concrete design, and so on, are taught at the under-
graduate level. The foundation of all these courses is mechanics of materials—the
strength of materials of old—whose mastery requires a background in statics and
some differential and integral calculus. If truth be told, the derivations of the design
equations for viscoelastic materials are the same as for elastic solids; and the
resulting expressions, virtually identical. The difference lies in that for viscoelastic
materials the relationship between stress and strain is not an algebraic product of a
constant modulus and the strain, as it is for elastic solids, but is given by a special
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viii Preface

type of product—called convolution—between a function which represents the
modulus, and the time derivative of the strain. The point being made here is that it is
just as demanding—perhaps only a tad more—to learn the art of designing with
viscoelastic materials, as it is to learn the mechanics of elastic solids.

This book is intended to help Academia close the gap that exists between
current practice and the proper way to designing with polymers, as well as to serve
as a text on the theory of viscoelasticity. The book accomplishes these goals by
presenting a self-contained, rigorous, and comprehensive treatment of all the
topics that are relevant to the mechanical behavior of viscoelastic materials, and by
providing all the background in mathematics and mechanics that are central to
understanding the subject being presented.

As will be seen, Chaps. 1-7 could be used to teach a complete course on
viscoelasticity at the undergraduate level. These chapters cover the theory in the
one-dimensional form needed for design. The same chapters, complemented with
Appendix A—which provides the mathematical background used in the deriva-
tions of the theory—contain all that a practicing professional would need to master
the art of designing with polymers.

All equations in these chapters are developed from first principles, without
presuming previous knowledge of the subject matter being presented. This
approach is followed for two reasons: first, because it is necessary for readers who
have no formal training in mechanics of materials; and second, because it provides
a method to follow when the use of popular engineering shortcuts, like the use
integral transform techniques, might not be clear.

The contents of Appendix B—which provides an introduction to tensors and an
overview of solid mechanics together with Chaps. 8-11, are written with the
graduate student in mind. A graduate-level course in viscoelasticity could be
taught with this material, and perhaps selected sections of earlier chapters, as a
continuation to an undergraduate course.

Arlington, TX, USA Danton Gutierrez-Lemini
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Fundamental Aspects of Viscoelastic
Response

Abstract

This chapter describes the molecular structure of amorphous polymers, whose
mechanical response to loads combines the features of elastic solids and viscous
fluids. Materials that respond in such manner are called viscoelastic, and their
mechanical properties have an intrinsic dependence on the time and temper-
ature at which the response is measured. To put this into context, the chapter
compares the nature of the response of elastic, viscous, and viscoelastic
materials to several types of loading programs, examining the physical nature of
their mechanical properties, their behavior regarding energy conservation, and
the phenomenon of aging. The topics treated in this chapter provide the
neophyte and casual reader with a good understanding of what viscoelastic
materials are all about.

Keywords

Aging - Amorphous - Compliance « Creep - Cross-linked - Crystalline - Delta
function « Dirac - Elastic « Energy - Equilibrium - Fluid - Glass - Glassy -
Heaviside - Hooke - Long term + Modulus - Newton - Polymer - Relaxation -
Strain - Stress « Temperature - Transition - Viscous - Viscoelastic

1.1 Introduction

As our intuition tells us, different materials respond differently to external agents.
Our experience also indicates that there are materials which, depending on how the
stimuli are applied, can respond either as solids or fluids, or can display behavior
that combines the characteristics of both. Silly putty, for instance, will bounce just
like an elastic solid if thrown against a hard surface, but will extend slowly and
continually when held solely under the action of its own weight. Materials whose
mechanical response to external agents combines the characteristics of both elastic

D. Gutierrez-Lemini, Engineering Viscoelasticity, DOI: 10.1007/978-1-4614-8139-3_1, 1
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2 1 Fundamental Aspects of Viscoelastic Response

solids and viscous fluids are called viscoelastic. Not surprisingly, viscoelastic
materials are a little trickier to understand than elastic solids or viscous fluids.

The engineering discipline that developed to provide a mathematical frame-
work to describe the behavior of viscoelastic materials is called viscoelasticity.
This book presents a comprehensive treatment of the theory of viscoelasticity,
explaining, in the present chapter, the nature of the response of viscoelastic
materials to external loads, and in subsequent chapters, how to model that response
mathematically, how to design with viscoelastic materials, and how to establish
the material properties needed to describe their mathematical models.

This chapter begins by discussing an important class of materials, known as
amorphous polymers, whose mechanical response to external stimuli combines the
features of elastic solids and viscous fluids. The terms polymer and polymeric
material have been in use since Berzelius coined the word “polymeric” in 1832, at
a time when chemists were still unsure of the structure of even the simplest of
molecules. Todays, it is hard to imagine our world without polymers. Polymers and
polymeric-based products are commonplace in virtually every industry. This is
unquestionably true of the rubber, oil, aerospace, automotive, electronics, con-
struction, piping, and appliances industries and many more.

The mechanical properties of polymers, such as tensile modulus, or tensile
strength, have an intrinsic dependence on the time and temperature at which the
response is measured. As will be seen, most viscoelastic properties exhibit a steep
gradient in the neighborhood of a temperature termed the glass transition tem-
perature. So much so that the graphs of property functions for this type of materials
are typically displayed in double-logarithmic scales to allow encompassing the two
or more orders of magnitude difference between their extreme values.

The nature of the response of elastic, viscous, and viscoelastic materials to
several types of loading programs is examined next. It is then learned that vis-
coelastic solids and fluids will respond markedly differently only at temperatures
above the glass transition temperature, or when their response is measured after a
sufficiently long-time-following application of the load. It is learned that visco-
elastic solids have non-zero long-term, equilibrium modulus and compliance,
while viscoelastic fluids have to have zero long-term modulus, or, correspond-
ingly, infinite compliance, to allow for viscous flow under sustained load. Two
tests are identified—constant step strain and constant step stress—which can be
used in an elementary manner to establish, respectively, the relaxation modulus
and creep compliance of viscoelastic substances, at fixed temperature. The
response of viscoelastic materials to constant rate loading is also compared to that
of elastic solids and viscous fluids.

The behavior of elastic solids, viscous fluids, and viscoelastic materials
regarding energy conservation and dissipation is also examined in some detail. The
discussion will show that while elastic solids have the capacity to store, in the form
of fully recoverable energy, all the work put into them, and viscous fluids dissipate
all of the work of the external agents, viscoelastic materials store part of the energy
that is put into them, and dissipate the rest as thermal energy, by raising their
internal temperature.
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Finally, it will be observed that viscoelastic materials may undergo aging,
which is a continuous change in properties with elapsed time. Since materials are
usually not put to use right after manufacture, aging materials make it necessary to
keep two time scales: one to measure age and the other to measure the time at
which load application starts.

1.2  The Nature of Amorphous Polymers

There are many materials, especially the so-called organic amorphous polymers,'
whose behavior is of viscoelastic type. An amorphous polymer is made up of long-
chain molecules. A typical polymeric chain may be comprised of several thousand
molecules, strung together in a linear, chain-like fashion [1]. Amorphous polymers
may be subdivided into uncross-linked and cross-linked, depending on the way in
which their molecules are connected.

In uncross-linked amorphous polymers, such as unvulcanized natural rubber
and hard and soft plastics, the individual long-chain molecules are randomly
intertwined with each other but are not chemically bonded together, as indicated in
part a of Fig. 1.1. The worm-like structure of uncross-linked polymers is, there-
fore, not permanent. As temperature increases, some chain disentanglement takes
place and whole molecules, or segments of polymeric molecules tend to slide past
each other. This allows the polymer to experience large deformations and, pos-
sibly, viscous flow [2].

There are several mechanisms by which polymer chains can be connected to
one another to form a continuous network. Vulcanization utilizes sulfur as the
bonding agent, which randomly attaches a chain to a number of neighboring

(a) (b) (0

Fig. 1.1 Schematic representations of amorphous polymers. a Uncross-linked polymer. b End-
linked polymer. ¢ Cross-linked polymer

! Although polymers may be classified as crystalline and amorphous, the mechanical response of
crystalline polymers cannot be described by the theory in this book; thus, only amorphous
polymers are treated here.
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chains, possibly at several points along its length, by means of strong covalent
bonds. This process results in a relatively permanent, three-dimensional network
structure which restrains molecules from freely slipping past each other, thus
eliminating viscous flow. In all molecular networks, some loose ends of molecules
attach to the network only at single points. In general, however, chemical bonding
of polymeric molecules results in several chains, typically three or four, joining at
the same locations, as illustrated in parts b and c of Fig. 1.1.

1.3  Maechanical Response of Viscoelastic Materials

According to the previous discussion, a material may be classified as viscoelastic if
its response to external stimuli combines the characteristics of elastic and viscous
behavior. Hence, the manner in which a viscoelastic substance would respond to
an external agent can be guessed by examining the response of two identical
specimens—one, made of an elastic solid and the other, of a viscous fluid—to the
same stimulus, and by imagining that the behavior of the viscoelastic substance
would lie somewhere in between.

For simplicity and clarity, one-dimensional specimens are used to examine the
response of elastic solids and viscous fluids: a uniaxial bar is used for the elastic
solid, and a hydraulic piston, or dashpot,” for the viscous fluid, as shown in Fig. 1.2.
Also, in our experiment, we would apply a force to either of these specimens, as
suggested in the figure, and use the change in their lengths as a measure of their
response. However, for convenience, we normalize these quantities, and let ¢ stands
for normal stress (force reckoned per unit of original cross-sectional area of the
specimen) and use ¢ to denote normal strain (change in length per unit original
length). In addition, we use E for the elastic modulus of the solid, and # for the
coefficient of viscosity of the fluid, and assume their values to be constant.’

Fig. 1.2 Mechanical models

of elastic solid (uniaxial bar), F
and viscous fluid (uniaxial F
dashpot), with externally .
applied force (F) Viscous
fluid
F F
bar dashpot

2 A dashpot is a mechanical device which resists motion by viscous friction. The resisting force
is directly proportional to the velocity; and, acting in the opposite direction, slows the motion and
absorbs energy.

3 The values of E and 1 of real materials typically depend on temperature, among other things.
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On the previous definitions and assumptions, we introduce the one-dimensional
versions of the stress—strain laws for the elastic solid and the viscous fluid. For the
linearly elastic solid under one-dimensional conditions, we use Hooke’s stress—
strain law:

o(t) = E-¢(t) (1.1)

Alternatively, Newton’s law of viscosity is used to define the constitutive
behavior of a linearly viscous fluid:

o(t) =n-—&(t) (1.2)

1.3.1 Material Response to Step-Strain Loading

We consider the response to a constant strain history of a one-dimensional article
which is made either of an elastic, viscous, or viscoelastic substance. A strain of
magnitude ¢, is assumed suddenly applied at time t = 0 and held constant
thereafter. Mathematically, we express such a strain history by means of the
Heaviside or unit step function, H(-), which is identically zero for all negative
values of its argument and equals one when its argument is positive (cf. Appendix
A) and write:

6(r) = e, H(1) (a)

According to (1.1), the response of a straight bar of a linearly elastic solid to a
step strain would be

o(t) = E - e,H(r) (b)

In words, a uniaxial bar of an elastic solid would respond instantaneously to the
suddenly applied strain, and the corresponding stress would remain in the material
for as long as the strain is held.

The response of a linearly viscous fluid—in a dashpot, say—can be established
by using (1.2) and taking the time derivative of (a). In doing so, note that the
generalized derivative of the unit step function is the Dirac delta function (cf.
Appendix A), so that:

a(1) =1 0(t) (c)

The delta function is zero everywhere and becomes infinite where its argument
vanishes. Thus, (c¢) indicates that to produce an instant strain of finite magnitude on
a viscous fluid would require an infinitely large stress, and that the stress would
disappear immediately after application of the strain.
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Per our elementary definition of viscoelastic behavior, we would expect the
response of a viscoelastic substance to lie somewhere between those of the elastic
solid and the viscous fluid. On the grounds of its elastic component, it is logical to
expect that a viscoelastic bar will respond with an instantaneous stress proportional
to the applied strain; and, that to accommodate its viscous behavior, it also seems
logical that the initial stress in the bar should decay, rather than remain constant—
as it would in a purely elastic system—but that such decay should perhaps not be
instantaneous, as in a linearly viscous fluid, but should depend on the elapsed time.
The experiment just described is presented in Fig. 1.3.

Fig. 1.3 Qualitative (a) A
material responses to step- c=¢
strain loading. a Step strain. Z
b Elastic solid. ¢ Viscous
fluid. d Viscoelastic material » 1
(b) A
o=Eg,
>
(0
o = 1eH(t)
> ¢
(a)
c=M)e,
> 1

Since the applied stimulus in our experiment is constant, the response of the
viscoelastic bar to a step-strain history could be mathematically described in the
following form:

a(t) = M(t)e, (1.3)

According to the previous discussion, M(f) must be a decreasing function of
time, or at least non-increasing function of time, as suggested in Fig. 1.4. This
material property function is called the relaxation modulus.

As will be discussed later on, not only is the relaxation modulus, M, a function of
elapsed time, ¢, as indicated in (1.3), but it also depends very strongly on temper-
ature, T. Thus, in general, M = M(t, T). However, just as with E and #, temperature
dependence is omitted from (1.3) because it has been assumed, for the time being
only, that a uniform constant temperature is maintained in all experiments.



1.3 Mechanical Response of Viscoelastic Materials 7

Fig. 1.4 Qualitative time 4
dependence of relaxation M@
modulus

v

The constant strain history prescribed in (a) is known as a stress relaxation test
and is typically employed to establish the relaxation modulus, M(7); since from
(1.3):

M) =20 (1.4)

o

Specifically, to establish the relaxation modulus at a constant temperature:
e Select a displacement that would lead to an adequate strain for the test
specimen.”
o Apply the selected target displacement as rapidly as possible and hold it
constant.
Record the force history necessary to maintain the prescribed displacement.
Use (1.4) with the corresponding definitions of stress and strain for the speci-
men to compute the relaxation modulus as a function of elapsed test time.
According to this terminology and the response shown in Fig. 1.3, elastic
materials do not relax. Thus, their characteristic relaxation time—the time it takes
the material to complete its relaxation process—is infinite. Viscous fluids, on the
other hand, relax completely and instantly: their relaxation times are zero. On this
basis, one can expect that viscoelastic materials will have finite, non-zero relax-
ation times. Also, by analogy with elastic solids and viscous fluids, viscoelastic
solids are expected to relax to non-zero stress, while viscoelastic fluids should
relax to zero stress, as indicated in the Fig. 1.5.

1.3.2 Material Response to Step-Stress Loading
Here, we consider the response of the elastic and viscous one-dimensional test

pieces to a constant stress of magnitude, ¢,, which is suddenly applied at time
t = 0 and held constant thereafter.

* By definition, the relaxation modulus of linear viscoelastic substances is assumed independent
of strain level. Thus, the magnitude of the prescribed displacement to use in a relaxation modulus
test should not be important. However, the relaxation modulus of materials capable of large
strains typically depends on strain level, and the selection of the test displacement should be
based on the end use of the material.
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Fig. 1.5 Distinction (a) 4
between viscoelastic solids E=E
and fluids. a Step-strain
history. b Viscoelastic solid.
¢ Viscoelastic fluid » ¢
(b)
o=M,(1)e,
> [
(©
o=M(1e,
>
a(t) = aoH (1) (d)

According to Hooke’s law, Eq. (1.1), an elastic solid would respond instantly,
with the step strain:

elr) = 2 H(1) (e)

Per Eq. (1.2), a viscous fluid would continue to strain for as long as the applied
stress is sustained:

e(t) = 21 (f)

Now the response of a viscoelastic specimen is expected to lie between that of
the elastic and viscous test specimens. It should, therefore, exhibit an instanta-
neous strain proportional to the applied stress, like a solid would; but, similar to a
fluid, its strain would grow with the passage of time.> The behavior just described
is shown in Fig. 1.6.

It seems appropriate then, to call a viscoelastic substance a solid if, under
constant load it creeps to a non-zero, finite strain, and to call it a fluid if its strain
response does not seem to approach a finite limit. The distinction between vis-
coelastic solids and fluids is shown schematically in Fig. 1.7.

5 At this point we avoid the temptation to describe viscoelastic response to sustained stress using
the reciprocal of the relaxation modulus, as, say: &(f) = [1/M(1)]a,,. Suffice it to say that doing so
would simply define viscoelastic behavior as little more than elastic.
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Since the applied load in this experiment is constant, the time variation of the
response of a uniaxial bar of viscoelastic material can be mathematically described

in the form:

e(r)=C(1) - a,

According to the foregoing arguments the function C(#), called the creep
compliance, must be an increasing, or, at the very least a non-decreasing function

of time; as shown in Fig. 1.8.

(1.5)
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Fig. 1.8 Conceptual time 4
dependence of creep (@)
compliance

The constant stress history prescribed in (d) is known as a creep test, and is
typically employed to establish the creep compliance, C(7); since from (1.5):

C(t) = &(?) (1.6)

Specifically, to establish the creep compliance at a constant temperature:
Select a force that would lead to an adequate stress level for the test specimen.®
Apply the selected target force as rapidly as possible and then hold it constant.
Record the displacement history produced by the prescribed load.

Use (1.6) with the corresponding definitions of stress and strain for the speci-
men to compute the creep compliance as a function of elapsed test time.

As will be discussed at length in a later chapter, the creep compliance and the
relaxation modulus are not reciprocals of each other, except under special con-
ditions, but they are not completely independent of each other, either.

1.3.3 Material Response to Cyclic Strain Loading

We now examine the stress response of a linear elastic solid and a linear viscous
fluid to the sinusoidal, cyclic strain history:

&(t) = gosinwt (2)

As before, we use expressions (1.1) and (1.2) to establish, respectively, the
responses of the elastic solid and viscous fluid, as:

a(t) = E - gysin(wr) (h)

a(t) =n- e - cos(wr) (i)

S By definition, the creep compliance of linear viscoelastic materials is assumed independent of
stress level. Thus, the magnitude of the stress to use in a creep test should not be important.
However, the compliance of nonlinear materials depends on stress level, so that the selection of
the test stress level should be made carefully.
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These expressions indicate that, while the stress in the elastic solid is in phase
with the strain, the stress in the viscous material is exactly 90° out of phase with it.
It is then reasonable to expect that the response of a viscoelastic material to cyclic
harmonic loading will lie anywhere between 0° and 90° out of phase with its
loading. This observation is indicated in Fig. 1.9.

1.3.4 Material Response to Constant Strain Rate Loading

We next examine the stress response of the linear elastic solid and linear viscous
fluid to the constant strain rate history:

8(t) =R -1 §)
Using this relation and (1.1), the response of the solid is seen to be:
o(t) =E-R-1 (k)
The response of the linear viscous fluid follows from (j) and (1.2), as:
a(t) =R (1)

These expressions indicate that while the stress in the elastic solid is directly
proportional to the strain, the stress in the viscous material is equal to the rate of
straining. One may then argue that the stress response of a linear viscoelastic
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Fig. 1.10 Qualitative (a) e=Rt
material responses to constant

strain rate loading:

comparison of responses at

one loading rate. a Strain : >
history. b Elastic solid.
¢ Viscous fluid. (b)
d Viscoelastic material o=E-Rt
> ¢
A
(© G=1 R
>
(d

o=f(1)

v
~

material, having to lie between a constant and a linear function of time, would
have to be described by a function that increases less than linearly with time, as
indicated in Fig. 1.10.

Clearly, without knowing more about the material at hand, a graphic response
in a form such as that shown in Fig. 1.10d would not suffice to definitely identify a
material as viscoelastic. That type of response is also characteristic of nonlinear
elastic behavior. The point to emphasize here, regarding elastic and viscoelastic
response to constant strain rate loading is that, an elastic material will react with
the same stress to a given strain, irrespective of how long it takes to reach that
strain. A viscoelastic material, on the other hand, will respond with a stress that
depends on how long it takes to apply the strain. This aspect of material behavior is
depicted in Fig. 1.11.

1.4  Energy Storage and Dissipation

As with other aspects of viscoelastic behavior, we should require that the response
of any viscoelastic material regarding energy conservation should lie between those
of an elastic solid and a viscous fluid. As will be shown shortly, the total amount of
work performed on an elastic solid by external agents is stored in it in the form of
internal energy, which is fully recoverable upon removal of the external agents.” By

7 This means that if the external agents that put work into an elastic solid were completely
removed, the internal energy stored in the solid could be used to perform an amount of work—on
another system, say—equal to the work that was put into the solid in the first place.
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contrast to an elastic solid, a viscous fluid has no capacity to store energy, and all
work performed on viscous fluids is lost or, more properly, dissipated.

By our definition of viscoelastic behavior, a viscoelastic material, be it a solid
or a fluid, should be expected to be able to store, and have available for recovery,
at least part of the energy put into it, while it should dissipate the rest. It therefore
seems logical to postulate that, irrespective of the constitution of the material at
hand, “the total work performed on a body by external agents, W,,,, should be
equal to the work of the internal forces, W;,, minus the work, W, dissipated in
the process.” This statement embodies the first law of thermodynamics, on the
conservation of energy, that: “Energy can neither be created nor destroyed, but
only transformed.”

According to the previous discussion, linearly elastic solids must exhibit no
dissipation, while linearly viscous fluids must dissipate all energy put into them.
That is:

(1.7)

W — 0; for linearly elastic  solids
diss Weu; for linearly viscous fluids

The energy balance equation may be cast in the form:

Wext = Wint - Wdiss (18)
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Although we present energy conservation and dissipation in a broader sense in
Appendix B, in what follows we examine the balance of energy using one-
dimensional models: the bar as a linearly elastic solid, and the dashpot as a linearly
viscous fluid.

We consider an experiment in which the test piece is fixed at one end, while its
other end is first pulled a certain amount and then moved back to its original
position.8 Under these circumstances, the work of the external forces is exactly
zero, irrespective of the material constitution; since, by definition:

Py Py
Wext = / Fexl . duexz :/ Fext . duext =0 (a)
P P

1 1

where, F and u denote force and displacement, respectively. In this case (1.8) takes
the simpler form:

Wiaiss = Wing (b)

To calculate the amount of energy dissipated in the process, we note that,
similar to W,,,, the work of the internal forces is given by:

Py & &
Wine = / Fin - ditine = / (AG) . (Ld&) = V/ o-de (C)
P £

1 &1

This expression uses that, in a one-dimensional system: ¢ = F/A, de = dulL,
and V = A-L, for the stress, strain, and system’s volume, respectively.

To apply (c) to the bar of a linearly elastic solid, we use the stress—strain Eq.
(1.1), which leads to:

& &1 1
WimEV/ a-ds:V~E/ s-ds:V-EE-[sz]s1 0 (d)
€1 &1

€1

Taking this into (b) yields the first of (1.7): W, = 0; that a linearly elastic
solid absorbs all external work as internal energy and does not dissipate any
energy.

Noting that the constitutive Eq. (1.2) for a linearly viscous fluid involves strain
rate, and not strain, we first transform (c) to accommodate this fact. In doing so, it
is assumed, without loss of generality, that the total duration of the experiment is
¢". Thus:

@ = de de = rde\?
Wi =V -de=V- ——dt=V-pn- — | dt
int /81 7 a 1 /t:O didi 1 /,:0 (dt) ()

8 In general, the loading and unloading paths do not have to be the same, as long as the test piece
is returned to its original position.
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Fig. 1.12 Example 1.1 A

v
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The quantity under the integral sign in (e) is never negative, vanishing only for
the trivial case when the strain rate is identically zero in the interval of integration.

Therefore:
1=t* d 2
mmzxﬁn-/ (f)dtzo (f)
=0 \dt

This result, together with (b) leads to:

=l de\ 2
Wiiss = Wine =V -1 - / <d) dr >0 (g)
t=0 1

Thus, as asserted in the second part of (1.7): a linearly viscous fluid dissipates
all energy put into it.

Example 1.1 Determine the total energy that would be dissipated by applying the
displacement history shown in Fig. 1.12 to a dashpot with a linearly viscous fluid
of viscosityz.

Solution:

To calculate the total energy dissipated in the process we evaluate the evolution of
the strain rate, de/dt = (1/L)du/dt during the process:

ds _ [ R, 0<r<t,
dt | —R; t,<t<m,

and take the result into (g), to get:

=ta (de\? =/ de\ 2
Wi =V -n- = dr =) dr = ViR,
diss n /,:o (dt) +/”H (dt) Rty
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1.5 Glass Transition and Regions of Viscoelastic Behavior

Experiments with viscoelastic materials indicate that:

e The reported values of the relaxation modulus and creep compliance depend on
the time scale of the observations (10 s modulus, 10 min modulus, etc.).

e Most properties of viscoelastic materials depend strongly on temperature.

e Some properties change very drastically when the temperature is near a critical

value, called the “glass transition temperature,” usually denoted as T.

The influence of temperature and time of observation on viscoelastic proper-
ties—the time and temperature dependence of functions such as the modulus, M, or
the creep compliance, C, of previous discussions—is emphasized with the explicit
notations M (¢, T) and C (¢, T). The relaxation modulus, M, of a typical amorphous
polymer is used in Fig. 1.13 to exemplify the temperature dependence of visco-
elastic properties in general. A logarithmic scale is employed to accommodate the
strong dependence of modulus with temperature. In such graphical representations,
it is always necessary to indicate exactly to what test time the reported property
corresponds (¢ = t,, in this case).

The transition region falls in a narrow temperature range; and the temperature
in the middle of this region is called the glass transition temperature, T,. At
temperatures well below the glass transition, in the so-called glassy region, an
amorphous polymer is an organic glass: a hard and brittle plastic with a high
modulus, M,, called the glassy modulus. At such low temperatures, the polymer
chains are essentially “frozen” in fixed positions. At temperatures around 7T, in
the glass-transition region, whole molecules, or segments of polymeric molecules
are somewhat free to “jump” from one site to another, and the polymer responds
with a modulus that changes very sharply with temperature. At temperatures above
the glass transition but below the melting point, in what is called the rubbery
plateau, molecular mobility increases and segments of polymeric chains reorient
relative to each other. In this region, cross-linked polymers would relax to a more-
or-less constant “equilibrium” modulus, M,, behaving like rubbery elastic solids
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of low modulus. In fact, M, may be several orders of magnitude smaller than the
glassy value, M,. In this region, uncross-linked polymers eventually disentangle,
with entire molecular segments sliding past one another, giving rise to viscous
flow [3].

Similar observations apply to the creep compliance function, C (¢, 7). The
temperature dependence of the creep compliance function of a polymer looks very
much like the mirror image of the relaxation modulus about a line parallel to the
temperature axis, as indicated in Fig. 1.14.

The creep compliance function of an uncross-linked polymer typically lacks the
rubbery plateau, exhibiting continued creep, followed by failure. This is indicated
by a dotted line in the figure.

Also, to the elastic glassy and equilibrium moduli, M, and M,, correspond
glassy and equilibrium compliances, Cg, and C,, respectively. Since modulus and
compliance of any linearly elastic material are reciprocals of each other, it follows
that both: C, = 1/M,, and C, = 1/M,. In the transition region, however:
C (t, T) # 1/M(t, T); although the two functions are inverses of each other, in a
sense to be explained in Chap. 2. In fact, it will be proven there, that in general,
Cit, T)-M(t, T) <1 [4].

As pointed out in Sect. 1.3, the relaxation modulus is a decreasing—or, at least,
non-increasing—function of time. In a double-logarithmic plot, log(M) versus
log(t), the shape of its graph resembles that of log(M) versus T. Entirely similar
observations hold for the creep compliance, as indicated in Fig. 1.15.

The fact that the graphs of the material functions M and C versus temperature
have the same general shape as those versus elapsed time suggests a relationship
between time and temperature for viscoelastic substances. The detailed nature of
this relationship is contained in the time—temperature superposition principle that:
in amorphous polymers, time and temperature are interchangeable. This principle
is explained in Chap 6. In loose terms, as far as material property functions are
concerned, the principle implies that short test times correspond to low
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temperatures and long test times to high temperatures, and vice versa. This means
that reducing the test temperature is equivalent to shortening the test time; and
conversely, increasing test temperature is equivalent to extending the test time.

Two additional qualitative observations regarding polymers were reported by
R. Gough, in 1805, and confirmed experimentally by J. P. Joule, in 1857, at Lord
Kelvin’s insistence, [5] that:

e Rubber heats up on stretching.
e A loaded rubber band contracts on heating.

The first observation shows that rubber dissipates energy in the form of heat, as
our discussion of energy dissipation suggested viscoelastic materials would. The
second observation, known as the Gough-Joule effect, indicates that, unlike metals,
the modulus of rubber experiences a relative increase—stiffening up—with
temperature.

Example 1.2 Draw a sketch of the response of a linear viscoelastic solid to the
step-strain program shown in Fig. 1.16. Consider: (a) response in the glassy
region, and (b) response in the transition region.

Solution:

(a) Response in the glassy region
In the glassy region, the behavior of any viscoelastic substance is elastic, with
glassy modulus, M,, and glassy compliance, C, = 1/M,. For this reason, its
response must be directly proportional to the applied step strain. This is
indicated in Fig. 1.17.

(b) Response in the transition region
Here, we use that: the response of any viscoelastic substance to a suddenly
applied stimulus—instantaneous loading or instantaneous unloading—is
always elastic with glassy modulus M,, and glassy compliance, C, = 1/M,.
Additionally, its response to a constant strain in the transition region follows
the shape of the relaxation modulus M(¥), which is a decreasing function of the
time elapsed since the strain was applied. On unloading, the same is true, only
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the sign of the response is reversed. Thus, the stress first drops by Me,—
becoming negative—to then undergo a reverse relaxation, recovering mono-
tonically toward zero. This behavior is indicated in Fig. 1.18.

Example 1.3 Draw a sketch of the response of a linear viscoelastic solid to the
step-stress program shown in Fig. 1.19. Consider: (a) response in the equilibrium
zone, and (b) response in the transition region.

Solution:

(a) Response in the rubbery equilibrium region
In the rubbery region, a viscoelastic material will respond like an elastic solid
with modulus, M,, and compliance, C, = 1/M,. Therefore, its response must
be directly proportional to the applied loading. This is indicated in Fig. 1.20.
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(b) Response in the transition region

Here, we use that: the response of any viscoelastic substance to a suddenly
applied stimulus—instantaneous loading or instantaneous unloading—is
always elastic with glassy modulus M,, and glassy compliance, C, = 1/M,.
Additionally, its response to a constant stress in the transition region follows
the shape of the creep compliance, C(¢), which is an increasing function of the
time elapsed since the stress was applied. On unloading, the same is true, only
the sign of the response is reversed: the strain first drops by first drops by C,0,,
and then “recovers” monotonically toward zero. This behavior is indicated in
Fig. 1.21.

1.6  Aging of Viscoelastic Materials

Aging is a phenomenon observed in many viscoelastic substances. It may be
defined as any change in constitutive or failure properties with time. There are two
types of aging: physical, reversible aging, which is due to thermodynamic

Fig. 1.21 Example 1.3: A
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stress load—unload event in
the transition region

v

hn t 1
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processes; and chemical aging, which is caused by irreversible chemical reactions
in the material. Although their origins differ, the macroscopic manifestations of
physical and chemical aging are very similar. From a mechanical point of view,
material aging frequently manifests itself as an increase in modulus and a
reduction of creep strain [6].

As indicated earlier in this chapter, the response of a non-aging viscoelastic
substance to an external stimulus changes with the passage of time because its
material properties, such as relaxation modulus and creep compliance—depend on
the time at which the observations are made during an experiment. However, such
response is independent of the time at which the experiment is started, and is the
same every single time the same experiment is repeated, provided the experiment
is the same each time.” Put another way, the material properties of a non-aging
material are fully described by functions which depend on a single time scale,
which measures only the time the material is under load, irrespective of when it
was manufactured.

By contrast, the properties of a material susceptible to aging change with the
passage of time even in the absence of external agents. That is, the response of an
aging material, measured at a specified time during an experiment, depends on the
time elapsed since the material was manufactured and the time it spends under
load; and hence, on the time at which the experiment is started. For this reason,
two time scales are required to unambiguously describe the material property
functions—and response—of an aging material. One time scale is needed to keep
track of the time since the manufacturing of the material, and the other time scale
is needed to keep track of the time the material is under load.
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2.1 Introduction

Materials respond to external stimuli by deforming and straining, that is by
changing their shape or size, and by developing stresses. The internal stresses
corresponding to a given set of strains depend on the constitution of the material
itself. For this reason, the rules that permit calculation of internal stresses from
known strains, or vice versa, are called constitutive laws, or, constitutive equa-
tions—when such relationships are known in analytical form. The terms stress—
strain or strain—stress relations or equations, are widely used to emphasize that the
first variable is expressed in terms of the second.

There are two equivalent ways to describe the mathematical relationships
between stress and strain for linear viscoelastic materials. One way uses integrals
to define these relations, while the other relates stresses and strains through linear
ordinary differential equations. In this chapter, we develop the integral form of
constitutive equations, leaving for Chap. 3 the discussion of their differential
counterparts. All the developments are presented in great mathematical detail but
to motivate the proofs, some physical insight is also provided. The level of
mathematical detail used to present the subject matter and the exercises in this
chapter is intended to give the reader the confidence necessary to engage in
independent research, irrespective of the field of interest.

For clarity of presentation, only non-aging materials under isothermal condi-
tions are treated in this and subsequent chapters, until Chap. 6, where the
dependence of material properties on temperature is examined. All material
functions referred to here are thus presumed independent of age and available at
the constant temperature implied in the discussions. The dependence of material
property functions on temperature will be omitted but assumed understood."

This chapter starts from Boltzmann’s superposition principle and develops the
integral form of the one-dimensional constitutive equations for a linearly visco-
elastic substance. This is followed by a discussion of the principle of fading
memory, which helps to define the acceptable forms of relaxation and compliance
functions. It is then shown that the closed-cycle condition (that the steady-state
response of a non-aging viscoelastic material to a periodic excitation be periodic)
requires that the material property functions depend only on the difference of their
arguments, and all transients die out. The chapter also examines various relation-
ships between the relaxation modulus and creep compliance functions, both in the
time domain and in Laplace-transformed space. Alternative forms of constitutive
equations often encountered in practice are also discussed. We conclude the chapter
with a discussion of how to evaluate the work done by external agents acting on a
linear viscoelastic material. This topic of great practical use, since, as shown in
Chap. 1, viscoelastic materials dissipate as heat, some of the energy that is put into
them, and hence polymeric materials are often used in industry to dissipate energy.

! On this assumption, for instance, M(f) and C(7) will be used for M(z,T) and C(z,T), respectively.
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2.2 Boltzmann’s Superposition Principle

By definition [c.f. Chap. 1], the tensile relaxation modulus, M(z,7), at any time f,
and fixed temperature 7 describes how the stress varies with time under a step-
strain load. To fix ideas, imagine a one-dimensional bar of a linearly viscoelastic
material after it is subjected to a strain of magnitude ¢,, suddenly applied at the
start of an experiment and held constant thereafter. As seen in (Fig. 2.1), in
accordance with Eq. (1.3), the stress response, a(t), of the bar to the applied step
strain would be given by:

G(t) - O, for <0 (a)
\ M(t)e,, forr>0

By the definition of the Heaviside step function H, that: H(f) = 0, for negative
values of its argument, while H(f) = 1, whenever its argument is zero or positive,
one can rewrite (a) in the form [c.f. Appendix AlJ:

a(t) = M(¢) - H(t)e, (b)

Now assume that exactly the same experiment as that described by (a) or (b)
were to be carried out using the same material but applying the loading #, units of
time after “starting the clock.” Also assume that all loading® and environmental
conditions would be the same in both cases. If the material did not age, all its
relevant property functions would be exactly the same in both experiments.

2 The terms “load” and “loading” are used in their broader sense to include tractions, or stresses,
as well as displacements, or strains. The exact meaning should be clear from the context in which
the term is used.
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Fig. 2.2 Stress response to a
step strain applied 7; units of
time after the test clock is
started

e(t) = e,H(t — t1)

v

1 t

91 a(t) = M(t —t;)e,H(t — t;)

\4

Consequently, exactly the same response would be observed in the second
experiment as in the first, but with a time delay ¢, as indicated in Fig. 2.2.
Similarly to (a) and (b), the stress response could now be expressed, respec-

tively, as follows:

a(1)

:{M<

0, forxt<ty

t— tl)gm

()

for x T > T*

a(t) =M(t—t)H(t — t)e, (d)

It is an easy matter to extend these results to arbitrary load cases. As suggested
in Fig. 2.3, any piecewise continuous function of time may be approximated by a
series of step functions; with each subsequent step adding an incremental amount
to the previous step. Using (c), then, the response to the kth incremental step strain,
Ag,, which is taken to occur at time f,;, would be:

Fig. 2.3 Approximation of a
continuous function as a finite
series of incremental step
functions

AO’k(l‘) = M(l‘ — tk)ASk, t>1 (e)

v
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According to Boltzmann’s principle, the response to each incremental load is
independent of those due to the other incremental loads, and the response to the
complete load history, as idealized through the series of incremental step-loads,
equals the sum of the individual responses:

Zk : AO'k Z M(I — Z‘k)ASk, t>t (f)

Dividing and multiplying the right-hand side of (f) by the time interval,
Aty = t, — t,_1, between successive steps, and using the properties of the Heav-
iside step function, yields:

N

N
Ag
DAY Ao(t)=> Mt - tk)A—tZAtk; 1>1 (2)
k=1

k=1

Passing to the limit as N increases without bound and the size of successive
intervals is made vanishingly small:

Ag;
= 1 A = 1 M(t—1t —A 1>t h
a(t hm[l\lrgocz okt m Z ) us k (h)

l;\*)‘[

Since this process turns the discrete set #; into a continuous spectrum, we use
the letter t to denote it and arrive at® (see, for instance, [1]):

o(t) = / do(t) = / M(z—f)%s(f)m (i)

To allow the strain to have a step discontinuity at time ¢t = 0%, we add (a) and
(i) and write:

4 e(t)dr (2.1a)

a(t) = M(1)e(0") + / M(t—r1) -

0+

The term M(f) &(0*) may be taken inside the integral, using that &(07) =
because:

3 The notation x™ is used to signify a value of x that is just larger than x. Similarly, x~ means a
value of x just less than x.
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Hence, (2.1a) may be alternatively expressed as:

a(t) = / M(t—1) %e(r)dr (2.1b)
e

Had we chosen the applied action to be a stress instead of strain history, entirely
similar arguments would have led to the strain—stress forms:

t

e(t) = C(1)a(0%) + / C(t—r)%a(r)dr (2.22)
o+
&(r) = / C(tfr)j—ra(r)dr (2.2b)
J

Equations in (2.1a, b) and (2.2a, b) show that the response of a viscoelastic
substance at any point in time depends not only on the value of the action at that
instant, but also on the integrated effect, or complete history of all past actions. In
other words, the response at the present instant inherits the effects of all past
actions. For this reason, viscoelastic materials are also frequently called hereditary
materials; and viscoelasticity, hereditary elasticity.

Example 2.1 The (one-dimensional) viscoelastic response to a constant strain-rate
loading, ¢ (t) = Rz, may be expressed in the elastic form: o(f) = E 4(t)-¢ (1).
Derive an expression for E.4(f), the constant-rate effective modulus, for a visco-
elastic substance.

Solution:

Assume the relaxation modulus of the viscoelastic material to be M(f) and
compute its stress response with (2.1a), using that de (s)/ds = d(Rs)/ds = R, and
introducing the change of variables t — 7 = u, to arrive at:

a(t)=M1)e(0")+R | M(t—1)dt =R | M(u)du
Jreer

Multiplying and dividing this expression by ¢, recalling that &(r) = R - ¢, and re-
ordering:
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a(t) :Rt;/M(u)du = %/M(u)du &(t) = Eop(1)e(t)
0 0

With the obvious definition of the constant-rate effective modulus, E4:

Eg(r) = % / M(u)du (2.3)
0

This expression can be used to evaluate the stress response of a viscoelastic
material to constant strain-rate loading, by means of the elastic-like expression:
o(t) = E4(t) - & (D).

Had the roles of strain and stress been reversed, we would have employed (2.2a)
to derive the following definition of the constant-rate effective compliance:

Dy (1) = ;/ C(u)du (2.4)

As before, this can be used to determine the strain at any specified time, of a
viscoelastic material subjected to constant-rate stress, using the elastic-like form:

& (1) = Dyylt) - o ().

Example 2.2 Obtain the instantaneous response of a viscoelastic material with
relaxation modulus, M(%), to a general strain history &(7).

Solution:

We evaluate the stress response using expression (2.1a) at t = 0, to get:
o(t) =M(0)e(0") = M,e(0") (2.5)

In similar fashion, (2.1b) would yield the instantaneous strain response to an
arbitrary stress history o(t), as:

&(t) = C(0)a(0") = C,a(0™) (2.6)

This example indicates that the instantaneous, impact, or glassy response of a
non-aging viscoelastic material is elastic, with operating properties equal to its
glassy modulus, or its glassy compliance, depending on whether strain or stress,
respectively, is the controlled variable.

Example 2.3 Obtain the equilibrium response of a viscoelastic substance with
relaxation modulus, M(%), to a general strain history &(7).
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Solution:
We evaluate the stress response using expression (2.1a) as t — oo:

t

d
o(oo):tlim M(l—‘[) d‘c_thm /Mt—r dr+/Mt—r *d

0-

Noting that &(f) = 0, t < O:

a(o0) = M(00)e(0") + M (o) lim d—idr
0t

Or, after canceling like terms, since the integral evaluates to: ¢(c0) — ¢(0), and
M(0) is the equilibrium modulus M,:

(00) = M,e(c0) (2.7)

By the same procedure, starting with (2.2a), it is found that the long-term strain
response to an arbitrary stress history, o(t), is given as:

¢(o0) = Coa(0) (2.8)

This example indicates that the long-term response of a non-aging viscoelastic
material is elastic, with operating properties equal to either its long-term or
equilibrium modulus, or its long-term or equilibrium compliance, depending on
whether strain or stress is the controlled variable.

2.3 Principle of Fading Memory

Loosely speaking, we say that a material has fading memory if the influence of an
action on its response becomes less important as time goes by. Accordingly, the
mathematical implications of the fading memory hypothesis—often called prin-
ciple—can be established by loading and unloading a viscoelastic system, and
monitoring its response after the load is removed. Before establishing the conse-
quences of the principle of fading memory on a rigorous basis, we develop them by
examining the response of a viscoelastic material to the relaxation and creep
experiments; with which we are already familiar. The results of these experiments
are the relaxation modulus and the creep compliance. As discussed in Chap. 1, the
general shapes of these functions are as shown in Fig. 2.4.



2.3 Principle of Fading Memory 31

Fig. 2.4 Functional forms of
the stress relaxation modulus
and creep compliance of a
viscoelastic material used to
explain the fading memory
hypothesis

M(1) C(1)
Relaxation modulus Creep Compliance

v
v

The functional forms shown in the figure indicate that the fading memory
hypothesis should require that the relaxation modulus be a monotonically
decreasing function of time, with monotonically decreasing slope. In similar
fashion, the creep compliance should be a monotonically increasing function of
time, with monotonically decreasing slope. We now proceed with the rigorous
proofs of these statements. To do that, we will take the applied action to be a step
strain of magnitude ¢,, applied to a one-dimensional viscoelastic system starting at
time ¢ = 0 and ending at time ¢t = ' e(t) = ¢,[H(t) — H(t — t*)].

Expression (2.1a) will be used to establish the corresponding response. Before
we proceed, we put (2.1a) in a form more suitable to our purposes, integrating it by
parts and writing the resulting derivative of the modulus in terms of the time
difference, ¢t — 7; thus:

o(r) = M(0)e(t) + / %e(r)dr (2.9)
0

Inserting the step-strain load into this expression leads to the response after the
load is removed (¢t > t*):

a(t) = M(0)e,[H(r) — H(t — )] + /% [H(t) —H(t — 1")]e,dt; t>1"
0

()

By the definition of the Heaviside unit step function, the term inside the first set

of brackets is zero. The other term in the expression may be evaluated using the
mean-value theorem of integral calculus® [c.f. Appendix Al:

OM (1 — Ar*)

a(t)=1"- {W}[H(M‘) —H(AM" —1")]e,; t>1"5 0<i<l (k)

)

* The mean value theorem of integral calculus states that f: fx)dx = (b —a)fla+ 2
(b—a); O0<A<l.
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Since /1" < ", the second Heaviside step function inside the brackets vanishes, so
that:

oty =r1"- {ag/ét(t__);f;)} €03

*

t>1; 0<i<l )

For the influence of an action removed at r = ¢ to eventually disappear, so that
o — 0, it is necessary that:

tlirg@{%} =0; Vi'<oo; 0<ix<l (m)
Or, equivalently:
l]lm{ M)} =0 (2.10)

Otherwise, the material would retain permanent memory of the effect of the
applied load, and the process would induce irreversible changes.

As may be seen from (2.9), the derivative, OM(s)/0s, of the relaxation function
with respect to its argument acts as a weighting factor on the applied action, ¢. For
the effect of the action to be less and less pronounced with the passage of time, it is
necessary that the weighting factor be a monotonically decreasing function of its

argument. That is,
0
t < |—M(t
)| <fgmo|

Also, as experimental evidence shows [c.f. Chap. 1]:

;o h>1n (211)

M), <IM(D)|, 5 ©>n (2.12)

t |t1 5

In similar fashion, repeating the previous arguments with a step stress applied at
t =0 and removed at r = ", leads to the following requirements for the creep
compliance function:

hm{ C(t)} =0 (2.13)

1—00

0 d
—C(n| < |=C(¢
=1 at

ICO)|=, =2 IC(D)]—; 2> 1 (2.15)

;o h>1h (214)
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Geometrically, then, the fading memory hypothesis simply requires that the
relaxation modulus and creep compliance be monotonically decreasing and
increasing functions of their arguments, respectively, and also that the absolute
values of their slopes decrease monotonically. In addition, as indicated in Chap. 1,
experimental observations indicate that:

e The relaxation modulus decreases with observation time and is bounded by the
glassy modulus for fast processes and by the equilibrium modulus for very slow
processes.

e The creep compliance increases with observation time and is bounded by the
glassy and equilibrium compliances for very fast and slow processes,
respectively.

The fading memory principle embodied in (2.10)—(2.15), together with the
experimental observations, requires that the general forms of the relaxation and
creep compliance functions be as shown in Fig. 2.4.

Example 2.4 As an application of the fading memory principle, we evaluate the
stress responses of a viscoelastic material to two arbitrary loading programs,
¢,(¢) and &5(f), which reach the same constant value, ¢, at time ¢ and remain at that
level from that point on, as indicated in Fig. 2.5.

Solution:

Use (2.1a) to evaluate the response as t — oo, splitting the integration interval
from 0% to t*, and ¢ to co; and note that the derivatives of the strain histories
¢,(t) and ¢,(¢) vanish after = ¢ to write:

r

o1(00) = M(0)er (07) + llim M(t—1) ?dr = M(c0)e*
—00 T
&
t* d
62(00) = M(0)er(0%) + llim M(t—1) %dr = M(c0)e*
—00 T
k4

Fig. 2.5 Example 2.4: Two A
arbitrary loading histories
which become identical and

e e(1)
constant after a finite time

£)(1)
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Since the integrals evaluate to M(oo)[s,(t*) — &,(0M] and M(oo)[sz(t*) —
£2(0M)], and also, &,(t") = ex(t") = &, it follows that: a|(c0) = 65(c0) = M(c0) -
¢". Or, using the alternate notations for the long-term or equilibrium modulus
M(0) = M, = M,:

g(00) = Mye" = M,¢" (2.16)

Proceeding in an entirely similar fashion, but using (2.2a), one would find that
the long-term, equilibrium strain response to an arbitrary stress history, a(¢) would
be given by:

g(0) = Cooo™ = Co0* (2.17)

These expressions clearly show that a viscoelastic material would “remember”
only that the loading got to ¢ —or ¢, for that matter—but not how it got there.
That is, after sufficiently long, a viscoelastic material will have effectively for-
gotten the details of the loading history; in agreement with the principle of fading
memory.

24  Closed-Cycle Condition

This section examines the mathematical consequences of the physical expectation
stated in Chap. 1, that the response of a linear viscoelastic material to harmonic
loading ought to be harmonic, of the same frequency as the excitation, but out of
phase with it. This so-called closed-cycle condition, that: “the steady-state
response to harmonic loading also be harmonic,” is satisfied by materials that do
not age. That is, by materials whose property functions depend only on one
timescale: the time measured from when the load was first applied, irrespective of
the time elapsed since their manufacturing.

As will be shown in what follows, the closed-cycle condition requires that the
kernels of the constitutive integrals, M and C, depend only on the difference of
their arguments, and also, that all transients die out. In other words, the closed-
cycle condition requires that M(z, ©) = M(t — 1), and C(t, 7) = C(r — 1), as has
been assumed without proof in our derivations, so far. A physical proof of this
implication of the closed-cycle condition can be constructed rewriting (2.1a), say,
using M(¢, 1), in place of M(¢ — 1), in order to remove the assumption made so far
in our derivations that the kernel of the constitutive equation depends only on the
difference of its arguments:

o(t) = M(0)e(t) — / %{M(t, ) }e(c)de (a)
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The first term in this expression is simply the instantaneous value of the stress
response. The second term, the hereditary component, is calculated as follows. In
the time interval between t and © + dt of the past, the strain was &(t). Since the
material is assumed to be linear, its memory of this past action should be
proportional to the product ¢(t) and the duration of the action; that is: &(t) dr;
producing the stress: £M(z, ) - ¢(t)dt. If the material does not age, its properties
must be independent of the time when the experiment starts. For this to be the case,
the kernel M (z, t) can only be a function of the difference t — 7. Clearly, the same
is true of the creep compliance. In particular, and for this reason, such kernels are
called difference kernels.

Proceeding now with the mathematical proof, we evaluate the stress response to
a periodic strain of period p : &(f 4+ p) = &(¢), using (a):

t+p

a(t+p) =M(0)e(t + p) — / %M(t +p,1)e(t)dt (b)

[=)

Next, introduce the change of variable T = t’ 4 p and use the stated periodicity of
the applied strain, p : &(r + p) = &(t), to write:

t

a / / !/
6I’M(t +p, 7 +ple(t)dr

-P

ot +p) = M(0)e(r)

Splitting the interval of integration from —p to 0, and from O to #; and afterward
replacing the new variable of integration, " with the original symbol 7, for sim-
plicity, get:

0 ’
o(t+p) =M(0)e(t) — /gM(th,rer)e(r)dr—/%M(ter,rer)e(r)dr
2 0

(c)

M(t,7)e(t)dr, to cast (c) in the form:

Rl

Now, use that: o(t) = M(0)e(t) — j
0
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It then follows that, for the response to be periodic, that is, for a(t + p) = a(¢):
t

/[%M(t,f)_%M(t+p7t+P) e(t)de=0; V(1) ©)
0

Together with:

0
/ %M(t+p,r+p)s(r)d‘c =0 (f)

-r
Condition (e) implies that:

M(t,t) —M(t+p,t+p)=0 (2)
Differentiating this expression with respect to p, and setting p = 0, afterward,

leads to>:

0 0
—— M(t+p,t+ —— M(t+pt+ =0 h
MU TPTER)| SR pyMetrTtR)| (®)

The general solution of this equation is an arbitrary function of r — 7, as is easily
verified by direct substitution. Consequently:

M(t,7t) =M(t — 1) (2.18)

According to the fading memory principle, condition (e) is met for arbitrary
excitations only in the limit as t — oo, if the kernel |0M/0t | of the integral is
bounded, as indicated by relation (2.10). This means, additionally, that the lower
limit in the integral in (b) must be taken as —oo; and that the approximation:

t t
0 0
/§M(t+p,r+p)s(r)dr% / aM(ter,rer)s(r)dr (2.19)
0

—00

holds only for sufficiently long times. Otherwise, the response to a periodic
excitation, even of a non-aging material, will be non-periodic.

. o d
5 Here, use is made of the total derivative: %f(x, y) =Lf(x,y) Z—; + %f(x,y) i
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Fig. 2.6 Side-by-side M (1) or C(t)
comparison of relaxation
modulus and creep
compliance

A

<« C(

<« M)

Summarizing: for the response of a viscoelastic material to a cyclic excitation
to also be periodic, its material property functions must depend on the difference
between current time and loading time.® That is, the closed-cycle condition (that
the response to periodic excitation be periodic) can only be satisfied by non-aging
materials.

2.5 Relationship Between Modulus and Compliance

Expressions (2.1a, b) and (2.2a, b) relate stresses to strains, through the corre-
sponding relaxation modulus and creep compliance. This suggests that the two
expressions may be combined in some form to obtain the relationship between the
two property functions. Before we go into the mathematical details of this, we use
what we have learned already about these two material functions and compare
their forms side-by-side in Fig. 2.6.

As suggested by the figure, it is reasonable to expect that the values of C and
M att = 0, as well as at sufficiently long times, might be reciprocals of each other.
Although one could argue that C (¢) - M(f) ~ 1 elsewhere, the figure shows that, in
general, the creep compliance and the relaxation modulus are not reciprocals of
each other. As will be shown subsequently, the values of the relaxation modulus
and its creep compliance, for the extreme cases of glassy and equilibrium response
are indeed reciprocals of each other, as they would be for elastic solids. However,
unlike for elastic materials, the relaxation modulus is not the reciprocal of the
creep compliance.

A relationship between relaxation modulus and creep compliance may be
derived using (2.1b) to evaluate the stress response to a step-strain history &(t) = ¢,
H(1), together with the fact that dH(1)/dt = 6(¢) [c.f. Appendix Al]; thus:

o(t) = / M(t — ©)e,5(c)de = M(1)e, (a)
J

S Material property functions which depend on the difference between current and loading time
are known as “difference” kernels.
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Putting this result into (2.2b), taking ¢, outside the integral, and using that &(t) = ¢,
H(1):

t

(1) = / C(I—I)%M(T)df b0 = £oH (1) (b)
J

Canceling out ¢, produces the first form of the relationship between a relaxation
modulus and its corresponding creep compliance:

t

/ Ct — r)%M(r)dT = H(r) (2.20)

0-

Proceeding in the reverse order, applying a step stress () = o, H(t), and then
calculating the corresponding strain response, the result would be:

/ M(t— r)dd—_CC(‘c)dr =H(r) (2.21)
&

As stated earlier, (2.20) and (2.21) show that, in general, the relaxation modulus
and creep compliance are not reciprocals of each other. Additional, practical
information can be gained by examining the behavior of these expressions as time
approaches 0 and oo; as well as by invoking the consequences of the fading
memory principle.

Before proceeding, we note that the integrals in (2.20) and (2.21) correspond to
a special class of integrals known as Stieltjes convolutions. Convolution integrals
are presented in the next section in the context of viscoelasticity and are fully
discussed in Appendix A. As shown in the Appendix, by the commutative property
of convolution integrals, Eqs. (2.20) and (2.21) are mathematically equivalent and
either one could have been derived from the other.

2.5.1 Elastic Relationships

The relationships between a relaxation modulus and its creep compliance, corre-
sponding to short and long term are obtained by taking the limit of either (2.20) or
(2.21), as t —» 0" and t — oo, respectively. To do that, (2.20) is rewritten by
splitting its integration interval into two intervals going from 0~ to 0%, and 0* to #:

(s t
/ C(t—r)%M(r)quL / C(t—f)%M(r)dr:H(t) (c)

0- 0+
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The relationship between the short-term property functions is developed by
letting t — 0; noting that the first integral evaluates to M(0*)C(0*) and that the
second integral vanishes. Proceeding thus, and using the notation M(0") = M,, and
C(0") = C,, to denote glassy quantities, leads to:

M, = 1/Cg (2.22)

In similar fashion, taking the limit of either (2.20) or (2.21) as t — co, and using
the notation M(o0) = M., and C(0) = C,, to denote equilibrium properties:

M. = e, (2.23)

It is left as an exercise for the reader to derive (2.23).

The last two expressions show that, as pointed out at the beginning of the
section, in the extreme cases of short-term (or glassy) and long-term (or equilib-
rium) response, a relaxation function and its compliance counterpart are indeed
reciprocals of each other, just as for elastic materials.

The monotonic nature of the modulus and compliance functions, stated in
(2.12) and (2.15), can be used to establish a relationship between them which also
shows that modulus and compliance are not, in general, simple inverses of each
other [2].

Indeed, using (2.21), say, with the facts that M(r) is a monotonically decreasing
function of its argument, so that M(t — 1) > M(¢), for all 7> 0; and
M(t) = C(t) = 0, for t < 0, there results:

Ho) = [ MG-05 c@azm) [ Scw-mocw @
0~ 0~
That is:
M(C() <1 (2.04)

Which, as stated before, shows that in general: M(r) # 1/C(¢).

2,5.2 Convolution Integral Relationships

The mathematical relationships listed in (2.20) and (2.21) are known as Stieltjes
convolution integrals [c.f. Appendix A]. Formally, the Stieltjes integral of two
functions, ¢ and , is defined as [3]:
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t

ot -0 v b= [ olt— 05 u0d = prdp ©

—00

In which ¢(¢) is assumed continuous in [0,00); Y/(¢), vanishes at —co; and the form
on the far right is used when the argument, ¢, is understood.

In line with the mathematical structure of relaxation and compliance functions,
the further assumption is made that ¢ and y vanish for all negative arguments,
which allows splitting the interval of integration from —oco to 0™, and from 0™ to ¢,
to write, more simply:

1

ol =0 s ap() = [ ot =) T (0
/
Alternatively, integrating by parts:
ol =) xdp(0) = () + [ ot-nSuind (@)

0t
As shown in Appendix A, under the stated restrictions on the functions

involved, the convolution integral is commutative, associative and distributive.
Thus, for any three well-behaved functions, f, g, and A:

frg=gxf
fx(gxh)=(xg)xh=f*xhxh (h)
Fr(g+h) =feg+fh
Based on their definition, the convolution integral allows writing viscoelastic

constitutive equations in elastic-like fashion. Corresponding to (2.1a, b) or (2.2a, b),
for instance, we write:

a(t) = M(t — 1) x de(t) = M = de (2.25)
¢(t) = C(t—1) xdo(t) = Cx*da (2.26)

Additionally, corresponding to (2.20) and (2.21), above:
C(t—1)+dM(t) = C*dM = H(r) (2.27)

M(t—1)xdC(r) =M % dC = H(1) (2.28)
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These expressions clearly show that the relaxation modulus and creep compliance
are, in general, not mere inverses, but convolution inverses of each other. In
addition, the viscoelastic relations in (2.25) and (2.26) look exactly like elastic
constitutive equations, if the operation of multiplication is replaced by that of
convolution. Using this fact, it is straightforward to write down the viscoelastic
constitutive counterparts of any given elastic constitutive equations. This is done
by simply replacing the elastic property of interest (modulus or compliance) with
the corresponding viscoelastic property, and ordinary multiplication with the
convolution operation between the material property function and the applied
action (strain or stress).

Example 2.5 Write the viscoelastic version of the three-dimensional constitutive
equations of a linear isotropic elastic solid which has its stress—strain equations split
into a spherical and a deviatoric part as follows’: g = 3Kes;  opij = 2Gepyj;
ihj=1,3

Solution:

Although three-dimensional constitutive equations will be discussed at length in
Chap. 8, this exercise is meant to get the reader comfortable with writing the vis-
coelastic counterparts of elastic constitutive equations. So, whatever the meaning of
the symbols involved, replace the elastic products with convolutions to write
the results directly: ag(f) = 3K(r — 1) * des(1);  op;j(t) = 2G(t — 1) * dep;;(7);
i,j=1,3.

2.5.3 Laplace-Transformed Relationships

Since linear viscoelastic constitutive equations correspond to convolution inte-
grals, one may apply the Laplace transform to convert them into algebraic equa-
tions. As explained in Appendix A, any piecewise continuous function, f{(t), of
exponential order—that is, bounded by a finite exponential function—has a
Laplace transform, f(s), defined as:

LIf(1)} =F(s) = / (1)t (i)
0

7 The 3 x 3 stress and strain matrices—indeed any square matrix of any order—may be split into
a spherical and a deviatoric part. The spherical part is a diagonal matrix with each of its three
non-zero entries equal to the average of the diagonal elements of the original matrix. Therefore,
any one of its non-zero entries may be used to represent it. The deviatoric part of the matrix is, by
definition, the matrix that is left over from such decomposition. This decomposition is discussed
fully in Appendix B.
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Some properties of the Laplace transform are presented in Appendix A. We list
the following two and use them to transform convolution integrals in the time
domain, ¢, into algebraic expressions in the transform variable, s.

d _
Transform of first derivative: L{E 1} =sf(s) —f(0) G)

Transform of the convolution: L{f x g} = f(s)g(s) (k)

Indeed, applying these expressions to the convolution forms (2.25) and (2.26),
respectively, results in the following algebraic form of the constitutive equations:

a(s) = sM(s)&(s) (2.29)
g(s) = sC(s)a(s) (2.30)

The same results would have been obtained if the Laplace transform had been
applied to the original stress—strain and strain—stress equations, (2.1a, b) and
(2.2a, b). For example, if the Laplace transform is applied to both sides of (2.1a),
the relationship in (2.29) would be obtained, after collecting terms as follows:

(s) = M(s)e(0") + M(s) - [se(s) — &(07)] = sM(s) - &(s) (1)

The advantage of taking the Laplace transform of viscoelastic constitutive equa-
tions is that the transformed expressions involve only products of the transform of
the material property function of interest (modulus or compliance) and the Laplace
transform of the input function—strain or stress, just like elastic constitutive
equations do. In other words, the Laplace transform converts a viscoelastic con-
stitutive equation into an elastic-like expression between transformed variables.
Conversely, if each material property in an elastic constitutive relation is replaced
by its Carson® transform and each input variable in it is replaced by its Laplace
transform, the resulting expression must stand for the Laplace transform of the
corresponding viscoelastic constitutive equation. Thus, as in the case of the con-
volution notation, this equivalence between elastic constitutive relations and the
Laplace transform of viscoelastic equations allows one to write down the trans-
formed viscoelastic constitutive equations directly from the elastic ones. This
equivalence forms the basis of a so-called elastic—viscoelastic correspondence
principle, which is presented in Chap. 9.

Example 2.6 Use the elastic—viscoelastic correspondence to write down the vis-
coelastic version of the three-dimensional constitutive equations of the linear
isotropic elastic solid of Example 2.5.

8 The s-multiplied Laplace transform of a function is simply called the Carson transform of the
function.



2.5 Relationship Between Modulus and Compliance 43

Solution:

Using the elastic—viscoelastic correspondence, write the Laplace transform of
the elastic expressions as: o5 = 3sK&s; oD = ZSGED,-j; i, j=1, 3. The vis-
coelastic constitutive equations are obtained taking the inverse Laplace transform
of the forms given. Thus, o5 = 3K * deg; oDy =2G xdeDy; i, j=1, 3.

The relationship between the relaxation modulus, M, and the creep compliance,
C, in the transformed plane, can be obtained either by applying the Laplace
transform to (2.27) or (2.28), or by combining the algebraic expressions (2.29) and
(2.30). In either case, there results:

M(s)C(s) = — (2.31)

Example 2.7 The relaxation modulus of a viscoelastic solid is given by M(r) =
M, + Mye~*. Use expression (2.31) and Laplace transform inversion to obtain its
creep compliance, assuming the latter is a function of the form:
C(t)=C, — Cie .

Solution:

According to (2.31), the creep compliance function would be given by the
inverse Laplace transform of the function 1/s*M(s). Hence, we first evaluate this
function, then invert it, and equate it to the Laplace transform C(s) = C,/s —
C/(s + f), of the desired creep compliance. Proceeding thus, using the table of

transforms included in Appendix A, and simplifying, there results: s>M(s) =

s+o
S[MEOC + (Me + Ml)S]
explained in Appendix A; using the notation M, + M, = M,, simplifying and
C
(s+5)

. Equating coefficients of the corresponding powers of

. Expanding this rational function into its partial fractions, as

equating the result to the Laplace transform of C(¢), there results: CT —

/M, (M,—M,)/M.M,
s (s +aM,/M,)
s yields: C, = 1/M,, C; = (M, — M)I(MM,), p = M, o/M,.
More general methods of approximate and exact inversion of material property
functions given as sums of exponential functions are presented in Chap. 7.

2.6 Alternate Integral Forms

Depending on preference, and the application at hand, the integral constitutive
equations for viscoelastic substances may be written in several different ways. The
mathematical operations that are used to transform one constitutive form into
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another—most typically, integration by parts—require that the material property
functions involved, and their time derivatives, be bounded. On occasion, the
transformations also assume that the material property functions vanish identically
for all negative time.

For ease of reference, we list Boltzmann’s equation (2.1b), where it was noted
that ¢ (r) = 0, for t < 0, allowed us to write [4]:

t de
o(t)= | M(t—1)—dz (2.32a)
0/ dt

On the physical expectation that M(f) be bounded for all values of time, and
requiring that ¢ (r) — 0, as t - —o0, which is satisfied, since both ¢ (#) — 0, and
de/dt = 0, for t < 0, one may extend the lower limit of integration to —oo0, in
(2.32a), without altering its value. Thus,

o(t) = / Mt - f)gdf (2.33a)

Another useful form is obtained integrating (2.32a) by parts and simplifying:
f o
a(t) = M(0)e(t) — /a—M(t —1)¢(t)dT (2.34a)
T
0

Using the notation M (0) = M

o> and introducing the normalized function
m(t) = M(t)/M,:

t

o(t) = M,< &(r) — /%m(t —1)e(n)dr (2.35a)
0

Using the notation ¢, (1) = M, - ¢ (1), and taking M, inside the integral, produces
the form:

a(t) = ag(t) — /%m(r —1)0,(1)d (2.36)
0

An important application of this is in the derivation of constitutive equations for
materials that are termed hyper-viscoelastic. Equations for hyper-viscoelastic
materials are derived from those of hyper-elastic materials. A material is termed
hyper-elastic, if there exists a potential function of the strains, say, W, such that
each individual stress component in such a material may be computed as the
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derivative of W with respect to the corresponding strain [5]. Since both the glassy
or short-term and the equilibrium or long-term responses of a viscoelastic solid are
elastic, either can be used to define the potential function. We proceed by using the
glassy response; thus

1) = 50 Wie(0) (2.37)

&(1)
The stress—strain law in (2.36) would then take the equivalent form:

a(t) = %Wg(s(t)) — /Otgm(t — T)%Wg(s(r))dr (2.38)

Another form, which allows a generalization to non-linear viscoelasticity, is
derived by introducing the strain relative to the configuration at time 7 :
&rel(t, T) = &(t) — &(7). Using that &,(z,0) = &(z) in (2.35a) yields:

t

o(t) = My{ er(t) + / %m(i — 1) (T)dT (2.39)
0

Constitutive Egs. (2.34a, b), (2.35a, b), (2.36) and (2.39) are also frequently
written in terms of integral operators, using convolution integral notation, but the
exact form of the kernel (i.e., the derivative of the relaxation function) is not
disclosed. With the obvious definitions, those equations would read:

o(1) = M{e(t) — T(t — ) * o(s)} (2.400)
o(1) = Me{1 — Tt —s)#)e(1) (2.400)
o(1) = ay(t) ~ Tt = ) * 0,(s) (241)
o(t) = {1 ~ Tt s)+}a (1) (2.41b)

6(1) = Mytya(t, 0) + M (t = ) % 8ra(t, 5) (242)

Example 2.8 Use (2.37) and (2.38) to develop the stress—strain law for a hyper-
viscoelastic material having normalized relaxation function,m = a + (1 — a)ef’/ n
if it is known that its glassy response can be established from the potential function
of the strains W, = VAEE(1).

Solution:

The hyper-viscoelastic form is derived by putting the given functions into
(2.37) and (2.38) directly. Evaluating (2.37) first: a,(r) = 2 W,(e(t)) = E - &(2).
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t
Taking this result and m into (2.38) and re-arranging: o(f) = E - &(t) — [ [Z{E[a+
0

(1 —a)]e”=9/1} . ¢(1)]dx.

Comparing this with (2.34a) shows that hyper-viscoelastic material in question
is linearly viscoelastic with relaxation modulus: M(f) = Ela + (1 — a)e /).

We end this section by presenting some of the constitutive equations in strain—
stress form which are the exact counterparts of the foregoing expressions. These
strain—stress forms are derived by reversing the roles of stress and strain in the
arguments that led to the previous forms. For instance, the strain—stress equations
analogous to (2.32a)—(2.35a) are:

1

do
et)= [ C(t—n1)—dr (2.32b)
0/ dt
(1) = / Cli— ‘C)j—:d‘r (2.33b)
e(r) = C(0)e(t) — /%C(t —1)a(t)dt (2.34b)
0
(1) = C,d olt) - / %c(t _ (1) (2.35b)
0

2.7 Work and Energy

Under the action of external agents, be these loads or displacements, a deformable
body will change its configuration and, if not properly restrained, undergo large-
scale motion. At any rate, as the points of application of the external agents move,
work—defined as the product of force and displacement—is performed on the
body. To develop an expression for the work performed on a body by the external
agents, we use a uniaxial specimen of constant cross-sectional area, A, initial
length, /, and volume, V, that is loaded at its ends by either a displacement u or a
force F. With this, the rate of work of the external forces—that is, force times
displacement rate—can then be expressed as:

aw du
=F

——=F— 2.4
dt dt (2:43)
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Multiplying and dividing by the specimen’s volume V = A-[, and using that the
strain is given ¢ = u/l, we cast the previous expression in the form:

dW _ du F d(u/l) de

The total work performed during a time interval (0, f) is given by the integral:

t t

aw d
Wl = /Eds = /F(s)d—:ds (2.45)
0 0

Combining (2.44) and (2.45) and dividing the result by the specimen’s volume, V,
produces the work per unit volume, Wy, that is input into the system:

Wyli= (1/V) W)= / a(s)dz—(ss)ds (2.46)

0

In practical applications, we insert an appropriate form or another of the consti-
tutive equation, such as (2.1b) and write (2.46) as:

t s
de(t) | de(s)
s=0 1=0

Suitable functions (bounded and piecewise continuous) allow interchanging the
order of integration. Before doing this, we note that the relaxation modulus, M(?),
is defined only for positive values of time. One can continue it to negative values
of its argument in an arbitrary manner. In particular, it is sometimes convenient to
assume M(7) either as an even or an odd function of time, that is,

M(t) = M(—1) (2.48)
Fig. 2.7 Region of s A
integration used for change of
variables in work expression 2 3
s =1
T=s
4
! >
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M(t) = —M(-1) (2.49)

Here, we take M to be an even function of time. With this, the integral in (2.47) in
the 7-s plane is taken over the area of a right triangle with base of length ¢, whose
hypotenuse is the ray T = s, as indicated in Fig. 2.7.

Using (2.48) and noting that the square 1234 in the figure is made up of two
triangles of equal area, and that on account of (2.48), the value of M is the same on
points that are symmetrically located about the diagonal of the square, there
results:

t

WVK):% / / M(s — r)d(;—(ss)ds d;—(:)d'c (2.50)
s=0

=0

The expressions derived here apply equally to any other one-dimensional pair
or work-conjugate quantities, such as shearing force and deflection, torque and
twist angle, or bending moment and rotation.

2.8 Problems

P.2.1 Determine the constant-rate effective modulus, E.(¢), of a one-dimensional
solid made of a viscoelastic material whose relaxation modulus is:
M(t) = E, + Eje™'/7.

E, _
A D Ep(t) =E,+——[1 — e/
nswer : Ez(1) /o) [ e }

Hint: Use M(¢) with the defining expression derived in Example 2.1 and carry out
the indicated integration.

P.2.2 Use convolution notation to derive the relationship between relaxation
modulus and creep compliance.

Answer : M(t — 1) % dC(t) = H(1)

Hint: Combine (2.25) and (2.26) to get a(r) = M(t — 1) * de(t) = M(t — 1) *
d{C(t —s) xda(s)}; then, use that: ¢(t) = g,H(t) and thus do(t) = 6,0(¢) to
evaluate the convolution integral inside the braces, and obtain: o, = M(t — 1) *
dC(t)a,, from which the desired result follows.

P.2.3 As presented in Chap. 7, a popular analytical form used to represent relaxation
functions consists of a finite sum of decaying exponentials, which in the literature is
usually referred to as a Dirichlet—Prony series or, more simply, Prony series:
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N
M(t) =M, + M,'eft/r"; M,>0;, and: M;, 1;>0,Vi

i=1

In this expression, M, represents the equilibrium modulus, which is zero for a
viscoelastic liquid [c.f. Chap. 1]. Also, although the 7;’s represent relaxation times
of the material and are thus material properties, in practice, they, as well as M, and
the coefficients M;, are all established by fitting the Prony series to experimental
data. Prove that such forms satisfy the requirements of fading memory.

Hint:

(a) Evaluate the derivative of the series as t — oo to show it satisfies (2.10).

0 M; _,
. =~ T _ o —t)u
thm{atM(t)} = lhmoc{ g . e } =0

1

(b) Compare the values of the function at 7, > #;, to prove that the Prony series is
a monotonically decreasing function, in accordance with (2.12).

N N
M) =3 M /"< 3 M™% = M(n); ¥ 1o>n
1 1

(c) Evaluate the derivative of the series at f, > t; and prove that the absolute value
of its derivative is also monotonically decreasing, satisfying (2.11).

—Lehlul < s Vhh>n

1=

N

M |10

— —e | = |—M(t
Z‘C,‘e ‘at ()

‘ NMi
1

P.2.4 As discussed in Chap. 7, the power-law form: M(t) = M, + M,(1 +%)7" is
also used to represent the relaxation function of viscoelastic solids. Show that this
form satisfies the requirements of fading memory. In this expression, M,, M,, & and
p, are all positive.

Hint:
(a) Proceed as in P.2.3 and evaluate the derivative of the given power-law form as
t — oo to show it satisfies (2.10).

1im{9M(z)}z lim —”M’;l =0
t—o0 | Of 100 o (1+t/oc)( +p)
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(b) Compare the values of the given function at #, > ¢;, to prove that this power-
law form is a monotonically decreasing function, in accordance with (2.12).

I, _ 1, _
M(12) = Me + M,(1+ )7 Mo+ M(1+ )75 12>

(c) Evaluate the derivative of the function at 7, > f; and prove that the absolute
value of its derivative is also monotonically decreasing, satisfying (2.11).

0 pM, D\ —(14p) pM, 1\ —(1+4p) 0

M) =[22SR 0 = )|

I e e M0
h>n

P.2.5 Compute the steady-state response of the one-dimensional solid of P.2.1 if it
is subjected to the cyclic strain history &(f) = g,cos(wr).

Ey(wr)’ E
I(L‘C)z &, cos(wt) — Miwrzeocos(wt)
1+ (w1)

Answer : o(t) = |E. +
1+ (w1

Hint: Take the strain history into (2.1b); use integration-by-parts twice; simplify,

and discard the transient term: Elsoﬁe"/ ¥ to obtain the desired result.

P.2.6 Repeat problem P.2.5 if the cyclic strain history is &(f) = g, sin(wr).

Ei (w1
1+ (w1)

Ei(o1)?

= (wr)Z] &, sin(wr) + gocos(wr)

Answer : ¢(t) = |E. +

2

Fig. 2.8 Problem 2.7
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Hint: Take the strain history into (2.1b); use integration-by-parts twice; simplify,

Ji‘(‘”))z e~"/" to obtain the desired result.

P.2.7 A uniaxial bar of a viscoelastic solid with relaxation modulus M(t) is sub-
jected to a constant-rate load—unload strain history, as shown in Fig. 2.8. Prove
that a non-zero stress will exist in the bar at the time when the strain reaches zero
at the end of the load-unload cycle.

and discard the transient term E;¢, 1

Hint:
Rt, t<t* o .
Using that &(t) = {Rt* FR(—r), 131 evaluate (2.1b) at r = 2¢ . Split
the integration interval into two parts: from 0 to ¢ and ¢ to Zt* and introduce a
change of variables to arrive at the result: o(21) = —R [} E(s)ds + R f s)ds.

Proceed as in Example 2.1 and multlply and d1v1de this expressmn by ¢ to cast the
result into the form: a(2*) [ fo s)ds + & L[> E ] The quantities

inside the brackets are the average values of the relaxatlon function in the
respective intervals of integration. Because the relaxation modulus is a mono-
tonically decreasing function of time, the first integral inside the brackets is
numerically larger than the second. This proves that, while &(2¢*) is zero, o(2t*) is
negative.

P.2.8 In Chap. 1, it was pointed out that in an elastic solid the stress corresponding
to a given strain will always be the same, irrespective of the time it takes to apply
the strain, and that contrary to this, the stress in a viscoelastic material will depend
on the rate of straining, and hence, on the time it takes the strain to reach a
specified value. Considering two constant strain-rate histories, ¢;(f) = R;-¢ and
&(f) = R,-t, derive an expression for the duration, f,, at which a viscoelastic
material subjected to a strain history &(f) = R,-t would develop the same stress
response as it would after #; units of time under the strain history ¢;(f) = R;t.

Eqr(11)Ry

Answer : t, =
E.5(12)R>

1

Hint: Proceeding as in Example 2.1, evaluate (2.1b) for each constant strain-rate
load and arrive at o(t;) = E.g(t1)Rit; and 6(t2) = Ep(f2)Rat2; where the average
or effective modulus, E.(f), is given by (2.3). The result follows from these
relations.

P.2.9 The work per unit volume, Wy (#), performed by external agents acting for
¢ units of time on a uniaxial bar of a viscoelastic material is given by: Wy (f) =
fo . Evaluate the work per unit volume, done in a complete cycle, on a

bar of a v1scoelast1c materials with relaxation modulus M(z), if the applied exci-
tation is &(t) = g, sin(wt).
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Answer : Wy = mo,¢,8in0

Hint: Using that the response to a periodic excitation will be periodic and of the
same frequency as the excitation, but out of phase with it, let  be the phase angle,
and take the response to be a(f) = g,sin(wt + 0). Insert the stress and strain into
the expression for the work per unit volume, and write: Wy = j;ﬂrp 09 sin
(ws + 0)e, cos(ws)ds; where p = 2m/w is the period. Now use trigonometric
identities to expand the circular function sin(ws+ 0) = sin(ws)cos(d) +
cos(ws) sin(d), perform the integration, using the periodicity of the circular
functions, and simplify to arrive at the result. As will be explained in Chap. 4, the
phase angle, J, is a characteristic of the material’s relaxation modulus.
P.2.10 Repeat Problem P2.9 using the periodic strain history &(f) = g,cos(wt).
Answer: The result is the same as for a sine function history: Wy = no,é&,sind
Hint: Proceed as in Problem 2.9.
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Constitutive Equations in Differential
Operator Form

Abstract

The mechanical response of a viscoelastic material to external loads combines
the characteristics of elastic and viscous behavior. On the other hand, as we
know from experience, springs and dashpots are mechanical devices which
exhibit purely elastic and purely viscous response, respectively. It is then
natural to imagine that the equations that relate stresses to strains in a
viscoelastic material could be represented with an appropriate combination of
equations which relate stresses to strains in springs and dashpots. To develop
this idea, Sect. 3.2 examines the response of the linear elastic spring and linear
viscous dashpot to externally applied loads. The response equations for these
simple mechanical elements are formalized in Sect. 3.3, with the introduction of
so-called rheological operators. As it turns out, because combinations of springs
and dashpots require the addition and multiplication of constant and first
derivative operators, it turns out that the constitutive equation of general
arrangements of springs and dashpots, such as are needed to reproduce observed
viscoelastic behavior, must be represented by linear ordinary differential
equations whose order depends on the number, type, and specific arrangement
of the springs and dashpots. The physical significance of the coefficients in the
resulting differential equations is examined also, and the proper form of the
initial conditions established. As will be seen, the mere presence or absence of
some of the coefficients of a differential equation reveals whether the particular
arrangement of springs and dashpots it represents will model fluid or solid
behavior, and whether it will exhibit instantaneous, elastic response. A general
approach to establishing rheological models is presented in Sect. 3.4, and
applied in Sects. 3.5 through 3.7 to develop the differential equations, and
examine the behavior of simple and general rheological models.
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Maxwell - Model - Modulus - Pressure - Recovery - Relaxation - Spherical -
Spring - Strain - Stress - Relaxation - Retardation - Solid + Spectrum

3.1 Introduction

As indicated in Chap. 1, the mechanical response of a viscoelastic material to
external loads combines the characteristics of elastic and viscous behavior. On the
other hand, as we know from experience, springs and dashpots are mechanical
devices exhibiting purely elastic and purely viscous response, respectively. It is
then natural to imagine that the equations that relate stresses to strains in a vis-
coelastic material could be represented with an appropriate combination of
equations which relate stresses to strains in springs and dashpots. To develop this
idea, Sect. 3.2 examines the response of both the linear elastic spring and linear
viscous dashpot to externally applied loads. The response equations for these
simple mechanical elements are formalized in Sect. 3.3, with the introduction of
so-called rheological operators. Because the mathematical combinations of springs
and dashpots require the addition and multiplication of constant and first-deriva-
tive operators, it turns out that the constitutive equation of general arrangements of
springs and dashpots, which are needed to capture real viscoelastic behavior, must
be represented by linear ordinary differential equations whose order depends on
the number, type, and specific arrangement of the springs and dashpots. The
physical significance of the coefficients in the resulting differential equations is
also examined, and the proper form of the initial conditions is established. As will
be seen, the mere presence or absence of some of the coefficients of a differential
equation can reveal whether the particular arrangement of springs and dashpots it
represents will model fluid or solid behavior and whether it will exhibit instan-
taneous, elastic response. A general approach to establishing rheological models is
presented in Sect. 4 and then applied to develop the differential equations and
examine the behavior of simple, generalized, and degenerate rheological models,
in Sects. 3.5 through 3.7, successively.

3.2 Fundamental Rheological Models

There are two basic rheological models in linear viscoelasticity: the linear elastic
spring and the linear viscous damper. The constitutive equations of elastic springs
and viscous dashpots are expressed in terms of force and displacement, and force
and displacement rate, respectively.' Here, an appropriate scale is assumed and
forces are replaced with stresses and displacements with strains. Also, in

' We use axial springs and dashpots in the derivations, but emphasize that the corresponding
relations for shear stress and shear strain have the same mathematical form.
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Fig. 3.1 General loading
with step discontinuity f

f(t)H(t'to)

o be---

examining the response of the basic rheological elements to general loading (either

stress or strain), it is assumed that the load may have a finite jump discontinuity at

the time of its application, but is continuous thereafter, as depicted in Fig. 3.1.
Note that, by definition:

ono-={3, 155

3.2.1 Linear Elastic Spring

The physical (mechanical) model and free body diagram of the linear elastic spring
are shown in Fig. 3.2. Its constitutive equation is presented next, followed by its
response to general strain and stress loading.

3.2.1.1 Constitutive Equation

The mechanical behavior of a linear elastic spring is governed by Hooke’s law:
“stress is directly proportional to strain.” Using ¢ to represent the stress, ¢ the
strain, and E the modulus as the “constant of proportionality,” we write the
constitutive equation of the spring in “stress—strain” and strain—stress forms, as

c=E-¢ (3.1a)
e=1/E-o (3.1b)
Fig. 3.2 Mechanical model o
and free body diagram of
elastic spring ! E E E
: Co
ol Lo
gl
1

o
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3.2.1.2 Response to Strain Loading
In this case, the controlled variable is strain, the loading takes the form &(f)=
f(HH(t — t,), and the response of the elastic spring to such load is from (3.1a):

olt) = Ef()H( — 1,) (a)

This shows that the response of an elastic spring is instantaneous and remains non-
zero for as long as the applied strain is non-zero: a known characteristic of the
behavior of solid materials.

The relaxation modulus of an elastic spring, defined as the stress response to a
step strain, &(f) = ¢, - H(t — t,), reckoned per unit applied strain, is obtained from
(a), using f(1) = &,

M(t—t,) =0(t)/e, =E-H(t—1,) (3.2a)
or, simply
M(r) =E-H(r). (3.2b)
3.2.1.3 Response to Stress Loading

The controlled variable for this case is stress. The loading takes the form a(f)=
f(HH(t — t,), and the response of the spring is obtained using (3.1b), as

e(t) = (1/E) - o(t) - H(t — 1,) (b)

In other words, the stain response of an elastic spring is instantaneous,
remaining non-zero for as long as the applied stress remains non-zero. This is a
characteristic of solid behavior.

The creep compliance of an elastic spring, defined as the strain response to a
step stress, a(t) = g, - H(t — t,), measured per unit of applied stress, is obtained
from (b), using f(t) = o,

C(t—1t,)=¢(t)/o, = (1/E)H(t — 1,) (3.3a)
More simply,
C(1) = (1/E)H(r) (3.3b)

In particular, the response of the linear elastic spring to stress and strain recovery
tests is easily evaluated using (a) and (b), setting f (1) = f,[H(t — t,) — H(t — t1)],
with f, replaced by ¢, or ¢, respectively. The two experiments and corresponding
responses are depicted in Fig. 3.3.
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Fig. 3.3 Recovery response (a) (b)
of elastic spring. a Stress c A oA
recovery. b Strain recovery [oX
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3.2.2 Linear Viscous Dashpot

The physical model and free body diagram of the linear viscous damper—or
dashpot—are presented in Fig. 3.4. Its constitutive equation is discussed next and
used afterward to examine the mechanical response of the dashpot to general stress
and strain loading.

3.2.2.1 Constitutive Equation

The mechanical behavior of a linear dashpot follows Newton’s law: “stress is
directly proportional to strain rate.” As before, g and ¢ will denote stress and strain,
respectively. Therefore, using # to represent the dashpot’s constant viscosity, the
stress—strain form of the constitutive equation for the linear dashpot becomes

a(t)=n -is(t) (3.4a)

dt
Dispensing with integration, for the time being, we rewrite the constitutive
equation for the linear dashpot in strain—stress form, by reversing the order of
terms in the equation:

d 1

—¢(t) =—-0o(t 3.4b

STORSR0 (3.4b)
Fig. 3.4 Mechanical model o
and free body diagram of \_ D_'_>
linear dashpot L=

P :
o o ' o

!
e, deldt
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3.2.2.2 Response to Strain Loading

The response of the linear dashpot to the general strain history
e(r) =f(1)H(t — t,), shown in Fig. 3.1, is obtained by taking it into (3.4a) and
performing the indicated differentiation using the properties of the unit step and
delta functions® (see Appendix A):

o =0 ol =n G FOHGE 1)
_ H }H t)(3(t—to)} (a)
[(wﬂ%()()@wﬂ

Note that, because the response contains an impulse function at t = ¢, it would
take an infinite stress to impose an instantaneous strain on a linear viscous dashpot.
Once the strain is imposed, however, the stress would decay instantly to the value
of the derivative of the strain history.

The relaxation modulus of the linear viscous dashpot, being defined as the stress
response to a step-strain history &(¢) = ¢,H(t — t,), and measured per unit applied
strain, is obtained from (a), noting that f = f (¢,) = ¢, and df/dt = 0; hence,

M(t—1,)=n-0(t—1,) (3.5a)
or
M(t) =n-9d(1) (3.5b)

In other words, the relaxation modulus of a linear viscous dashpot is an impulse
function.

3.2.2.3 Response to Stress Loading:

The response of the linear viscous dashpot to a general stress history is obtained by
taking the controlled variable, a(t) = f{t)yH(t — t,), into (3.4b), and integrating the
resulting expression between 0 and #; using the shifting property of the Heaviside
function® (see Appendix A):

&(1) /f —t)ds=H —w%%}ww

Using the initial condition, &(0) = 0:

2 In particular, that dH(¢)/dt = 6(1); f(1)o(r — t,) = f{t,)0(t — 1,).
* Specifically, that [of(s)H(s — 1,)ds = H(t = 1,) [} f(s)ds, forz, > 0.
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Fig. 3.5 Response of viscous damper. a Stress recovery. b Strain recovery

e(t) =~ H(t—1,) - /t F(s)ds (b)

1
n

The creep compliance follows from this by setting f () = f(¢) = ¢, and per-
forming the required integration:

Clt—1t,) = l/ts(, ds = H(t—1,) (3.6a)
or
clt) = % fort>0 (3.6b)

The response of the linear viscous dashpot to the standard stress and strain
recovery tests is evaluated using (a) and (b), setting f(t) =f,[H(t —1,)—
H(r — 11)], with f, replaced by ¢, or g, respectively. The experiments and cor-
responding responses are depicted in Fig. 3.5.

3.3  Rheological Operators

Rheological operators arise naturally from the form of the constitutive equations of
the spring and dashpot models. Indeed, these equations listed in stress—strain form
as (3.1a, b) can be expressed symbolically as resulting from a mathematical
operation on the strain history. For the linear elastic spring, this interpretation
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actually defines the modulus as the constant operator in question, [E], and mul-
tiplication of real numbers (i.e., modulus times strain) as the operation. Similarly,
the stress response of the linear viscous damper may be thought of as resulting
from applying the first-order derivative operator, [1d/dt] to the strain history, &(?).
This idea is developed further in what follows.

3.3.1 Fundamental Rheological Operators

Following the previous reasoning, we rewrite the stress—strain constitutive equa-
tions of the spring and dashpot using the two fundamental rheological operators,
[E] and [nd/dt], as

o(t) = [Ele(r) (3.7a)

olt) = 150 (3.52)

The usefulness of working with rheological operators stems from the fact that
rheological operators may be considered as algebraic entities which follow the
rules of addition and multiplication of real numbers and enjoy the properties of
derivatives of functions of real variables. In more formal language, the basic
rheological operators are as follows:

e Linear, because they are homogeneous and additive:

Elae (1) + bex(n)] = aEe (1) + bEe(1);

nolaei(t) + bex()] = a nd& (1) + bndex(1); ete.

e Commutative, because they can be added or multiplied together in any order:

Ee(t) + n0.e(t) = [E + n0,Je(t) = [n0, + EJe(t) = nd.e (1) +Ee(t);
[E]-[70,]e(t) = [El[n0,e(0)] = End,e(t) = nEQ, &(t) = nd[Ee(1)]; etc.

e Associative, because they can be grouped together in any order:
E&(t) + Eye(t) +a nOEe(t) = [E| +aEnd]e(t) + Ese(r)
= [E| + E,]e&(t) +aEn 0&(1); etc.
e Distributive, because their products distribute their sums and vice versa:
[Ey + 110 - [E> + m20]e(t) = [ELE> + Eny0 + 1y Ex0, 4 111,00 ]e(t); etc.

Put another way, rheological operators can be added or multiplied together in
any order; subtracted from one another; and, being careful about it, even sym-
bolically divided by one another. The trick to performing these algebraic manip-
ulations with rheological operators is to bear in mind that each operator or operator
expression acts on a function and its meaning is deciphered proceeding from right
to left. For instance, in the product of the operator # - 0, and the constant operator
E, the result must equal n-E-0, = E-n-0,, irrespective of which operator
appears initially on the left. This is so, because the product should be interpreted as
n-0,(E(f)) =E- (n-0,/(f)), and not as the differential operator 0, applied first to
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the constant operator E and then to the function, f, which would, incorrectly, yield
the zero operator (1 - 0,E) = 0, applied on f.

It is important to note that when the functions involved (stress or strain) depend
both on position and on time, as is typical in two and three dimensions, it is more
proper to use the partial derivative operator, 0,, in place of the total derivative

d

operator 4. For ease of notation, we use the partial derivate symbol almost

exclusively, even in the one-dimensional case. In keeping with this notation,
j—; and af will be used to denote the kth-order derivative operator with respect to
the independent variable, ¢.

With the above in mind, we divide (3.7a) and (3.8a) by the corresponding
operator and arrive at the constitutive equations of the linear spring and linear
viscous damper in strain—stress form:

o(0) = 2 [o(1)] (3.7b)
1
o) = - [o(0) (3.8b)

3.3.2 General Rheological Operators

Since the constitutive relations for the spring and dashpot involve derivatives of
both the stress and the strain, it is logical to expect that the constitutive equations
corresponding to rheological models made up of more elaborate combinations of
linear springs and linear dashpots should include higher-order derivatives of the
stress and the strain. That this should be so is due to the fact that, whatever the
complexity of a given spring-and-dashpot arrangement, its rheological equation
has to be constructed through the addition, subtraction, multiplication, and division
of fundamental rheological operators, E; and #,0,, whose parameters, E; and 1,
depend on the specific properties of the basic elements they represent. The result is
that the constitutive equation of a general rheological model is always an
expression of the form:

1 m 1 n

d
0T P e = de b et ao e (3.9a)

Pod +P1 dm d

and, by the very process that leads to this expression, it may be argued that

e m < n because the orders of the differential operators, P and Q are established
by products of the fundamental rheological operators, one of which—the
spring’s—is balanced regarding differentiation; the other one—the dashpot’s—
contains a derivative of strain which is of order one higher than that of stress.
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e If g, = 0, the constitutive equation will contain only derivatives of strain, and
at least the lowest of them must be non-zero, for a stress to develop in the
system. Since the stress would then depend on strain rate, the rheological
equation would represent fluid behavior.

e Ifg, # 0, both the stress and the strain would approach finite values ¢, and ¢,
as time increases without limit (f — o0), but all derivatives in (3.9a) would
vanish. In the limit, a non-zero stress, 6., = (¢,/P,)é+, would remain, for as long
as the strain does, and vice versa. Such rheological models represent elastic, solid
behavior with long term, or equilibrium modulus, M(0) = p,/q, = M, = M,,
and also equilibrium compliance C(w0) = p,/q, = C,, = C,, which is the
reciprocal of the equilibrium modulus.

Expression (3.9a) may be rewritten in a number of forms as follows:
° Using the summation symbol and introducing the zero-derivative operator,

dt°—1

D o [Pk d,k} (1) = {ZJO qjj;]S(t) (3.9b)

e Or, as we shall usually do, in symbolic form, using linear differential operator
notation, introducing the stress and strain operators, P and Q, respectively, as

Plo] = Qlg], or: Po = Q¢ (3.9¢)

With the following obvious definitions of the operators P and Q,

Pep i, (3.10a)
=Py TP g TP P gm ’
0 dl d2 4"
= .10b
Q=qoogtqigrthz+ +a g (3.10b)

e Finally, by the properties of linear differential operators, stated earlier, we write
the symbolic stress—strain and strain—stress equations of a general rheological
model, as

o =[Q/Ple (3.11a)
¢=[P/Qlo (3.11b)
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3.3.3 Rheological Equations in Laplace Transformed Space

Under certain conditions of continuity and boundedness of the functions involved,
it is possible and often advantageous to transform an ordinary linear differential
equation into an algebraic one. As discussed in Appendix A, this can be done by
means of an integral transformation such as the Laplace or the Fourier transform.*
The Laplace transform is used in what follows to convert the constitutive equation
(3.9a) into an algebraic equation between transformed stress and transformed
strain. As usual, the letter s will be used to denote the transformed variable, and an
over-bar will denote a transformed quantity.

Accordingly, applying the Laplace transform to the general constitutive equa-
tion (3.9a), using at-rest conditions for both the stress and the strain, yields (see
Appendix A):

PoG+p1sG+ -+ pus"oc=q,e+qise+ -+ q,5" & (3.12a)

or after factoring out the transformed stress and strain and including the transform
variable as argument of the functions involved, for emphasis

P(s)a(s) = Q(s)e(s) (3.12b)

where
P(s) =po+ P15+ pas® 4+ pus” (3.13a)
O(s) = qo + 15+ @25" + -+ + Gas” (3.13b)

Since P(s) and Q(s) are algebraic quantities, the symbolic expressions (3.11a, b) take
a true algebraic meaning in Laplace-transformed space, becoming, respectively:

a(s) = ﬁs)é(s) (3.14a)
e(s) = b(s) o(s
) = 5tolo) (3.14b)

3.3.4 Initial Conditions for Rheological Models

As expression (3.9a) indicates, the constitutive equation of a general rheological
model is an ordinary linear differential equation of order m, if stress is the dependent

* The Fourier transform is used in later chapters as an efficient means of solving steady-state
oscillation problems.
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variable, and strain, the controlled variable, and of order n, if the roles of stress and
strain are reversed. Its general solution requires a set of independently prescribed
initial conditions, which must be equal in number to the order (m or n) of the equation
[1]. Before we present the general procedure to establishing the correct initial
conditions for general rheological differential equations, we examine a simple case.

Example 3.1 Establish the initial conditions for the rheological model p,a(z) +
p10,0(t) = q10,¢(1) if it is subjected to a step strain history &(f) = e,H(?).
Solution:
In particular, note that we need to establish the value o(0") of the stress at
t = 0. To do this, we integrate the differential equation of the model in the
interval (07,07) and write p, f(?f a(s)ds + p1[o(07) — a(07)] = q1[e(0T)
—&(07)].
Using that the first integral in this expression is zero, for any bounded stress,
and that so are ¢(07) and &(07), leads to the initial condition: ¢(0") =
(q1/p1)e(07) = (q1/p1)eo-
We note that, each term in the general rheological equation is of the form j—; 1,
where f stands for either stress or strain. Also, although m < n, we assume the
differential equation is of order n. In other words, we assume p,, # 0, but set
p, = 0, in case m < n.
We also allow the dependent variable (the one which is the object of the
differential equation) to have jump discontinuities whenever the controlled
variable has them. This is convenient for analytical purposes, as it permits the
derivation of succinct mathematical expressions for creep and stress relaxation
experiments.
With the previous notes in mind, we proceed as follows:
1. Assume that the controlled variable (either ¢ or ¢) and all its time derivatives,
up to and including its nth derivative, are given at = ¢, and are zero at t =7, .

PO (1), 00 (5)), - O (), # 05 f=oore (a)

2. Assume that the dependent variable (either ¢ or ¢) and all its time derivatives,
up to and including the nth derivative, may have a non-zero value immediately
after the controlled variable is applied. That is,

3. Integrate the differential equation n times, between £, and ¢/. In doing this,
note that after n-iterated integrations, all derivatives of order k < n become
continuous. This means that, after n integrations, the respective values of each
integrated function are the same at 7, and 7, and so their integrals between 7,
and tj vanish. Then, after n integrations, obtain that

Pn G(ISL) =Yqn s(tj) (b)
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There are two cases to consider:

Case 1 m = n, and therefore, p, # 0.
(a) If stress is the dependent variable, the initial condition on stress is

a(i}) = ?s(ﬁ) (c)

n

This implies that to a strep strain of magnitude &(7), the material will respond
with a step stress of magnitude ;ITS(tj) In other words, the material exhibits

instantaneous elasticity with glassy (impact) modulus M(0) = Z—" =M, =M,.

(b) If strain is the dependent variable, the initial condition on it is

Pn
&ty) =—=alt,) (d)
qn

This implies that to a step stress of magnitude ¢(z;), the material will respond
with a step strain of magnitude o o(tj). The material exhibits instantaneous

elasticity, with compliance: C(0) =2 = C, = C,.
Clearly, the instantaneous modulus and compliance are reciprocals of each

other.

Case 2 m < n, thatis: p, = 0.
(a) if stress is the dependent variable, the result after m integrations would be

d
Pno(ty) = anelty) + qmi1 7 €(1;) (e)

For a discontinuous strain, this implies that the stress would be infinite at the
point of application of the strain, because the derivative of a step function is the
Dirac delta function (see Appendix A):

o(ty) — oo (f)

In other words, if the higher-order derivative of the stress is less than that of the
strain, and the stress is the dependent variable, the material will not be able to
respond to an instantaneously applied strain.

(b) If strain is the dependent variable, we would integrate the differential equation
m times to get the initial condition on strain. The resulting functions of stress
would be continuous and would integrate to zero in the interval between ¢
and 7. The proper initial condition on strain would then have to be that

&ty,) =0 (2)
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In this case, the material has zero instantaneous elastic response and does not
respond instantaneously to an instantaneously applied stress.

4. Having established the initial value of the dependent function, a(tj) or s(tj),
we now integrate the differential equation n — 1 times, between the same two
limits 7, and 7', and arrive at the following equation, in which the only
unknown is the first derivative of the dependent variable (stress or strain):

d d
w10 () +pnaa(t:) = gne(t)) + qnae(t:) (h)

Use this expression together with the given values of the controlled variable and
its first derivative, and the value already established for the initial condition on the
dependent variable, to solve for the initial condition sought.

(a) If stress is the dependent variable, expression (h) yields that

Doy = Bty L I Ly Pt -
dta(to) = s(to)—i-pndts(to) o a(th) (i)

Every term on the right-hand side of this expression is known. This means that
we could, in principle, use this expression directly to establish the correct initial
condition on the first derivative of stress. For convenience, we replace the initial
condition on stress by its value in terms of applied strain, collect terms (multi-
plying and dividing the first term on the right-hand side by the p,), and arrive at

d CIn— pn - ann— CIn d .
Ea(l‘:) :%a(ﬁ;) +p_nd e(r)) G)

Pn

(b) If strain is the dependent variable, the roles of stress and strain are reversed.
Then, using (j) and inverting the roles of the p’s and ¢’s yield

2

d + _Pn—lCIn
aile) = 7 9

Pt Pt o ) + 222 () )

To establish the proper initial conditions for higher-order derivatives of the
dependent variable, one proceeds in the same fashion. For instance, to establish the
initial conditions for the second derivative, we integrate n — 2 times between ¢
and 7} and, after some algebra, arrive at the following expressions.

When stress is the dependent variable,

2

d qn— qn1d qn d
o) ~E2a() + ) 2

_IE + Pn ld +
2 () - 2 ()
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Similarly, when strain is the dependent variable,

d2 Pn— pn— d pnd
2280 :sz’(ff) +q7nlao'(fo+) *ag"(ﬁ)

1
o qnizb‘(l‘:) o qn—1 i (l‘:)

&
Gn qn dt!

Example 3.2 Use the above rules to decipher the significance of the coefficients of
the rheological model of Example 3.1: p,o(f) + pi0,0(t) = q10,e(t) and to
establish the correct initial conditions, if the model is subjected to a step-stress
history a(t) = o,H(t).

Solution:

On the basis of the coefficients present in P and Q, this model represents a fluid, as
qo = 0, and, because m = 1 = n, it will exhibit instantaneous elastic response
with glassy compliance C, = %: and its proper initial condition should be

e(0h) = ‘% O,

Example 3.3 Given the following sets of non-zero coefficients of the stress and

strain operators P and Q of a set of rheological models, identify which model

represents a fluid, which a solid, and which will exhibit instantaneous elastic

response.

(@) p, and g,

(b) p, and g,

(©) Pos P1> P2 and qo, g1, G2

(d) po» P> P2, p3 and g1, 2, g3

Solution

(a) This model represents a solid because ¢, # 0 and has instantaneous elastic
response because m = n.

(b) This model represents a fluid, because g, = 0 and does not have instantaneous
elastic response because m < n.

(c) This model represents a solid because g, # 0 and has instantaneous elastic
response because m = n.

(d) This model represents a fluid because g, = 0 and also exhibits instantaneous
elastic response because m = n.

3.4  Construction of Rheological Models

As mentioned before, the usefulness of mechanical constitutive equations in dif-
ferential operator form lies in that they make it easy to construct the corresponding
equations for arbitrary combinations of basic elements. The procedure to
accomplish this may be summarized in three steps as follows:
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1. Identify which elements in the system are acting in parallel with each other, and
which ones are in series, and write the constitutive equations for the compo-
nents of each group of rheological elements accordingly.

(a) For elements in parallel, write their constitutive equations in stress—strain
form, a; = (Q/P;)¢; and note that all elements in parallel with each other
experience the same strain and that the total stress in the collection is equal
to the sum of the stresses in the individual elements. This is a consequence
of force balance—as shown in the free body diagram in Fig. 3.6.

Thus, for subcollections in parallel, write

J:Zaizz%aizz%s (3.15a)

For sets of elements in series write the constitutive equations in strain—stress
form, ¢; = (P;/Q;) 0;, and note that elements in series with each other will carry the
same stress, but the total strain in the collection is equal to the sum of the strains in
the individual elements. This is a consequence of force balance, as shown in the
free body diagram in Fig. 3.7.

Thus, for a sub-collection in series, write:

822%0’,-:2%0 (3.15b)

2. Identify whether the overall assembly corresponds to a system in parallel or to
one in series and convert the equations of the subcollections accordingly.

(a) To stress—strain form (g; = [Q,/P;]¢), if the overall assembly is in parallel.

(b) To strain—stress form (g; = [P/Q;]o), if the overall assembly is in series.

3. Add the responses (stress or strain) of all the subcollections of elements to
define the constitutive equation of the assembly.

O A (o] Oj...

v° vO

Fig. 3.6 Force balance for a set of rheological units in parallel



3.4 Construction of Rheological Models 69

Fig. 3.7 Force balance for a

‘ L 1 2 [ n
set of rheological units in
series o
o
I
& & &

(0 (e (e
o o
Naturally, the constitutive equations for isolated springs and dashpots would be

written directly in either stress—strain or strain—stress form, depending on which
form is adequate for the problem at hand.

3.5 Simple Rheological Models

The simplest, non-trivial combination of basic rheological elements consists of one
spring and one dashpot, either in series or in parallel with each other. The former
arrangement is known as a Maxwell model and the latter as a Kelvin—Voigt model.
Both models are widely used in theoretical studies because of their simplicity and
not necessarily because they provide good representations of real viscoelastic
behavior. As will be seen shortly, the Kelvin arrangement exhibits the behavior of
a solid and the Maxwell unit behaves like a fluid. These models are alternatively
referred to as the Kelvin, or Kelvin—Voigt solid, and the Maxwell or Maxwell—
Wiechert fluid, respectively.

3.5.1 Kelvin-Voigt Solid

This model consists of one spring and one dashpot connected in parallel, as
depicted in Fig. 3.8. In what follows, we derive the constitutive equation of the
model and then apply it to obtain the response of the model to strain and stress
loading; in doing so, the corresponding relaxation and creep compliance functions
are developed.
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Fig. 3.8 Kelvin—Voigt Iod
model and force balance

o

3.5.1.1 Constitutive Equation

We apply the operator procedure following the three suggested steps:

1. We first identify two “subcollections” of elements (in this case, the spring and
the dashpot) and write their individual constitutive equations as follows:
For the spring, 5 = E - &5
For the dashpot, op = 1 - 0,ep

2. The overall Kelvin model is an arrangement in parallel, so we leave the
equations of each subset in stress—strain form, using that the strain is the same
in each unit, that is: ¢, = ¢; = «.
For the spring, 65 = E - ¢
For the dashpot, ap = 10, - ¢

3. We now add the responses (stresses) of the separate (subsets of) elements and
collect terms to write

6=o0s+0p=E-e+nde=(E+no)e (a)
In unencumbered form, to identify the stress and strain operators P and Q
o= (E+no)e (3.16a)

As seen from this expression, m =0<1=mn; p, =1, p; =0; g, = E; and
g1 = n. We then conclude that the Kelvin unit has no instantaneous response
(m < n); behaves like a solid (g, # 0); and admits the initial condition
o(t}) = ¢e(¢)o(¢ — £F), if in strain control—this behavior is consistent with what
would be expected of the spring and dashpot combination in parallel, where the
dashpot would lock at high strain rates, and, &(z}) =2 o(t)) =20 (1)) =0, if
stress were the controlled variable.

We next evaluate the response of the Kelvin model to general stress and strain
loading histories of the type shown in Fig. 3.1, featuring a step discontinuity at
t = t,, and apply the solutions to the special cases of the creep and stress recovery
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experiments, examined earlier in connection with the individual spring and
dashpot.

3.5.1.2 Response to Strain Loading

In this case, the controlled variable is strain, so that &(r) = f{t)yH(t — t,); the
rheological Eq. (3.16a) is not a differential equation in stress. To assess the response
of the model, we simply carry out the indicated operations, using the properties of
the Heaviside and delta functions, presented in Appendix A,’ to get

5 = BF(OH( ~ 1) + 1|t~ 1) S1(0) + £(1)3(0 ~ 1) (@

This expression can be used to establish the relaxation modulus of the Kelvin
model. In this case, f(f) = ¢,, df/dt = 0, and, by the definition of the relaxation
modulus as the stress response to a constant strain of magnitude ¢,, measured per
unit of applied strain: M(r) = a(t)/e,, (a) yields

M(t—t,) =EH(t—t,) +no(t — 1,) (3.17a)
Or, more simply:
M(t) = EH(t) + 10(z) (3.17b)

With this, the response of the model to the stress recovery test, &(f) = ¢, H(t —
t,) — &,H(t — t;), shown conceptually in Fig. 3.9a, may be obtained directly, as

a(t) = {[EH(t — 1,) + no(t — t,)] — [EH(t — 1) + nd(t — 11)] }&, (b)

3.5.1.3 Response to Stress Loading

In this case, the controlled variable is stress, and the rheological Eq. (3.16a) is a
general differential equation of first order, for which an integrating factor can be
found by the method presented in Appendix A. To this end, we rearrange the
differential Eq. (3.16a) and cast it in the standard form of the linear differential
equation of first order:

de E 1
& s 150 (3.16b)
dat g n

Following the procedure discussed in Appendix A, and using the notation

1, = y/E, obtain an integrating factor u = '/ % [, 45 _ g/t and apply it to the
differential equation and, changing the dummy variable of integration on the right-
hand side, rewrite it as

5 Specifically, that [f(1)H(1)] = f(1) H(t) +f(1)0(r) and that £(1)5(t — 1,) = f(1,)8(t — 1,).
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Fig. 3.9 Response of the Kelvin model to stress and strain recovery experiments. a Stress
recovery response. b Creep recovery response

d[ef/fvg(t)] = ¢l -]%H(s —1,) - ds (c)

Integrating this expression from 07 to 7, using that &(0*) = 0, rearranging, and
inserting the exponential e~/ inside the integral® produce the solution sought, as

e(t) = H(t —t,) /t e .@.ds (d)

In particular, according to this expression, the response of the model to a step
stress, or creep loading, f(H(t — t,) = o(t) = ¢, H(t — t,), noting that H(0 —
t,) = 0, would be

! 0 1 i—to
e(t) = H(t — 1,) / e*<f*~f>/fv-"—-ds:_[1_ef n}H(t—to)oo (e)
t n E

Consequently, the creep compliance of the Kelvin model, defined as the strain
response measured per unit stress, turns out to be

=

C(tft,,):é[lfe —} >0 (3.18a)

S This can be done because 7 is not the variable of integration.



3.5 Simple Rheological Models 73

Or, simply

I
) == [1 —e_’/"}, >0 (3.18b)

The parameter . = y/E, introduced here, has the dimensional units of time and
is referred to as creep or retardation time—the creep time of the Kelvin
model—because it is associated with a creep function.

As will be evident from the treatment that follows, when the springs and
dashpots are linear, that is, when their own constitutive equations are linear and
the higher-order derivatives of the stresses and strains entering their differential
equations are equal, the rheological models have equivalent hereditary integral
forms (see, for instance, [2, 3].

An important alternate form of the general response presented in (d) may be
obtained in terms of the creep compliance. This is done integrating expression
(d) by parts, setting 7, = 0, for simplicity, so as not to carry the factor H(t — t,);
using u = o and dv = e 9/ ds:

&(r) :é a(t) — a(O*)e*’/"} - /r e =)/ -ia(s) - ds (f)

0+ ds

Adding and subtracting ¢(0*)/E to the right-hand side of this expression and
taking the sum [o(#) — o(0"))/E inside the integral—changing the sign of the
integral to account for the introduction of this term—result in

1 "1 d
6lt) = = [1 - e*f/fc} o(0F) + /0 ¥ [1 - e*<H>/f} Zols)ds (@)
Using the creep compliance (3.18a), this expression may be cast in integral
form, as

t

&(t) = C(t)a(0T) —l—/ C(t—s) -ia(s) -ds (3.19)

o+ ds

Integrating by parts again, and collecting terms, (3.19) can be expressed in the
hereditary integral form involving the derivative of the creep compliance of the
model:

(1) = C(0)a(t) — / L et—s)-ols) - ds (3.20)

The response of the Kelvin model to the creep or strain recovery experiment
described by () = o,H(t — t,) — 0,H(t — t;) is shown in Fig. 3.9b and may be
obtained using (3.19) or (3.20). Using (3.20), for instance, the response, &(f), to
the first part of the load, o ,H(t — t,), is
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1

e1(1) = C(0)o,H(t —1,) — /m%C(t —5)-0,H(s —t,) - ds (h)

The integral is evaluated using the following property of the unit step function
(c.f. Appendix A):

t

H(s—1,) -f(s)~ds:H(t—t0)[tf(s)-ds (i)

ot

and the fact that the integral of the derivative of a function (d/ds)C(t — s) is the
function C(r — s) itself. Proceeding thus, and canceling terms, the expression for
£1(1) becomes

a1(1) = [C(t = 1,)]o,H(1 — 1,) ()

The response of the Kelvin model to a general creep recovery experiment is, by
linearity, the sum of its individual responses to the loading and unloading parts;
hence,

e(t) =C(t—1,)0,H(t —1,) — C(t — t1)0,H(t — 11) (k)
Or, explicitly, in terms of the creep compliance (3.18a),

1 1
6<t) == E 1 - e—(l‘—t,,)/‘h-:| ogH(t - to) - E |:1 - e_<t_tl)/.r£:| O-OH(t - tl) (1)

Example 3.4 Find the steady-state response of a Kelvin unit having spring and
viscosity parameters G and 7, respectively, to a sinusoidal strain history
&(t) = g, sin(wr)

Solution:

Use of the loading history and the corresponding constitutive equation listed in
(3.16a) leads to a(t) = Ge, sin wt + nwe, cos wt, which, not having any transient
terms in it, is the steady-state response of the Kelvin unit to the cyclic strain
history.

3.5.2 Maxwell-Wiechert Fluid

The Maxwell model consists of a single spring and a single dashpot connected in
series, as depicted in Fig. 3.10. We derive the constitutive equation of the model
first and then apply it to evaluate the response of the model to general strain and
stress loading.
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Fig. 3.10 Maxwell-
Wiechert model and force
balance

E< T ¥ e

=
3.5.2.1 Constitutive Equation

The constitutive equation of the Maxwell model is established following the three-

step procedure. Accordingly,

1. We first identify two “subcollections” of elements (in this case, the single spring
and the dashpot) and write down the corresponding constitutive equations.
For the spring: 65 = E - ¢g
For the dashpot: ap = 11 - 0,¢p

2. he overall Maxwell model is an arrangement in series; for this reason, we
rewrite the equations of each unit in its strain—stress form and use that the stress
is the same in each individual unit: 6, = op = &

For the spring, &5 = % -0
For the dashpot, &p = ﬁ -0

3. We now add the responses (strains) of the separate subcollections of elements

and use operator algebra to obtain

_ 1 1 (E+no)
efsereDfE O'Jrnaraf B, a (a)
Clearing off fractions—multiplying throughout by En0, to remove the operator
from the denominator on the right-hand side—produces the constitutive equation
in the standard form (P - ¢ = Q - ¢):

(E+nd,)o = (End)e (3.21a)

As seen from this expression: m =1 =mn, p, = E, py =1, and ¢, = 0 and
q1 = E - n. This indicates that the Maxwell model has instantaneous response
(m = n); represents a fluid (¢, = 0); and admits initial conditions of the form
o(t]) = E¢(t)) under applied strain; and &(z)) =10(zf), if the controlled
variable is stress.

3.5.2.2 Response to Strain Loading

In this case, the controlled variable is strain, so that &(f) = f ()H(t — t,); we use
the rheological Eq. (3.21a), which is an ordinary linear differential equation of first
order. To solve it by the procedure in Appendix A, we introduce, for convenience,
the time parameter 7, = #/E and rewrite the constitutive equation, as
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do 1 d
—oc=E— 21
o + 1_ro' dtf(t) (3.21b)

In accordance with the solution procedure in Appendix A, we find

dt [T
u= ef = ¢'/%, as an integrating factor for the equation and, changing the dummy
variable on the right-hand side, write it in total differential form, as

d {er/r’a(t)} — ¢/"E [H(s 1) %ds +£(s)0(s — to)ds} (b)

Upon integration between 0~ and ¢, using the properties of the impulse and unit
functions:

¢/"a(t) —a(07) = H(t —1,) / tEe‘Y/T’%der / tEe%f(s)a(s_to)ds (c)
0

o
Using that ¢(07) = 0, and f(t,) = (¢} ), multiplying throughout by e/,
taking this factor inside the integral, and regrouping:

t
o(t) = e (1)) +/ Ee =9/u %ds (d)
to

Using this to evaluate the response of the model to a step-strain load,
&(t) = ¢,H(t), noting that, in this case, de/dt = 0, in the interval of integration,
yields

o(f) = [Ee*@*fo)/fr} b0y 1> 1, (e)

From this, the relaxation modulus, defined as the stress response measured per
unit of applied strain, is found to be

M(t —1,) = Ee 070wt >, (3.22a)
Or, more simply:
M(t) =Ee ™/, >0 (3.22b)

Setting t, = 0 in (d) and combining it with (3.22b) produces the following
hereditary integral form of the stress—strain law of the Maxwell model:

a(t) = M(1)e(0%) + . M(t—s) %s(s)ds (3.23a)
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A second hereditary integral form of the constitutive equation can be derived
from this expression. Indeed, integrating it by parts, once, using u = M(t — s) and
dv = delds and collecting terms:

t

a(t) = M(0)e(t) — . %M(r — s)e(s)ds (3.23b)

In this case, the time parameter, t,, is called a relaxation time because it is
associated with a relaxation function. The relaxation time of a Maxwell unit
represents the time it takes the stress to decay by about 63 %. This is so, because
the relaxation modulus, evaluated at t = t, (or t — t, = T,), IS e ' E ~ 0.37E.

The response of the Maxwell model to the general stress recovery experiment
described by &(f) = ¢,H(t — t,) — e,H(t — t) is shown in Fig. 3.11a and may be
obtained using one of the expressions in (d), (e), or (3.23a, b). Using (d) and the
properties of the unit step and impulse functions, and collecting terms:

a(t) = E[e_('_’”)/T’H(t —1,) — e_a_l‘)/T’H(t - 1‘1)} & (f)

3.5.2.3 Response to Stress Loading
In this case, the controlled variable is stress, so that a(f) = f(t)H(t — t,), and the
differential equation is recast as

d . ldo 1

ES(I)—EE‘F%U (g)

Before substituting the applied stress, we integrate this expression between
0~ and ¢, using that &(07) = 0 and ¢(0") = 0, and collect terms to write

(a) (b)
€ o
&7 Oy~
t() 1 t E 1, 1 t
o €
ol g |
GJE }--- O,/E

Fig. 3.11 Response of the Maxwell model to stress and strain recovery experiments. a Stress
recovery response. b Creep recovery response
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6(6) = L o(t) 4 /0 ' o(s)ds (h)

4

This expression may be cast in hereditary integral form through integration by
parts and some algebraic manipulations. Integrating it by parts once, choosing
u = o, and dv = ds; performing the required operations, bearing in mind that the
loading, o(f), has a discontinuity at #,, and collecting terms, leads to

o-fgo- [ o

0

Adding and subtracting the term (1/E)o(z) and taking the term in brackets

inside the integral lead to
T t—sldo .
1) = —+——
#(0) /t{EJr n]dss 0

o

Splitting the integral from 7, to ¢ and from £/ to ¢ and using that

a(t) = f (DH(1 — 1,)

g(t)Eﬂ;“]ﬂﬁﬂ/j&ﬂ;s}%ds, t>1, (k)

+
o

The response of the model to a constant stress load f (1) = ¢, that is, ¢
(f) = a,H(t — t,) can be easily established from this expression, noting that the
derivative of the loading history vanishes inside the interval of integration, as

e(t) = |:l+ ! ;t"} H(t—t,)0, 1)

The result, divided by the applied stress is, by definition, the creep compliance
of the Maxwell model:

C(t—1t,) = Eﬁ t;t”}H(r —1,) (3.24a)
Or, more simply:
c(r) = [é n %] H() (3.24b)

The hereditary integral form of the strain—stress constitutive equation of the
Maxwell model, which we set out to find, may be obtained taking (3.24a) into (k).
For clarity, however, we set 7, = 0, to write
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1

&(t) = C(t)a(07) + /0+ C(t— s)i—(;ds (3.25)

A second form of hereditary integral constitutive equation for the Maxwell
model, which features the derivative of the creep compliance under the integral
sign, is readily obtained from this last relation through integration by parts.
Selecting C(t — s) = u, and (de/ds)ds = dv, and proceeding thus, produces that

6() = C(0)o(t) — / 4l = $)o(s)ds (3.26)

The response of the Maxwell model to the general creep recovery experiment
described by o(t) = 0,H(t — t,) — 0,H(t — t;) is shown in Fig. 3.11b and may be
obtained using (3.25), and the creep compliance, (3.24b), noting that do/ds = 0 in
the integration interval; thus,

s(t)z{[éJr%]H(t—to)— EJr(t_nt')}H(t—tl)}ao (m)

3.6 Generalized Models

The concepts introduced earlier are used here to develop the constitutive equations
for two models involving multiple Kelvin units in series and multiple Maxwell
units in parallel. For obvious reasons, the first type of arrangement is called a
generalized Kelvin model, while the second type of arrangement is known as a
generalized Maxwell model.

3.6.1 Generalized Kelvin Model

A generalized Kelvin model or Kelvin—Voigt model is a collection of Kelvin units

in series, plus an isolated spring—or an isolated dashpot, as shown in Fig. 3.12.
In accordance with the operator method, the constitutive equation of this model
may be established as the sum of the strain—stress, series form of the equations
of the individual Kelvin elements. In detail:

1. The subcollections of the overall model are the individual Kelvin elements. The
ith subset in the arrangement has a constitutive equation given by (3.16a), as

o = (E; +1,0,)¢; (a.1)
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Fig. 3.12 Generalized

Kelvin—Voigt model & &
(&)
E; E, E,
for a spring and dashpot in parallel; and
g, = (E,)e, (a.2)
for the isolated spring
2. which in strain—stress form become
: (0.1
& =——F—F=<0; .
(Ei +n;01)
for the Kelvin unit, and
& = (1/E,)0, (b.2)

for the isolated spring.
3. The constitutive equation for the whole assembly is established by adding the
contributions of all the Kelvin—Voigt “subsets,” recalling that o; = o:

n 1 n 1
&= Zi:l & = |:E_o + Zi:l E o) ﬂiat)] a (3.27a)

Applying the minimum common multiple of the denominators of the operators;
setting 77, = 0, to include the isolated spring as a degenerate Kelvin unit, switching
the order of the members of the equation:

STl =0 E+nd)e =] (E+nde (3.27b)
e

The linear operator form, P - ¢ = Q - &, is obtained by performing the indi-
cated operations and collecting like terms. The result is

1 m

+ d + -+ + d + -+ @
o —_ m o = o _ P n
p pldtl p m q qldt‘ q

4 3.28
d ar|® (3.28)
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Examination of the general constitutive equation (3.27a) or (3.28)7 reveals the
following:
(a) If none of the spring and dashpot coefficients are zero, the order, m, of the
higher-order derivative of the stress would be one less than that of the strain
(m = n — 1 < n). In the context of the analysis of the order of the derivatives
of P and Q, this means that a generalized Kelvin model with no degenerate
units would have no initial elastic response (m < n).
(b) If the arrangement has—at least—one isolated spring (that is, one Kelvin unit
with zero viscosity), the operator Q will contain a non-zero constant operator,
q, # 0; the rheological model will represent a solid.
(c) Ifthe arrangement has one Kelvin unit with no spring, the operator Q will contain
a zero constant operator, g, = 0; the rheological model will represent a fluid.
Because the generalized Kelvin model is an arrangement in series, its creep
compliance may be obtained directly as the sum of the creep compliance functions of
each individual Kelvin unit. Thus, using (3.18b), (3.27a) and that C; (t) = ¢(t)/a,:

c0)=3"cilr) = Ei S Ei [1—em)s o= Z_ (3.29)

In this expression, 1/E, is the instantaneous or glassy compliance and is
denoted by C,. Also, in molecular dynamic studies, the finite set of pairs (z;, 1/
E;), including the pair (0, C,), is called a discrete retardation spectrum; the
notation L; = 1/E; is typically used. With this in mind, in the limit of infinitely
many Kelvin units, the summation becomes an integral and the result is a
continuous creep or retardation spectrum [4].

Clt) = C, + /0 T L) [1 - e”/f}dr (3.30)

3.6.2 Generalized Maxwell Model

A collection of Maxwell units in parallel, as depicted in Fig. 3.13, is referred to as
a generalized Maxwell model, or generalized Maxwell-Wiechert model. Per the
operator approach, the corresponding mechanical constitutive equation may be
constructed as the sum of the constitutive equations in stress—strain form of all its
Maxwell elements.
In detail:
1. The overall assembly may be considered as a collection of Maxwell “ele-
ments,” in parallel, rather than start at the individual spring and dashpot sets in

7 Because of the explicit summation and multiplication symbols present in (3.1b), it is easier to
use that expression to discern the order of the constitutive equation and the nature of its
coefficients.
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Fig. 3.13 Generalized
Maxwell-Wiechert model

series. We use (3.21a) as the basic constitutive equation and write it for a
generic Maxwell “element”:
(Em,;0,)ei = (E; + n,0,)0; (c.1)
with
0o = (Exo)o (c.2)

for the isolated spring.
2. Since the overall arrangement is in parallel, we express it in stress—strain form:

(Ez”?iaz)
g =—"—%; d.1
(E: + 1,00 @
and:
0o = (Eoo)bn (d2)

for the isolated spring.
3. Adding the contributions of all the elements in the model and using that ¢; = &:

o= o= [E +3 EEj’m ]a (3.31a)

Multiplying throughout by the minimum common multiple of the denominators
of the operators on the right side, and rearranging:
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T, &+ no) o =Ex [T, (B +na) e

) ) (3.31b)
+ 1> End) [T =1 (B +n2) |e
jAi

After performing the indicated operations, and simplifying, the explicit operator
equation, P - 0 = Q - ¢, is seen to be of the same form as for the generalized
Kelvin model. In this case, however, examination of the general constitutive
equation (3.31a) reveals that
(a) The order of the highest order derivative of the stress would be the same as
that of the strain; irrespective of whether the system has an isolated spring or
not. This means that a generalized Maxwell model will always exhibits
instantaneous response.
(b) If the arrangement has at least one isolated spring, the operator Q will contain
a non-zero constant, g, # 0; and the rheological model will represent a solid.
(c) If the arrangement has one Maxwell unit without a spring, the operator Q will
contain a zero constant, g, = 0; and the rheological model will represent a
fluid.
Because the generalized Maxwell model is an arrangement in parallel, its
relaxation function is the sum of the relaxation functions of each Maxwell unit.
Thus, using (3.22b), (3.31a) and that M(¢) = a(t)/e,:
M(t) = Ex + Y Mi(t) =Ec + Y Ee™/™; 1, = Z_ (3.32)
This finite sum is called a discrete relaxation spectrum. As the number of
Maxwell units increases without limit, the summation becomes an integral, giving
rise to the continuous relaxation spectrum:

M(t) = Ex + / h E(t)e " "dr (3.33)
0

3.7 Composite Models

Composite models are those formed by judicious combinations of springs and
dashpots, which not only are more complex than the Maxwell and Kelvin—Voigt
units, but are capable of reproducing more realistic viscoelastic behavior. Clearly,
the choices are very many, and what follows restricts attention to models with
three parameters, representing, respectively, solid and fluid behavior.
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solid. a From generalized
Kelvin model. b From
generalized Maxwell model

Fig. 3.14 Standard linear @ 4 b 5 T

Ey

3.7.1 Standard Linear Solid

The two equivalent versions of this model are shown in Fig. 3.14. One of them
consists of a Kelvin unit in series with a spring. It is a degenerate form of a
generalized Kelvin—Voigt model. The other one is composed of a Maxwell ele-
ment in parallel with a spring, which is a degenerate form of the generalized
Maxwell model. As will be shown, the three-parameter model in Fig. 3.14 exhibits
solid behavior and is thus also referred to as the standard linear (viscoelastic) solid.

The constitutive equation of the standard linear viscoelastic solid is derived
considering it as a degenerate case of the generalized Maxwell model, depicted in
part (a) of Fig. 3.14. The mathematical equivalence between the two models is
demonstrated later, as part of the examples.

For a Kelvin unit in series with a spring, ox = [Ex + 1x0;]ex and o5 = [E,es,
and the strains are additive: ¢ = ex + &g; therefore, by the operator method, the
differential equation of the standard linear solid shown in Fig. 3.14a is given by

1 1
= 3.34
‘ [EK + g0 EJ ’ ( )

As may be readily verified, this equation could have been written directly as a
particular case of the generalized Kelvin model given in (3.27a). After clearing off
fractions, using operator algebra and rearranging:

do de
(E, + Eg)o + ng a = (E,Ex)e + (Eolk) ar (3.35a)
This equation may be cast in general form:
do de
DoO +plE_ QOS‘FQIE (3.35b)

If the following notation is used,

Po = Eo + Ex; p1 = ng; qo = EEx; q1 = Eong (3.35¢)
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These relationships show that not all model parameters, p; and ¢;, in the generic
equation of the model are independent.

Examination of (3.35a) indicates that, because m = 1 = n, the model exhibits
glassy response, with modulus M,, = ¢q,/p; = M,, and will admit initial conditions
of the form: p,a(t,) = g,&(t,). In addition, as asserted before, the model is a solid,
because g, # 0, and has long-term modulus M., = q,/p, = E, Ex/(E, + Eg).
Also, the derivative terms in its constitutive equation indicate the model captures
creep response. These characteristics of the standard linear solid will be demon-
strated by evaluating its response to the stress recovery and creep recovery tests. In
so doing, it should be noted that the constitutive equation is symmetric or balanced
in the stress and the strain. This means that the form of its solution to a strain
history is of the same form as its response to a stress history of the same type and
vice versa.

3.7.1.1 Response to Strain Loading

In this case, the loading is of the form &(r) = f(r)H(t — t,); the response of the
model is obtained as the general solution to the differential Eq. (3.35b), which, for
clarity, is rewritten as

do 1 q(, q1de D1
dt+ra p +P1 o t_po (e)
Or, after applying the integrating factor ¢”* and casting the equation in dif-
ferential form:

< _@% / ’ r 91 /o td_ q1 ¢ _ /
d(eo)—ple FUHW —10)dfl + L H( — 1y)el Jods + e SFS( — 1,)de (£)

Integrating between 0~ and #; using that (0~) = 0; and recalling the properties
of the unit and impulse functions:

o [1 s q (" g df q1
¢"a(r) H(tt(,)[p—/ et/rf(;/)dt/+—/ gt/r_/d;’] + e f (1) (g)
1J1t, P1Js, dt P1

—t/T,

Multiplying throughout by e
collecting terms:

; taking the exponential inside the integrals; and

! ) o d
a(r) :H(t—t(,)/ e~ =1/7 | Lo g (g +ﬂ—f df + 3L e~y (h)
t 1 pdr P

This expression may be used to obtain the response of the model to the stress
recovery experiment &(t) = ¢, H(t — t,) — ¢,H(t — t;). Because of linearity, the

load is split into two parts ¢&(¢t) = fi(HH(E — t,) = ¢,H(t —t,) and
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&(t) = fo(t) H(t — t;) = —¢,H(t — t;); the response to each part, calculated
separately; and the results added together to obtain the total response. Noting that
fi(H) = e&,, and df;/d, = 0; using (h) to evaluate the response to the first part of the
load leads to the following response—after performing the indicated integrations,
recalling that © = p,/p,, and rearranging

_ )% 91 4o (I[o)/f} i
ogi(t) =<¢—+ |———|e H(t—1,)e 1
1() {po [ﬂl Po] ( )0 ()
From this, the relaxation modulus of the standard linear solid follows, as

Moo=t [l n

Po 1 Po Po

Or:
M(t) :@4_ E_l_@] e"/f; T Ep—] (3.36b)
Po 1 Po Po

The response, a,(?), to the second part of the loading would be identical to o,(?),
but of opposite sign. Therefore,

a(t) =o1(t) + aa2(t) :{@ [1 — e’<H")/T} + ﬂe(”")/f}H(t —1,)0060

Po P1 .
()
— {@ [1 _ e*(t*ll)/f} + @e(lll)/f}].](t — )&
Po P1
Or, in terms of its physical parameters,
o (1) :{MOO {1 - e*@*’n)/f} n Mge*<tftn>/r}H(; ~1)e
1) 1—t I’IK (k>

—Im [1— *T} M *T‘}H;—t | S
{DO e + Mge ( 1)€; T E o+ Ex

This solution is shown schematically in Fig. 3.15. As the figure indicates, the
response of the standard linear solid features all aspects of the stress response of a

Fig. 3.15 Stress recovery e o

response of three-parameter, Me

standard linear solid g0l =~
—>
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linear viscoelastic solid; it has instantaneous elastic response upon loading and
unloading; relaxation under constant strain; and delayed recovery after unloading.

3.7.1.2 Response to Stress Loading

In this case, the loading is of the form o(f) = f{t)H(¢t — t,), and strain becomes the
controlled variable. Because of the symmetry of the constitutive equation (e) in
stress and strain, all the arguments used for the case of strain loading may be
repeated interchanging the roles of stress and strain, as well as interchanging the
parameters p, and p; with g, and g;. This leads to the following relations:

de 1 Do prdo . q
de 1 _po_ pido . _aq1 |
dt+)v6 6]16—’_41 dr’ - 9o ()
C(l _ to) — Po + [pl _ po:| e*(’*’v)//l; = a (3373)
CIU CII qt) q()
4o q1 4o 4o

And, lastly, to

&(1) :{& [1 — e—(r—to)/i} +1ﬂe—(t—tn)/i}H(, —1,)0,

N ” (m)
_ {Po [1 - ee/] +Ple(zn>/z} Ht - 1)o,
9o q1
And, in terms of the model’s physical parameters,
1 —(t—1,)/ 2 1 —(t—t1,)/ 2
g(t) =9 — [1 —e T } +—e N LH(E—t,)0,
M M, (n)
b [1 _ e—(f—n)/i} B T PR
M., M, ’ Ex

As depicted in Fig. 3.16, the creep response of the standard linear solid exhibits
all behavioral characteristics of the creep response of viscoelastic solids.

Example 3.5 Show that the model of Fig. 3.14b, also called the Zener model, is
mathematically equivalent to that in Fig. 3.14a.

Solution:
Since this model is a particular case of the generalized Maxwell model, its
constitutive equation is given by (3.31a), with n = 1; thus, ¢ = |E + % €

which upon rearrangement may be recast as
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Fig. 3.16 Creep response of o £

standard linear solid. b
a Elastic, impact response.
. c
b Creep. ¢ Elastic recovery. —>
d Delayed recovery a N d
I 1) t 1 1 t

de

- (3.35d)

do
Eyo + v = EyEsce + 1y (Ey + Ex)

This expression is mathematically equivalent to (3.35a), which proves the point.
As may also be seen, equating the corresponding coefficients of the two equations
reveals that the parameters of the two versions of the standard linear solid are
related as follows:

E,=Ey+E S +—1 (0)
= N 0 = 007 = . (]
Mk M M Ex Ey E.

3.7.2 Three-Parameter Fluid

There are two equivalent versions of this model; they are shown in Fig. 3.17. As
seen in the figure, one version of the model consists of a Kelvin unit in series with
a dashpot. It is a degenerate form of a generalized Kelvin—Voigt model. The other
one is composed of a Maxwell element in parallel with a dashpot, which is a
special case of the generalized Maxwell model. As will be shown shortly, the
three-parameter model exhibits fluid behavior and is thus referred to as the three-
parameter fluid.

As in the case of the three-parameter solid, the constitutive equation of each
version of the three-parameter fluid shown Fig. 3.17 may be derived either from
the equation of the generalized Kelvin model or from the equation of the Maxwell
model. For instance, the equation of the model in part (a) of the figure results from
equation (3.27a), using n =2, E; =0, n; = #,, and removing the term 1/E,,
which had been introduced to account for an isolated spring. This leads to

&= ﬁ+m o. After clearing off fractions, using operator algebra, and
rearranging
do de d*e
Exo + (o + ) - = Extly 1+ otk 75 (3.38)

Accordingly, m = 1 < 2 = n, so the model does not exhibit impact response.
Also, g, = 0, which indicates the model represents a fluid, as claimed earlier.
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fluid. a From generalized O
Kelvin model. b From

generalized Maxwell model
o Ex

Ey \_%l_lm L'_[”M
l" la

Fig. 3.17 Three-parameter (a) (b) o T

M.

3.8 Problems

P.3.1 Determine the initial conditions for the model of Example 2, if the con-
trolled variable is stress and the loading is defined by o(f) = g ,H(?).
Answer: ¢(0Y) = (pi/q))o,

Hint: Use expression (d) of Sect. 3.3.4, with t7 = 0" and ¢(0") = g, to get the
desired result. Note that since m = 1 = n, this model has instantaneous elas-
ticity with compliance p,/q;, from which the result follows.

P.3.2 Obtain the response of a Kelvin unit to the constant strain rate history &(f) =

Rt.
Answer: ¢(t) = ERt + R

Hint: The easiest way to solve this problem is by direct application of (3.16a) to
the given strain history. Doing this produces the result.

P.3.3 Find the steady-state response of a Maxwell unit with spring and viscosity

parameters G and 7, respectively, to a sinusoidal strain history
&(t) = e sin(wt)
Answer: ¢(t) = G{li(?;);z sin(wrt) + 1+Z;r)2 cos(w‘c)} &

Hint: Take the strain history f(t) = ¢,sin(wt) and E = G, T = 5/G into Eq. (3.21b)
and use integration by parts, twice, to resolve the integral. The full solution
should be

a(t) = G[lj_”(’z;z sin(wt) + 1+((‘ZT>2 cos(wr)} & — #e"/’so. From which the
steady-state solution follows dropping the exponential, transient term. This
problem is solved more efficiently by the methods of Chap. 4.

P3.4 Show that the model in Fig. 3.14b is mathematically equivalent to that in

Fig. 3.14a.
Hint: Use either the operator method or Eq. (3.31a) for a generalized Maxwell

Ep+1y 0
resolve the expression to arrive at [Ey + 13,0;]0 = [ExcEm + Em + 1,,0:]¢;
which, being of the same form as (3.35a), proves the point.

model, with n = 1, E|; = Ey;, and 17, = 1, to write ¢ = [EOO + L& }s and
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Fig. 3.18 Problem 3.5 E,
%
E;
12

P.3.5 Derive the constitutive equation for the four-parameter model shown in
Fig. 3.18, treating it as a degenerate generalized Kelvin model. Use physical
arguments regarding how the springs and dashpots of the arrangement
would behave under a constant stress to show that the system would respond
like a fluid and that it provides for initial elastic response. This arrangement
is known as the four-parameter or Burgers fluid.

Answer: Po = Qg, with: P = E\E; + (En, + Exis + Ev13) % + 213 %, and:
Q = E\Exnz 4+ (Eynayn) %. Since m = 2 = n, this model exhibits instanta-
neous elastic response with impact, or glassy modulus M, = g»/p, = E;. Also,
since g, = 0, the model represents a fluid. On physical grounds alone, under
instantaneous strain, the dashpots will lock, but the isolated spring, will
respond elastically. In the limit of extremely long time under load, the isolated
dashpot will extend like a fluid would.

Hint: use constitutive equation (3.27a) for the generalized Kelvin model with

E; =0 and n; = 0, to arrive at the result.

P.3.6 Develop the differential equation for the rheological model depicted in
Fig. 3.19 adjacent sketch, show that it behaves as a solid, and determine its
instantaneous and long-term moduli.

Answer: [(E| +E») + 1, 46 = [(E,E3 + EsE\ + EiE>) + (E> + E3)n, 4e.
In this case, m = 1 = n; the model exhibits instantaneous elastic response with
glassy modulus M, = q,/p; = E, + E5. Also, since g, # 0, the model repre-

sents a solid with long-term modulus, M., = Z—” = W

Hint: Note that this model is composed of a standard linear solid in parallel with an
isolated spring and add the corresponding constitutive equations in stress—strain

form, oyy = [%] ¢, and 0y, = Ese, respectively, and arrive at the
desired result.
P.3.7 The simple exponential function M(f) = Ee~*was fitted to the results of a
shear relaxation test of a polymer. Use the Laplace transform to obtain the
corresponding creep compliance and explain why the relaxation function

given models fluid response.

Fig. 3.19 Problem 3.6 E;
E,

E;
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Answer: C(1) = £+ %1

Hint: Use the relationship C(s) = % and the Laplace transform M(s) = E - of

the relaxation modulus to arrive at the expression C(s) = £ (1) +% (). The
inverse Laplace transform of this yields the desired result. The relaxation
function given will model fluid response because it has zero long-term modulus,
which is a characteristic of fluid behavior. In addition, the corresponding creep
compliance indicates that the model used for this polymer will exhibit unlimited
flow under a sustained constant stress (see the behavior of a Maxwell model).
P.3.8 The three parameters of a standard linear solid model were fitted to the
results of a shear test of a rubber. Using the Laplace transform, determine

the corresponding shear relaxation modulus.

Answer: M(1) =22+ {Iq)—:—%}e"/f; =4

Hint: Use the relationship M = s% and the Laplace transform of the differential
operators P = p, + p;0, and Q = ¢, + ¢,0, to write M = S(i“i‘j)‘IXS). Factor p,
out of the denominator; introduce the relaxation time t© = p,/p,; and use partial

fraction expansion (see Appendix A), to arrive at M = ”’“Sﬂ + %, from
which the desired result follows by inversion to physical space.

P.3.9 A viscoelastic material of Kelvin type obeys the law (1) = E¢(r) + n % (t).

Find its steady-state response to the cyclic strain history ¢ = ¢,sin(wf).

Answer: o(r) = Eg, sin(wt) + nwe, cos(wt).

Hint: Insert the given strain history into the analytical model and perform the
needed operations to reach the result.

P.3.10 Repeat Problem P.3.9 for a viscoelastic material of Maxwell type whose

stress—strain law is described by 40(1) +10(t) = E< (1)

Answer: ¢(t) = E - 8(,{1(:<’2:)2 sin(wr) + 1+((fn)2 cos(wt)}

Hint: Insert the cyclic strain history into the differential equation of the model, using
the integrating factor u = ¢/ and perform integration by parts, twice, to arrive a t

. (w1 ot _ _Eg —t/
the result o(r) = E 80{1+(wt)2 sin(wt) + o cos(wt)} e . After a
sufficiently long time, the last term becomes negligible, and the steady-state

solution listed is reached.
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Constitutive Equations
for Steady-State Oscillations

Abstract

Although the viscoelastic constitutive equations in either integral or differential
form apply in general, irrespective of the type of loading, or the point in time at
which the response is sought, it is possible to derive from them constitutive
equations of a form especially well suited to steady-state oscillations. This
chapter uses complex algebra to transform the integral and differential
constitutive equations of viscoelasticity, defined in the time domain, into
algebraic expressions in the complex plane. The chapter also examines the
relationships between the material property functions defined in the time
domain, and their complex-variable counterparts, and examines the problem of
energy dissipation during steady-state oscillations, important in the design of
mounts for vibratory equipment, among others.

Keywords
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Newton - Transform - Modulus - Compliance - Amplitude - Integral -
Differential - Energy

4.1 Introduction

It is often necessary to evaluate the steady-state response of a viscoelastic material
to harmonic loading. Although the constitutive equations in either integral or
differential form (c.f. Chaps. 2, 3) apply irrespective of the type of loading and the
point in time at which the response is sought, it is possible to derive from them
constitutive equations of a form especially well suited to steady-state oscillatory
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conditions. Such equations, expressed in terms of complex quantities, enter the
problem of harmonic oscillations in a natural way.

This chapter uses Euler’s formula: ¢’ = cos(0) + jsin(6), and complex alge-
bra' to represent the steady-state harmonic excitations imposed on a viscoelastic
material, and their steady-state response to such loads. As will be seen, this
transforms the integral and differential constitutive equations, defined in the time
domain, into simple algebraic expressions in the complex plane.” As it turns out,
the resulting equations in the complex plane are of exactly the same forms as the
corresponding Laplace-transformed equations and hence are of the same forms as
their elastic counterparts. This similarity is due to the fact that the constitutive
equations in complex-variable form may be obtained through an integral trans-
formation, called the Fourier transform, of the general constitutive equations,
which is equivalent to the Laplace transform for functions typically occurring in
viscoelasticity (see Appendix A).

The chapter also examines the relationships between the time-domain material
property functions and their complex-variable counterparts. This treatment is
followed by an evaluation of the energy dissipated per cycle. There, a simple
analysis shows that the energy dissipated by a viscoelastic material in a cycle is
given by an expression that resembles that for energy storage in linear elastic
materials; in that it is proportional to the product of some adequate measure of
modulus and squared strain; or compliance and squared stress.

Finally, although there are several excellent books on viscoelasticity dealing
with the present subject, we list only three as references: Ferry’s seminal book on
properties of polymers [1], Fliigge’s classical text on viscoelasticity [2], and the
more recent treatment by Wineman and Rajagopal [3].

4.2  Steady-State Constitutive Equations from Integral
Constitutive Equations

The aim here is to develop constitutive equations which apply specifically to
steady-state oscillatory loads, where the controlled variable, say strain, is of the
form &(f) = e,sin (wt), or &(f) = g,cos(wt); and where both, ¢, and w, representing,
respectively, the amplitude of the excitation and its frequency, are real numbers.
Noting that Euler’s exponential form of a complex number can be used to rep-
resent a sine or a cosine function of its argument, we introduce the complex strain
* . .

¢ (jor) (c.f. Appendix A):

e (jot) = g,e/”" = ¢,[cos(wt) + jsin(wt)] (4.1)

! In the main body of the text, the symbol j is used to denote the imaginary unit: j = v/—1.

2 Because the frequency of the excitations becomes the independent variable in this transfor-
mation, the resulting equations are said to be defined in the frequency domain.
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where the real part of the complex excitation, Re[¢ (jor)], would represent exci-
tations of cosine type; and the imaginary part, Im[¢ (jor)], would stand for exci-
tations of sine type.

The compex stress, ¢, is obtained by inserting (4.1) into (2.32a), setting the
lower limit to —o0, in accordance with the closed-cycle condition for steady-state
response to oscillatory loads. Carrying out the differentiation under the integral
sign, introducing the change of variable u = ¢t — 7, and regrouping, using that
" (jor) = e,e/", leads to:

" (jor) = g,jw / M(t —1)dt = jw/M(u)e’j‘“”du & (jot) (a)
—00 0
Or:
" (jor) = jw/M(u)e’j‘““du &' (jor) = M* (jow)e* (jor) (4.2)
0

This expression shows that, just as in an ideally linear elastic material, where the
stress response is directly proportional to the applied strain—and vice versa—the
steady-state complex stress in a viscoelastic substance subjected to harmonic
excitation is directly proportional to the complex strain. As discussed in Appendix
A, the factor of proportionality—in fact, a function of frequency—is termed the
complex modulus, M", and is defined by (4.2), as:

M (jo) = jo / M(t)e " ds (4.3)
0

The integral in (4.3) is the Fourier transform of the relaxation modulus, M(?). In
general, the Fourier transform of an arbitrary function f{(r) will exist if the function
is piecewise continuous, has a finite number of finite discontinuities,and is abso-
lutely integrable—i.e., the integral of its absolute value is bounded.” As discussed
in Appendix A, the Fourier transform and the inverse Fourier transform, referred to
as the Fourier transform pair, are, respectively, defined as:

FU @)} =f(ow) = [ eTf (1)t (4.42)
0
£r) = %7%7(@)@ (4.4b)
0

3 These are the so-called Dirichlet conditions.
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In this manner, the complex modulus, M", is the jo-multiplied Fourier trans-
form of the relaxation function: M* = joF{M(t)} = joM(jw). The relaxation
function M(f) may be recovered from (4.3) dividing through by jw and applying
the inverse Fourier transform [4]:

1 / Mé“)’dw (4.5)
T Jo

Example 4.1 Obtain the analytical form of the complex modulus of an isotropic
viscoelastic solid with shear relaxation modulus given by the following finite sum
of exponentials:

G(t) =G+ > Gre '™
k=1

Solution:
The complex modulus is obtained by putting this expression into (4.3) and
carrying out the indicated integrations. Thus:

G (jo) ij/oo
0

1+jor,
=j /e ]wtdt'i_ZGk/ —(—= ")ldt
0

a 0

G, + Z er’/”] eI dy

n 2 n
G (joo) = G. JFZ jon *Ge+ZGk ) 2+jZGk (1)

T jou = 14 (on) =+ (ow)?

It is common practice to express the complex modulus in Cartesian form; that is
in terms of its real and imaginary components, which are denoted, respectively, as
M’ and M":

M’ (jw) = M'(w) + jM" () (4.6)

As with any other complex number, the graphical representation of M “in the
Argand plane, which is shown in Fig. 4.1, leads to the polar form of M in terms of
its amplitude, ||M*||, and phase angle, 0, (see Appendix A):

M (joo) = ||M"[|e"" (4.7a)
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Fig. 4.1 Graphical

. ImM*
representation of the complex
modulus in the Argand Plane
M* "
M
Om
M ReM’
M7 =/ (M) + (m7)? (4.7b)
tan oy = M" /M’ (4.7¢)
M' = ||M*||cos Sy, M" = |M*| sindy (4.7d)

For reasons that will become clear later, M’ and M" are also frequently referred to
as the storage and loss modulus, respectively; and tan(d,,), as the loss tangent.

The following important alternate form of (4.2), results from combining it with
(4.1) and (4.7 a):

a (jot) = ||M*||8(,ei(’“’+5M) = g,e/ @M. 6 = |M*|e, (4.8)

This expression defines, quite naturally, the amplitude of the modulus, M*, as the
ratio g,/¢,, of the stress amplitude to the strain amplitude—as for linear elastic
materials. In addition, this expression and (4.1) state that to a complex strain
& (jor) = e,e/" there corresponds a complex stress ¢*(jwt) = g,/ +); which
is of the same frequency as the controlled strain, but out of phase with it by d,,
radians.

The algebraic relationships between the complex modulus M~ and its real and
imaginary components, M’ and M”, result from taking (4.7a) into (4.3); using
Euler’s formula to split the integral into its real and imaginary parts; separating the
equilibrium modulus, so that M, (1) = M(t) — M, and grouping:

M (joo) = M, + o / M,(¢) sin(et)dt (4.92)
0
M (jo) = w | M,(t)cos(wt)dt (4.9b)
/

These are the Fourier sine and cosine transforms, respectively, of the relaxation
modulus, M. The corresponding inverse transforms are given by:
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M,(2) :% / Wsin(wt)dw (4.10a)
0
M,(1) :% / @sin(wt)dw (4.10b)
0

These expressions indicate that the Cartesian components, M’ and M”, of the
complex modulusM " are interdependent, since the relaxation modulus M, may be
obtained from either component.

Example 4.2 Determine the storage and loss moduli, and the loss tangent of a
material with relaxation modulus E(7) = Ee ",
Solution:

The complex modulus of the material may be obtained directly from (4.3).
After carrying out the integration, multiplying and dividing the result by (1 — jw),

. 2.
and collecting real and imaginary parts, the result is M* = E{/5- = E <Ml> j(j)gm),

with the following Cartesian components: M = E—2J_: \f" = E—©* . The
1+(w1) I+(w1)
1

loss tangent is obtained from these components and (4.7a), as: tand = % =

The strain—stress constitutive equations applicable to steady-state conditions
can be established by reversing the roles of stress and strain in the previous
derivations. In this case, similar to (4.1), the complex form of the given excitation,
a(t) = a, cos(wt), or a(t) = a, sin(wt), would be:

o”(jor) = 0,6/ = a,[cos(wt) + j sin(wr)] (4.11)

Inserting this into (2.33a) and proceeding as before, leads to the strain—stress
equation:

e (jor) = C*(jow)o" (jor) (4.12)

With the complex compliance C":
C*(jo) = jo / C(t)e ™ dt (4.13)
0

In addition, combining (4.2) and (4.12) produce that:

M (jo)C* (jow) = 1 (4.14)
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This shows that the complex modulus and complex compliance are inverses of
each other: M" = 1/C".
Moreover, in view of (4.7a) and (4.13):

%[ _ 1 . 1 e—jéM — %[ e—de — % ([ j0c

From this expression, it then follows that:

|C*(jo)|| = TGl (4.16)

Sc = Oy (4.17)

That is, the amplitudes of the complex modulus and complex compliance are
reciprocals of each other—as for linear elastic materials; and the phase angle, ¢,
of the complex compliance is the negative of the phase angle, d,,, of the complex
modulus. Because of this last result, a negative sign is typically used in front of the
imaginary part, C”, of the Cartesian form of the complex compliance, and the
same phase angle 0 = J,, used for the modulus and compliance. Then, corre-
sponding to (4.6), the complex compliance is usually written as:

C*(jw) = C'(jo) — jC"(jw) (4.18)

The analogous of (4.7a) results from this expression, the definition of magnitude of
a complex number, and the relationship between its components; thus:

1C*|(jw) = [|C*|le™” (4.19a)

IC Il =\ (C) + (') (4.19b)
tand = C"/C’ (4.19¢)

C =||C*||cos s, C" = ||C*||sind (4.19d)

Likewise, combining (4.12) and (4.15) with the complex stress a'(f) = o, e Jor.
given in (4.11), yields the following result, in analogy with (4.8):

g (jort) = ||C*||o,e' ™) = £, g, = ||C|a, (4.20)
Just as in the case of the complex modulus, this expression defines the amplitude

of the complex compliance, ||C*||, as the ratio &,/a,, of the amplitudes of the strain
and stress, as for linear elastic materials.
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Other relationships involving the creep compliance, such as their Fourier sine
and cosine transforms are entirely similar to those for the relaxation modulus.
Specifically, using C,(1) = C(t) — C,:

[o.°]

C'(jo) = Ce+w/C, sin(wt)dt (4.21a)
0
C"(jw) = w/C, ) cos(wt)dt (4.21b)
0
2 [ C(jo) - C,

Ci(1) :—/(/Lsin(wt)dw (4.22a)

n )

0

2 [
C(t)=-= / UO) in(eot)des (4.22b)

n w

0

In practice, all functions involved in the response of viscoelastic materials—
such as excitations, stress or strain response, and material properties—are of
Dirichlet type; and hence, their Fourier transforms exist. It is then permissible to
apply the Fourier transform to viscoelastic relationships, such as constitutive
equation. In particular then, the Fourier transform of Eq. (2.33a) and (2.33b), for
instance, would lead to (c.f. Appendix A):

Flo(t)} = ]—‘{ | M- r)%g(f)df} = G(jo) = joM(jo)ijo)  (4.23)

t d _
Flet)} = .7-'{ / Clt—1) dra(‘c)d‘c} = &(jw) = jolC(jw)a(jo) (4.24)
Combining these expressions one may arrive at the following additional result:

(4.25)

Expressions (4.23) to (4.25) are of exactly the same form as (2.29-2.31),
derived in Chap. 2, taking the Laplace transform of constitutive equations (2.32).
As explained in Appendix A, there is a close relationship between the Laplace and
Fourier transforms; and it is to emphasize this fact, that the terml/(jw)z, in (4.25),
has been left as such, instead of as — o>
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As emphasized in Chap. 1, except for very long observation times, the response of
a viscoelastic solid is indistinguishable from that of a viscoelastic fluid. Conse-
quently, the behavior of viscoelastic fluids under cyclic loading can be evaluated
using either one of the complex property functions, M~ or C", derived earlier. Quite
often, however, in reference to Newton’s constitutive equation for a viscous fluid:
o = n-deldt, the complex viscosity, n* = #' — ji”, is used for this purpose. The
relationship between the complex modulus and complex viscosity can be easily
established introducing complex quantities, as before. Hence, if s*(jwt) = soe/ ! and
o (jot) = n" de'ldt = (jo)y'e". Then, since o (jor) = M'¢ (jor), it follows that:

M*
f=y g = 4.26
== (4.26)

The Cartesian components of the complex viscosity follow from this and (4.6), as:

Ml/ M/
= == 4.27
=N = (4.27)
This expression shows that the phase relationships for the complex viscosity and
complex modulus are exactly the opposite of one another. In addition, (4.26) and
(4.3) define the complex viscosity as the Fourier transform of the relaxation
modulus:

M*

7 o (1) (4.28)
0

In the limit of very slow frequency excitations (w — 0), this expression leads to
what is termed—for this reason—the zero shear-rate viscosity, #,, as:

n*(0) = n, = | M(1)dt (4.29)
0

The zero shear-rate viscosity enters the compliance function of viscoelastic fluids,
in the term t/7,,.

Example 4.3 Determine the steady-state response of the viscoelastic substance of
Example 4.2 to the harmonic excitation: &(f) = ¢,cos(wt).
Solution:

The steady-state response may be computed with the constitutive equation
6" = M*¢*, and the excitation in complex form &*(jwt) = &, = ¢,[cos(wt)+
Jjsin(wt)]. Since the applied strain corresponds to the real part of the complex strain,
the response will be the real part of the resulting complex stress; that is o(7) =
Re{c*(jot)}. Putting G(t) = Ge™'/* in (4.3) produces the complex modulus, after
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integrating and reordering, as:

G (j0) = jor | eI Ge ! tdr = 2 G = Gl
0 I+jor 1+(w‘r)2 :

Taking the complex modulus and the complex applied strain into (4.2) yields
the complex stress as:

" (jor) = G*(jw)e* (jot) = I+Gj:r) [(w7)*+j(w)][cos(wt) + j sin(wt)).
Or, in full:

o*(jor) = H((;Z;’T) {[((m:)2 cos(wt) — (wt) sin(wt)] + j[(wt) cos(wt)
+(wt)? sin(wr)]}.
The steady-state response to the actual applied loading, &(f) = Re{¢*}, then

becomes: a(r) = Re{o*(jwt)} = 1+G:;'I) [(w7)* cos(wr) — (wt) sin(wr)]

It is worth pointing out that because of the linearity of the Fourier transform, the
steady-state response of a viscoelastic system to a sum of excitations is equal to the
sum of the steady-state responses to the individual excitations. The simplest way to
proceed in this case is to establish the steady-state response of the system to each
cosine or sine component of the excitation and add the corresponding real or
imaginary part of the complex responses.

Example 4.4 Determine the steady-state response of a viscoelastic material having
shear relaxation modulus G(7), to the harmonic excitation: &(f) = ¢;,sin(w;t) +
£2,C08(5t).

Solution:

The solution may be readily obtained as the sum of the steady-state response to
the two strain histories, &} (jo17) = ¢,/ and &} (jwat) = &,e/*', representing the
actual excitations ¢&;(f) = ¢;,5in(w;t) and &(t) = &,cos(w,t). Using complex
algebra, let M* =M'+jM", and calculate the steady-state responses o} =
M*(jon)ef(jot) and 65 = M*(jw,)e5 (jwot). Then, take the imaginary part of of—
because of the sine function—and the real part of o;—because of the cosine
function—to arrive at the result:

a(t) = [G'(wy) sin(w;1) + G" (1) cos(wi1)e,]
+ [G'(w2) cos(nt) — G"(w2) sin(wat )]

4.3  Steady-State Constitutive Equations from Differential
Constitutive Equations

As indicated in the introduction, the constitutive equations for steady-state con-

ditions can also be derived from constitutive equations in differential form. This is

done in the same manner as before, by:

e Introducing a complex excitation, & = e
variable

1 say, to represent the controlled
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e Invoking the closed-cycle condition to take the response as harmonic too, with
the same frequency as the excitation, but out of phase with it: ¢* = &/(®+m),

e Taking the excitation and response into differential constitutive Eq. (3.9),
repeated here, for reference:

1 m 1 4t

Po0 +P1og Ot P 0 = ot F gt e (a)

Proceeding as indicated, performing the required operations and collecting terms,
yields:

@o+pmﬂ®1+~-~+pmowyﬂa*: ho+qmﬂ@‘+~--+q4ﬂ®”s*(430@

More succinctly:

Po" = Q"¢ (4.30b)

With the definitions:
P =p,+p1Go) + -+ pu(jo)" (4.31a)
0" =qo+qi(jo) + -+ gu(jo)" (4.31b)

Since (4.30b) is an algebraic relation involving complex numbers, it may be
rewritten in either of the following forms:

a = Q—e* (4.32a)
P*
pP*

& =—7" 4.32b
o (4.32b)

Proceeding as in the previous section yields the complex material property func-
tions, M and C*, and the relationship between them:

=M =M = % (4.33a)
* % k * P*

&=Cd"=C=— (4.33Db)
Q

M =1 (4.34)

The practical implication of expressions (4.33) is that to determine the complex
modulus or the complex compliance of any given rheological model, it suffices to
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evaluate P* and Q*, in accordance with (4.31), and use complex algebra to remove
the complex quantities from the resulting denominator. The following example
illustrates this point.

Example 4.5 Derive the material property functions of a Maxwell fluid for steady-
state conditions.
Solution:

Use (3.21b): 42+ 1o = f% (1), and identify: p, = /1) pr=1.q,=0,
g; = E. With them, obtain P~ = (1/1,)(1 + jwt,), and Q" = joE. Then, apply Eq.

(4.332) to establish M* = (lij;*;f;) = E[(";z)(i;j()‘éjf’)]. The complex compliance, C"

may be determined directly from (4.33b), as: C* = % = m + Elo = EL —j% .

It is worth pointing out that in accordance with (4.3) and (4.13) the complex
material property functions of rheological operators may be obtained directly from
their relaxation or creep compliance functions.

Example 4.6 Use the relaxation modulus of the standard linear solid to derive its
complex modulus M".
Solution:

The relaxation modulus of the standard or three-parameter solid was obtained in
(3.36b), as: M(t) = Z" + [ﬁi z ] “t/g, = %, where the index r has been

appended to the relaxation time, for clarity. Taking this into (4.3) and performing

‘Ll,@] [((u‘cr)zﬂ'wr,}

the integrations yields: M* = 4+ [m P{'H o
Alternatively, using that g,/p, = M., = M., q,/p; = M, = M, (Sects. 3.3.2,

3.3.4):

M, — M) {(w‘c,)2 —|—ja)‘cr]

M =M, +
1+ (w1,)?
2
|:Moo +M CO‘L'r + M M ]U)Tr
= ]
1+ (w1,) 1+ (o1,)
In similar fashion, using (3.37b):C(¢) = ”" e+ [”: %} “tres g, = ”—‘ and applying
AT [CerC (w1,) ] G, Cx](A)r‘
(4.13), leads, after some algebra to: C* = T (r)? +j T (on)?
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4.4 Limiting Behavior of Complex Property Functions

Since the complex modulus and compliance are related to their time-domain
counterparts through expressions such as (4.3), it is reasonable to expect that their
asymptotic values M *(oo) and M(o0), or M*(O) and M(0), etc., are related in some
manner. That such values are related may be seen from a physical perspective. For
instance, since the glassy response (r = 0) is elastic and M(0) is a constant, and
since o is proportional to 1/¢, one should expect that M (00) = M(0).

To fix ideas, we obtain the relationships between the asymptotic values of the
moduli and use (4.3) for that effect. Before applying the limiting process, we
integrate the equation by parts:

o0

M*(jo) = / _J“” (a)

0

Taking the limit of this expression as « — oo confirms the physical argument
made before:

lim M*(joo) = M(0) (4.35)

W—00

Or, using the Cartesian components and equating real and imaginary parts,
respectively:

M'(00) =M(0); M"(c0) =0 (4.36)

To obtain the limit as & — 0, we introduce the change of scale 1 = wt, and write:

M (jw) = M(0 i _—M(2)d b
(o) =(0) + [ 5 m(Pyay (o)
0

From which, follows:
lim M* (joo) = M(0) + /OO L m(Myan = M(0) + M(oo) — M(O) (¢
n—0 on a)
0
Finally, since ® — 0 as y — 0:
lim M*(jw) = M(o0) (4.37)

w—0

Or, equivalently, in terms of the real and imaginary components:
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C”(jo)

C’(jw)

v

tan o

»
»

(O]

Fig. 4.2 Real and imaginary components of the complex property functions of a viscoelastic solid.
M*(w — 0) =M(t — 00) =My =M,; and M* (0 — c0) =M(t — 0) =M, = M,. There-
fore: M'(0) = M,,M"(0) = 0, andM'(c0) = My, M"(c0) = 0. Also: C*(w —0) = 1/M, =
C'(0) = C,; thus: C"(0) = 0, and C*(w — 00) = 1/M, = C'(00) = Cy;and so, C"(00) = 0

M'(0) =M(c0); M"(0)=0 (4.38)
Starting with Eq. (4.13) and using arguments entirely similar as with the complex

modulus, the following relationships are obtained describing the limiting behavior
of the complex compliance. The analogs of (4.35) to (4.38) are, thus:

lim C*(joo) = C(0) (4.39)
C'(o0) = C(0); (o) =0 (4.40)
lim C*(joo) = C(ox) (4.41)
C'(0) = C(s0); C"(0)=0 (4.42)

Expressions (4.35) to (4.42) indicate that the glassy and equilibrium complex
moduli and compliances are elastic—as they should be—in agreement with the
properties of the relaxation and creep functions, discussed in Chap. 2. Typical
graphs for the real and imaginary components of the complex property functions,
including the loss tangent are as shown in Fig. 4.2 for a typical viscoelastic solid.
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tan o

>
®
Fig. 4.3 Real and imaginary components of the complex property functions of a typical viscoelastic
fluid M*(w — 0) = M(t — o0) = 0;and M*(w — o0) = M(t — 0) = My = M,. Therefore M'(0) =

0;M"(0) = 0Oand M’ (o0) = Myand M"(c0) = 0.C*(w — 0) = C(t — 00) — oo; thus
C'=(0) 00; C"(0) = ooand C*(w — o0) = C(t = 0) =1/My, = Cy = C'(0); C"(00) =0

Regarding viscoelastic fluids, we know, from Chaps. 1 and 2, that the nature of
their response to loads is in general indistinguishable from that of viscoelastic
solids, except in the long run, because viscoelastic fluids have zero equilibrium
modulus. For this reason, in particular, tan 6(0) = M”/M’ — oo. Consequently,
the graphical forms of the complex material property functions of a typical vis-
coelastic fluid are as shown in Fig. 4.3.

Quite naturally, the graphical representations of the complex material property
functions of a rheological model depend on the specific arrangements of its ele-
ments. Because the mechanical response of the standard linear solid to loads
exhibits all the characteristics of a viscoelastic solid, it follows that its complex
property functions should resemble those shown in Fig. 4.2, whereas those of a
fluid should be as in Fig. 4.3.

The complex modulus and compliance of the Maxwell fluid are depicted in
Fig. 4.4. The representations in the figure are constructed taking the indicated
limits of the results of Example 4.5.

The complex modulus and compliance of a Kelvin solid are displayed in
Fig. 4.5, which was constructed using the results of Problem P.4.3.
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C”(jo)

¢ C o)

»
»

®

tan o

®

Fig. 4.4 Real and imaginary components of the complex properties of a Maxwell fluid
M (w—0) = 0;M" (0w — 00) =Mg;C* (0 — 0) = —joo; C(w — 0) =1/M, =1/M,
Therefore :M'(0) = 0,M"(0) = 0;M’'(o0) = M,,M" (<) = 0,C'(0) = 0,C"(0) = oo;
C'(00) = C,, C"(00) = 0;with: C, = 1/M,

A C,
Mo C'(jo)
C”(jw)
M M (o)
(O]
tan 0

(O}

Fig. 4.5 Real and imaginary components of the complex properties of a Kelvin Solid
M (w—0) =My =M M (0 — 00) =joo; C*(w—0) =1/My,=C,; C'w—00) =
0—M'(0) =M, ,M"(0) = 0,M'(0) =M"(x) = coC'(0) = C,,C"(0) = 0,C'(c0) =
C"(o00) =0
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4.5 Energy Dissipation

In Chap. 1, we stated the physical expectation that viscoelastic substances should
have some capacity to store energy and some to dissipate it. This section proves
that statement by means of a simple experiment.

The ability of a material to store or dissipate energy may be ascertained sub-
jecting a one-dimensional specimen of the material to a full load-unload cycle.
Without loss of generality, we consider a uniaxial specimen subjected to the
excitation4I(t) = A4l,sin(wt), which divided by the original length of the specimen
produces the strain &(¢) = ¢,sin(wr). The test is then carried out for a complete
cycle, so that t; = 2n/w. Using Eq. (2.46):

Wy

u— (1/VyWlh=To % ds (4.43)
0 O_é ds . .

and noting that the stress corresponding to the applied strain is o(f) = g,
sin(wt +0), leads to:

2n/w 2n/w
d
Wyli= 608, / sin(wt + J) Esin(wt)dt = 0,6, 8N 0 / (1 4 cos2wt)dt (a)
0 0

which integrates to:

Wy

M= ng,e,sin o 4.44
0

This result indicates that maximum dissipation occurs when 6 = 7/2; which
according to the discussions in Chaps. 1, 2 and 3, corresponds to fluid behavior. By
contrast, zero or no dissipation, corresponding to solid, elastic response, occurs at
0=0.

Using (4.8): o, = IM’Il ¢,, and noting that || M*||sin 6 = M", puts (4.44) in the
form:

Wylh=n-& - M"(jo) (4.45a)

In words: energy dissipation depends on M”; which, for this reason, is termed
the loss modulus. By contrast, zero dissipation, and hence fully recoverable elastic
response occurs at 6 = 0, when: M* = M’. For this reason, M’ is called the storage
modulus.

Alternatively, substituting , = ||C*||(70, in accordance with (4.20), into (4.45a),
and noting that, per the definition in (4.19): ||C*||sind = C”

Wylp=m- a>C" (jo) (4.45b)
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The same remarks can be made about C’and C”, relative to energy storage or
dissipation, respectively, as were made in relation to M’ and M". Thus, C'is the
storage compliance, and C”, the loss compliance. Furthermore, since the total
energy dissipated in a cycle has to be positive, in accordance with the closed-cycle
condition, expressions (4.45a) show that M"(jw) > 0 and C”(jw) > 0. This last
inequality is one reason why the complex compliance is written with a negative
sign in front of C”.

Example 4.7 Derive an expression for the maximum energy per unit volume
dissipated per cycle by a material with constitutive equation of the standard linear

solid type.
Solution:
2
Use the results of Example 4.6: C* = [Cxl:fwiw;z) ] J [Cf;(f " }()M‘ together with
(4.45b) to write: ¥ = no? %, where, Co. = po/q,, C, = pilq;, and

T = qilq,.

4.6 Problems

P.4.1. Generalize the result of Example 4.2 to the case when the relaxation
function is given by a finite sum of exponentials, such as that in Example
4.1.
Answer:

n

/ /!
@) = Ge +ZG (T 1)2’ @) = ;Gll—i-(wrz)
Hint: Use the results of Example 1 and follow the approach in Example 2.
P.4.2. Verify the result of Example 4.3 by direct integration of the hereditary
integral.
Hint: Start with the integral constitutive equation (2.33a), and apply integration
by parts twice to derive the steady-state response.
P.4.3. Derive the material property functions of a Kelvin solid appropriate to
steady-state conditions.
Answer:

;TK__ Moo—qo

1+ (CO‘C[()Z P1 Po

M =M (1 +jotg); C = (—
e

Hint: Write (3.16a) in operator form: p,c = (¢, + ¢,;0,)¢, and obtain P = Do
and Q* =q, + jog; = q,(1 + jotk); where 1x = ¢q,/q, 1s the relaxation time
of the model. Use this and (4.33a) to get M* = "” ¢ (14 jotk) = Mo(1 + jortk).
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Establish the complex compliance by inverting this relation: C* = # [%}

P.4.4. Derive the expression for the maximum energy dissipated per cycle by a
material with relaxation function of Prony-Dirichlet type, like that in P.4.1,
under oscillations of amplitude ¢,,.

Answer:

Wi Tk
— = 7'[82 E G,——

1+ (i)k‘Ck)

Hint: Use the results of P.4.1 together with (4.45a) to arrive at the desired result.
P.4.5. Calculate the maximum energy dissipated per cycle by a bar of a standard
linear solid under a uniaxial cyclic strain of amplitude ¢,?

Answer: me2 %, where: M., = q,/p,, M, = q,/p,, and 1, = p,/p,.
S . * [M +M, (1) ] M,—M o,
Hint: Use the results of Example 4.6, that: M* = T (n)? +J )

together with (4.45a) to arrive at the quoted result.
P.4.6. Obtain the complex viscosity of the standard linear solid of Problem P.4.5.
Answer:

M, — Myt [M + M,(w1,) }
1+ (wr,)? ’ a){l + (wrr)z]

n*(jw) =

Hint: Insert the expression for M~ derived in Example 4.6 into Eq. (4.26) and

(4.27)for the complex viscosity: 7*(jw) = 1(7 = %ﬁ —J IZ) , to arrive at the result.

P.4.7. Calculate the complex compliance for a viscoelastic solid whose creep
compliance is C(r) = C, — > Cie '/,
i=1

Answer:

n

w;T;
C'(jo) = C, — Ci———————j c—
) Z 1+m> ’Z T+ (o)

Hint: Insert C(7) into (4.13), performing the indicated integrations and simpli-
fying to obtain the result.
P.4.8. Calculate the work done per cycle of oscillation under a stress
o(t) = o,sin(wt), for a bar made of the material of Problem P.4.7.
Answer:

w;T;
——nozg c—

=1+ (o)
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Hint: Use (4.45b): ¥ = n- 62 - C"(jw) and the result: C”"(jw) = Z C; 1+‘(*Zf‘r 7
i=1

from Problem P.4.7, to arrive at the desired result.
P.4.9. Derive a general expression for the steady-state response of a linear vis-

N
coelastic material to a cyclic stress o(f) = > 0, sin(wr).
k=1

Answer:

= Z ook [C' (joor ) sin(ayt) — C" (jooy ) cos(ayt)]
k=1

Hint: The solution may be readily obtained as the sum of the steady-state
response to each of the stress histories, o} (jwxt) = o/ . Proceeding as in
Example 4.4, let C} = C*(jox) = C'(jox) — C"(jor) = jC;, — jC}, calculate
the steady-state strain responses ¢; = Cy¢; and add them together. Since all
components of the excitation are sine functions, the solution sought corre-
sponds to the imaginary part of the total complex strain thus obtained.

P.4.10. Assuming that p = 2n/w; and w; = kwy,fork = 1,2, ..., N, calculate the
work done in the period, p, by the stress history of Problem P.4.9 acting on
a viscoelastic bar having creep compliance C(r).
Answer:

[P = Znaokc”(]wk) p=2njw, op=ko, j=vV-1

Hint: Take the stress history a(f) = Y p_, o sin(wyz) given in Problem P.4.9,
and the derivative 4e(r) = 33, 0ok [C' (joor) cos(axt) + C" (jooy) sin(wyt)]
of the strain response calculated there, into (4.43). Perform the indicated
algebra, and use the orthogonality of the sinusoidal functions over an interval
spanning the fundamental period (see Appendix A) to arrive at the result.
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Structural Mechanics

Abstract

This chapter is devoted to structural mechanics, developing the theories of
bending, torsion, and buckling of straight bars, and presenting a detailed
account of vibration of single-degree-of-freedom viscoelastic systems, includ-
ing vibration isolation. A balanced treatment is given to stress—strain equations
of integral and differential types, and to stress—strain relations in complex-
variable form, which are applicable to steady-state response to oscillatory
loading. All equations in this chapter are developed from first principles,
without presuming previous knowledge of the subject matter being presented.
This approach is followed for two reasons: first, because it is necessary for
readers without a formal training in mechanics of materials; and secondly,
because it provides the reader—even one with formal training in classical
engineering—with a method to follow when the use of popular shortcuts, like
the integral transform techniques, might be questionable or unclear.

Keywords

Static - Bending - Torsion - Buckling - Navier - Hereditary - Integral -
Differential - Steady-state - Euler - Critical - Creep + Spring - Correspondence -
Mass - Free - Forced - Vibration - Amplification - Transmissibility

5.1 Introduction

Previous chapters have examined the various forms available of the stress—strain
laws for uniaxial conditions, using a straight bar of viscoelastic material as the
physical specimen to which these laws applied. This chapter expands the one-

D. Gutierrez-Lemini, Engineering Viscoelasticity, DOI: 10.1007/978-1-4614-8139-3_5, 113
© Springer Science+Business Media New York 2014
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dimensional applications to examine the quasi-static' bending, torsion, and
buckling of structural members made of homogeneous, linear, isotropic visco-
elastic materials. Free and forced vibrations of one-dimensional viscoelastic
spring-mass systems are also examined in detail, including the important topic of
vibration isolation. As will be explained, the case of free vibrations is considerably
more complicated than that of forced vibration, to which the methods of Chap. 4
apply directly. For free vibrations, then, only the solution outline is given. For
completeness of presentation as well as for the benefit of readers without formal
training in mechanics of materials, all topics are treated in great detail.

As will be seen, the relations derived for viscoelastic materials have the same
forms as their elastic counterparts. The kinematic relations and the equilibrium
equations are established for materials whose stress—strain law is in integral as well
as in differential operator form. The approach used to derive the equilibrium
equations is as follows (c.f. Chaps. 2 and 3):

1. Establish the equilibrium equation relating the pertinent mechanical element,”

F, to the corresponding stress, o:

F(x,t) = A(x)a(x,1) (a)

2. Introduce the stress—strain law:
a. For materials of integral type, o(x,7) = E(t — s) * de(s) (c.f. Chap. 2).
Thus,
F(x,t) = A(X)E(t — 5) = de(s) (b)

b. For materials of differential type apply operator P[-] to both sides of the
equilibrium equation, and use that P[g] = Q[e], to write (c.f. Chap. 3)

PIF(x,1)] = A(x)Ql¢] (c)

3. Use the pertinent kinematic relation to replace the generalized strain, ¢, with the
corresponding generalized displacement to arrive at the desired form.

! That is, such that the external stimuli vary sufficiently slowly that no significant inertial effects
develop.

2 The mechanical elements that may act on a bar’s cross section are two bending moments, one
torsional moment, one axial force, and two shear forces.

3 In this chapter, to avoid confusion, the letter M is used to denote the moment of the external

forces, while E will denote relaxation modulus. As in previous chapters, C will still denote
compliance.
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Fig. 5.1 Bending of a straight beam. Kinematics of deformation. a Initial geometry. b Deformed
geometry. ¢ Sign convention. d Force resultant at x

5.2 Bending

This section examines the mechanical response of initially straight viscoelastic
beams subjected to transverse loads only.* The derivations assume that the lateral
deflection and in-plane rotation of the beam are small; and that, in accordance to
Navier’s assumptions, plane sections initially normal to the axis of the beam
remain plane and normal to the beam’s axis during deformation [1].

Regarding geometry, the axis of the beam is taken along the x-axis; the y- and z-
axes are assumed principal centroidal axes of inertia of the cross section; the y-axis
directed upward, and the z-axis defined by the right-hand-screw rule, as shown in
Fig. 5.1. To keep the presentation simple, all transverse loads will be assumed to
act in the x—y plane, along the y-direction.

As can be seen from Fig. 5.1b, the axial displacement, u(x,y,z ), of the bar
depends only on the axial, x, and transverse, y, coordinates. For this reason, in the
sequel, we omit the out-of-plane coordinate, z. Hence,

u(x,y,z,t) = u(x,y, t) = —ytan, vz € A(x) (5.1)

4 Generalization to beam-columns, which include axial loads, is straightforward and is left as an
exercise.
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For small deflections, v(x,f), and rotations, ¢, of the bar’s axis: tan
¢ =~ ¢ = 0v/0x; thus,

ey, 1)~ v =~y v (0, ¥ € ALY) (5:2)

Introducing the axial strain in the bar—i.e., the change in length per unit
original length—Ileads to:

d o
8(35;)’,0 = au(xv.% t) = —y@V(X,t) = —yVN(X,'[),VZ € A(x) (53)

Figure 5.1d shows the internal stresses ¢ and t which develop on a generic
cross section to balance the externally applied loads. Taking moments with respect
to point O, located on the generic section at station x, we write

M(x,t) + q(x, t)dx-%—k /Aya()gy,t)dA + [/A r(x,y,t)dA] ~dx=0 (a)

In the limit as dx — 0, this expression produces the resultant moment acting on
the cross section at a generic axial station, x, as

M(x,1) = —/o'(x,y7 1)ydA (5.4)

The following relations result from force and moment equilibrium taken
between any two stations separated an infinitesimal distance Ax along a beam’s
axis, as depicted in Fig. 5.2, and do not contain material properties.

Indeed,

a. Moment equilibrium about the bottom left-hand corner of the elemental length
of beam leads to

[V -+ AVIAY — (M -+ AM] 4 M+ [gAx] 2 =0 (b)

Fig. 5.2 Force and moment
equilibrium of a differential J

beam element
M ( ) M+ AM

V+ AV

«— =
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Neglecting terms of order higher than the first,
Viet) = S Mx.1 ©
x,t) = —M(x, c
ox

Just like for elastic solids, this expression is independent of material properties.
b. Equilibrium of forces requires that V — gAx — [V + AV] = 0, which, neglecting
higher-order terms yields:

lx0) =~ 5 V(x) (@

As for elastic materials, this expression is also independent of material
properties.

5.2.1 Hereditary Integral Models

Introducing the strain—stress form &(f) = C(t — 1) * do(r) of the constitutive
equation into (5.3), and convolving the result with the relaxation modulus, leads to
(c.f. Chap. 2)°

a(x,y,t) = —yE(t — 1) * 0v'(x, 1) (5.5)

Combining (5.4) and (5.5), and separating the spatial and time operations
produces

M(x,t) = /ysz E(t—1) x ' (x,7) (d)

A

Or, more succinctly,
M(x,t) = I(x)E(t — 1) * V" (x,7) (5.6)

This is the relaxation integral analogue of the elastic expression
M =1, - E - V", in which I(x) represents the second moment of area—also called
area moment of inertia—of the beam’s cross section at station x.

To solve for the deflection function, v(x,f), of the beam, (5.6) is convolved with
the tensile compliance function, C(¢), of the beam’s material (c.f. Chap. 2). Pro-
ceeding thus, and rearranging,

5 Note that the same result may be reached by taking the kinematic relation (5.3) into the stress—
strain constitutive equation o(f) = E(t — 1)*de(t).
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o’

1
P ?C(t —1) * OM(7) (5.7a)

This expression is also often written in terms of the rotation angle, ¢ = Ov/0x,
as

dp 1
B YC(t —1) % dM(7) (5.7b)

The relation between the normal stress and the external moment is obtained
combining (5.5) and (5.6). This is accomplished by first rewriting (5.5), as

o(x.y.1) ©

E(t—1) % oV'(x,1) = —
y

Inserting this result on the right-hand side of (5.6), and rearranging, leads to

a(x,y,t) = —M[( ] y; Vz€A(x) (5.8)

This expression is the same as that for an elastic beam in bending; as it should
be, since the bending stress is independent of material constitution.

5.2.2 Differential Operator Models

Proceeding as suggested in the introduction, we apply the operator Q to the strain—
displacement relation (5.3) and use that P[g] = Qle¢] to write

Pla(x,y,1)] = Qle(x,,7)] = —yOP" (x,1)];Vz € A(x) (5.9)

Applying the operator P to expression (5.4), combining the result with (5.9),
and separating the spatial and temporal parts, leads to the counterparts of (5.6) and
(5.7a, b), respectively,

P[M(x,1)] = I(x)Q]" (x,1)] (5.10)
P (x,1)] = % (5.11a)

Q{aax(p(x, t)} G (5.11b)
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Fig. 5.3 Example 5.1 (a) (b)
y P(t) =
A F()
| M(O I) |
V(O,t)
To derive the counterpart of (5.8), first rewrite (5.9) as Q]V"(x,1)] = — M
Then, combine the result with (5.10) to get Plo(x,y,1)] = — % y. Applying the

operator P~! to both sides of this expression leads to the elastic form in (5.8).

Example 5.1 A cantilevered beam of length L and uniform cross section with
moment of inertia / is made of a viscoelastic material with tensile relaxation
modulus E(7) and is loaded as shown in Fig. 5.2. Determine the deflection at its tip.
Solution:

As indicated in Fig. 5.3, force and moment equilibrium—as in the statics of
elastic solids—produce the reactions V(0,f) = F(¢) and M(0,t) = —LF(f), on the
beam’s support. Using these results and the sign convention, shown in Fig. 5.1,
produces the moment M(x,f) = —LF(t) + F(f)x, at station x. Taking this into
(5.7a), integrating the resulting differential equation twice using that
v(0,f) = Vv’(0,t)) =0, and inserting F(¢), yields, after some algebra,

vix, 1) =L [g (L)z—%(%)S}C(t— ) * dF(t). The value of this expression at

x = L, gives the result v(L,t) = —é—jC(t —1) * dF (7).

5.2.3 Models for Steady-State Oscillations

The interest here is on the steady-state lateral deflections of straight viscoelastic
beams of uniform cross section, which are made of materials of either integral or
differential type and are subjected to cyclically varying loads of frequency, w. To
develop the appropriate relations, we take the complex forms M (x, jor) =
My(x)" and v'(x, jor) = vo(x)e/“*®, of the cyclic moment and the bending
deflection, respectively, and insert them into (5.7a) for materials of hereditary
integral type, and (5.11a) for materials of differential type, proceeding as in
Chap. 4.

For materials of integral type, convolve (5.7a) with the tensile relaxation
modulus E, say, to cast it in the form: M(¢) = IE(r — 1) * 0" (x, 7). Then, replace
M and v with their complex forms and proceed as in Chap. 4 to get®

© Here E*(jw) = (jo) (¢ e 7 E(t)dt = (jo)F[E(r)]; where F[E(r)] is the Fourier transform of
E(1).
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Fig. 5.4 Torsion of a *
straight bar of circular cross \T

section. Kinematics of
deformation

2
M*(jot) = IE* (jw) %v* (x, joot) (5.12a)
X

In similar fashion, inserting M “and v" into (5.11a), and rearranging the terms,
leads to’

2
M (jor) = Igg)v (x,jot) = IE*(jo) i *(x, joor) (5.12b)

The expression on the far right uses (4.33) with E* =
modulus.

P* , as the corresponding

53 Torsion

The torsional response of an initially straight bar of circular cross section is
considered in what follows. Because of mechanical and geometric symmetry, a
straight circular bar subjected to pure torsion deforms in such a way that initially
plane cross sections, which are normal to the bar’s axis before deformation, rotate
without distortion and remain plane and normal to the bar’s axis after deformation
[2]. Therefore, any straight line initially parallel to the axis of the bar and located
at any radius from the bar’s axis will remain straight during deformation. As a
consequence, the shear strain, y, at any radial distance, r, from the center of the
cross section of the bar must be proportional to r, as indicated in Fig. 5.4.

The kinematics of deformation in this case leads to the following relation
between the angle of twist, i, and the shear strain, y:

y(r,go,t)-x:r-tp(x,t) (513)

7 As shown in Chap. 4, Q(jo)/P(jw) = (jo) - FIE(t)] = E*(jo).
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Differentiating this expression with respect to x, and introducing the angle of
twist per unit length, 0, as

O(x, 1) =— (5.14)
We arrive at the relation:
d
y(r, @ x, 1) = rd—f = r0(x, 1) (5.15)

Moment equilibrium at axial station, z requires that

T(x,t) = /rr(r,x, 1)dA (5.16)

A

Next, the kinematic and equilibrium relations in (5.15) and (5.16) will be
combined with the constitutive equations in hereditary and differential operator
forms.

5.3.1 Hereditary Integral Models

Use (5.13) and the convolution form of the constitutive equations for a linear
homogeneous viscoelastic material with shear relaxation modulus G(7):
T = G * dy, to write (c.f. Chap. 2):

t(r,xt) = G(t — 1) * Op(r,x,7) = rG(t — 1) % 00(x, 7) (5.17)

Combining this with the equilibrium Eq. (5.16) yields

T(x,1) = [/ r?dA)G(t — 1) % 00(x, 1) = J(x)G(t — 1) * 00(x, T) (5.18)

A

This is the viscoelastic equivalent of the elastic relation 7' = J- G-0; and, just as
in the elastic case, J(x) represents the polar moment of inertia of the cross section
at station, z.

If the twist per unit length is the prescribed loading, (5.18) may be inverted by
convolving it with the shear creep compliance function Cg to read:

O(x,1) = gtp(x, 1) =

e Co(t — 1) %dT (x,7) (5.19a)

e
J(x)
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This expression is also often written in terms of the angle of twist, ¥, using
(5.14), as

%:ﬁcc(t—r) * 0T (x, 1) (5.19b)

The relationship between shear stress and external torque is obtained by
replacing the expression G * dfl = t/r, obtained from (5.18), into (5.19a). The
result is identical to that for the torsion of an elastic bar:

(5.20)

As with the bending of straight beams, the stress is independent of material
constitution.

5.3.2 Differential Operator Models

The stress—strain relations governing the torsion of bars of material of differential
type are derived using that P[t] = Q[y] with expression (5.15). Thus,

Plt(r,x,1)] = Q[y(r,x,7)] = Q[r0(x,1)] = rQ[0(x,1)] (5.21)

The relationship between torque and angle of twist per unit length is obtained
by applying operator P[-] to both sides of (5.16), and using (5.21):

PIT(z,1)] = / FPle(r,x, 1)]dA] = / 20[0(x, 1)]dA (a)

Performing the integration, leads to the final form in terms of the second polar
moment of area—polar moment of inertia—J of the cross section at axial station X.

P[T(x,1)] = J(x)Q[0(x,1)] (5.22a)

And, in terms of the total twist, }:

PIT(x, 0] = J ()0l (. ) (5.22b)

Finally, expression (5.20), which shows that the shear stress is independent of
material properties, may be derived taking Q[0] = P[z]/r, from (5.21), into (5.22a)

and rearranging to get P[t] = % r, which, after integration—i.e., after application

of the inverse operator P~ to both sides, yields (5.20).
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Example 5.2 A straight bar with polar moment of inertia J, and length L, is
subjected to torsional moments +=M(?) at its ends. Derive an expression for the
total angle of twist if the bar’s material is a standard linear solid. Determine the
rotation after f, units of time if the applied torque is the step function
M(t) = M,-H(1).
Solution:

The solution sought may be obtained solving (5.22a) for 0 = /L. To do this,
first set QY] = LP[M]/J, and then insert the operators P = p, + p;0, and
0 = q, + q,0, for the material at hand (c.f. Chap. 3), as well as the controlled

variable, M. This leads to dt vyl np [””M +Zl ‘%”], with © = ¢q,/q,. This first-

order differential equation has an integrating factor u = ¢”, and thus, d [we’/ T] =

Le}/f [%M +%‘f1—t"’,’} df' [c.f. Appendix A]. Assuming y(0) = 0, y(t)e'/* = %ge’//f
L—‘;M(r) g;f;ﬂdt Using M() = MH(), at t =1, leads to y(t,) =YL

Po PL__ Do) pto/T
L/o—‘_(qi qo)e }

5.3.3 Models for Steady-State Oscillations

The interest here is on the steady-state torsional deflections of straight viscoelastic
beams of uniform circular cross section, made of materials of either integral or
differential type, subjected to cyclically varying loads of frequency, w. Following
the same procedure as was used to develop the steady-state equations for beam
bending, represent the complex torque and rotation as 7" (x, jor) = To(x)e’”" and
Y (x, jor) = wo(x)ej(‘“”‘;), respectively, and insert them into (5.19a) for hereditary
integral type materials, and (5.22a, b) for materials of differential type, and pro-
ceed as in Chap. 4.

For materials of integral type, convolve (5.19b) with the shear relaxation
modulus G, say, to cast it in the form: T(z) = JG(t — 1) * d% (x, 7). Then, replace
T and y with their complex forms and proceed as in Chap. 4 to get

T*(jot) = JG™ (jw) a—i W (x, joor) (5.23a)

In similar fashion, inserting 7~ and " into (5.22b), and rearranging the terms,
leads to

‘(i Q(w)d .. . VNI
T — = t .23b
(jeot) JP(jw) o (x,jot) = JG*(jo) axlﬁ (x,jot) (5.23b)
The expression on the far right uses (4.33a), with G* = %, as the corresponding

modulus.
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54  Column Buckling

This section discusses the stability of an initially straight axially compressed
viscoelastic bar of constant cross section. The axial load is assumed independent of
position along the bar’s axis. As will be shown, under constant sustained loading, a
viscoelastic column may remain stable indefinitely, become instantaneously
unstable, or turn unstable only after enough time has elapsed since the load was
applied—a phenomenon referred to as creep buckling. A bar made of an elastic
material, by contrast, can only either remain stable, or become unstable instantly.

The critical load of a compressed bar is that at which its initial configuration
ceases to be stable. An unstable configuration is an equilibrium configuration that
may differ only very slightly from the initial, static equilibrium configuration. For
this reason, to determine the critical load of a column, one must find the load under
which equilibrium is possible in a configuration that is lightly different from the
undistorted one [3].

The pin-ended column of Fig. 5.5 will be used to develop the subject matter. In
so doing, it will be assumed that the axial load is applied in some time-dependent
manner until it reaches its target value, N,, which will be held constant thereafter.
Using the free-body diagrams in the figure to establish equilibrium in the slightly
bent configuration yields

N(t) - v(x,t) = M(x,1)
v(0,1) =0 (5.24)

v(l,1)=0

Fig. 5.5 Equilibrium of pin-

o (a) (b)
ended column in slightly bent | N(t)=P-fi1) No

configuration. a Initial
configuration. b Equilibrium
in a slightly deformed state

T

I
I
!
| X
I
I
I

Ly i_"
/
Al Y
No

it
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Fig. 5.6 Temporal A
dependence of axial load and N
lateral deflection of an
initially straight viscoelastic
column

vix, 1) Axial Lateral

deflection deflection

v(x,t)=Vx) C(t)N,

The response of the bar prior to the load reaching its target value is immaterial
for the present discussion. Hence, the origin of the time scale is shifted to the time
when the target load N, is reached. Under these conditions, the lateral deflection is
controlled by the material’s creep function, so that v(x,f) = V(x)C(¥)N,, as indi-
cated in Fig. 5.6 (c.f. Chaps. 2 and 3), in which V(x) represents the magnitude of
the lateral deflection v(x,?).

5.4.1 Hereditary Integral Models
In this case, using that v(x,f) = V(x)C(t)N, with (5.6) and (5.24) leads to

N, - C(t) - N,V(x) — I(x)E(t — 7) * dC(z)N,V"(x) = 0
v(0,1) =0
v(l,1) = 0 (5.25)

After canceling out the common term N, using that E«dC = H(¢) (c.f. Chap. 2),
and rearranging, this take the form:

v// (x)
V(x)

N,C(f) — I(x) =0 (5.26)

The only way in which the algebraic sum of two functions of different variables
can be equal to zero is either if both functions are zero—a trivial case—or if both



126 5 Structural Mechanics

functions equal the same constant. Calling this constant /3 leads to the following
characteristic and evolution equations, respectively:

V"(x) + (1/D)f*V(x) =0
V(0) =0 (5.27)
V() =0

N, -C(t) = f* (5.28)
Introducing the notation A% = [32/1, the non-trivial solution of (5.27) is:

V(x) = Aysin(Ax) + Aysin(/x), which, in view of the boundary conditions, yields
the following Eigen-values of the equation:

p nm
a= M sy 5.2
T , n> (5.29a)
= ﬁ?, n>1 (5.29b)

The critical loads are obtained combining (5.26), (5.28), and (5.29), replacing
N, with N,,, for consistency with common usage, as

2.2
i
T a1 (5.30)

Ncr<t) ZIZC(I), =

From this, using the relations E(0) = E, = 1/C(0), and E(0) = E, =
1/C(c0), the following asymptotic expressions may be obtained (c.f. Chap. 2):

, n’n? n’n?

}EI&N”(I) =Ny = l—zlE(O) = l_zlEé’; n>1 (5.31)
, n’n? n’n?

1im N (1) = Nowe = "5~ IE(00) =5~ [Ee; n> 1 (5.32)

These are the “short-term™ or glassy, N.,,, and long-term or equilibrium, N,
Euler loads. Quite often, the critical Euler load of interest corresponds to n = 1.
The physical meaning of the above results is that as follows:

a. A viscoelastic column will be asymptotically stable if the applied load does not

exceed its long-term critical Euler load, N,

b. A viscoelastic column will become asymptotically unstable if the applied load

is larger than its long-term critical Euler load, N,

c. A viscoelastic column will be instantaneously unstable if the applied load is
larger than its short-term critical Euler load, Ne,,.

In addition, if the viscoelastic column does not buckle instantly after reaching
the target load, the presence of the compliance function, C(¢), in (5.30) allows one
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to estimate the time, measured from that point on, that it would take the column to
buckle.

Example 5.3 Find the instantaneous and long-term buckling loads of a straight
column 100 cm long, and rectangular cross section 15 cm by 10 cm, if it is made
of a viscoelastic material with modulus E(f) = 3.5 + 8.5¢~ %> MPa.

Solution:

The critical load depends directly on the second moment of area and is a mini-
mum for the smallest value of the latter. The minimum centroidal moment of inertia
for the column is 7 = L bh’=15 - 1,000/12 = 1,250 cm® = 1.250 - 10> m®. The
long-term modulus of the material is 3.5 MPa; and its instantaneous modulus,
3.5 + 8.5 = 12 MPa. Inserting these values in (5.31) and (5.32), and settingn = 1,
produces the critical loads: N, ~ 1.48 kN and N, ~ 0.43 kN.

5.4.2 Differential Operator Models

When the constitutive equations are given in differential operator form, applying
operator P to both sides of (5.24), and invoking (5.10) produces

P[N(t)v(x, t)] = P[M(x’ t)] = IQ[V”(X’ t)]

Proceeding as before, using N(f) = N,, v(x,t) = V(x)C(t), and rearranging,
produces the same characteristic Eq. (5.27), and Eigen-values (5.29), as for
materials of integral type. In this case, the evolution equation, equivalent to (5.28),
takes the form:

=p (5.33)

The critical load is obtained combining (5.29) and (5.33) to give

n*n?

Ner =2 10(C(1) /PIC(1) (5.34)

As seen from this last expression, the limiting values of the critical load depend
on the specific form of the differential operators.

As discussed in Chap. 3, for rheological models whose operators P and Q are of
the same order, Q[C(t)]l,=o = ¢,C(0) and P[C(D)]l,=o = p,C(0). Likewise, for
models with non-zero long-term modulus, Q[C(t)]l-, = ¢,C(c0), and
PIC(O]l;=oo = poC(c0). Taking these values into (5.33), using the notation
E, = q,/p,, for the impact or glassy modulus, and E, = g,/p, for the long-term,
or equilibrium modulus, produces the same expressions as (5.31) and (5.32).
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Fig. 5.7 Example 5.4

Example 5.4 Find the instantaneous and long-term buckling loads for a straight
column of length L, and minimum moment of inertia, /, made of a viscoelastic
material of standard linear solid type, with parameters as shown in Fig. 5.7.
Solution:

The solution is given by (5.31) and (5.32), which require the glassy and
equilibrium moduli. These are obtained from the differential operators
P = (E, + Ex) + nx0,, and Q = (E,Ex) + E,nk0; [see Eq. (3.35a)], and the
relationships E, = ¢,/p, = E,; and E, = q,/p, = (E,Ex)/(E, + Eg). Hence,

2 2 __ .2 EE 1
Nerg = W°E, I /L?, and N, = m° i [Z].

5.5 Viscoelastic Springs

Analytical models of viscoelastic springs find many important practical applica-
tions, both under quasi-static and dynamic conditions. Composite elastomeric
bearings, for instance, are made up of alternating layers of elastomers and elastic
materials, such as is shown conceptually, in Fig. 5.8. The elastomeric layers are
called pads, and the elastic layers, shims. In general, each layer—either pad or
shim—may have a different thickness.

Since the elastic materials used for the shims are orders of magnitude stiffer
than the elastomers, all deformation in these bearings is essentially due to that of
the pads. Idealizing each pad as a massless spring of the appropriate type (axial,
shear, bending, or torsion), one may construct a multidimensional structural model
of the bearing from a combination of viscoelastic springs connected by rigid
interleaves. The same is true of analytical models for more elaborate parts.

Fig. 5.8 Flat-pad composite N
elastomeric bearing and T
possible types of external M endplate
loads ! A/
= h
€— shi
_ shim
pads g
~ endplate
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In this section, the equations of static equilibrium are invoked to develop the
force—deflection relationships for viscoelastic springs of axial, shear, bending, and

Fig. 5.9 Geometry, material . . Y E A L
; . Axial spring — >
properties, and loading of ﬂ N, u(r)
viscoelastic spring models G A h ’
Shear spring )g V@), v(1)
E L L
Bending spring g— 3M(Z)’ ()
G J L
Torsion spring T(@), (1)

torsion type. For simplicity, straight bars of uniform cross section are used to
represent axial, bending, and torsional springs, and a plate to idealize a shear
spring, as shown in Fig. 5.9.

Fig. 5.10 Axial spring 3 EAL
N(@), u(®)

Ao() «————H#—» N())
5.5.1 Axial Spring

The bar-like idealized model of an axial spring and the corresponding free body
diagram are shown in Fig. 5.10.
Use of the figure to establish force equilibrium leads to

N(t) = Aa() (a)

Assuming the deflection at the end of the spring to be u(L,f) = u, f(t) the axial
deflection at station x along the bar’s axis takes the form: u(x,r) = (u,/L) x - f(t),
producing the axial strain:

e(x,1) = Ou(x,t)/ox = (u,/L) - f(t) = u(L,t)/L (b)

These expressions will now be used to develop the force—deflection relation-
ship—and stiffness—for an axial spring in terms of its integral, differential, and
steady-state constitutive equations (c.f. Chaps. 2, 3 and 4).

a. Hereditary integral springs. In this case, substitution of ¢ = E*d¢ into (a), using

(b), leads to
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A
N(t) = ZE(I — 1) * du(t) = Ky(r — 1) * du(z) (5.35a)
Hence, the operational form of the spring stiffness becomes:

K(i—1)#d E’%E(z —1)wd (5.35b)

b. Differential operator springs. Here, applying the operator P to both sides of (a),
using (b) and P[o] = Ql¢] on the right-hand side produce:

PING) = 0lu() (5.362)

The spring stiffness is only indirectly defined by this expression. Its Laplace
transform yields a form more directly comparable to its elastic counterpart:

Kn(s) = % (5.36b)

c. Springs for steady-state oscillations. Introducing the complex strain ¢* = u*/L,
and complex force, N*, and integrating the constitutive equation (c.f. Chap. 4),
results in the complex modulus E* and produces the relationship:

A
N*(jo) = ZE* (jo)u* (jo) = Ky (jo)u"(jo) (5.37a)
This defines the complex stiffness of axial springs made of materials of integral

type, as

AE*(jo)
L

Ky (jo) = (5.37b)

For rheological models, use of N* and u* with (5.36a) and (4.33a) leads to

S
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5.5.2 Shear Spring

The idealized model of a shear force spring is shown in Fig. 5.11. Using it to
establish force balance leads to

Fig. 5.11 Shear spring G,A h

V(1) = A(r) (c)

Assuming the shear deflection at the end of the spring is given by

v(L,t) = v, - f(t), and using the thickness, %, of the spring, yields the shearing
strain:

(1) = Y0 (@

Expressions (c) and (d) will be used to develop the force—deflection relation-
ship—and stiffness—for a shear spring in terms of its integral, differential, and
steady-state constitutive equations (c.f. Chaps. 2, 3 and 4).

a. Hereditary integral springs. In this case, taking (d) and t = G«dy into (c) leads
to

A
V(t) = EG(t —1)xdv(t) = Ky(t — 1) xdv(t) (5.38a)
With this, the operational form of the spring stiffness becomes:

Kv(t—r)*dE%G(t—r)*d (5.38b)

b. Differential operator springs. Here, applying the operator P to both sides of (c)
and using (d) with P[t] = Q[y] on the right-hand side produces

PIV(1)] =5 OV (5.3%)

The spring stiffness is only indirectly defined by this expression; but, its
Laplace transform yields a form that is directly comparable to its elastic
counterpart, as
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Kv(s) = AQ(s)/P(s) (5.39b)

c. Springs for steady-state oscillations. Here, we introduce the complex strain
y* = v*¥h, and complex force V*, integrate the constitutive equation (as in
Chap. 4), to obtain the complex modulus G*, and arrive at the relationship:

V*(jo) = %G* (jo)v (jo) = Ky (jo)v* (jo) (5.40a)

This defines the complex stiffness of shear springs made of materials of integral
type, as

AG*(j
K (jo) = # (5.40b)
For rheological models, use of V* and v* with (5.39a) and (4.33a) leads to

5.5.3 Bending Spring

The idealized model of a bending spring is shown in Fig. 5.12. The pertinent

relations for this case were derived earlier as Eq. (5.7), for constitutive equation of

integral type, and (5.11a, b), for materials of differential type.

a. Hereditary integral springs. The load—deflection relationship in this case is
obtained by integrating (5.7b) with respect to position, x, along the axis, noting
that M is a function of time only. Setting ¢(0) = 0, this leads to

o) =% Cli — 1) + dM(2) ()

Taking the convolution of this expression with the tensile relaxation modulus
and rearranging, the following form is obtained, which resembles the elastic
relation:

Fig. 5.12 Bending spring 3 E I L ‘SM(I)

M) ( —‘SM@
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I
M(z) :ZE<I—‘E) xdo(t) = Ky(t — 1) «do(1) (5.41a)
This defines the spring stiffness in operational form as

Ky(t—1)xd=-E(t—1)*d (5.41b)

SN~

b. Differential operator springs. The load—deflection equation for a viscoelastic
beam of differential type in bending was obtained as (5.11b). Integrating it with
respect to x, noting that M and ¢ are independent of position along the axis,
setting ¢(0) = 0, and reordering terms leads to

PM(1)] = 1Qlo) (5.42a)

The spring stiffness is only indirectly defined by this expression; but its Laplace
transform yields a form directly comparable to its elastic counterpart, as

Ky(s) =———= (5.42b)

c. Springs for steady-state oscillations. In this case, introduce the complex rotation
o* (jor) = @€/, integrate (5.7a) with respect to x,and effect the convolution
integral with respect to time of as in Chap. 2. Recognizing that now the applied
moment is a complex quantity, M*, and replacing C* with 1/E", in accordance
with (4.14), leads to the form:

M (joot) = %E ()0 (jor) = K, (jw)o" (o) (5.43a)

This defines the complex stiffness of bending springs of materials of integral
type, as

1
Ky (jo) = ZE* (jw) (5.43b)
For rheological models, use of M* and ¢* with (5.42a) and (4.33a) leads to

Q(w))| _ 1E"(jw)
Pljo) } = (5.43c¢)

KiGo) =1 {
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5.5.4 Torsion Spring

The idealized bar-like model of a torsion spring is shown in Fig. 5.13. Equations

(5.19b) and (5.22b) will be used to derive the force—deflection relationships for

viscoelastic springs of integral and differential types, respectively, as well as those

applicable to steady-state conditions.

a. Hereditary integral springs. The load—deflection relationship for this case is
obtained by integrating (5.19b) with respect to position along the axis. Noting
that 7 is independent of the position coordinate, this leads to

7%l//(x, tydx = y(L,t) —y(0,1) = ;CG(I — 1) % dT(7) (f)
0

Setting y(0) = 0, for reference, convolving this result with the shear relaxation
modulus, G, and rearranging, produces a form that is reminiscent of the elastic
equation T = &Ly

T(1) = %G(z‘ —1)xdy(1) = Kr(t — 1) x dr(1) (5.44a)

This defines the hereditary operator form of the stiffness of a viscoelastic
torsion spring, as

Kr(t—1)%d==G(t—1) *d (5.44b)

J
L

b. Differential operator springs. The load—deflection equation for the viscoelastic
torsion spring of differential type is obtained integrating (5.22b) with respect to
axial position. This is done noting that 7 is independent of position, and
operators P and Q are functions of time only, which allows interchanging the
order of integration and differentiation. Proceeding thus, leads to

J PIT(Oas = PITOIL = [0 |- wlwon)| d = QL. 0)] - QW¥(0.0)])

Fig. 5.13 Torsion spring 2 G,J, L ( T, w0
() { 1)

! X
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Setting (0,¢) = 0, for reference, leads to the following differential operator
form of the torque—twist relationship for the viscoelastic torsion spring:

(5.45a)

Again, as for other springs, the torsional spring stiffness is only indirectly
defined by this expression. However, taking its Laplace transform and rear-
ranging yields that

T(s) = ——=—2(s) = Kr(s)¥(s) (2)

Kr(s)=——F— (5.45b)

c. Springs for steady-state oscillations. Here, as with all other types of spring, the
approach is to introduce the complex twist y* (jor) = e/, and complex
torque 7% = Toe/(“’t+‘3), into (5.44a) for materials of integral type, and (5.45a),
for those of differential types.

Starting with (5.44a), and proceeding as in Chap. 4, leads to®:

T*(jot) = %E* (jo)* (jor) = K(jo)y™ (jo) (5.46a)

From this follows the complex stiffness of torsional springs made of materials
of integral type:

Ki(joo) = %G* (o) (5.46b)

For rheological models, use of 7* and y* with (5.45a) and (4.33) leads to

Ki(jo) = % {IQ)E]IZ;;} = %G* (jo) (5.46¢)

Example 5.5 The straight viscoelastic beam shown in Fig. 5.14 having length
L and uniform cross section with second moment of area I is subjected to a
sinusoidal concentrated load of frequency w at its midpoint. Determine the

8 Note that, just as E*(jot) = (jw) - F[E(1)], for the uniaxial modulus in tension, the complex
shear modulus is defined by G*(jwr) = (jw) - F[G(1)].
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Fig. 5.14 Example 5.5 F(1)
P .
F(1)2 ﬁ_ L _j F(1)2

complex stiffness of the beam corresponding to lateral deflections of its midpoint,
if the beam’s material is of differential type.
Solution: '

Take the complex form of the lateral deflection as v* (x, jwr) = v,(x)e”’ @0 into
(5.12b) and integrate it twice with respect x, using the boundary condition v* (0,

Jjot) =0, to arrive at the expression: IQ(jw)/P(jw)v*(x,jwt) = ’f—;F* (joor)

+A(jwr)x. By mechanical as well as geometric symmetry: < v* (x, jowr) ’x:L = 0, so

that A(jwt) = —F*(jwt)L?/16. Inserting this result in the general solution, evalu-
ating it at x = L/2, and rearranging it, yields the following force—deflections rela-
tionship: F*(jowt) = wv* (L/2,jwr). Hence, the complex stiffness for

mid-span deflections is K} » (jor) = w.

5.6 Elastic-Viscoelastic Correspondence

All expressions derived previously could have been established directly from their
elastic counterparts, invoking the correspondence between elastic and viscoelastic
relationships introduced in an elementary fashion in Chaps. 2 and 3. According to
this version of the so-called elastic—viscoelastic correspondence, replacing each
quantity by its transform and each material constant entering an elastic formula by
its Carson transform’ produces the transform of the corresponding viscoelastic
relationship. The inverse transformation of the latter yields the viscoelastic relation
being sought. By this approach, elastic expressions that do not involve elastic
constants are valid, in exactly the same form, for viscoelastic materials.'® In
applying this method to materials whose constitutive equations are of differential

type, it is important to remember that sM = % (c.f. Chap. 3).

Example 5.6 Use the correspondence principle and the elastic relationship
EIy" = M, for the deflection y(x) of a beam of Young modulus E and second
moment of area /, subjected to a bending moment M(?), to establish the pertinent

 The Carson transform of a function is the transform-variable multiplied transform of the
function.

10 This is true for all materials, irrespective of their constitution.
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relationship for a viscoelastic beam. Assume that the constitutive equation of the
beam may be given in either integral or differential form.
Solution:

Start by writing the Laplace transform of the given expression as sEIy” = M.
Then, reorder it to read: IESW = M, which makes it easier to associate with the
transform of the product of E and the time derivative of y”. Then, apply the inverse
transform to arrive at the desired results:

a. For a material of integral type, the inverse transform gives

IE(t — 1) * dy"(t) = M(t), which, as expected, is Eq. (5.6).

b. For a material of differential type, replace sE :% to get [ %7 = M; then,

rewrite it as /Qy” = PM and take the inverse Laplace transform to arrive at
expression (10): P[M] = IQ]y"].

Example 5.7 Use the elastic—viscoelastic correspondence and the elastic rela-
tionship: P, = n*EI/L?*, for the critical Euler load of a simply supported elastic
column, of Young modulus E, length L, and second moment of area, /, to establish
the instantaneous and long-term critical loads for a viscoelastic solid of differential

type.

Solution:
Write the elastic expression in transform space as P, = n>sEI/L? and use that

sF:%. Then, invoke the Initial- and Final-Value theorems for the Laplace

transform: lim sf(s) = lirr(}f(t)7 and lin(l) sf(s) = rlim f(1), to arrive at the results
§—00 — §— —00

(c.f. Appendix A): P.,., = °Q(0)/P(0)/L> = ©°E,/L* and P,,, = n*Q(c0)/P(c0)/

L* = ©°E /L%

Example 5.8 Use the elastic—viscoelastic correspondence and the elastic rela-
tionship, v = PL?/(3EI), for the deflection under the point of load application of a
cantilever elastic beam that is subjected to a concentrated load at its free end, to
establish the deflection of a viscoelastic beam of hereditary integral type. In the
elastic expression, E, L, and I represent the Young modulus of the elastic material,
and the length and second moment of area of the beam.

Solution:

Invoke the elastic—viscoelastic correspondence to write the transform of the
elastic relationship as V = PL?/(3sEI).. Rewrite it to cast it in the more convenient
form: Esv = PL?/(3I) and take the inverse transform to get E(t — 1) * dv(t) =
%P(t). Convolving this expression with the tensile compliance function Cg pro-

duces the desired result: v(¢) = é—;CE(t — 1) xdP(1).
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Fig. 5.15 Viscoelastic F'(jot)
spring-mass system
K'(jo) L
u*(jot) i (]wt)
" K

IJ\/\/\/'—><—@—>

5.7 Mechanical Vibrations

This section examines the mechanical response of single-degree-of-freedom
springs-mass systems subjected to excitations which are harmonic functions of
time, and in which the springs are made of homogeneous, linear isotropic visco-
elastic materials. Attention will be limited to single-degree-of-freedom (SDOF)
systems, consisting of a mass element attached to a single massless spring element
of one of the types described previously. For simplicity and ease of representation,
all derivations are based on the axial spring-mass system depicted in Fig. 5.15 in
terms of complex quantities.

Because an axial spring-mass system is used in the derivations, the equation of
motion is established from the complex balance of linear momentum,
S°FF = mii*, assuming that u” = u,e/”~°. As may be seen from Fig. 5.15, this
leads to"'

F*(jot) — K*(jo)u* (jot) = —a*mu’ (jot) (5.47)

The same approach is applicable to other types of spring-mass systems and
leads to entirely similar expressions. In particular, it should be clear that the
expressions that would result for the shear spring-mass system would be identical
to those of the axial case, except that spring height, i, would replace spring length,
L, and shear, instead of axial relaxation modulus, would enter the equations.

The expressions for bending and torsional spring-mass systems are likewise
similar to those of the axial spring-mass system, except that as follows:

a. Axial deflection is replaced by bending, ¢, or torsional rotation, 1, respectively

b. Axial acceleration, ii*, is replaced by angular acceleration, 1// or rotational
acceleration, lp* respectlvely.

c. The mass element, m, is replaced by bending, Ij;, or torsional, J);, mass
moments of inertia, respectively

d. The equation of motion is established from the balance of angular momentum:

' In general, because the steady-state viscoelastic input and response are out of phase, whenever
the complex-controlled variable is, say, ¢ = ¢,/ the corresponding response variable is of the
form r* = r,e/ ™ where the sign of the phase angle is positive if the response is of stress type,
and negative, if it is of strain type.
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Fig. 5.16 Example 5.9 G J L )
— }T (jot), y* (jor)

AN

- % Vo v

s

Kr ¢*

v

> M; = Iyt or Y T =T’ (a)

Example 5.9 Establish the equation governing the torsional vibrations of the
SDOF viscoelastic spring-mass system shown in Fig. 5.16, assuming that the mass
is concentrated in a disk with centroidal polar mass moment of inertia of mag-
nitude Jj;, and the spring material is of integral type, with shear relaxation mod-
ulus G.
Solution:

Take " (jor) = W,e’" into Newton’s second law for angular motion to obtain
ST (jort) = Jyp*. Noting that (j)* = —1, leads to T* — Kjy* = —o/y*; or,
rearranging: w*Jyy* — Kpp* = —-T*

5.7.1 Forced Vibrations

Proceeding as in Chap. 4, we replace the forcing function F(7) and displacement
u(f) with the complex quantities F'(jor) = F,¢, and u” = u,/~?. Inserting
them in (5.47), rearranging, and canceling the common factor, produces

[K*(jow) — mo?*|u, = F,e (5.48)

In this case, F,, m, and o, are all real quantities, as are the component K’s and
K" of K*. Using this, we factor K’ out of the left-hand side of (5.48), use that,
according to (4.7c), and the geometric properties of the axial viscoelastic spring:

El/ _ AEI//L B K//

tand = — = =— 5.49
W= TAEIL T K (5.49)
and rearrange the result to read:
F,/K' :
Uy = / el (5.50)

[(1 — /32) —l—jtané]

where f§ is newly defined, as



140 5 Structural Mechanics

p =

% (5.51)

Since u, is real, the imaginary part of (5.50) must equal zero. This condition
yields the phase angle, 0, in terms of f§ and tand = E"/E' = K" /K, as

tan 0 = _tano_ (e)

(1—-4)

Using the definition of the tangent function, this expression can be represented
as in Fig. 5.17:

Fig. 5.17 Geometric (1= g%+ tan o

representation of phase angle
0

(1-5%

tan o

As seen in the figure,

tan 1-p

an : cos ) = ( f ) ;
\/(1 fﬁz) +tan? (1 fﬁz) +tan?
Equating the real parts of (5.50) and using the previous relations for the sine

and cosine functions produces the following expression for the displacement
amplitude, u,, as

(f)

sinf =

)

F,/K'

0

Because F,/K’ may be interpreted as a static displacement under the load
amplitude F,, the quantity:

(5.52)

Uy =

1

NIRRT

is called the “amplification factor,” and is one of the three main formulas used in
the analyses and design of viscoelastic spring-mass systems. Since tand % 0,
expression (5.53) shows that the amplification factor for viscoelastic materials is
never infinite, not even when the frequency ratio, B, equals one.

As mentioned earlier, all the previous expressions are of the same form as those
for a viscously damped elastic spring-mass system. In the present case, the
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frequency ratio, f, is defined by (5.51), and the damping factor, 2{ f, of the elastic
case [4] is replaced by the loss tangent; that is

2{f =tand (5.54)

In this expression, { is the critical damping ratio—i.e., the ratio of the system’s
actual damping to the critical damping. Critically damped systems do not oscillate.
Also, it is common practice to refer to the real part, K’, of the complex stiffness,
K*, as “dynamic stiffness” [5]; and, in analogy with elastic systems, to use the
quantity:

wy = \/K'/m (5.55)

as a measure of the spring’s natural frequency. On this note, we put expression
(5.51) in the form:

f=w/oy (5.56)

Expression (5.55) is the second formula required in vibration analysis and
design of viscoelastic systems.

The third formula used in vibration analysis concerns the maximum force that is
transmitted to the support of a spring-mass system. This force may be computed
from the expression F* = K'u", using (5.50) and the fact that u” = u,e/ .
Indeed, the magnitude, F* is |F*|=|K*u*| = |K*||u*|, which, noting that
|e/(@=0)| = 1, yields that |F*| = |K*||u,|. Introducing K” = K'tand, one may write
|K*| = K'v/1 + tan*o, and using this with (5.50) results in:

[1 + tan®0]

0= ) +as]

The magnitude of the ratio of the maximum force, F”'*, transmitted to the
support, to the force F,, that would be transmitted to the support under static
conditions, is the transmission ratio, Tk, of the system. The quantity 1 — T is
called transmissibility. The transmission ratio is given by:

Frex — F, (5.57)

V1 + tans]

\/ 1—[32 thanzé}

The expressions for the amplification factor and the transmission ratio for
elastic and viscoelastic materials are similar in appearance. However, the damping
and forcing frequency for elastic materials are decoupled; whereas for viscoelastic

(5.58)
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materials, they are not, because tand, which is responsible for damping in visco-
elastic materials, depends on forcing frequency, intrinsically.

The graphs of the amplification factor and the transmission ratio for single-
degree-of-freedom rheological models of viscoelastic systems are identical as hose
for viscously damped elastic systems. In them, the system’s damping is separated
from the forcing frequency, through the term 2{(w/my). These graphs, like those
shown in Fig. 5.18, are strictly valid only for rheological models with one dashpot,
like the Maxwell, Kelvin, and standard linear solid and fluid.

Fig. 5.18 Amplification 6.0
factor for rheological model <7

with one dashpot 5.0

b | ¢=0.10

4.0

Amplification Factor (A p)
w
o

Frequency Ratio (o /o y)

For viscoelastic systems in general, the dependence of tand on frequency and
temperature is as shown in Fig. 5.19 for a lightly damped natural rubber com-
pound. The corresponding amplification factor is presented in Fig. 5.20.

Example 5.10 A rubber compound used in a shock mount application has a loss
tangent tan(d) = 0.05 at a frequency of 6 Hz. What will the maximum expected

Fig. 5.19 Frequency 0.12
dependence of the loss
tangent of a lightly damped 0.10 -
natural rubber /\ ---TTTT
0.08 -\ e
B \ -7
§ 0.06 = =
0.04 [ ---140F —77F]
0.02
0.00
0.0 1.0 2.0 3.0 4.0 5.0

Frequency ratio ( o/ w,)
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Fig. 5.20 Amplification 18.0
factor for a lightly damped 16.0
natural rubber compound

14.0

12.0
10.0
8.0
6.0
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Fig. 5.21 Example 5.11

displacement of this shock mount be if it is designed to support a package of
weight W,?
Solution:

According to (5.52), the maximum deflection occurs at resonance, when f§ = 1.

Since F, = W, this expression yields u* = % =20-W,/K.
Example 5.11 To avoid damage during operation, an electronic instrument is
supported inside its container by two shear mounts, as shown in Fig. 5.21.

The shear relaxation modulus of the rubber used for the mounts may be
represented by G(r) = 0.4 + 1.40e”"%%° MPa, with r measured in seconds. The
mass of the instrument is 100 kg, and each pad has plan area A = 25 cm? and
thickness 7 = 1 cm. Determine the minimum vertical clearance needed to avoid
damage to the instrument at an operating frequency of 6 Hz.

Solution:

The vertical clearance needed to avoid the instrument from hitting the bottom
wall of its container must be larger than the sum of the long-term shear deflection, v.,
of the mounts plus the maximum dynamic deflection, v)'**, during operation. The
long-term shear deflection is given by v, = W/K, where W = 100 - 9.81
~ 980N, G,=04MPa=04Nmm® and K, = AG,/h = 2(25 - 10> mm?)
(0.4 - N/mm>)/(10 mm) = 200 N/mm. With this, v, = 980/200 mm =~ 4.9 mm.
Note that this produces a long-term shearing strain of 0.5/1 = 50 %, which is well
below the capability of typical elastomers. Now the maximum dynamic deflection is
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given by (5.52). This requires K', f = w/®,, and tand = K" /K'. From P.4.1, using
w=2n-f=2n-6 ~ 37.7rad/s, one may obtain G =G,+G (o)’

" (wr)?
1.571 MPa; and G’ = G; 1+((‘Z‘E)2 ~ 0.518Mpa. This gives tand ~ 0.330. There-

fore,K’:ATGz785.5N/mm. Using (5.55) with this value gives wﬁ:f—n’:

18530 7855 (244)? and f? = (w/w,)* ~ 0.181. Evaluating (5.52) gives the

maximum dynamic deflection: V' = % ~ 1.4mm. This and the
(1-0.181)*+0.332

long-term deflection yield a minimum vertical clearance of c,,;,, > 0.63 cm. In

practice, a safety factor of 2 is not unusual; leading to ¢,,;, ~ 1.25 cm.

~

5.7.2 Free Vibrations

This is the type of motion with which a body—viscoelastic or otherwise—would
respond to a momentary perturbation from its initial position of static equilibrium.
In such case, the response of the system would be due entirely to inertia effects,
and the motion would have to be such that the points where the system is sup-
ported (a single point in our spring-mass system) would not move, in addition, all
externally applied forces would be identically zero, except for their temporary
application to start the motion. In formal terms, free vibrations of a viscoelastic
body require zero boundary conditions and zero initial conditions:

u(0,1) = 0,F(I,{) = 0,t > 0 (5.59)

The method of Chap. 4 developed for steady-state response to oscillatory
excitations does not apply here. For the present case, however, the equation of
motion F = mii may be written using that &(f) = u(¢)/L, and F(t) = Ao(¢), in
equation (2.40a). Thus,

AM,

mii(t) + 7 {u(t) = T(t—s)*u(s)} =0 (5.60)

Dividing by m, identifying AM,/Lwith the glassy stiffness of the spring-mass
system:

K, =AM, /L (5.61)
and introducing the following logical notation for the glassy frequency, w,:
K, = mo, (5.62)
transforms (5.60) into

ii(t) + wju(t) = T(t—s) x u(s) = 0 (5.63)
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Unlike the case of forced vibrations, posed by (5.48), Eq. (5.63) is an integral
equation in the unknown displacement function u(#). The solution to equations of
this type may be sought, for instance, by means of the Laplace transform (see
Appendix A).

5.8 Problems

P. 5. 1. Derive the equation for the defection of a straight viscoelastic beam of
uniform cross section, subjected to the loads shown in Fig. 5.22.

Fig. 5.22 Problem 5.1: y A
geometry and loading : a(e.0)
1
PO 722 T EL N
AN E0. L1 O

As a matter of terminology, when the axial force is tension, the beam is called a
tie, and when it is compression, beam-column.

Answer: [E(t — t) x dvVV (x,7) — N(t)V" (x,1) = q(x,1)

Hint: Establish the equations of force and moment equilibrium of a differential
element of the beam located at an arbitrary axial station, x, as indicated in
Fig. 5.23.

Fig. 5.23 Problem 5.1: q
differential beam element
M+AM
Av 1/"‘%-’ N
N ( b
1 V44V
Moy

This should yield £V (x,7) = —g(x,1) and LM (x,1) = N4Lv(x,1) = V(x,1).
Combine these two expressions and insert (5.6) into the result to obtain the
solution.

P. 5. 2. Determine the instantaneous and long-term deflections of the loaded end
of the beam in Example 5.1.

F(0)L? F(oo)L?

Answer: v(L,0) = — 3(511 ;v(L,00) = —%
Hint: The impact and equilibrium responses correspond, respectively, to the
limits as t — 0, and t — o of the solution: v(L,?) = flg—jC(t — 1) x dF(7), listed

in the example. Take the stated limits and use that C(0) = C, = 1/E, and
C(0) = C, = 1/E,, for the impact or glassy properties and the long-term or
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equilibrium properties (c.f. Chap. 2). Substitute these values in the load—deflection

formulas to arrive at the results.

P. 5. 3. Determine the deflection of the loaded end of the problem given in
Example 5.1, for a material of differential type.

Answer: Q[v(L,1)] = —%P[F(I)] = —F§13 [F (1))

Hint: Insert the expression M(x, t) = —LF(t) + F(f)x, for the moment at station
X, into (5.10) and integrate the resulting differential equation twice with respect to
x, using the boundary conditions v(0,r) = v’(0,f) = 0. Insert the external load,
F(t) = F, f (t), and evaluate the expression at x = L, to reach the result.
P. 5. 4. Determine the instantaneous and long-term deflections of the loaded end

of the beam in Problem P.5.3, if the beam’s material is a standard linear

solid.
F(0)L? F(oo)L?
Answer: v(L,0) = —%;V(L, 00) = _gT()I;
Hint: The impact and equilibrium responses correspond, respectively, to the
limits as t — 0, and t — oo of the solution Q[v(L,t)] = — %P[F(t)} obtained in

P.5.2. Since the material parameters have not been specified, assume the forms:

P =p, + p;0,and Q = q, + ¢q;0,. Take the stated limits and use that the impact

and long-term moduli for the standard linear solid are, respectively, M, = g,/p,

and M, = q,/p, (c.f. Chap. 3). Substitute these values in the load—deflection for-

mulas to get the results.

P.5.5. The pipe with uniform circular cross section shown in Fig. 5.24 is made of
a viscoelastic material having tensile relaxation modulus E(f) and shear
relaxation modulus G(f) = E(t)/3. Find the complex stiffness corre-
sponding to vertical deflections of the free end of the pipe, assuming its
polar moment of area is J.

Answer: K*(jo) = 3E*(jw)J [W

Hint: The vertical deflection of point c¢ is the sum of three components. (a) The
deflection at point b of cantilevered beam a-b: v¥, = F*(jwt)L3, /(3E*I). (b) The
deflection of segment b—c due to the twist of segment a—b under the torque
Ly - F": Viy = Loy = LyeM7Lay /(G*J). (c) The deflection of cantilevered beam
b-c due to load F'(jot): v, = F*L}./(3E*I). Add these three quantities together,
and using that I =J/2, and G = E/3, express the result in the form:
F*(jot) = K*(jo) - vi(jot), to obtain K.

Fig. 5.24 Problem 5.5 a

P(1)
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P. 5. 6. The beam of Example 5.1, of length L, and second moment of area I, is
made of a viscoelastic material of Kelvin type having spring stiffness
E and viscosity parameter . If the concentrated load at its free end is
F(t) = Rt, determine the rotation of the point of load application.

Answer: o(L,1) = — L [Rt —Rt(1 —e7/7)],1 =1

Hint: Use (3.16a): 6 = (E + 50,)e to get P = 1 and Q = (E 4 10,), and insert
these into (5.11b): Q[Lo(x,1)] = P[AI/I(S;’I)], to write El¢'(x,1) +InZ¢'(x,1)
= M(x,t). Then, evaluate M(x,t) = F(t)x — F(¢)L, as in Example 5.1, and inte-
grate once with respect to x, to obtain Elp(x, 1) + In < ¢(x,t) = F(1) % — F(f)Lx.
Evaluate this expression at x = L to get EIp(L, ) + In£ o(L,t) = RL?*t/2. Divide
through by Iy and define t = y/E to arrive at the differential equation:

aa—‘f + %(p = RL’t/2. Use the integrating factor u = ¢'/*; integrate by parts once and

simplify to arrive at the result.

P. 5. 7. A beam of length L, second moment of area I, built in at one end, and
made of a viscoelastic solid of hereditary integral type, is subjected to a
load F(t) = F,sin(wt) at its free end. Find the steady-state deflection of
the beam’s tip.

Answer: v(L,1) = —Fg’—f} [C'(w) sin(wt) — C"(w) cos(wt)]

Hint: First, introduce the complex load: F*(jwr) = F,é“ = F*, and using
(5.12a): M*(jort) = IE*(jo) & v* (x,jort), with M*(jor) = F*x — F*L, integrate
twice with respect to x, and making use of the boundary conditions:
V(0,1) =v(0,1) = 0,Vz, to artive at v*(L,jor) = —L (E). Use that F* =
Foel”" = F,[cos(wt) + jsin(wt)] together with (4.18): 1/E* =C* = C —jC”",
perform the indicated operations and collect terms, to arrive at the result.

P. 5. 8. A circular bar of uniform cross section with polar moment inertia, J, and
length L, which is made of a viscoelastic solid of integral type, is fixed at
one end while its other end is subjected to a cyclic torque 7(7) =
T,sin(wt). Find the steady-state rotation of the tip of the bar.

Answer: Y(t) = LL[C' sin(wt) — C” cos(ot)]

Hint: Rewrite (5.46a) as y/* (jor) = £ C*(jw)T* (jor); then, introduce the complex
torque T*(jwt) = T,e’" = T,[cos(wt) + jsin(wt)], and using (4.14) and (4.18):
1/E* = C* = C' — jC", perform the indicated operations and simplify. Since the
torque actually applied corresponds to the imaginary part of the complex torque, the
solution sought is the imaginary part of the result thus obtained.

P. 5. 9. Calculate the energy dissipated per cycle for the bar of Problem P.5.8.

Answer: Wy = n2T2C"(w)
Hint: Apply (2.37) in the form W|\"= e T(z) %dr, with p = 27/ using the
t
rotation V(1) = L£[C' sin(wt) — C” cos(wr)] calculated in Problem P.5.8, and the

applied torque 7(f) = T,sin(wt). Carry out the integration invoking the orthogo-
nality of the sinusoidal functions [see Appendix A] and arrive at the result.
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P. 5. 10. A simply supported viscoelastic beam of length L has constant cross
section with second moment of area / and supports a concentrated mass
M, at its midpoint. If the concentrated mass is acted on by the cyclic load
F(t) = F,cos(wt), and the self-weight of the beam is ignored in com-
parison, calculate the steady-state oscillation of the attached mass, in
terms of the creep compliance of the beam’s material.

Answer: v(t) = %L; [C'(w) cos(wt) + C"(w) sin(wt)]

Hint: Introduce the complex load: F* = F,e/®" = F,[cos(wt) + jsin(wt)], toge-
ther with the result of Example 5.5: K} , (jot) = w, and the fact that the
ratio Q(jw)/P(jw) = E*(jor) to get the complex stiffness K; , = 48IE" /L?. With
these, obtain the complex deflection of the concentrated mass as v* = F*/K; e
Substitute the complex forms of F* and Kj /20 using (4.14) and (4.18):
1/E* = C* = C' — jC"; perform the indicated operation, collect terms, and, noting
that the applied load is the real part of the complex load, select the real part of the
result to arrive at the solution sought.
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Temperature Effects

Abstract

This chapter examines the simultaneous dependence of material property
functions on time and on temperature. The time—temperature superposition
principle and the concept of time—temperature shifting are introduced first. The
dependence of the glass transition temperature both on the time of measurement
and on surrounding pressure is examined in detail. The integral and differential
constitutive equations are then generalized to include thermal strains and strains
due to changes in humidity. Two ways used in practice to represent the material
property function that accounts for thermal strains are considered: independent
of time and time dependent.

Keywords
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6.1 Introduction

As indicated in Chap. 1, the specific values of some properties, such as the
relaxation modulus, creep compliance, or strain capability of viscoelastic mate-
rials, depend on the time and the temperature at which the measurements are taken.
The discussions up to this point have assumed that all required material property
functions were available at the temperature of interest. Temperature was simply
thought of as a parameter rather than as an independent variable on which material
properties depend and was thus omitted from explicit consideration.

D. Gutierrez-Lemini, Engineering Viscoelasticity, DOI: 10.1007/978-1-4614-8139-3_6, 149
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150 6 Temperature Effects

This chapter examines the dependence of material property functions on time
and temperature. The time—temperature superposition principle and the concept of
time—temperature shifting, stating that increasing temperature is equivalent to
shortening the timescale of observation, and vice versa, are introduced first. This is
followed by a physical interpretation of the glass transition, where viscoelastic
behavior is most pronounced. The dependence of the glass transition temperature
on time of measurement is pointed out, and its dependence on surrounding pressure
examined in some detail. The hereditary constitutive equations are then generalized
to include thermal strains. Two ways used in practice to represent the material
property function that accounts for thermal strains are considered: independent of
time, as for elastic solids, and time dependent, as other viscoelastic properties.

6.2 Time Temperature Superposition

Several constitutive and failure properties of viscoelastic substances—such as
relaxation modulus, creep compliance, tensile strength, fracture resistance, and so
on—are time and temperature dependent. In other words, the values of some
properties depend on the time and temperature at which the measurements are
taken. This is indicated conceptually in Fig. 6.1 for a generic property, P, such as
the relaxation modulus or the tensile strength of a viscoelastic material [c.f.
Chap. 1]. The same can be said of the dependence on frequency and temperature of
some viscoelastic properties, as depicted in Fig. 6.2, for the real part of the
complex modulus [1].

In principle, time—temperature characterization of a viscoelastic property would
require that the pertinent tests—stress relaxation modulus, sustained load to fail-
ure, and so on—be carried out at several temperatures in the expected range of
application, and the values be recorded for periods long enough to span that range.
In similar fashion, the frequency—temperature characterization of a viscoelastic
property function would require tests at several constant temperatures in which the
forcing frequency spans the selected range of application.

Such direct approach to characterizing viscoelastic properties is not only time-
consuming and expensive, but also impractical. Fortunately, however, viscoelastic
materials of the type dealt within this text—amorphous polymers—can trade either

Fig. 6.1 Typical time and A A
temperature dependence of a  p P
generic property, P, such as
the relaxation modulus of an
amorphous viscoelastic T;
polymer (¢ = time;
T = temperature;
T, <T, <T3)

y

A\ 4

log r

~
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Fig. 6.2 Typical frequency A
and temperature dependence
of the storage modulus, M, of
an amorphous viscoelastic
polymer (@ = frequencys;

T = temperature;

T, <T, <T3)

.
»

log w

time or frequency for temperature and vice versa, which permits reducing or
extending the actual timescale of observation through a corresponding change in
test temperature.

Indeed, some functions describing properties of viscoelastic materials can be
constructed by testing over smaller time intervals and at different temperatures than
used in the direct approach and by shifting the curves describing those functions to
one of the curves obtained at an arbitrarily selected temperature of interest.
Experimental observation confirms that, within reason, the functions so constructed
overlap the functions that would be obtained, were the tests carried out at the
selected temperature and for the duration covered by the composite curve [2].

The process just described is shown schematically in Figs. 6.3 and 6.4. In the
first of these figures are shown four curves of the same property function. Three of
the curves are shorter than the fourth one because the time of observation used to
measure them was shorter. The shorter curves correspond to tests carried out at
temperatures 7, T, and 7T,, while the longer-duration curve was tested at tem-
perature 7.

In Fig. 6.4, the “short” curves at temperatures 7| and 7, are “shifted” to the
right and left, respectively, to overlap the short curve that was tested at the same
temperature as the long curve. As the figure indicates, by judiciously shifting test
data collected at different temperatures, and for adequately short durations, one
can construct the material property function at one of the test temperatures; which
would thus be valid for a longer duration than that of the individual curves. For
obvious reasons, the process described is referred to as time—temperature shifting
or time—temperature superposition.

Fig. 6.3 Typical test data: 4
viscoelastic property P
measured with short-duration

(laboratory timescale) tests at

different temperatures and

with a long-duration test at

one of the temperatures

\4

log
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Fig. 6.4 Time-temperature 4
shifting procedure. P
a Reference temperature, 7,

is preselected. b All curves

are then shifted toward it

\4

log t

Clearly, the reference temperature, 7,, to which the partial material property
functions are shifted, is arbitrary. Hence, by keeping track of the shift—the hor-
izontal distance between a curve and that at the reference temperature—one can,
equally well, construct the material property function corresponding to any other
temperature among those used in the tests. Such curves succinctly represent the
material property function for all temperatures and all times in the range of
observation times covered by their extended composite forms; and are thus called
master curves for the properties in question.

To get a feel for the usefulness of time—temperature shifting, consider the data
in Fig. 6.5, which show the results of relaxation modulus testing of a natural
rubber, carried out at three temperatures. As may be seen in the figure, each test
lasted close to 1,000 s (about 20 min); yet, when the data were shifted—in this
case to 22.8 °C—the “experimental time of observation” at that temperature was
extended to about 1 million seconds (about 11 days), as indicated in Fig. 6.6. In
practical terms, this indicates that, where it is not for the time—temperature
superposition principle, one would have had to test the material at 22.8 °C, for
slightly over 11 days to get the same information as obtained by means of just
three 20 s duration tests, performed at the three temperatures listed in the figure.

Fig. 6.5 Relaxation 2.0
modulus data for a natural
rubber compound tested at
three temperatures 1.6
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Fig. 6.6 Relaxation 2.0
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In the present case, the principle was actually corroborated by performing two
1,000-h (over 40 days) tests at the reference temperature of 22.8 °C.

It is not infrequent for practitioners in the field of viscoelasticity to be requested
by their customers to demonstrate that the time—temperature superposition prin-
ciple applies to the polymeric materials at hand. In some cases, such as for stra-
tegic and tactical missiles and even the Space Shuttle programs, corroboration
tests, lasting several years, on polymeric materials have been carried out.

The time—temperature shift process can be formalized easily. This is done with
reference to Fig. 6.7, which shows two partial curves of a material property
function collected at temperatures, 7 and T,, respectively. Without any loss of
generality, 7, may be taken as the reference temperature and the other curve is
shifted toward it.

In Fig. 6.7, the time—temperature shift allows the property, P, at time ¢ and , 7,
(denoted fl; to emphasize the temperature 7) to be established from test data
collected at temperature 7,. In other words, the value sought can be read off the
curve at temperature 7, and time #l7,. Based on the figure, the passage from 7l to
tlr, is provided by the shift ar (T, T,):

logar(T,T,) = log t|;—log t|;, (6.1)
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Fig. 6.8 Typical form of the
time—temperature shift
function, ar, for amorphous
polymers

logar

logar =
—>
so that

log #[; = log ], — (log t|—log t|T)_) = log 1|, —logar (T, T,) (6.2a)

Or, after rearranging

d

log (i) =log | T 6.2
og (1) =1oe | 1| (6.20)

By its definition, ar (T = T,, T,) = 1. In addition, it is required that its slope, that
is, its derivative with respect to temperature, be positive: %aT > (0 [1]. The above
expressions encompass the time—temperature superposition principle, that:

t units of time at temperature T are equivalent to t/aT(T,Tr) units at temperature Tr

.The time—temperature shift function, ar, for a viscoelastic polymer is depicted on
a semi-logarithmic timescale in Fig. 6.8.

There are several analytical forms that capture the behavior shown in the figure.
Perhaps the most widely used expression to represent the shift function, ar, is the
WLF equation, named after its developers [3]. Save for a different interpretation of
the parameters C; and C,, entering the equation, which were once thought by the
proponents to be universal constants but are now taken more as curve-fit values,
the WLF equation is expressed as'

C - (T—T,)

logar(T,T,) = o+ (T-T)

(6.3)

From the preceding discussion, a master curve is expressed as a function of time
at an arbitrarily selected reference temperature. To obtain the value of the property
at an arbitrary time ¢ and temperature 7—in the range of the tests—the shift factor,
ar (T, T)), is calculated first, and the value being sought of the property function is
read off the master curve at t/a(T,), that is,

! Note that, for the purposes of converting between different temperature scales, C; is non-
dimensional, but C, has the dimensions of temperature.
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P(1,T) = P {m T,] (6.4)

In particular, application of the time—temperature superposition principle to the
relaxation modulus, M, and creep compliance, C, produces that

t

0.7’ Tf] (6)

M(t,T) :M[

C(t,T) = C{m T,} (6.6)

Also, to simplify notation, or when it is clear from the context, the reference
temperature, 7,, is usually omitted from the shift function so that a; (7) or even ar
is used instead of a; (T,T,).

The time—temperature superposition principle applies to constitutive functions
expressed in the frequency domain, as well. The analytical form of the principle in
that case can be established using (6.4) in expression (4.3) for the complex
modulus, M" and (4.13), for the complex compliance, C *. For the complex
modulus, this would yield

o0 .
M (jo,T) = jo [ M(t/ar,T,)e " dt.
t=0

Introducing the change of variables u = #/as, and regrouping, produces:

M (jo,T) = jwar | M (u, T,)e 7" dy (6.7a)
=0
In other words,
M (jo,T) = M* (joar, T;) (6.7b)

Entirely similar considerations, starting with (4.13), result in
C'(jo,T) = C*(jwar, T,) (6.8)

Materials for which the time—temperature superposition principle (6.4) holds are
generically called thermorheologically simple [1]. The constitutive properties of
these materials possess master functions, valid for any constant temperature state in
the range of the test data used to establish the shift function. For this reason, if the
relaxation modulus and creep compliance of a thermorheologically simple material
are, respectively, M(¢) and C(t), the time—temperature superposition principle, (6.4),
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can be used to write constitutive equations such as (2.1a) and (2.2a), using master
material property functions which are valid for all constant temperature states, as

o) = M (ﬁ) £(0) + (/)M (ﬁ) %s(s)ds (6.9)

t

f(1) = C (W) o (0) + é c (ﬁ) %a(s)ds (6.10)

Although the time—temperature superposition principle was derived for constant
temperature, it can be formally extended to non-constant temperature states by
requiring the shift function to depend on time and position. This is done by first

=T

splitting the time difference argument @) of the property function of interest in

—1 t T
ar(T.T,) = ar(T.T,) ~ ar(T.T,)
dence on time and position, as needed. On this basis, shifted time, &,, is generalized
as follows:

the equivalent form:

and then introducing the depen-

t

dt
o= PRCEING| (6.11)

0

This notation allows writing constitutive equations for non-constant tempera-
ture states in succinct fashion. The constitutive equations for a thermorheologi-
cally simple material with master modulus M and master creep compliance C,
equivalent to (6.9) and (6.10), which are applicable to varying temperatures, take
the following forms:

a(t) = M(&)e(0) + }M(é, - éfQ%e(s)ds (6.12)
0+ :

£(0) = C(&)o(0) + [ C(& — &) S als)ds (6.13)
0+

Summarizing, the viscoelastic property functions of any thermorheologically
simple material at a prescribed temperature and selected time may be obtained
from the corresponding properties at any other temperature, used as a reference,
dividing the time of interest by the value of the factor for shifting from the selected
temperature to the reference temperature.

The reason why a viscoelastic material—such as a solid propellant or a rubber
compound—can trade time for temperature, and vice versa, lies in its molecular
structure. As pointed out in Chap. 1, a polymeric material is a network of
molecular chains tied to one another by chemical bonds at discrete locations along
their lengths—the cross-links. The chains are in constant, Brownian motion, which
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speeds up when the temperature goes up and slows down when the temperature is
lowered. This type of behavior confers upon the polymer an internal clock with
which it measures external events. At high temperatures—and fast molecular
motions—the material’s internal clock beats fast and interprets actual elapsed time
as being longer than it really is. The reverse is true at low temperatures. The shift
factor introduced above represents the number of clicks of the observer’s clock per
click of the material’s internal clock at the selected temperature [4].

6.3 Phenomenology of the Glass Transition

The glass transition temperature is a very important concept in a variety of
applications of viscoelastic materials. In Chap. 1, it was identified as a tempera-
ture, T, somewhere in the transition region, where properties change drastically
[see Figs. 1.13 and 1.14]. There are several practical methods to establish 7,. Each
method is based on the fact that the property used in the selected test (heat
capacity, free volume, specific heat, viscosity, loss tangent) changes rather dras-
tically near the glass transition. The method discussed here (calorimetry) is based
on the volumetric thermal expansion of a polymer sample of known initial volume
and mass, subjected to a uniform temperature change. The sample is quenched
quickly to the target temperature and its volume and temperature recorded. The
resulting change in volume per unit of original volume versus temperature is
curve-fitted with two straight lines of different slopes, as shown in Fig. 6.9. The
temperature at which the break in slope occurs is defined as the glass transition
temperature [5]. 7.

The total volume, v, of a sample of an amorphous polymer consists of the solid
volume, v, occupied by the molecules—this is the occupied volume—and the
interstitial volume, v/, of the spaces between molecules—the free volume. That is,
v =1V, -+ v. The fractional occupied volume, f;, and fractional free volume, f;,
are, respectively, defined as f, = v,/v and f; = v/v.

Fig. 6.9 Glass transition A
temperature defined by
thermal volume-change data v Free
Volume
Qyo !
g ' Occupied
Voi E Volume
' >



158 6 Temperature Effects

Fig. 6.10 Effect of time of A
measurement after quenching

on the value of the glass v
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>
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Figure 6.9 shows the division of the total volume of a sample into occupied
volume and free volume. The volume occupied by the solid molecules is assumed
to increase uniformly with temperature, so that using o, as the coefficient of
thermal expansion for the occupied volume: v, = v,; + a,, - AT. By contrast, the
free volume remains constant up to 7,, but increases linearly thereafter, due to an
increase in the coefficient of free-volume thermal expansion, o, That is,

. Vii, T<Tg
Vf_{Vﬁ"’O‘Yf(T_Tg)’ r=T, (6.14)

This discontinuity in the coefficient of volumetric thermal expansion is called a
glass transition and the temperature associated with it, glass transition temperature.
The glass transition marks the onset of molecular processes that control visco-
elastic behavior. Also, in particular, as indicated by the previous expression, the
glass transition is a state of constant free volume—a so-called iso-free-volume
state.

The slope discontinuity is not as abrupt as suggested by Fig. 6.9, but gradual; as
shown in Fig. 6.10, and extrapolation is usually needed to establish 7. Also, as the
figure suggests, the glass transition temperature depends on the specific time at
which the measurements are taken, after quick quenching the sample to the target
temperature. In other words, the glass transition temperature is rate sensitive: the
shorter the time to take the measurement, the larger the value obtained for T, [2].

The physical interpretation of the free-volume behavior of a viscoelastic
polymer is that at low temperature, the sample shrinks and thus restricts the motion
of the polymer chains. This manifests physically as an increase in modulus (the
glassy behavior). By contrast, at high temperature, the sample expands, increasing
free volume and molecular mobility. At the macroscopic level, this is seen as a
reduction in modulus (the rubbery behavior).



6.4 Effect of Pressure on the Glass Transition Temperature 159

6.4  Effect of Pressure on the Glass Transition Temperature

An important experimental observation about the glass transition temperature is
that its value increases with surrounding pressure. This may be explained rather
easily on purely physical grounds. Indeed, any external confining pressure on a
polymer sample will tend to reduce its free volume through squeezing; but because
the glass transition is an iso-free-volume state, the only way the volume can be
reduced is by increasing the glass transition temperature—shifting 7, to the right
in Fig. 6.9. The reduction in free volume due to a pressure change 4P = P-P,,
where P, is an arbitrary reference pressure is given by the product C,s - AP; where
C,r denotes the isothermal compressibility of free volume of the polymer. Adding
the reduction in free volume to (6.14) yields

vi=vitoy - (T—T,) —Cy-(P—P,) (6.15)
The magnitude of the effect of a pressure change AP on T, can now be
established evaluating (6.15) at two pressures Py and P, at the corresponding glass
transitions, T,y and Ty, where vy = vp. At that instant,
vir = Vg + o (Th = Te1) = Cyp - (P = Py) (6.152)
Similarly,

V2 = Vi + OCYf(TQ — ng) — Cvf : (P2 — Pr) (615b)

Subtracting (6.15a) from (6.15b), collecting terms, and rearranging produce the
expression:

Cy
Tg2:Tg1+a;'(P2—P1) (6.16a)

Identifying o,y with the difference between the coefficients of thermal expansion
above and below Ty, : oy = Ao, and Cyy with the difference between the compress-
ibility above andbelow T, : C,y = AC allows casting (6.16a) in the incremental form:

AC
AT, =—- AP 6.16b
8 Ao ( )
Although very little data are available in the literature, amorphous polymers
seem to obey this relation [2]. Also, because the WLF equation can be cast using
T, as reference,” it turns out that the shift function a7 depends on pressure as well.

CCZ ‘f(TTiT‘T”g)); implying different

2 The WLF equation was originally proposed as: logaT(T7 Tg) =—

C, and C, from those corresponding to the case when 7). = T,.



160 6 Temperature Effects

This fact becomes important in applications of polymers subjected to large
hydrostatic pressures, such as in the case of elastomeric bearings. In general, a
change in shift factor changes the timescale and hence the modulus and the
compliance in accordance with the time—temperature superposition principle. This,
in turn, leads to a change in the polymer’s effective stiffness and consequently a
change in the response of the component.

6.5 Hygrothermal Strains

Deformation of polymers is possible not only under the action of mechanical
loads, but also upon change in temperature and upon absorption of moisture. The
associated strains are referred to as mechanical, ¢, thermal, &7, and moisture, &7,
strains, respectively. The latter two are often generically termed hygrothermal
strains [6]. When the strains are small, linear superposition is valid; the total strain,
¢, is obtained as the sum of the mechanical and hygrothermal strains. Thus,

a(t) = &M (1) + &7 (¢) + & (1) (6.17)

Hygrothermal strains do not produce stresses in bodies which are unconstrained
and free to deform and accommodate changes in temperature or moisture.
Mechanical strains, on the other hand, are always accompanied by internal stresses
in the material and are thus called stress-producing strains. Using this and the
appropriate mechanical constitutive equation from those discussed in Chaps. 2, 3,
and 4, it is straightforward to generalize the stress—strain laws of viscoelasticity to
account for hygrothermal strains. This is done by first rewriting Eq. (6.17) to
express the mechanical strain in terms of the total and hygrothermal strains and by
introducing the mechanical constitutive equation at hand. The mechanical strain is
thus

eM(t) = e(r) — & (1) — (1) (6.18)

For a viscoelastic material of relaxation—integral type, the constitutive equation
is obtained inserting into the convolution integral form, M = C « do, of the strain—
stress Eq. (2.26): " (t) = &(t) — 7 (¢t) — & (t) = C(t — 1)"do(t). Convolving the
relaxation modulus M, with this expression, using that M . dC = H(t), in accor-
dance with (2.20) or (2.21) yields

o(t) =M(t — 1) xd[e(r) — &' (1) — & (1)] (6.19)
For materials of differential operator type, for which, as presented in (3.9c¢),

Pla] = Qle], the stress—strain equation generalized for hygrothermal strains is
obtained by applying Q to expression (6.18), replacing Q[¢"] with P[a]:
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Plo()] = Q[e(t) — & (1) — & (1) (6.20)

To complete the formulation, it is necessary to define the manner in which
changes in temperature and moisture are related to hygrothermal strains. The
needed relationships are, quite naturally, constitutive equations. The general
thermomechanical constitutive equations of viscoelasticity can be derived from
rigorous thermodynamic theory [1]. The approach followed here is based on the
observations that
e Under a change in temperature from a reference value, a viscoelastic material

deforms in a time-dependent creep-like fashion [7]. Therefore, the thermal

strain may be defined in creep integral form, as

(1) = [ alt - r)diAT(r)df; AT()) = T(1) T, (6.21a)
0 T

e Quite frequently, for simplicity, a non-hereditary, time-independent coefficient
of thermal expansion is assumed, leading to a thermal strain—temperature
constitutive equation of elastic type:

e’ (t) = aAT(t) AT(t)=T(t) - T, (6.21b)

e Under a change in moisture concentration from a reference value, a viscoelastic
material deforms in a time-independent fashion [6]. As a consequence, the
moisture-induced strain may be defined by and expression of the following
simple form:

(1) = BAc(t) Ac(t) = c(t) —c, (6.22)

In this relationship, f is the swelling coefficient, c(¢) is the moisture concen-
tration at time ¢, and ¢, is the reference moisture concentration.

6.6 Problems

1. The three coefficients of the WLF version of the shift function of a natural
rubber are T, = 22.8 °C, C; ~ 5.499, C, = 74.96. What would the coeffi-
cients be for this function in degrees Fahrenheit?

Answer: T, = 73.0 °F, C; ~ 5.499, C, = 134.9 °F

Hint: By dimensional homogeneity, since a7 is dimensionless, the denominator
is the sum of C, and a temperature difference (7 — 7,), and the numerator is the
product of C; and the temperature difference (T — T,), it follows that C, has to
have dimensions of temperature (difference) and C; be dimensionless. Hence,
Co opy = 95 - Cy( ocy _ 1349 °F, and Tyep) = 9/5 - Tyep) + 32 _73.0 °F.
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2. A flexible element is made of natural rubber whose master tensile stress

-p
endurance function is given by a power law of the form: (1) = A (L) . To

ar
certify the design, a sustained load test has to be performed at a uniform
temperature, 77, and stress level ¢,. The design will be deemed satisfactory if
the flexible element lasts at least #; units of time. Since a successful design is
expected to last several years at the operational stress and temperature, the
manufacturer wants to shorten the timescale of the test. Derive an expression
that would allow changing the test duration in a meaningful way.

1/p
. _ ar(Ties:, Tr) Odesign )
ANSWET: tieyr = ar(Taesign, Tr) \ Grest Ldesign

1/p

Hint: Solve for 7 from the master curve to get t = ar(7T, T,) (A) , evaluate this

ag
for the design and desired test conditions, divide one expression by the other
and solve for the duration of the test. In practice, a suitable pair (fye5, Tres)
would be obtained by trial and error.

3. The coefficient of volumetric thermal expansion of a natural rubber compound
is o = 560-107°/°C, and its bulk modulus established at 35 MPa is
K = 1,520 MPa. Use these values as representative of the coefficient of free-
volume thermal expansion oy and the reciprocal of the isothermal compress-
ibility of free volume, respectively, to estimate the change in glass transition
temperature that could be expected at a pressure of 80 MPa.

Answer: AT, = 5.29 °C

Hint: Use expression (6.16b) with the approximations Aoy &~ o = 560 - 1075 /°C
and Acy =~ 1/K =658 - 107° /MPa to arrive at the result. Actual measured
values of the ratio Acy /Aoy for natural rubber are of the order of 0.240 °C/
MPa [2].

4. A slender bar made of a viscoelastic material of Kelvin type with elastic
modulus E and viscous constant 7 is held at one end and subjected to a strain
&(t) = ¢, sin(wt) at its other end. Determine the stress in the bar if the bar is
maintained at a constant thermal change, AT units above the stress-free tem-
perature of the material, and its thermal response is elastic with coefficient of
expansion o.

Answer: g(t) = Ee,sin(wt) + nwe,cos(wt) — EaAT

Hint: Combine (6.20) and (6.21b) with the constitutive equation of the Kelvin
solid given in (3.16a) to write ¢(t) = [E + 10,][e,sin(wt) — EaAT]. Perform the
indicated operations and arrive at the stated result.

5. A slender bar of a viscoelastic material may be idealized as a standard linear
solid. If the bar is held fixed at both ends and subjected to a constant tem-
perature change, AT units above its stress-free temperature determine the stress
that would be developed in the bar as a consequence of the restraint, assuming
elastic thermal expansion.

Answer: 6(t) = —(qo/p1)aAT[1 —e™"*],  1=pi/po
Hint: Take the constitutive equation of the standard linear solid in the form

given in (3.35b): p,0 + p; ’fl—‘t’ = g,eM + g, %M, where ¢ is the mechanical strain
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and combine it with (6.20) and (6.21b) to arrive at p,o+ p; ‘fl—‘r’ =
qole — oAT] + g1 4 [ — «AT], in which ¢ is now the total strain, which is
identically zero, because the bar is restrained. Hence, obtain the differential
equation: p,o +p1% = —¢q,aAT. Cast this equation in the standard form:
‘2—‘;+£—TG = fZT aAT; using the integrating factor u = ¢'/°, where 7 = p1/po,
integrates the equation to arrive at the result.

References

1. R.M. Christensen, Theory of Viscoelasticity, 2nd edn. (Academic Press, Waltham, Massachu-
setts, 2003), pp. 90-94, 94-96, 77-87

2. J.J. Aklonis, W.J. MacKnight, Introduction to Polymer Viscoelasticity, (Wiley, Hoboken,
1983), pp. 44-47, 62-65

3. M.L. Williams, R.F. Landel, J.D. Ferry, Viscoelastic properties of polymers. J. Am. Chem.
Soc. 77, 3701 (1955)

4. A.C. Pipkin, Lectures on Viscoelasticity Theory, (Springer, Berlin, 1972), pp. 98-102

5. LM. Ward, J. Sweeney, An Introduction to the Mechanical Properties of Solid Polymers, 2nd
edn. (Wiley, Hoboken, 2012), pp. 108-113

6. S.W. Tsai, H.T. Hahn, Introduction to Composite Materials, (Technomic Pub. Co., Lancaster,
1980), pp. 329-344

W.G. Knauss, 1. Emri, Volume change and the nonlinearly thermo-viscoelastic constitution of
polymers, (Polymer Eng. Sci., 27, 1987), pp. 86—100.






Material Property Functions and Their
Characterization

Abstract

This chapter examines four topics of practical importance. It begins with an
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7.1 Introduction

This chapter examines four topics of practical importance, beginning with an
introduction to material characterization testing, covering stress relaxation, creep,
constant rate, and dynamic tests. The chapter then introduces two types of ana-
Iytical forms which are typically used to describe mechanical constitutive property
functions, such as relaxation modulus, creep compliance and coefficient of thermal
expansion. One form is expressed as a finite sum of exponentials, which is fre-
quently referred to as a Dirichlet-Prony series. The other form is a power law
function of time. We then present both approximate and exact methods of finding
the convolution inverse of material property functions of Prony type. The chapter
ends with a discussion of practical ways to establish the numerical coefficients
entering the WLF function and the analytical forms used to represent the relaxa-
tion modulus and the creep compliance.

7.2  Experimental Characterization

The objective of experimental characterization is the construction of the kernel
functions that enter the constitutive equations. What follows restricts attention to
the tests used to establish the relaxation modulus and the creep compliance.
Alternatively, either one of these functions may be derived from the other, by
inversion, as discussed in Chap. 2 and in Sect. 7.4. Dynamic test methods used to
establish property functions for steady-state conditions are only briefly mentioned,
because the theory is treated extensively in Chap. 4.

7.2.1 Constant Strain Test

This test is generally known as stress relaxation. In it, a one-dimensional specimen
is subjected to a specified target strain, ¢,, which is applied as fast as possible, and
then held constant. This test is designed to yield the relaxation modulus,
M(t) = a(t)/e,, as the ratio of the stress response to the constant applied strain. The
theoretical loading is ¢ = ¢,H(?); the ensuing stress is calculated using Eq. (2.32a):
a(t) = [y M(t —t)ds(x)/dv and that de/dt = ¢,0(r), which imply that o(f) =
M(t)e,. Consequently,

M(1) = (7.1)

Quite simply, then, what is required in a stress relaxation test is to keep a record of
the load as a function of time, and then divide that load by the cross-sectional area of
the test specimen and by the enforced target strain. Since total stress relaxation
typically occurs over a long time, and the difference between the short- and long-term
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moduli may be several orders of magnitude, it is convenient to plot the test data on a
semi-logarithmic or even, double-logarithmic scales. In practice, relaxation tests are
performed at five or six different temperatures, each some 15 °C apart from its
neighbors, so as to allow a sufficient expansion of the laboratory timescale of
observation. To account for material variability, three to five replications are advis-
able. Table 7.1 presents relaxation modulus data for a natural rubber compound. The
data were collected at five temperatures and averaged over three replications.

These data are displayed in a semi-logarithmic scale in Fig. 7.1 and will be used
in later sections to demonstrate how to establish the coefficients of the WLF shift
function, as well as of two analytical forms of the relaxation modulus.

In closing, it is pointed out that since it is not possible to apply an instantaneous
strain, as the theory assumes, a discrepancy will always exist between theory and
experimental data. This situation is illustrated in Fig. 7.2.
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Table 7.1 Relaxation modulus data for a natural rubber compound

Temperature
Test time, 7 (s)
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
200.0
300.0
400.0
500.0
600.0

—17.8 °C

14.25
12.00
10.84
10.07
9.46
9.02
8.67
8.37
8.12
7.89
6.60
5.97
5.60
5.34
5.12
4.96
4.81
4.69
4.58
3.91
3.55
3.31
3.14
3.00
2.88
2.79
2.71
2.64
2.20
1.97
1.82
1.72
1.63

—1.11 °C
Measured modulus, M(t) (MPa)

1.432
1.317
1.245
1.195
1.157
1.127
1.103
1.080
1.060
1.044
0.946
0.894
0.863
0.841
0.821
0.807
0.796
0.785
0.777
0.722
0.697
0.678
0.664
0.654
0.643
0.635
0.627
0.619
0.585
0.563
0.549
0.540
0.532

228 °C

0.654
0.622
0.601
0.586
0.575
0.566
0.558
0.552
0.547
0.541
0.511
0.495
0.484
0.477
0.471
0.466
0.461
0.457
0.454
0.434
0.423
0.416
0.411
0.407
0.403
0.400
0.398
0.395
0.381
0.373
0.367
0.364
0.360

48.9 °C

0.499
0.489
0.482
0.475
0.471
0.467
0.463
0.460
0.458
0.455
0.440
0.432
0.425
0.421
0.417
0.415
0.412
0.410
0.408
0.395
0.389
0.384
0.381
0.378
0.376
0.374
0.372
0.371
0.363
0.358
0.355
0.353
0.350

82.2 °C

0.409
0.402
0.398
0.395
0.392
0.389
0.387
0.386
0.384
0.383
0.373
0.367
0.366
0.363
0.361
0.358
0.358
0.355
0.355
0.347
0.344
0.341
0.339
0.339
0.336
0.335
0.335
0.333
0.328
0.325
0.324
0.322

0.322
(continued)
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Table 7.1 (continued)

Temperature —17.8 °C —1.11 °C 22.8 °C 48.9 °C 82.2 °C
Test time, 7 (s) Measured modulus, M(t) (MPa)

700.0 1.56 0.526 0.358 0.350 0.320
800.0 1.51 0.515 0.356 0.348 0.319
900.0 1.46 0.511 0.354 0.346 0.319
1,000.0 1.42 0.508 0.352 0.346 0.318
1,500.0 1.27 0.485 0.346 0.342 0.315
2,000.0 1.19 0.458 0.342 0.339 0.315

The source data shown in this table, and elsewhere in the text, may be accessed at
“extras.springer.com”

7.2.2 Constant Stress Test

This test is generally known as a creep compliance test. In a creep compliance test,
a one-dimensional specimen is subjected to a specified target stress, o, that is
applied as fast as possible and then held constant. This test is designed to yield the
creep compliance, C(f) = &(f)/a,, as the ratio of the strain response to the constant
applied stress. The loading is ¢ = o,H(?); the strain is calculated per Eq. (2.2):

fo (t — 1)do(t)/dz, noting that: do/dt = 6,6(f), and hence, that:

= [, C(t — 1)8(t)dr = C(t)a,. Consequently,

C(t) = (7.2)

Therefore, what is required in a creep compliance test is to keep a record of the
strain response as a function of time and divide it by the applied target stress.
Creep compliance test data are also plotted in double-logarithmic coordinates. A
typical graph of the creep compliance of a viscoelastic material is shown in Fig
1.14. Three analytical forms to represent one or more aspects of creep compliance
functions, which are the counter parts of those used to represent relaxation moduli,
are presented later on.

7.2.3 Constant Rate Test

Although the forcing function in this type of test can be either strain or stress,
strain is commonly used because it is easier to control under laboratory conditions.
In a constant strain rate test, a uniaxial specimen is subjected to the loading is
&(t) = R-t, in which the rate R is a selected constant. This test is designed to
produce the relaxation modulus at the selected temperature by calculating the

response using Eq. (2.1) and that de/dt = R, one gets o(t) =R fo (t—1)d
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Introducing the change in variable u = t — 7 converts this expression into o(f) =
R [y M(u)du. Differentiating under the integral sign leads to ¢ = RM(r). Now,

given that &(f) = R-t, and thus, % = R%, results in
do
M(t) =— (7.3)
de e=Rt

7.2.4 Dynamic Tests

Material property functions appropriate for steady-state  conditions
(M*, M', M", C*, C', C", tand) are obtained by means of dynamic tests.
Dynamic tests are carried out by forcing a sinusoidal excitation of varying fre-
quency on a polymer sample that is held at a given temperature. There are several
methods of dynamic testing [1]. However, most of them target certain types of
deformation, such as torsion or bending, or a specific frequency range, and even
material stiffness.

In principle, any of the quantities associated with the either the complex
modulus (|M*|,M*, M', M", 9,tand) or complex compliance (|C*|,C*, C’, C”,
0,tand)can be used in dynamic characterization testing. However, the absolute
values, |M land IC*I, and loss angle, J, are not typically used.

7.3  Analytical Forms of Constitutive Functions

Two types of analytical forms are examined in what follows which comply with
the fading memory hypothesis and closed cycle condition and, in addition, provide
elastic response under fast and slow processes, as discussed in Chap. 2. One of
these forms, referred to as a Dirichlet-Prony series, is expressed as a finite sum of
decaying exponentials; the other is a power law in time.

7.3.1 Material Property Functions in Prony Series Form

A Prony series is a finite sum of decaying exponentials in time. The individual
decaying exponentials allow modeling of relaxation—by adding the exponen-
tials—as well as creep—by adding the complements to one, of each exponential
term. The following Dirichlet—Prony series is frequently used to represent the
relaxation modulus for viscoelastic solids:

N
M(t) =M.+ Me /" (7.4)
i=1
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The parameters t; have dimension of time and are usually called time param-
eters or time constants. In a phenomenological sense, these time constants may be
thought of as characteristic relaxation times of the material, but in general have no
more meaning than that of curve-fit parameters. The coefficients M, and M; are
real, positive constants.

Expression (7.4) implies the following relationship between the extreme values
of M(t):

M(0) = M, + EN:M =M, (7.5)

i=1
Here, as discussed in Chap. 1:

M. =M. — #0; for viscoelastic solids
¢ 777 7 1 =0; forviscoelastic fluids

(7.6)

Another Prony series form frequently used to describe relaxation functions is in
terms of the glassy modulus, M,, and may be derived from the previous one. Use
(7.5) to express M, in terms of M, and insert the result into (7.4), to get:

M(t) =My — > Mi(1 e (7.7)

By contrast, the creep compliance function increases from its glassy value, C,,
as its argument increases or, conversely, decreases from its long-term value, C,, as
t — 0. With this, the creep compliance counterparts of (7.4) and (7.7) for solids
are, respectively,

N
Clt)=Co—) Cie V" (7.8)
i=1

C(t) = Cy + EN: Ci(1 —e7!/m) (7.9)

i=1

For viscoelastic fluids, it is usual to add the term #/n to represent Newtonian
viscous flow.

Just as for the relaxation function, the following expressions are derived from
(7.8) and (7.9); and here, too, the coefficients C, and C;, are real and positive:

C,=C0)=Cc—> G (7.10)
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N
Ce=C(00)=Co+ Y G (7.11)
i=1

Before leaving this subject, it is important to point out that since the hereditary
form of thermal strains is expressed through a creep-like integral, the thermal
expansion creep function may be modeled using Prony series of the same type as
those in (7.8) or (7.9) [2].

7.3.2 Material Property Functions in Power-Law Form

A power law is an incomplete polynomial of fractional power. A popular power
law form used to represent relaxation functions is as follows:

M, — M,
(1+Yp)"

In this expression, the time constant 0 represents a value somewhere in the
middle of the transition region; the exponent, p, is a positive real value, and the
other symbols are as defined earlier. As can be seen, this form retrieves the glassy
and equilibrium values of the relaxation modulus. The analogous form for the
creep compliance is

M(t) =M, + (7.12)

c,—-C
Clt)=C, + ———5- (7.13)

(104

Here, the notations 0 and p for the corresponding time constant and fractional
power are used to emphasize that they are different from those for the relaxation
function.

For mathematical convenience, and in cases when only behavior in the tran-
sition region is of relevance, the following simplified forms of (7.12) and (7.13)
are used:

M(t) =Mzt? (7.14)

C(t) = Ct (7.15)

7.4 Inversion of Material Property Functions

Two methods are presented which are especially useful to find the convolution
inverse of relaxation modulus or creep compliance functions when they are
expressed as finite sums exponentials. In both methods, the inverse function is
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sought by enforcing the equivalent inversion requirements expressed in (2.20) and
(2.21) that

[M(t - T)diC(r)dr =M(1)C, + tM(t - ‘c)diC(r)dr =H(t) (7.16a)
0 T o+ T

/f C(t— r)%M(r)dt =C(t)M, + /oj C(t— r)%M(r)dr =H(t) (7.16b)

Here, H(t) represents the unit step function [c.f. Appendix A]. The difference
between the inversion methods lies in the manner in which the inversion
requirement is met. The first method is approximate and enforces the inversion
requirement in a least-squares sense in Laplace-transform space. The second
method enforces the requirement in exact form in the time domain.

7.4.1 Approximate Inversion of Material Property Functions

Several approximate methods of Laplace transform inversion have been proposed
in the literature. One of these, introduced by Schapery [3], is presented here,
because it is especially attractive for finding approximate inverse Laplace trans-
form of functions in general and not necessarily related by a convolution integral.

In Schapery’s approach, f(s) is taken as the known Laplace transform of the
function f{(r) being sought. In addition, it is assumed that f(#) can be approximated
by a Prony series':

FO) = fale) =D A (7.17)

In this expression, the t;’s are prescribed positive constants,” and the coefficients A j
are to be determined in such a manner as to minimize the total squared error
introduced by the approximation, f4(¢), in the domain of f{¢):

olf f1) = / 1R — ()P (a)

' This condition is always met by relaxation or creep compliance functions, because a series of
exponentials is complete in that it can represent any continuous function to any desired degree of
accuracy, if enough terms are used in the representation.

2 Typically, the time parameters are more or less arbitrarily taken at each of the several logar-
ithmic cycles spanning the available data, such as at 1073, 1074,...,103, 10* min, without wor-
rying much about their relationship to any intrinsic response times (relaxation or creep) of the
material in question.



174 7 Material Property Functions and Their Characterization

Minimization with respect to the coefficients, A;, demands that de/0A; = 0, for all
i. Upon introducing (7.17) and simplifying, this requirement becomes

/[f e idt =0, i=1,...N (b)
0

With the definition of the Laplace transform of an arbitrary function, f, of expo-
nential order: f(s) fo e *'f(t)dt, (b) can be expressed as

fA( )‘s 1/% f< )|s:1/‘ti (C)

Inserting the Laplace transform of the sum of exponentials in (7.17) leads to [c.f.
Appendix AJ:

:f(s)\s:l/r,.; i=1,..,n (7.18)
S:l/f,‘

S
s+ 1/7

Quite clearly, when all the t;’s are known, or assumed to be so, (7.18) repre-
sents a system of linear equations in the unknown coefficients A, of the Dirichlet—
Prony series. This system may be put in familiar matrix form as follows:

[Ful{Ar} = {bi};

Fy = ;obi=f(s)| .y i=k=1,...n (7.19)

_|_

=
2

To obtain the convolution inverse of any viscoelastic material property function
using this method, the target property function takes the place of the unknown
function, f4(7), while f{(f) represents the known, source function. For the specific
case of relaxation and creep compliance functions, assume for definiteness that the
relaxation modulus, M(?), is the source function, f(f); the creep compliance, C(t), is
the target f,4(1), being sought. Then, inverting (2.31): M(s)C(s) = 1/s°, yields:

f=c0 = s h =0 (7.20)

In other words:

1
52 M(s)

jj(s) = C (s); and f(s) = (7.21)

As was evident in Chap. 3, the time parameters associated with relaxation
functions differ from retardation or creep times. Thus, when dealing with
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relaxation moduli and creep compliance functions, the assumption made here, of
utilizing the same time parameters for both the known function and the inverse
function being sought, is not altogether correct. Another disadvantage of the
method is that there is no guarantee that all the Prony coefficients of the inverse
function will be positive, as they should be for real materials. The more general
case, which does not require that the time parameters of the inverse function be
known before hand, and which will yield positive coefficients for the Prony series
of the inverse function, is discussed subsequently.

7.4.2 Exact Inversion of Material Property Functions

In practice, mutually inverse property functions, such as the relaxation modulus
and creep compliance, are obtained from independent tests, from approximate
inverse relationships pertinent to the processes at hand or by enforcing the
inversion requirements (7.16a, b) in one form or another. The approach, here, is to
enforce that requirement exactly.

The two expressions (7.16a, b) may be cast in the standard form of Volterra
integral equations of the first kind in the unknown functions M(f) and C(7),
respectively [c.f. Appendix A]. Given that such equations always admit a solution,
it is possible, at least in principle, to obtain either function from the other.

Although Volterra integral equations of the first kind always admit a solution, it
may not be possible to obtain it exactly. However, when the functions involved are
represented by series of decaying exponentials, the target function is found by
satisfying the inversion requirement exactly.

For ease of computation, the reciprocal relaxation times, o; = 1/t;, and the
reciprocal retardation times, f;; = 1/4;, will be used. This and the physically
reasonable assumption that the Prony series of both the source and target functions
have the same number of terms, N, transform the Prony series listed in (7.4) and
(7.8) into the following forms:

N
M(t) =M.+ M;-e (7.22)
i=1
Ny
Clt)=Cet+ Y _(—=Cpe P (7.23)
r=1

Since, save for a sign, both functions have the same analytical representation, it
does not matter which of the functions is known and which is not. To fix ideas, it is
assumed that the relaxation modulus, M(t), is the one available, and endeavor to
obtain from it the creep compliance, C(¢).



176 7 Material Property Functions and Their Characterization

For clarity, only a few intermediate steps of the lengthy but straightforward
derivation are presented next. Taking (7.22) and (7.23) into (7.16a) leads to

No ! N 3
(M, + ZM,-ef“"t) - Cy + / M, + ZMief“’Off)] aC(T)d‘E =1 (a)
Py ) i=1

Integrating directly the first portion of the integral and by parts the second and
grouping like terms produce

N

N N N
Ced Mie™ + M (Co+ Y C) =M.y Ce P4+ C(1)) M,
i=1 r=1 i

r=1 i=1

N N ! N (b)
-G, ZMie’“"t — ZMiocie""”’ /{Cg + Z C(1—ePo)}erdr =1
i=1 i=1 r=1
0

Using (7.10) and (7.11), the last integral evaluates to

/{C —I—ZC (1—e? }e“dr—— zN:a Crﬁ —Br 1]

Inserting this expression into the previous one, using relations (7.7) to (7.11),
together with (2.22): M, = 1/C, and (2.23): M, = 1/C,, as appropriate, and
collecting like terms yield

;M,»e“"’{ Z } Z Cre r’{ -y af‘/l_iaér} (d)

i=1

Because the exponential functions e %' and e #’are linearly independent,
expression (d) will be satisfied for all choices of the original function only if the
quantities in braces are independently equal to zero. This condition produces the
equations [4]:

N
Mi'ﬂr
Mg—;ﬁr_aizo; r=1,...,N (7.24)
N
Cr' .
Ce— > ﬁf:o; i=1,...N (7.25)
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The first of these relations contains only the time constants, f3,, as unknowns;
hence, it may be used to establish them. As a function of a single variable, f3,
expression (7.24) involves N different terms, each one having (f — o;) in its
denominator. Hence, (7.24) is a polynomial equation, ®(ff) = 0, of degree N in f.

®(p)

N P
M, — Z;W_ f =0 (7.26)

The N roots of this equation are the characteristic times, f5,, of the target
function, C(¢). Once the roots are known, Eq. (7.25) becomes a system of linear
algebraic equations in the N unknown coefficients, C,, of the Prony series of the
target function. The solution of this linear system can be obtained with a linear
solver, after it is noted that the equilibrium value of the inverse function is known:
C. = 1/M,.

The N roots, f3,, of the polynomial equation may be located by examining the
behavior of the polynomial ®(f}) as f approaches its extremes (0 and c0), as well
as when it approaches each characteristic time, o;, of the source function. These
considerations reveal that ® tends to M, and M,, as f§ approaches O and oo,
respectively. In addition, @ tends to —oco and +o0, as f§ approaches o; from above
and from below, respectively. Since @ is continuous in each subinterval (o, ;),
the graph of ® = 0 must be as depicted in Fig 7.3.

From this graph follows that the time constants «; and f3; of the original and
inverse functions are nested. Explicitly,

o <fi<oui1; fori=1,N—1; and: Py >on (7.27)

This result is the mathematical description of the fact that the creep times, 4; = 1/f;,
are shorter than the corresponding relaxation times, 7; = 1/o;. In practical terms,
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Fig. 7.3 Behavior of the polynomial equation in the retardation times. M is the source function
and C, the target.
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B A B B

Fig. 7.4 Behavior of the polynomial equation in the relaxation times. C is the source function,
and M, the target

nesting of the time constants allows efficient use of bisection to obtain the charac-
teristic times as the roots of the polynomial equation ®(f5) = 0.

As indicated before, the roles of functions M and C may be interchanged. If
C were the source function and M the target, (7.25) would be a polynomial
equation, ¥ (o) = 0, in o, while (7.24) would represent the linear system in the
unknown Prony coefficients, M;. In this case, one has that ¥ (« = 0) = C, and
¥ (« - o) = C,. Also, ¥ tends to +c0 and — oo, as a approaches f3, from above
and from below, respectively, and is continuous in each subinterval (f3;, fis).
Under these conditions, the graph of ¥ = 0 mirrors that of ® = 0, as indicated in
Fig. 7.4.

Example 7.1 The relaxation modulus of a viscoelastic material is given by M(f) =
M, + Mye "', Use the method presented here to find the exact creep compliance.
Solution:

Take the creep compliance in the form C(f) = C, — Cie~ 1. Although in this
simple case it is straightforward to obtain the coefficients without resorting to the
inversion method, we proceed as in the derivation of the method and insert the
analytical form of the given creep compliance into (7.16a, b) to write
M(1)C, + f(; [Mg +M1e’°‘1<”f)] [ﬁlCle’ﬁlﬂdr =1

We now replace M(7) in the first term by its analytical form, perform the
indicated integration, and collect terms to get

M;(C, — C,) — M,C, ﬁ‘] e M — {Mlc1 b +M,Cile P =0
% = Py u — By

Linear independence of the exponential functions implies the vanishing of each of
the expressions in brackets. Setting the expression inside the second bracket to
zero allows solving for the inverse retardation time, [, = M, o /(M, + M) =
M,o /M,. Now setting the expression inside the first bracket to zero, using the
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value of f§; just established and simplifying, produces that C; = M;C,/M,; which
upon using that C, = 1/M,, may be expressed as C, = M;/(M.M,).This is the
same value one would obtain from (7.11) and the condition C, = 1/M,.

Accompanying this text is a computer application called “Prony-Inverse,”
which was specifically developed to invert Dirichlet-Prony series using the
method presented in this section. Prony-Inverse is available at “extra-
s.springer.com,” and its use is explained in Sect. 7.6.

7.5 Numerical Characterization of Material Property
Functions

This section describes how to use a standard spreadsheet program to curve-fit
analytical models to material property function data. The models specifically
examined include the WLF equation to fit shift function test data, and the
Dirichlet-Prony series and power-law form to fit relaxation modulus and creep
compliance data. In each case, the data provided in Table 7.1 will be used to
exemplify the procedure. As it turns out, judicious treatment of the analytical
forms in each case allows expressing them as multi-linear functions of the
unknown coefficients, which can then be obtained by linear least-squares fitting.
Therefore, in general, we will consider a multi-linear function, z, of the N¢ vari-
ables x;:

Nc
7= a1x| + arxxa + azxz + - - Ay XN, = Zakxk (7.28)
k=1

When this expression is evaluated at a data point, (x;, z;), an error, g, results. Using
(7.28), this error may be expressed as

Nc
& =2 — dexki (729)
k=1

The method of least squares is based on minimizing the sum of the squared errors
that result from the approximation. The mathematical condition for the summed
squared error to attain a minimum is the vanishing of the first partial derivatives of
the approximating function with respect to the unknown coefficients, a;:

o
528?:0’ j=1,...,N¢ (7.30)
J i=1

Using (7.29) with this expression and collecting terms lead to the following
system of linear algebraic equations in the unknown coefficients:
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[ij]{ak} = {bj}, ],k: 1,...,Nc (7318.)
Ny

ij = ij,-xk,-, ],k = 17 .. .,NC (731b)
i=1
Ny

b= xizi, jk=1,...,N, (7.31c)
i=1

7.5.1 Numerical Characterization of the Shift Function

The procedure described in Sect. 6.2 to shift viscoelastic property function test
data may be readily implemented as follows:

1.

2.

Collect the available time-versus-property test data [log(#;), P;] at each of
several temperatures, 7). Use the data provided in Table 7.1 for this purpose.
Select the reference temperature, 7,. Without loss of generality, pick
T, =228 °C.

. For each test temperature, T:

a. Provide an initial value of log(ar,) =0

b. Add the data: log(t;) — log(ar,).

c. Plot the data: [log(#;) — log(ar,), P;]. At this time, log(ar,) = 0, so that the
plots correspond with the original data: [log(z;), P;].

At this point, the shifted times corresponding to scheme should look as in

Table 7.2 and the corresponding plots, as in Fig. 7.1, given earlier.

. Starting with the temperature that is closest to 7,—on either side—guess a

value of log(ar,) and observe the shift of the curve relative to curve chosen as
reference:

Table 7.2 Sample relaxation modulus test time data for a natural rubber before temperature

shifting
Temperature
i T —17.8 —1.11 22.8 48.9 82.2
1"52‘3‘0 = 0 0 0 0 0
log(t/ary)
1 0.1 —1.00000 —1.00000 —1.00000 —1.00000 —1.00000
2 0.2 —0.69897 —0.69897 —0.69897 —0.69897 —0.69897
3 0.3 —0.52288 —0.52288 —0.52288 —0.52288 —0.52288

0.4 —0.39794 —0.39794 —0.39794 —0.39794 —0.39794
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a. If the guessed value shifts the curve away from the reference, change the

sign of the guessed value.

b. Otherwise, fine-tune the guess until the shifted curve aligns satisfactorily

with the reference curve—or its extension.
5. Repeat step 4 until the data for all available temperatures have been shifted.

This completes the shifting process.

At this stage, the shifted times should look as indicated in Table 7.3, and the
shifted data should look as shown in Fig. 7.5.

Although the pairs of temperature shift values [T}, log(ar,)] fully characterize
the shift function, it is sometimes possible and convenient to fit an analytical
expression, such as the WLF function to the data. This can be done rather easily by
rewriting (6.3) as

logar(T,T,) - (T —T,) = —C, - (T —T,) — C> - logar(T, T,) (7.32)

Table 7.3 Sample relaxation modulus test time for a natural rubber shifted to construct master

curve
Temperature
i Ty —17.8 —1.11 22.8 48.9 82.2
loglary) = 6.5 26 0 -12 -25
t (sec)
log(t/ay)
1 0.1 —7.50000  —3.60000  —1.00000  0.20000 1.50000
2 0.2 —7.19897 —3.29897 —0.69897 0.50103 1.80103
3 0.3 —7.02288 —3.12288 —0.52288 0.67712 1.97712
0.4 —6.89794 —2.99794 —0.39794 0.80206 2.10206
Fig. 7.5 Tensile relaxation 16
modulus data for a natural
rubber shifted to construct the 14

master curve at 22.8 °C
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Fig. 7.6 Curve fit of the 8.0
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Introducing the change in variables
z=logar(T,T,)- (T —T,); xi=—(T-T,); x=—logar(T,T,) (7.33)
leads to the following expression in the standard form (7.28):
z=C1-x1+Cy- x> (7.34)

A linear least-square fit of this expression to the test data provides the coeffi-
cients Cjand C, of the WLF equation. Using (7.31a, b, c) leads to the system:
S i x

Np . .
X M 2 {C' } = {5, (7.35)
Dol Xuxa DXy G Do Xz

The solution, C; =~ 5.499 and C, = 74.96, at T, = 22.8 °C, is depicted in
Fig. 7.6.

7.5.2 Numerical Characterization of Modulus and Compliance

The analytical expressions used to represent the relaxation modulus, be they of
Dirichlet-Prony series or power-law type, are of the same form as for the creep
compliance. This can be seen by comparing expression (7.4) with (7.8), (7.12) with
(7.13), and (7.14) with (7.15). Without loss of generality, we demonstrate how to
numerically characterize either of these material property functions using
expressions listed for the relaxation modulus only. We address both Prony series
and power law forms.
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(a) Functions in PronySeries Form
The Dirichlet-Prony series used to model relaxation and creep compliance,
listed in (7.4) and (7.8), respectively, are of the same following general form:

N.
P(t) =P+ Pre'l™ (7.36)
k=1

A practical procedure to fit this expression to test data, when the time param-
eters are known, is as follows:

1. Shift the test data in accordance with the procedure described in Sect. 7.5.1 and
plot them as in Fig. 7.5. In this case, use the data in Table 7.1, with the shift
values listed in Table 7.2 in the row marked logar, .

2. Use the plotted data to guess the equilibrium value, P,.. Even though this is not
strictly necessary, it is physically meaningful and convenient to do so.

a. If you make this assumption, rewrite (7.36) as:

Ne
P(t) = Pe = Prel™ (7.37a)
k=1

and introduce the following change of variables:
() =P(t)—Po; ax=Pi; xe=e’* k=1,...Nc (7.37b)

A good initial estimate of P, for the present case is P, = 0.30 MPa.
b. Otherwise, introduce the following change of variables:

) =P); ay=P, ax=Pi; xx=é'*; k=1,...N¢ (7.37¢)

With these changes, expression (7.36) is put in the standard form given in (7.28).
3. Apply the least-squares procedure to (7.37a, b, c) and obtain the unknown

coefficients as the solution of the resulting system, which is of the form in

(7.31a, b, ¢).

Regarding the time parameters, oy, one can either assume, more or less arbi-
trarily, the Nc values required to span the range of the data or make a more
meaningful estimate of their values by trial and error. Although it is easy to do,
arbitrarily picking the time parameters in the range of the test data will often lead
to undesirable oscillations of the predicted property, which are absent from the
data, but are due to the fact that each exponential dominates in the neighborhood
of its time parameter [4]. An easy alternative to minimize this effect is to estimate
the time parameters from a trial-and-error fit of the test data. This can be done per
the following procedure:
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1. Perform steps 1 and 2 of the previous procedure.
a. Plot the analytical expression with initially arbitrarily selected values of the
time parameters and coefficients, including P,.

b. Adjust P, so that the prediction matches the long-term test data.

2. Sequentially guess a time parameter and a corresponding coefficient and adjust
their values trying to bring the predicted curve close to the test data.

This trial-and-error process may be somewhat lengthy, the first couple of times
it is tried. However, the end results are usually ready to use even if optimization of
the coefficients through least squares is not carried out. In addition, unlike the
unconstrained least-squares procedure presented earlier, which would yield the
coefficients that best fit the data, irrespective of their sign, the user has control over
the sign of the coefficients—which should always be positive, as is required by the
fading memory hypothesis [c.f. Chap. 2]. In the present case, nine exponential
terms and the equilibrium value were used to obtain a reasonably good fit to the
test data, as indicated in Fig. 7.7. The figure also shows each of the exponential
terms, used in the curve fit. The figure clearly shows the region of dominance of
each exponential term.

The curve fit shown in the figure was obtained with the coefficients listed in
Table 7.4 together with the originally suggested equilibrium value P, = 0.30.
(b) Functions in PowerLaw Form.

As with the Prony series expressions, the power law forms used to model
relaxation and creep compliance listed in (7.12) and (7.13) are of the following
general form:

P(t) = P, + Pi(1+Yp)" (7.38)

100.0

@ @ Curve Fit
—HB—s#1

N\ ——s#2

m*\k\. —X%—S#3

10.0
2 \q
§ REEEEE \ S#4
= \ ——5#5
se000040 Y
¥ ™ T
=
1.0 | % ——S#7
HHHHHHHPRAHAH AR KPR S#8
\A ——S#9

+
+
+

01 T TH\\ B Test Data
-10 -8 -6 -4 -2 0 2 4 6
log (t/ay)

*
—
-

Fig. 7.7 Dirichlet—Prony series fit to relaxation modulus data of a natural rubber compound
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Table 7.4 Trial-and-error curve fit of Prony series to relaxation modulus data of a natural
rubber compound

Py 16.0 43 0.8 2.0 0.75 0.45 0.09 0.15 0.10

a;r 3.333.107% 1.538.107° 5.000.107° 2.000.107° 4.000.10~* 2.857.107 6.667.10~" 3.333.10° 2.500.10°

A practical procedure to fit this expression to test data is as follows:

1. Shift the test data in accordance with the procedure described in Sect. 7.5.1 and
plot them as in Fig. 7.5. The data listed in Table 7.1 are used, after shifting, to
illustrate the procedure.

2. Assume that the equilibrium value, P,, the transient value, P, = P, — P,, and
the time parameter 0 are known and recast Eq. (7.38) in the form:

P(t) — P, = P,(1+1p)” (7.39)
3. Take the common logarithm of this expression and introduce the notation:
2(1) = log(P(1) — P.);
x=1, x= log(l + t/g), a, =logP;, a=p (7.40a)
to transform the original Eq. (7.38) into the standard form (7.28), as
2(1) = arxy + axx (7.41a)

In practice, it is more advantageous to include the parameter P, in the trial-and-
error process and use the following notation, instead

z2(1) = log(P(t) — P,) — logP,, x1 =log(1+1Yp), ar=p (7.40Db)
to transform the original equation into the standard form as

z(t) = aixy (7.41b)

4. Make an initial estimate of P, (and P,, if needed) from the equilibrium and glassy
values that you think the data would extrapolate to. Take the time parameter 0, as
a value near where the data would show the steepest change. These two
(alternatively, three) values will be adjusted during the fitting exercise.

5. Plot Eq. (7.38) with the initial guesses, and least-squares fit the data by means
of (7.31a, b, ¢). This will yield the values of p and log (P,) if (7.40a) is used or
p, if (7.41Db) is used instead.

6. Iteratively adjust the values of P,, 0, and P,, if needed, and perform the least-
squares fit until the predictions match the data to your satisfaction.
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Fig. 7.8 Trial-and-error 16
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An acceptable solution, such as shown in Fig. 7.8, is obtained in just a couple of
minutes. In the present case, the trial values used in the curve fit shown were
P, =0.315 MPa, P, =24.6 MPa, and 0 = 1.85-1077 s; the final least-square
value of the time exponent was p = —0. 236.

Standard linear regression may be used to fit power law functions of the forms
listed in (7.14) and (7.15) to test data, using the following general form:

P(t) =P’ (7.42)

In this case, taking common logarithms and introducing the change in variables

z(t) =logP(t), ay =log(P,), x1=1; a=p, x=1log(t) (7.43)
transform the original expression (7.38) into the standard form (7.28) as

2(t) = a; + axxz (7.44)

The system of equations presented earlier as (7.35), for the case of two vari-
ables, is directly applicable here and takes the following explicit form:

NI’
Ny szi ay ZZi
AR 745
szi

NI’
Z X2iZi
1
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7.6  Source Data Files and Computer Application

Accompanying this text are several files containing the source data used in some of
the examples, as well as a computer application called Prony-Inverse, specifically
developed to obtain the exact convolution inverse of a Dirichlet-Prony series.
Both the files and the computer application can be accessed at “extra-
s.springer.com.” Here, we list the names of the data files, identify their contents,
and provide a guide to using Prony-Inverse.

7.6.1 Source Data Files

The files available at “extras.springer.com” for this book are as follows:

(1) NR and PBAN data for engineering viscoelasticity.

This is an Excel file containing three worksheets:

(a) Modulus data for NR. This worksheet contains the relaxation modulus data
for a natural rubber compound, shown in Table 7.1 of the text.

(b) C and M for NR. This worksheet contains the Prony coefficients of the
compliance and relaxation functions—in that order—of the natural rubber
compound of Problem P.7.5.

(c) M and C for PBAN. This worksheet contains the Prony coefficients for the
relaxation modulus and creep compliance of the solid propellant of Problem
P.7.4.

(2) PBAN-Modulus.dat. This file contains the information in the form required by
Prony-Inverse to invert the relaxation modulus of the solid propellant of
Problem P.7.4.

(3) NR-Compliance.dat. This file contains the information in the form required by
Prony-Inverse to invert the creep compliance of the natural rubber compound
of Problem P.7.5.

(4) PBAN-Compliance.dat. This file contains the information in the form required
by Prony-Inverse to invert the creep compliance of the solid propellant of
Problem P.7.6.

(5) NR-Modulus.dat. This file contains the information in the form required by
Prony-Inverse to invert the relaxation modulus of the natural rubber compound
of Problem P.7.6.

7.6.2 Computer Application

Prony-Inverse is a computer application developed exclusively to obtain the
convolution inverse of Dirichlet-Prony series, by the exact method of inversion
discussed in Sect. 7.4. Prony-Inverse is an interactive code which explains, at run
time, what information is necessary to use it. The application assumes the Prony
series of the source function to be given as in Eq. (7.4):
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N
S()=Sc+ Y Sie!/" (7.46a)
=1
in case it is a relaxation modulus and as in Eq. (7.8):
N
S(t) =S, = Se " (7.46b)
i=1

if the source is a creep compliance function.

As will be learned during execution of Prony-Inverse, the following informa-
tion is asked for

1. Name of a data file on which the results will be stored

2. Input option:
(a) 1, if input is manual (through screen)
(b) 2, if input is through a data file

3. If input is manual:
(a) Type of source function (1, if modulus; —1, if compliance)
(b) Number of transient terms, N, and equilibrium value, Se
(c) N pairs of Prony coefficients and time constants, (S, 7;)

e The S; and t; are always positive. The type of source function indicator (1 or —
1) is used to assign correct sign during execution.

e The t,;’s represent relaxation times if the source is a relaxation modulus and
And retardation times if the source is a creep compliance. In either case, these
time constants must be provided in ascending order of numerical value, to
prevent erroneous solutions.

4. If input is through file:
(a) Name of the file containing the source function data (the data file structure
is as described before)

The accuracy of the inversion procedure hinges on that of the bisection method
used to obtain the roots of the N-degree polynomial—either ®(f) =0 or
Y (x) = 0. This may give rise to a slight discrepancy between a source function
that is first used to obtain its inverse and the source function that is obtained by
using as source the inverse that was initially calculated. Bearing this in mind,
provide as accurate a set of values of the parameters of the source function as
possible. This is illustrated in the problems at the end of the section.

7.7 Problems

P.7.1 Making the simple assumption that the relaxation and retardation times are
the same, obtain the creep compliance of a viscoelastic material whose
relaxation modulus in Prony series form is M (f) = 1.00 + 0.50e 2.
Answer: C(t) =1.00—1/3-¢7%
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Hint: Take the creep compliance function in the form C(r) = C, — Cle_zt, as

per Eq. (7.8), and calculate M, = M(0) = 1.50, and M, = 1.00. Then, use (2.22):
M, =1/C, and (2.23): M, = 1/C,, as well as (7.10): C, = C, — C; to obtain
C,=1M,=1.00,C, = 1/M, =1/1.50, and C;, = 1/3.
P.7.2 Solve Problem P.7.1 using the computer application “Prony-Inverse,” and
double-check your answer using the results of Example 7.1.
Answer: C, = 1.00 kPa, C, = 0.333 kPa, A=0.5s, or
C(t) =1.00 —1/3 - ¢ 4/3
Hint: Double-click on the Prony-Inverse application and follow the directions
on the screen, noting that the code expects relaxation times for modulus and
retardation times for creep compliance. Hence, use N = 1, S, = 1.00, §; = 0.5,
1; = 1/2 = 0.5, when entering the data. Using that Prony-Inverse returns relaxa-
tion or retardation times, leads to the result presented.
P.7.3 Use the answer to Problem P.7.2 as the source input to Prony-Inverse to
obtain the (initial) relaxation modulus.
Answer: M, = 1.00 kPa, M; = 0.499 kPa, t = 0.500 s
Hint: Proceed as in Problem 7.2, this time using the creep compliance data. The
discrepancy between the initial relaxation modulus data and the solution check is
due to the fact that while the solution to P.7.2 was C; = 1/3, the approximation
C, = 0.333 was used for this problem.
P.7.4 The equilibrium modulus of a solid propellant is 81.02, and the coefficients
and time constants of the Dirichlet—Prony series form of its relaxation modulus
are as follows:

M, 20574 1,014 458.4 212.8 98.00 4488 2150  7.860 3678  3.820
7, 1.00.107° 1.00.107* 1.00.10~* 1.00.1072 1.00.10~' 1.00.10° 1.00.10"' 1.00.10°> 1.00.10° 1.00.10*

Use Prony-Inverse to obtain the coefficients and time constants of the creep
compliance.

Answer: C, = 1.2343E—02; with Prony coefficients and time constants given
by

C, 2018.107* 4.562.107* 8.630.10°* 1.400E.107° 1.765.107°  1.607.107° 1.152E.107° 4.844.10~* 3.555E.10~° 6.115E.10~*

Je 19231070 2.034.107% 1.929.107% 1.757.1072  1.528E.10°" 1.311.10°  1.171.10' 1.064.10>  1.434.10° 1.050.10*

Hint: To avoid typographical errors, use a text editor to prepare a data file with
the information given. This file should have the following structure:

1 Source function type (I = modulus, —1 = compliance)

10, 81.02 Number of transient terms and equilibrium value (S,). Other lines:
(Si o)
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2057.4 1.0E-5
1014.0 1.0E—4
458.4 1.0E-3
212.8 1.0E-2
98.0 1.0E—1
44.88 1.0E+0
21.50 1.0E+1
7.86 1.0E+2
36.78 1.0E+3
3.820 1.0E+4

It is important to note that annotations are only permissible on each data line,
but only following the expected data for the line.
Run Prony-Inverse and select file input mode when prompted. The result should
be as stated.
P.7.5 The equilibrium compliance of a natural rubber is 3.333, and the coefficients
and time constants of the Dirichlet—Prony series form of its creep compliance
are as follows:

Cc 6.741.1072 9.126.107> 6.979.107% 2.193.10~" 4.200.10~" 6.357E.10"" 2.295E.107" 7.263.10~' 8.341E.10”"
Je 9.116.107% 2.902.107° 3.072.107° 8.107.107° 7.085.107* 4.862.107%  7.706.107"  4.641.10°  3.334.10°

Use Prony-Inverse to obtain the coefficients and time constants of the relaxation
modulus.
Answer: M, = 0.3000; with Prony coefficients and time constants given by

M, 6.741.1072 9.126.1072 6.979.107> 2.193.10~" 4.200.10~" 6.357.107" 2.295.10~" 7.263.10~" 8.341.10~"

7 9.116.107% 2.902.107° 3.072.107° 8.107.107° 7.085.10™* 4.862E—  7.706.107" 4.641.10°  3.334.10°
02

Hint: To avoid typographical errors, use a text editor to prepare a data file with
the information given. This file should have the following structure:
—1 Source function type (1 = modulus, 0 = compliance)
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9, 3.3333 Number of transient terms and equilibrium value (S,). Other lines:
(Si )

6.7406E—02 9.1159E—-08
9.1256E—02 2.9020E—-06
6.9792E—-02 3.0715E—05
2.1931E-01 8.1073E—05
4.1998E—01 7.0845E—04
6.3568E—01 4.8618E—02
2.2947E—-01 7.7063E—01
7.2629E—01 4.6410E+00
8.3405E—-01 3.3338E+03

P.7.6 Proceed as in Problem P.7.3 and use “Prony-Inverse” to double-check the
results obtained in problems P.7.4 and P.7.5.
Hint: For each problem in turn, prepare a Prony-Inverse input file and run the
application; then, compare the results obtained for the inverse to the initial input
given in each case.
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Three-Dimensional Constitutive
Equations

Abstract

This chapter generalizes to three dimensions the one-dimensional viscoelastic
constitutive equations derived in earlier chapters. The concepts of homogeneity,
isotropy, and anisotropy are introduced and the principle of superposition is
used to construct three-dimensional constitutive equations for general aniso-
tropic, orthotropic, and isotropic viscoelastic materials. So-called Poisson’s
ratios are introduced, and it is shown that uniaxial tensile and shear relaxation
and creep tests suffice to characterize orthotropic viscoelastic solids. A rigorous
treatment extends applicability of the Laplace and Fourier transforms to three-
dimensional conditions, and constitutive equations in both hereditary integral
form and differential form for compressible and incompressible isotropic solids
are developed and discussed in detailed.

Keywords
Anisotropic + Orthotropic - Isotropic - Symmetry - Tensor - Matrix
Summation - Indicial - Transform - Spherical - Deviatoric - Incompressible

8.1 Introduction

The one-dimensional viscoelastic constitutive equations derived up to this point in
the book are generalized here to three dimensions. For ease of reference, Sect. 8.2
gives an overview of the notation used, regarding the representation of stresses,
strains, and constitutive properties. The subject matter is then developed in Sects.
8.3 to 8.8.

Section 8.3 introduces the concepts of material homogeneity, as well as isot-
ropy and anisotropy and uses the principle of superposition to construct three-
dimensional constitutive equations for general anisotropic viscoelastic solids.
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Section 8.4 introduces material symmetry planes, on which the direct or normal
stresses decouple from shear strains and vice versa, leading to orthotropic mate-
rials and their constitutive equations. Contraction or Poisson’s ratios are intro-
duced also, and it is shown that uniaxial tensile and shear relaxation and creep tests
suffice to characterize orthotropic viscoelastic solids. Using the argument that the
constitutive tensors defining the three-dimensional stress—strain equations are
ordered arrays of scalar relaxation or creep functions, Sect. 8.5 extends the
applicability of the Laplace and Fourier transforms to three-dimensional
conditions.

Sections 8.6, 8.7 and 8.8 are devoted to constitutive equations for isotropic
viscoelastic solids. Sections 8.6 and 8.7 develop constitutive equations in hered-
itary integral form, applicable to compressible and incompressible solids,
respectively. Section 8.8, on the other hand, treats compressible and incom-
pressible isotropic viscoelastic solids of differential type.

8.2 Background and Notation

Three types of notation are used in this book: symbolic notation, indicial tensor
notation, and matrix notation. In symbolic notation, the same symbols used in the
one-dimensional case are used to represent the corresponding tensors. Therefore,
the one-, two-, and three-dimensional equations—constitutive and otherwise—
look exactly alike, and this applies to the Laplace and Fourier transforms too.

In indicial tensor notation, tensors, as ordered arrays of quantities, are denoted
by subscripted symbols, such as A or B,. The number of non-repeated indices,
also called free indices, denotes the order of the tensor, which is related to the
number of elements it has. In three-dimensional Euclidean space, a tensor with
p free indices has 3P elements and is said to be a tensor of order p. For instance,
M, would represent a tensor of fourth order, having 3* = 81 components, while
D;; would represent a tensor of second order, with 32=9 components; A;;, having
no free indices, would represent a tensor of order zero, also called a scalar
(c.f. Appendix B).

Just like matrices, tensors of the same order—with the same number of free
indices—may be added together, term by term, to yield a tensor of the same order
as the addends. Thus, for instance, D;; + o; = Ay, etc. Tensors can also feature
repeated indices. However, no index can be repeated more than once in a tensor.
Thus, A, Mij., Ci, and M, are valid tensors, but Aj; and M are not.

Also like matrices, tensors of the same order can be multiplied together. This is
done according to the summation convention: “when an index appears twice in a
tensor, a summation is implied over all the terms that are obtained by letting that
index assume all its possible values, unless explicitly stated otherwise” [1]. This
convention is suspended if an index appears three or more times in a term or a
tensor. According to the summation convention then, the explicit meaning of the
tensor expressions A;B; and A;x;, for instance, is
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A;B; = A\1B) +AyBy + A3B3; Ajxj = Auxi +Apxo +Apxs; j=1,2,3 (a)

As a consequence of the summation convention, the presence of a repeated
index reduces the order of a tensor by two. For instance, setting k = [ in the fourth-
order tensor M, leads to My = M;j;; + M;j2> + M;;33, which is a sum of three
second-order tensors.

The symbol §;; is reserved for a special second-order tensor, with the properties
of the identity matrix: d; = 1, if i = j; and J;; = 0, if i # j. This tensor is also
usually called the Kronecker delta and, on occasion, the substitution operator. The
latter name is due to its property that, for example, A0y = A;;0; + A;2ds.
« + A;303, which, based on the definition of the Kronecker delta, evaluates to
either A;;, Ap, or A;;, depending on the value of k. Thus, A;0, = A;, where
dummy index j has been “substituted” with free index k.

All quantities entering the one-dimensional constitutive equations, that is the
stress, the strain, and the material property functions relating them—relaxation
modulus and creep compliance—are considered scalar quantities, each fully
described by a single entity. In three dimensions, the state of stress at a point
requires an ordered set of nine functions to be fully specified and similarly for the
state of strain at a point. The ordered collection of nine functions forms the stress or
the strain tensor. The nine components of the stress and strain tensors are arranged
in 3 x 3 arrays, or matrices with entries ¢;,(f) and ¢;(t), respectively, as follows:

ij>

on(t) on(t) oni() en(t) en(r) en(r)
oj(t) = | oa1(t) 02(1) 023(2) | &;(t) = | ear(t) ea(t) &23(1) (b)
G31([) O'32(l) 0'33(l) 831(l) 832(l) 833(t)

In this notation, the components of the stress tensor that are listed on anyone of
its three rows denote the components of a traction vector acting on a surface whose
outward unit normally points in the direction of the axis represented by the index
of the row—that is, by the first index of the tensor component. The second index
indicates the axis or direction in which that stress component acts. The sign
convention for the components of the stress tensors is presented in Fig. 8.1.
According to it, a stress component may act on either a positive plane or a negative
plane at a material point. A stress tensor component on a positive plane is positive
if it acts in the positive direction of a coordinate axis. A stress component on a
negative plane is positive if it acts in a negative coordinate direction.

In somewhat similar fashion, the components of the strain tensor, which are
listed on the main diagonal of the matrix of the strain tensor, measure the change
in length of a material element lying along the direction of the axis represented by
the first index, per unit length of the material element along the axis represented by
the second index which, being on the main diagonal, is the same as the first. The
off-diagonal elements in the strain tensor measure the decrease in angle of a
material plane with edges parallel to the axis represented by the two indices of the
strain tensor component [2].



196 8 Three-Dimensional Constitutive Equations

Fig. 8.1 Sign convention for X3
the components of the stress A

tensor .
O33 Positive face 3

031 .; O3
O3

Oy X2

On Positive face 2

X /

Positive face 1

Explicit matrix notation is very similar to indicial tensor notation, including the
use of the summation convention. The difference is that the stress and strain
tensors are represented as extended (9-by-1) vectors, and the elements of the
constitutive tensors are arranged in 9-by-9 square matrices.

The reader is assumed familiar with the usual rules of operation with matrices:
addition, multiplication, transposition, and inversion. Regarding differentiation
and integration, which enter viscoelastic expressions, suffice it to say that they are
defined in the same fashion for matrices and tensors, so that “the integral of a
matrix is the matrix of the integrals of its elements” and “the derivative of a matrix
is the matrix of the derivatives of its elements”.

8.3  Constitutive Equations for Anisotropic Materials

Material property functions, such as relaxation modulus or creep coefficient of
thermal expansion, may depend on the orientation the test specimen had before it
was extracted from the parent material and even on the position it occupied in the
bulk. If the value of a material property function is the same, within acceptable
material variability, when the test specimen is extracted in the same orientation,
but from different positions, such as (a;) to (az) in Fig. 8.2, the material is said to
be homogeneous with respect to the property measured. If that is not the case, the
material is said to be inhomogeneous. Additionally, if the value of a material
property function does not depend on the orientation that the test article had in the
bulk—such as (b) or (c) in Fig. 8.2, the material is said to be isotropic with respect
to the property function being measured. Otherwise, the material is said to be
anisotropic. Only homogeneous materials are considered here.
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Fig. 8.2 Dependence of
material properties on (az)/

position and orientation

(®)

;I) §: © (a_;%

The approach followed to derive the three-dimensional constitutive equations
for general anisotropic materials is essentially identical to the one-dimensional
case, except that for anisotropic materials, attention has to be paid to the orien-
tation of the stresses and strains relative to the parent material itself.

The principle of superposition, which applies to any linear material, requires
that each component of stress must be linearly related to each of the strain com-
ponents and vice versa. Letting JU(I)’W represent the stress ¢; due to strain g

acting alone; similarly for ¢;(f) ‘rm’ the principle of superposition may be expressed

in either of the following forms:

3 3
() =YY oy, ; ii=13 (8.1)

() =33 ey, 5 i j=1,3 (82)

Each term in these expressions relates one single stress or strain component to
one single strain or stress component. In other words, each term in each linear sum
in (8.1) and (8.2) is a one-dimensional stress—strain (strain—stress) viscoelastic
relationship. Denoting by M,;,(t), the scalar modulus-type function giving the
stress response g;; to a strain input &g and Cyj(?) to represent the scalar compli-
ance-like function for strain response ¢; to a stress input gy, allows each term in
(8.1) and (8.2) to be represented by mutually independent one-dimensional
expressions such as 011|£12: M1z * dejo or 833|O_“: Cx311 x doyy, .

Using indicial tensor notation, the sums (8.1) and (8.2), which represent the
three-dimensional constitutive equations of a general anisotropic viscoelastic
material, may be cast as

1 d
O'ij(l‘) = Mijkl(t — ‘L') * d&‘kl(f) = / Ml'jk](l‘ — ’L') * Eﬁk[(’l?)df (83)
0~

&ij(t) = Cyu(t — 1) * doy(t) = } Ciju(t — 1) * %akl(r)dr (8.4)
o
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Before proceeding, it must be pointed out that although each material property
function in the sets M;;; and Cjj is a scalar function relating a single component
of stress (strain) to a single component of strain (stress), the individual functions in
M and C are generally not the same as the moduli or compliances of the one-
dimensional theory. The relationships between the two sets of functions will be
made clear later on.

Since each of the four indices in these expressions ranges from 1 to 3, M;;,(?) and
Cijii(1) each contain 3-3-3-3 = 3* = 81 scalar relaxation and compliance functions,
respectively. These two ordered sets of 81 scalar property functions each are the
fourth-order material property tensors for so-called polar anisotropic viscoelastic
materials, for which the stress and strain tensors are non-symmetric [5]. For
non-polar materials—which are the typical engineering materials considered in this
text—the stress and strain tensors are symmetric and each contains only 6 inde-
pendent components. Hence, the constitutive tensors M and C for general non-polar
anisotropic materials are symmetric in their first and second pairs of indices,
respectively, which indicate that the number of material property functions of a
general anisotropic material is, at most, 36."

Switching to matrix notation for simplicity, the relaxation moduli and the creep
compliances for anisotropic viscoelastic materials become the 6-by-6 matrices
[M;;] and [Cy], or [M] and [C], for short. Expressions (8.3) and (8.4) then take the
equivalent forms [3]:

o; =M;j(t—1)xdej(t); i=j=1,6 (8.5)
&= Cy(t—1)xdoj(z); i=j=1,6 (8.6)

In these expressions, the 6 independent components of the stress and strain tensors
are arranged in the 6-by-1 extended column vectors”:{o;}T = {6}T = {011, o,
033, 012, 013, 023} and {gi}T = {g}T = {&11, €2, €33, €12, €13}. And clearly, as in
the one-dimensional case, combining (8.5) and (8.6) proves that the moduli and
compliance matrices are convolution inverses of each other’:

M[k(l — ‘L') * dej(’L') = Cik(t — ’L') * dej(‘E) = H(l‘)élj (87)

Now, the work per unit volume is g; * de; = Mj; * dej * de; = de; x Myj * de;. After
interchanging the dummy indices, i < j, on the right-hand side and reordering,

! For each pair of indices, ij and k/, ranging from 1 to 3, the number of independent components
is 3-4/2 = 6.
2 In matrix notation, the superscript T is used to denote the “transpose” of the matrix it is
appended to.

3 The equivalent tensor expression, derived combining (8.3) and (8.4),is M * dCyjpq = H (t)(Sip 0jq



8.3 Constitutive Equations 199

leads to M;; * de; * de; = Mj; * de; * dej = Mj; * de; x de;, which implies M;; = M.
In other words, the 6-by-6 material property matrix, M, is symmetric, requiring
only 6 x 7/2 = 21, independent coefficients. The same can be said of the matrix
of compliances, C;;. From all these arguments follow that the number of inde-
pendent material property functions of a general non-polar anisotropic viscoelastic
material is 21.

8.4  Constitutive Equations for Orthotropic Materials

By definition, the mechanical response of anisotropic materials is always coupled
in that their response to any action will generally involve stretching, contraction,
and shearing. Accordingly, 21 independent tests would be required to characterize
linear anisotropic materials, viscoelastic or otherwise.

A material symmetry plane is one defined by two perpendicular directions
along which the direct stresses decouple from shearing in the plane and vice versa.
The directions along which decoupling occurs are termed material principal
directions.* By definition, then, a direct pull in a principal material direction
produces a stretch in that direction and, quite generally, a contraction in the
material principal directions that are perpendicular to the direction of pull. This
deformation, however, occurs without shearing in the material plane of symmetry.

An orthotropic material is defined as one with three material symmetry planes,
meaning that in these planes, the three direct stresses (strains) decouple from the
three shear strains (stresses). This reduces the number of independent constitutive
coefficients by 6. Also, since shear stresses (strains) applied on a material principal
plane decouple from other shear strains (stresses), the constitutive equations for
shear involve only shear terms of the same type and decouple completely from the
rest. This reduces the number of independent constitutive functions by an addi-
tional 3 per shear component, to 9 overall. In explicit matrix notation, omitting the
time arguments, for conciseness, the constitutive equations for general orthotropic
viscoelastic materials take the form:

a1 My My M| &1

0y p= |Mip Mxn My | *xd{ & p;

03 [ M1z My Mss | &3 (8.8)
04 M44 0 0 &4 '
(] = 0 M55 0 *d &5

a6 | 0 0 Mg | &6

* Material principal directions are not to be confused with the principal directions of stress or the
principal directions of strain, the latter so-named because along them the stress and, respectively,
the strain attain their extreme numerical values.
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& Ci Cpn Ci a1

& o= |Cn Cn Cui|x*xd{ oy p;

& | Ci3 O3 Gis a3

&4 -C44 0 0 i 04 (89)
& = 0 Css 0 xdq 05

&6 L 0 0 C66_ 06

As pointed out previously, the relaxation functions M;; are not in general the
one-dimensional relaxation moduli in the indicated directions, except for shear
response. In this case, for instance, g1, = 04 = My*dey = 2Gr%de;, and so
M4y = 2G 5. In similar fashion, Mss = 2G;3 and Mss = 2G>3. The diagonal form
of the constitutive equations for shear, together with (8.7), implies that the shear
compliances Cy; to Cg4 are convolution inverses of My, to Ms, respectively.
Clearly, standard shear relaxation or shear creep tests performed in material
principal planes would suffice to establish the three material property functions in
shear.

The uniaxial relaxation modulus in each material principal direction may be
related to the components of the creep compliance matrix for direct strain—stress
response. This is done using (8.9) to evaluate the strain response to each of three
separate uniaxial states of stress: {0y # 0, 0, =03 =0}, {0, # O,
g1 =03 =0}, and {03 # 0, 0, = 0, = 0} and noting the analogy with the
uniaxial conditions.

Using the first state of stress, (8.9) produces ¢; = C;;*do,, & = C;y*doy,
&3 = C;5%*doy. The first of these relations gives g; = Cljl x dey = Eq * de, where
E;; is the uniaxial (tensile) relaxation modulus. In other words, E|| = Cl’ll.
Inserting oy = E;;*de; in the second and third relationships produces
& = Cip*dE;;* de; and &3 = C;3%dE;;* de;. The negative of the functions
C;2*dE;; and C;5*dE;; are given the special symbols v;, and v;3;, respectively.

Then, ¢, and &; are simply written as &(f) = C;o*dE;;*de; = -v;¥de; and
e3(t) = Ci3*dE;;«de; = -v;3%de;. From these expressions follow that Ci, =
fEﬁl *dvip and Ci3 = fEfll * dvi3. These newly introduced functions are called

contraction ratios or, more generally, Poisson’s ratios.

Exactly the same arguments can be followed with the other two states of direct
stress listed before. Hence, collecting the findings for the pure shear and pure
direct states of stress, the following relationships are obtained:

Cot) = B (0); Cult) = B (1): Cs() = Exd()  (8.100)

Cpp = _El_l] *dvip; Ci3 = —El_ll * dvyz; Cpz = —E2_2] * dvay (810b)
I I |

Cut) = 161 0: Css(0) = LG (0: Culn = 2600 (8100
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Fig. 8.3 Expected time A
dependence of Poisson’s ratio e
for orthotropic viscoelastic v
solids

log(1)

Also, had the functions C,;, C3;, and C3, been used in the derivations, instead of
C;2, C;3, and Cs3, the following would have resulted:

Cy = —E;zl xdvy; C31 = —E;; *dv3; Cyp = —E;; * dvzy (811)

Because of the symmetry of the compliance matrix: C; = Cj;, (8.11) and
(8.10b) imply that Efll xdviy = E2’21 * dvy) or, equivalently, due to the commu-
tative  property of the Stieltjes convolution (see Appendix A)
vi2 * dEy, = v»1 x dEy;. Since the same is true for the other Poisson’s ratios, we
see that just as for orthotropic elastic materials, suspending the summation con-
vention,’ these relations can be expressed as [4]:

vij*dEj = vjj*dEz; nosumoniorj; i, j=1,3;i#]j (8.12)
Using (8.10a) to (8.12) with (8.9) leads to the following matrix of compliances for

orthotropic viscoelastic solids in terms of tensile and shear relaxation moduli and
Poisson’s ratios:

E11 E;ll —Eil * dvia —Efll *dviz a1l
&n p = fEl’ll * dvio Ez’z1 sz’zl *dvyz | xd{ o2 (8.13a)
€33 —Eﬂl * dvis —E;zl * dvay E:;Sl 033
&12 %Gl_zl *xdon
&13 = %GBI xdo3 (813b)
&3 %Gil * days

From their definitions, each Poisson’s ratio functions, v;, v;3 and v;;, relates a
strain response to a strain caused by a single stress component. Their functional
behavior should therefore be like that of a compliance function, as indicated in
Fig. 8.3.

5 In indicial tensor notation, the summation convention is typically suspended by adding an
underscore to the indices excluded from the summation.



202 8 Three-Dimensional Constitutive Equations

In practical applications, the Poisson’s functions, v;(t) of an orthotropic vis-
coelastic material are established by subjecting a slender test specimen to a step
strain &(t) = &,/4(f) and by monitoring the strain response, ¢(t), in material
principal direction j; according to its definition

t
g(t) = —vyxdey =~ [vy(t — 1) disi(‘c)dr (8.14)
g T

Inserting the step strain history input and rearranging yield the practical
expression:

vy(r) = — 50 (8.15)

8.5 Constitutive Equations in Integral Transform Space

Because the constitutive tensors and associated matrices are ordered collections of
scalar functions, any linear transformation of them will yield tensors or matrices of
transforms. This allows writing the Laplace and Fourier transforms of the con-
stitutive equations of anisotropic viscoelastic materials directly, as the tensors or
matrices of the corresponding transforms of the individual material property
functions. Thus, for instance, expressions (8.3) and (8.4) in Laplace-transformed
space become

Gij(s) = sMia(s)eu(s) (8.16)
&ii(s) = sCyjua(5)Tw(s) (8.17)
In like fashion, the Fourier transform of the same expressions read
aj(jo) = (jo) - Miju(jo)é(jo) (8.18a)
&j(jo) = (jo) - Cyu(jo)ou(jo) (8.19a)

Equivalently, in terms of the complex stress, strain, modulus, and compliance, as is
more customary in dealing with steady-state conditions (see Chap. 4)

JZ(IC‘)) = Mz'*jkl(iw)SZ1(/w) (8.18b)
g;(joo) = Cy(jw) oy (jo) (8.19b)

According to the derivations in this section, the results in (8.16) to (8.19b) apply to
each term of a modulus or compliance matrix.
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Example 8.1 Using the quantity &1;(1)],,,= —Ej! * dviy * doy, appearing as one
of the addends in the strain—stress constitutive equation of an orthotropic visco-
elastic solid, according to (8.13a)— demonstrate by direct evaluation of the con-
volution integrals involved, that for steady-state loading, ¢, (jwr) .

= —[E},(jo)] " vi,(jo) - 03 (jorr); in accordance with the developments of this
section.

Solution:

The steady-state strain response 811(1‘)|022: fEl’ll * dvip * dop to the cyclic
stress g, () = oy sin(wr) is obtained as the imaginary component of the complex
stress a3 (jot) = 6,26/, as explained in Chap. 4. Hence, integrating the given
strain component of the constitutive relation from -co to f, using the complex
input, leads to

— ! -1 d y d ejwsd
o =7 / E“(tfr)E /‘vlz(rfs)a%z s

T=—00 §=—00

ey (joor)

. ! — d ! jws
=—(jo)on | Elll(t—r)% [ via(r —s5)e™ds

T=—0 §=—0C

Introducing the change in variable u = t — s, using ds = -du, to invert the
resulting limits of integration and taking the derivative of the inner integral with
respect to T:

d . o ‘
en (oor) o —(j)oo / E11 r= T)d e / viz(u)e ™ du
2 B T 2
= —(jw)aoz } E1711 (t _ ‘L')eijwr(j(,u) O/O vlz(u)efj‘"”du
=m0 u=0

Defining v, (jo) = (jo) ; vi2(u)e " du, changing variables of integration on the

outer integral, toz = — 1, and inverting the limits of integration, as before, yield

e ¢} . .
—E[ xdvip xdoy = | (jo) / E N 2)e ™ dz | vi,(jw)o e
z=0

Recognizing that the quantity in brackets is the complex compliance [Eﬂl (]w)] :
PEPIRC T I ./

= —[Ej,(jo)] Vi, (jo) - 03 (jor). By

the arbitrariness of the term selected, the same is true of any other component of

the compliance matrix and similarly for the matrix of moduli.

and 63, (jo) = ggpe /" leads to &, (jor)| .
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8.6 Integral Constitutive Equations for Isotropic Materials

There is a very important and large class of materials, which are called isotropic,

whose material property functions are the same irrespective of the orientation in

which the test specimens used to establish them are extracted from the bulk. The

mechanical response of isotropic materials is fully described by means of two

independent material property functions. This is so for the following reasons [5]:

1. The most general isotropic representation of a fourth-order tensor, such as M or
C, can be expressed in terms of only three independent scalar property
functions

Mija(t) = A(t) - (6401 + 0idj1) + pu(t) - (bt + 0irdjk)

8.20
+v(t) - (6udj — dixdj1) (8.20)

2. The stress and strain tensors are symmetric: ¢;; = 0;; and ¢; = ¢;;. Using this
and that the repeated indices k and / are dummy and thus interchangeable—
omitting the time dependence for conciseness:

gjj = Mijk/ * dSkl = Mijlk * d81k =0 = Mjl‘lk * d81k (a)
This implies that
Miju = Mijic = M (b)

The rate of work, W = g;; * de;;, is a scalar quantity, so that using the asso-
ciative property of convolution integrals, interchanging dummy indices, and
invoking the commutative property of convolutions, in that order:

W= Mijkl * dSkl * dS,'j = Mklij * dSkl * dS,'j (C)

From these two expressions follow the symmetry relationships satisfied by the
relaxation and compliance material property tensors, M and C:

Mija(1) = Mii(1) = Mjia(t) = My (t) (8.21)

Ciu(t) = Cy(t) = Cji (1) = Cri(t) (8.22)

Using (8.21) in (8.20), together with the properties of the identity tensor,6 adding,
in turn, the subscripts M and C to the root symbols / and u to distinguish between

modulus and compliance material property functions, there result

Mijkl(t) = iM([)(éij(skl + 5ik5jl) + llM(t)(éik(sjl + 5i15jk) (8.23)
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Ci(t) = 2c(t)(0m + Swdjn) + pe (1) (Sidj + Gudje) (8.24)

This leads to the following form of the constitutive equation for isotropic
viscoelastic materials:

t

- 0 ! 0
o(t) = [ Zm(t — 1) &skk(r)éijdt +2 [yt — r)&sij(t —1)dt (8.25)
0 0

t

0 ' 0
gj(t) = [ Ac(t — 1) a_TGkk(T)(Szde +2 [ pelt—1) aa[j(t —1)dt (8.26)
0 0

More simply, using convolution notation, and omitting the time dependence, for
brevity:

(1) = Aug * dewdij + 2y + deg (8.27)
&;j(t) = Ac * dowdy + 2ic * day; (8.28)

Likewise, introducing the vector {e}T = {1,1,1,0,0,0} and combining convolution
and matrix notations:

{o:(t)} = {ei} - Ay * dew + 21y, * {de;} (8.29)
{e;(0)} = {ei} - e * dow + 21 * {da;} (8.30)

The manner in which the A’s and p’s are related to the uniaxial direct and shear
property functions may be established from the observation of the possible forms
of the entries in the strain—stress matrix equations (8.28) and from the use of the
correspondence between the Carson transforms of elastic properties and the
transforms of the homologous viscoelastic material property functions.

Since the response of an isotropic solid is independent of orientation, it follows
that the uniaxial moduli should all be equal: E;; = E>, = E3; = E. By the same
token, the three Poisson’s ratios must also be equal to each other:
V> = V3 = V3 = v; the same has to be true of the three shear moduli:
G2 = G;3 = Go;3 = G. Since only two of the material property functions are
supposed to be independent, E, G, and v must be related. The relationships among
these properties are established by means of the elastic relationship
E = 2(1 + v)G and the elastic—viscoelastic correspondence. This leads first to the
relation sE = 2[1 + sv|sG; cancelling out the common factor, s, and taking the
inverse Laplace transform yield the result:

E(1) = 2[1 +] +dG(1) = 2G(1) +2 [ vt — 1) %G(T)dr (8.31)
.
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In similar fashion, the relationship between A, and the uniaxial property
functions E and v is established using the elastic relation 1 = W and the
correspondence between elastic and viscoelastic constitutive relations. Using this
correspondence, the previous expression may be cast as (1 + sv)(1 —2sv)
s/ = svsE. Cancelling out the common term s, taking the inverse Laplace trans-

form, and rearranging yield the result:
vk dE = A(t) —vxdl—2vxdvxdA (8.32)

As will become apparent later shortly, the constitutive equations for isotropic
viscoelastic materials can be expressed by using material property functions other
than the A’s and u’s, or E, v, and G. The relations among the corresponding elastic
properties listed in Appendix B may be used together with the elastic—viscoelastic
correspondence to establish the viscoelastic expressions.

For isotropic materials, it is sometimes convenient to separate the stress and
strain tensors into their spherical (o5, &s;) and deviatoric (6p;, &p;;) parts and to
split the constitutive equations accordingly. This is done as follows.

The spherical part, Ag, of the 3 x 3 square matrix of a second-order tensor, A, is
defined as the diagonal matrix with non-zero entries equal to the average of the
diagonal elements of the given matrix. Thus, Ag; = (Aw/3)d; =1/
3(A;; + Axz + Ajz3)d;. The deviatoric part, Ap, is what is left over, that is, Ap;.
; = A; — Agj. In explicit matrix notation, [A] = [As] + [Ap] or more simply

A=As+Ap (d)

1 0 0

A A A A

[As]E%éljz( s 322+ 2010 1 o (e)

0 0 1

A (A1 —Ay) App Aqz
[Ap] = A; — ?51:;' = Az (A — Ay) Az (f)
Az Az (Azz — Ay)

By definition then, the spherical part of a second-order tensor is obtained by
making its two free indices the same—a tensor operation called contraction—and
dividing the result by 3. Applying this operation to (8.27) produces

2
ou(t) = (3Am + 2pyy) * degge = 3 (iM + §MM> * degg (g)

and

2
O'Dij(t) = Ap * dSkk5,'J' + 24y * dSij — (;\.M + g,uM) * degy (h)
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Grouping terms and using the definition of spherical and deviatoric strains, (8.27)
and (8.28), may be cast as

as(t) =3y +2/31y) * des (8.33a)
opi(t) = 2y * depjj (8.33b)
es(t) = 3(Ac +2/31,.) * dos (8.34a)
epij(t) = 2 * dop; (8.34b)

By its definition, the spherical stress is the average of the three direct stresses
that act at a point in a body in any three mutually perpendicular directions such as
(x, y, z) or (r, 0, z). For this reason, the spherical stress is also called the pressure
stress. When the strains are infinitesimal, the spherical strain measures the volume
strain, that is, the change in volume at a point after deformation, relative to the
volume before application of the loads (c.f. Appendix B). Based on these obser-
vations, the function (4, + 2/3 ) entering (8.33a) relates pressure and volume
strain; hence, it represents a volumetric or bulk relaxation modulus. Since (8.33a)
accounts for all changes in volume, (8.33b) must account for all changes in shape.
Hence, the material property function p,, represents the uniaxial shear relaxation
modulus, G, so that py,(f) = G(f) and uc(t-1)-dG(t) = H(?).

Expressions (8.33a) and (8.34a) for bulk response are also often written in terms
of the bulk relaxation modulus, K,,;, and the bulk creep compliance, K, as

ow(t) = 3(Ap + 2/31y) * dewe = 3Ky + degy, (8.35a)
opij(t) = 2y * dep;; (8.35Db)
e () = 3(Ae +2/3p,) * dos = 3K¢ * doy (8.36a)
o0 (1) = 2y * depy (8.36b)

in which the bulk modulus and bulk compliance have been defined as Kj; and K¢,
through

Kc(t) =3(Ac +2/31,) (8.37b)
Example 8.1 Write the explicit integral form of the stress—strain equations for an

isotropic viscoelastic solid with shear relaxation modulus, G, and bulk relaxation
modulus K.
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Solution:

Insert (8.37a) into (8.35a) and use the definition of convolution to get
! 0
O'kk(l‘) = 3(£K(t — T)agkk(r)df
Likewise take the convolution of (8.33b) to write

‘ 0
opi(t) =2 / G(t - T)§8Dij(t —1)dr.
o

There are also many viscoelastic materials of practical interest whose spherical
response is elastic or approximately so. For such materials, (8.35a, b) take the
form:

o1(t) = 3Kew(1); o (1) =2 [ lt — 7) a—arg,),-j(t _1)de (8.38a)

o
Or, equivalently, but more simply

0w (t) = 3Kew (1); op(t) = 2u * depy; (8.38b)

Example 8.2 Write the matrix form of the plane-stress constitutive equations of a
viscoelastic material of hereditary integral type, whose volumetric response is
elastic with bulk modulus K and shear relaxation modulus G.

Solution: In plane stress, all stresses associated with one reference direction, the
3-axis, say, are zero. Specifically, g3; = 03, = 033 = 0. Therefore, from the
definitions listed in (d) and (e): oy = 077 + 022, 0p1; = 2/30;;— 1/302;,
Opo2 = —1/30']1 +2/30’22 and hence Ok = (O']] + 0'22)/3 and Epr12 = €j2. USil’lg
these with (8.37a, b) and simplifying give one form of the result, as

1 6K 3K 0 011 QLG*dGU G*dSll
9_K —-3K ©6K 0 g2 o+ WG xdoy p =28 Gxdexpn
0 0 0 012 g12 G*d812

The constitutive property functions as well as the components of the stress and
strain are assumed to be piecewise smooth, bounded, and with, at most, a finite
number of finite amplitude discontinuities. Under these conditions, their Laplace
and Fourier transforms are well defined (c.f. Appendix A). Hence, either transform
may be applied to the constitutive equations listed in this section. For instance, the
Laplace- and Fourier-transformed stress—strain relations corresponding to (8.27) are
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6,‘j(S) = SEM(S) . Ekk(s) . 5,:]' + ZS/_lM . E,:]'(S) (839)

a(jo) = Ay (jo) - ey (jo) - 05 + 2y (jo) - &;(jo) (8.40)

Example 8.3 Compute the steady-state response of a slender bar subjected to the
harmonic loading {s}T: {8?1,332,833,0,8‘1’3,0} sin(w,t). Assume the material’s
volumetric response to occur at a constant bulk modulus, K, and its deviatoric
response to be that of Kelvin solid with modulus, E, and viscosity #.

Solution:

To apply the constitutive equations, we need the complex form of the applied
strain, which is {&* (jw,7)} = {€9,,¢%,€%,0,¢75, 0}/, but expressed in terms of
its spherical and deviatoric components, using (e) and (f); thus, & = (1/3)
(e7) + &5, + &55)€/™!

1 (267, — &3, — &5;) 0 &1 ,
ep] = 3 0 (263, — 63, — &7)) 0 et
&3 0 (263, — &7y — €3,)

From the statement of the problem, K * — K, while G” must be derived for a Kelvin
solid. To do this, use the stress-strain equations for a Kelvin solid (3.16a) and the
applied strain & (jor) = ¢, ¢ to write ¢*(jot) = 0,6/ = (E + jon)e,e.
After regrouping, using Eq. (4.2) and dividing by ¢,, get: G*(jo) = (E + jon).
Inserting K* and G*—evaluated at the forcing frequency—together with the
applied strain, the following is obtained:

O'z‘(jwot) = K{S?l + 832 + 8373}6,/'(001‘

o ) 1 (269, — &3, — %3) 0 &l; o
[U;)(/wal)] =2(E +qu’1)§ 0 (265, — &35 — €7)) 0 e
£73 0 (2685 — &f) — )

Since the applied strain is the imaginary part of the complex strain used, the shear
stress response will correspond to the imaginary part of the complex stress and the
volumetric response, being elastic, will be proportional to the applied strain. That is,

os(t) = K(&f, + €5, + €53) sin(w,?)
(267, — 3, — &53) 0 &l3

2
[op(2)] = 3 (E sin(wyt) + w1 cos(w,t)) 0 (269, — €5 — €9,) 0
&7 0 (2653 — &, — &%)
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8.7 Constitutive Equations for Isotropic Incompressible
Materials

An important class of viscoelastic materials also exists—such as most rubbe com-
pounds—which are very nearly incompressible, in that they respond to loading by
changing their shape but preserving their volume. Incompressible materials preserve
volume throughout deformation. In geometrically linear problems, volume preser-
vation requires that the volume strain, ¢, be identically zero throughout the loading
process. Incompressibility acts as a constraint on the equations of motion. This means
that one can add a spherical stress—uniform in all directions—of any magnitude to
the acting stress field, without altering the strains. That is, for incompressible
materials, the stress tensor is determined from the strains, only up to a spherical
stress. The spherical stress is usually called the pressure stress, p. The stress—strain
constitutive equations for isotropic incompressible materials take the form:

55(6) = ~p(0)3y + | 2t ) iyt — )z s (1) = 0 (8.41a)
0

Or, in convolution notation, omitting the time arguments of the convolution
integrals:

oij(t) = —p(1)0j + 2u * deyj; e (1) = 0 (8.41b)

Example 8.4 Strip biaxial test. A short, thin, and very wide sheet of rubber is
stretched along its height direction, x,, as depicted in Fig. 8.4. Because of its large
aspect ratio, the sheet does not contract appreciably in the wide direction. As a
consequence, ¢;; = 0 in its central region. Using this fact, determine the stress in
the direction of pull, in the center of the specimen, assuming that the shear
relaxation modulus of the material is u(t).

Solution
In this case, ¢;; = 0 and o33 = 0. The incompressibility condition, & = 0,
requires that &33 = —é5,, while, according to (8.41b), o353 =0=—

p(t) + 2u«dez; = —p(t) — 2u«desy. Using this to evaluate o5, with (8.41b) again
and simplifying lead to g;; = 4u«dey,.

Fig. 8.4 Example 8.4 X, A

I 4

X
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All material property functions as well as the components of the stress and
strain tensors are assumed well behaved for their Laplace and Fourier transform to
exist. Under these conditions, the Laplace and Fourier transforms of the stress—
strain relations listed in (8.41b) are:

Gij(s) = —p(s)0; + 2s0(s)&;(s); & (s) = 0 (8.42)

G;(jo) = —p(jw)dy + 2jou(jo)e;(jo); e (jo) =0 (8.43a)

Using the notation jo - t = u*, p = p*;0;; = 0}, &; = &, as is customary, (8.43a)
may be expressed alternatively as

" (jo) = —p*(jw)dy; + 2u" (jw)e" (jw); . (jo) = 0 (8.43b)

8.8 Differential Constitutive Equations for Isotropic Materials

As with integral models, generalization of the constitutive equations to three-
dimensional conditions is straightforward. Using indicial notation and the sum-
mation convention,7 for instance, the most general constitutive equation in dif-
ferential operator form becomes

Po;(t) = Qe;(t) (8.44)

For homogeneous isotropic materials, which require only two property func-
tions, the viscoelastic constitutive equations in differential operator form—in
analogy with the hereditary integral forms in (8.35a) and (8.36a)—read

Ppopij = 2Q0pepij; Psow = 30séx (8.45)

In general, then, four differential operators would be required to define the con-
stitutive equations of a viscoelastic material in differential form. On the other
hand, for materials whose volumetric response may be idealized as elastic, the
stress strain Eq. (8.38a) takes the form:

Ppopij = 20pépij; 0w = 3K e (8.46)

Following the same reasoning, the constitutive equations for isotropic incom-
pressible viscoelastic materials of differential type are written as

ok; ek = 0 (8.47)

W | =

Ppopij = 2Qpepij; —p(t) =

7 According to the summation convention, terms in an expression are summed over the range of
their repeated indices, so that, for instance, A = A;;; + Aizz + Aizs, fori = 1, 2, 3, ete.
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Example 8.5 A slender bar made of a Kelvin material having constant bulk
modulus K and spring and dashpot parameters G and # is subjected to a uniaxial
stress 11(f) = g,H(t). Determine the strain &;(f) and its long-term value.

Solution:

Use (8.46) to get Ppopi; = 20péep and oy = 3Key. For a Kelvin material,
P=1and O = G + 50, so that op1; =2[G + 70,]ep11; e = #akkH(t). Or, in
strain—stress form, introducing the retardation time 4 = n/G of the differential
model £ cepin (1) +%3D11(t) = ﬁo’ml(t); Sk = %KakkH(t).

In thls case, the only non-zero stress is ;. Hence, o = d,H(?);
op1(t) = 011(1) — ow/3, that is, op;,(1) = (2/3)0,H(t) and ep; (1) = &11(1) — e/
3 = ¢(t) — 0, H®H/I(9 K). Taking these results into the previous expression,
cancelling the common factor, and reordering, the following is obtained:

G } b ok od(e);

d

1 1
—&n t+=én

n
T i = — o, H(t
G =3 0H0)

a1 78 = ooH ) [3;7 oKy

Integrating between 0~ and ¢, using the integrating factor ¢” * with the initial con-
dition &;,(07) = 0, and rearranging produce ¢, (t) = 3526 [1 — ¢7/*|q, + g e /%,
The long-term response is obtained as the limit # — c0: ¢1(0c0) = 3;(,(*(;6 Gy = ”E
Where the expression 9 KG/(3 K + G) = E, for the elastic, Young’s modulus was
borrowed from Appendix B.

Physically realistic differential constitutive equations admit Laplace and Fou-
rier integral transformations. As with one-dimensional models, the integral
transform of a differential operator of order n turns out to be a polynomial of
degree n in the transform variable (s or jw), as seen in (3.13). Using this, and
letting v stand for either s or jw, the Laplace and Fourier transforms of (8.45) to
(8.47) can be succinctly written as

Pp(v)apij(v) = 20p(v)ep;(v); Ps(v) G (v) = 30s(vV)ew (v) (8.48)
PD(V)(?'D,;,-(V) = ZQl)(V)EDij; 6kk(v) = SKEkk(v) (849)
Pp(v)apii(v) = 20p(v)ep;(v); (8.50a)

—p(v) = %fm(v); e (v) =0 (8.50b)

The relationships between the various property functions may be easily established
by means of the Laplace transformation. Taking the Laplace transform of the
corresponding relationships (8.35a) and (8.45) to do this, for instance, and
equating the results, the following is obtained:
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Paa(s) = A)§KM(S) =53 (8.51)

8.9 Problems

P.8.1 Write the convolution integral form of the two-dimensional constitutive
equation for an isotropic incompressible viscoelastic solid of shear relaxation
modulus G.

JXX(I) 1 Sxx(f)
Answer : { 0y, (1) p = —p(6)< 1 p +2G(t — 1) * d] &,(1)
Ty (1) 0 exy(T

—p(t) + 2G * dey,
=< —p(1) +2G + deyy
2G x deyy

Hint: Use the extended vector form A; — {A;}" = {A,. A,,, A,,} of the stress
and strain matrices to rewrite (8.41b): o;;(t) = —p(1)d; + 2G * de;j; e (1) = 0.

P.8.2 Use matrix notation to extend to three dimensions the concept of effective
elastic modulus for “constant rate” loading.

Answer : [E(1)] = —/ [M(u)]|du

Hint. Note that, in this case, even though the prescribed boundary conditions may
be changing at a constant rate, the induced strains may vary not only from point to
point, but also from coordinate direction to coordinate direction at every point in
the body. Using this, take ¢; (f) = R;-t for each coordinate direction, use matrix
algebra, and proceed as in Example 2.1 to arrive at the matrix form.

P.8.3 Use the Laplace transform to establish the tensile relaxation modulus of an
elastomer for which a uniaxial Maxwell model is available with spring and dashpot
parameters E and 7, respectively.

Hint: Write the uniaxial constitutive equation of the model in Laplace-trans-
formed space for both the differential form Po = Q¢ and the convolution form
g = M*de. Then, apply the Laplace transform to both expressions and equate them
to get M = %. Now, insert the transformed operators, P = E + s and Q = Eys,

Ens _ _E .
s(E+sn) — 1/t+s?

sion [see Appendix] yields the desired result M(t) = Ee~"/".

P.8.4 Write the matrix form of the plane-stress constitutive equations of a visco-
elastic material of differential type, whose volumetric response is elastic, with bulk
modulus K.

and arrive at M = 7 = 5/E. The inverse transform of this expres-
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(6KPD + ZQD) (ZQD — 3KPD) 0 011
Answer : — (2QD — 3KPD) (6KPD + 2QD) 0 (o))
9K 0 0 9KPD J12

€11

=20p{ &xn

&12

Hint:

In plane stress, all stresses associated with one reference direction, the 3-axis,
say, are zero. Specifically, o3; = 03, = 033 = 0. Therefore, from the definitions
given in (e) and (f) of Sect. 8.6: o1 = 0,7 + 022, 6p1; = 2/36,;-1/3623, 6p2p2 = -
1/36;; +2/3055, and also &y = (g;; + 625)/3. Use these facts with (8.46) and
perform the indicated operations to arrive at the result.

P.8.5 Solve Example 8.5 assuming that the Kelvin material is incompressible.
Hint:

The constitutive applicable constitutive equation in this case is (8.47). Because
of incompressibility, ¢&yu(f) =0, so that ¢ep;;(t) = ¢;;(t). In addition, -
p(t) = a,H(t)/3. Hence, ap;; becomes ap;;(t) = a11(t) + p(t) = (2/3)a,H(?).
Taking this into (8.47), recalling that P=1 and Q = G + 50, yields
Len(r) +3en(r) = %GOH(I). Integrating this equation between 0~ and 7, using the
integrating factor ¢”* and the initial condition £7;(07) = 0, and rearranging pro-
duce ¢1(t) = é [1 — et/ i] 0,. Bvaluating this expression in the limit as ¢ — o0
gives the long-term solution as &;;(00) = %.

P. 8.6 Determine the differential operator expression for the Poisson’s ratio of a

linear isotropic viscoelastic material having constant bulk modulus.

A 3KP —2Q
nswer: vy =————
6KP + 20
Hint: Here, the target is an operator expression for the ratio v = —e&/¢;, resulting

from a stress ;;, when all other stresses are zero. Therefore, select a one-
dimensional tension test, for which the only non-zero stress would be 7;;. Because
of symmetry, &, = €33. Hence, oy = (1/3)0;;, e = (&7 + 2 €22)/3, together
with ap;; = (2/3)0;; and ep;; = (2/3)(e;; — €22). Use expression (8.46) to obtain
Po;; = 2Qe;;— 2Q¢, and 0;; = 3 K(g;; + 2¢5;). Combine these relationships
and perform the necessary algebra to obtain the differential operator form of the
Poisson’s ratio.

P.8.7 Under two-dimensional conditions, the direction of the maximum principal
stress is given by the relation: tan(207 ) = 20./(0w — 0yy); similarly, the
direction of the maximum principal strain is given by tan(20’, ) = 2&,,/(&xx — &yy).
Use these facts to demonstrate that, in general, for linear isotropic viscoelastic
materials, the directions of maximum principal stress and strain do not coincide.



8.9 Problems 215

2u* deyy 26y,
Answer : 0° = s <=0
o d(en = gyy) © (8 — Eyy)

max

Hint: Evaluate 0, by inserting any one of the general constitutive equations
for linear isotropic viscoelastic solids, such as (8.27) or (8.41a), cancel the com-
mon terms, and arrive at the proof. This problem shows that in viscoelastic
materials, the directions of maximum principal stress and maximum principal
strain do not coincide in general. As may be seen from the answer to this problem,
the directions of principal stress and strain in a viscoelastic solid would coincide if
the stress response were elastic like, that is, simply proportional to the strain, to
allow cancelling the material property function. Conditions under which this
happens are discussed in Chap. 9.

P. 8.8 A rigid cylindrical container is filled with a Maxwell material having elastic
bulk modulus, K, and spring and dashpot parameters G and 7, respectively.
Determine the axial strain if a rigid plunger is used to apply a pressure p,H(t) at its
open end, as indicated in Fig. 8.5.

1 1 1 3
A ten(t) = —po|=+ (= — - =)
nswer : &,(1) p[ +< 2Gn+ 1G13 )e },r

_ [4G+3K
="\ T30k

Hint: Write the three-dimensional constitutive equations for a Maxwell material
with elastic bulk response: Pop; = 2Q¢p; and 6y = 3 Key, in cylindrical coor-
dinates (r,0,7). In this case, ¢, = ¢g9 = 0, & = €., o = 3 Ke., ep.. = (2/3)e_,
and op,, = -p,H(1) — Ke,, lead to [G + 70,][—poH (1) — Ke.;] = 2[Gnd,] % &... Col-
lect terms and arrive at the equation % +ig=— ﬁ [GH(t) + no(r)]. Solve

—p, . .
Gk which can be obtained from

Pop; = 2Q¢p;;, following the procedure discussed in Chap. 3 (see Sect. 3.3.4).
P.8.9 Prove that the Poisson’s ratio of an incompressible viscoelastic material is 1/2.

Hint: Consider a uniaxial tensile test on a general incompressible material.
Invoke its incompressibility &, = 0 and symmetry of strain response (¢, = &33) to
establish that ¢, = —(1/2)¢;;. Use this result and the definition of Poisson’s ratio
that v = -g55/¢;; to complete the proof.

this equation using the initial condition ¢,,(0) =

Fig. 8.5 Problem 8.7 0.(t) = -p.H(1)
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P.8.10 Write the stress—strain constitutive equations applicable to plane-stress
steady-state conditions for an orthotropic viscoelastic solid.

Answer : { UI' } N [ *ET'* VTzfj;z] { 811 }, o}, = 2G}e;,
022 L—vivy DBl Exn 5]
Hint: Write the complex form of the strain constitutive Eq. (8.13a, b), as discussed
in Sect. 8.5: {81' } = [ IZE”* _VZ'/*EH] { on },8’1‘2 = 0},/(2G},). Invert
en —Via/Ef, 1/E3, 02

the matrix and the shear equation and use the complex form of the symmetry
relations (8.12) to arrive at the result.

P.8.11 A rectangular plate made of a linear isotropic viscoelastic solid is supported
along its long sides while subjected to a strain &(#) = 0.05-cos(0.25 7) on its short
edges, as shown in Fig. 8.6. Determine the reaction stress at the support, for a

material with relaxation modulus E(t) = 100 + 1,000¢ %" MPa and Poisson’s
ratio v(t) = 0.40-0.15¢ %",

Answer : a,(1) ~ 1.540 MPa

Hint: Note that for an isotropic solid, vi; = v,; = v and E; = E;, = E and

use the result of P. 8.10, to write {011 } =L { 1* V*} { 811 },a’fz =2G*¢},. Since
[ =) | v 1 £,

the plate is restrained in the 2-direction but free to extend in the I-direction, no

shearing would develop in it, the strain field would be &}, = &,;1c0s(0.25¢) and

&, =0=¢},, and as a consequence, the stress in the 2-direction becomes

a5 = li(—f)?afl Next, evaluate the complex modulus and the complex Poisson’s

ratio using the results of Example 4.1. For E*, use E, = 100, E; = 1,000, and
7 =2; and for v, v, = 0.40, v; = -0.15, and 7 = 4. So that E*(0.25j) = 100 +

1,000(0.25%2)*

4 jL00022) 300 4 200;  and  v(0.25)) = 0.4 — Q1302547

1+(0.25%2)% 14+(0.25%2)* 1+(0.25%4)*
'% = 0.325 — 0.075j. Take these values and the applied strain field into

the expression for 65, and perform the complex algebra and since the actual

O 0O O O O

< >
€1(t) = 0.05:c08(0.251) Ly &1(t) = 0.05-cos(0.257)
< >

O_0_0O O Q

Fig. 8.6 Problem 8.10
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applied strain is the real part of the complex strain &3,, take the real part of the
result to arrive at the answer sought.
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Isothermal Boundary-Value Problems

Abstract

This chapter contains a comprehensive discussion of the types of boundary-
value problems encountered in linear viscoelasticity. The chapter presents
detailed solution methods for compressible and incompressible solids, including
materials with synchronous moduli, whose property functions are assumed to
have the same time dependence. The method of separation of variables in the
time domain and frequency domains is also described in full, as is the use of the
Laplace and Fourier transformations. The elastic—viscoelastic correspondence
principle, which allows viscoelastic solutions to be constructed from equivalent
elastic ones and as a consequence of the applicability of integral transforms, is
also developed and examined in detail.

Keywords

Boundary-value - Balance - Conservation - Momentum - Energy - Equilibrium -
Motion - Quasi-static - Compatibility - Synchronous - Separation of variables -
Correspondence principle

9.1 Introduction

This chapter introduces several methods of solving boundary-value problems of
isotropic linear viscoelastic continua for which the temperature is assumed con-
stant in space and time. Thus, all required material property functions are assumed
known at the arbitrary but constant temperature of the discussions.

The chapter begins by listing the differential equations of motion, which
embody the principles of balance of linear and angular momenta and are postu-
lated to be obeyed by all materials in bulk. The boundary-value problems of
viscoelasticity are presented next, restricting attention to quasi-static conditions,
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220 9 Isothermal Boundary-Value Problems

for which the acceleration, or inertia terms are negligible. Specific methods of
solution of boundary-value problems are discussed after that. The methods pre-
sented include the separation of variables and integral transformations, as well as
the special case of materials with synchronous moduli, for which the viscoelastic
property functions in shear and bulk are assumed to have the same dependence on
time.

9.2 Differential Equations of Motion

There are certain laws of physics which are obeyed by all substances in the bulk,
be they elastic, viscous or viscoelastic, irrespective of whether their response to
external stimuli is linear or non-linear [1]. These laws proclaim the conservation of
mass, linear momentum, angular momentum, and energy. All the mentioned laws
are discussed in Appendix B, but for continuity with the topic of this chapter, the
balance laws of linear and angular momenta are presented here as well.

9.2.1 Balance of Linear Momentum

Newton’s second law of motion requires a balance between the external resultant
load acting on a system and the rate of change of its linear momentum. The
integral version of this law is due to Cauchy and gives rise to the equations of
motion, which are valid for all materials in the bulk. The derivation of the motion
equations is straightforward; and, as shown in Appendix B, for instance, in
unabridged notation, the x-component of the equations of motion for a body with
density p and body force pb,, reads:

aa +aa +ao'+b* 520 (a)
Ox XX ay Xy oz Xz Px—Patz x

The y- and z-component equations are written with appropriate permutations of
the coordinates. Thus, using indicial tensor notation, where terms with repeated
indices are summed over their full range, the equations of balance of linear
momentum take the form:

0 o’ -

a—xja,ﬁ—pb,-:p@ui; i,j=1,3 (9.1)
When inertia terms are zero, as in static problems, or can be neglected, which

leads to so-called quasi-static problems, the acceleration term on the right-hand

side of the equations is dropped. This leads to the equations of static equilibrium:

0
— 0 b; = 0; 9.2
axj O-J + P ( )
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Where differentiation is understood with respect to coordinates in the undis-
torted state. The comma notation: ¢;;; = 00,/0x;, is also frequently used to
denote differentiation with respect to the coordinate(s) following the comma.

9.2.2 Balance of Angular Momentum

Non-polar materials are defined as those without intrinsic body couples or spin,
and for which the resultant internal moment on the surface of any infinitesimal
material element is zero. For such materials, the principle of conservation of
angular momentum—that the resultant external moment on a body is equal to the
time rate of change of its angular momentum—yields the simple requirement that
the stress tensor, 6;;, be symmetric:

Ojj = 0ji (933)

Using unabridged notation and the standard x, y, z Cartesian coordinates, these
expressions take the form:

Oxy = Oyx; Oxz = Oz Oy = Oyy (9'3b)

The implication of the balance of angular momentum for non-polar materials is
that the stress tensor has only 6 independent components. This is so because a
symmetric N-by-N matrix has N - (N + 1)/2 independent components (6, when
N =23).

9.3  General Boundary-Value Problem

The isothermal boundary-value problem of linear isotropic viscoelasticity consists
of the three equations of motion (9.1) together with their initial and boundary
conditions. Taking the initial configuration of the body to be free of stress and at
rest prior to the application of the loading (all field variables are identically zero
for t < 0), the equations of motion and the associated boundary conditions are as
follows':

2 .
a%f’ij(f) + pbi(t) = p S ui(r); in Vv
wi(1) = ug (1); on ; fi(o) (9.4)
on dr; t>

njoji(t) = 17 (t);

' The components of the displacement vector, the stress and strain tensors, the material density,
the boundary values, and the normal to the surface, will in general depend on position. For clarity
of exposition, however, dependence on position is omitted most of the time, but shall be
understood.
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In these expressions, n; represents the unit outward normal to the boundary, S,
formed of S, and Sy, where displacements and tractions, respectively, are pre-
scribed. Here, n; is not a function of time. In addition, in a well-posed problem, S,
and S7 do not intersect (that is: S, N Sy = @). This last requirement means that one
cannot prescribe different types of boundary conditions at the same point and in the
same direction.

The system of equations in (9.4) contains 9 unknown quantities—3 displacement
components and 6 independent stress components. For a solution of this system to
exist, the system has to be complemented by other relations. The displacements u;,
are related to the strains, ¢; through 6 relationships (c.f. Appendix B):

(1) = 5 | ar) + 20 ©5)

X Xi

Finally, the 6 constitutive equations relate 6 additional strains to the 6 com-
ponents of the stress tensor. The constitutive equations may be taken in hereditary
integral form, in differential form, or, for steady-state problems, in terms of
complex quantities. As indicated in Chap. 8, the constitutive equations of isotropic
materials are completely defined by any two of five interrelated relaxation func-
tions: the tensile, shear, and bulk moduli, E(?), G(), K(¢), respectively; the Pois-
son’s or contraction ratio, v(¢); and Lame’s function A(f). As discussed in Chap. 8,
the relationships among these functions may be derived using their elastic coun-
terparts (as listed in [2]) and the elastic—viscoelastic correspondence. For the sake
of presentation, the constitutive equations developed as (8.27) and (8.41) for
compressible and incompressible materials, respectively, and listed here:

0ii(1) = Am(t — 1) * dew ()05 + 21, (1 — 7) * de(7) (9.6)
0j(t) = —p(1)0; + 2puy (t — 7) * dey(7) (9.7)

Equations (9.4), (9.5), and any of the sets of 6 constitutive equations derived in
Chap. 8, such as either (9.6) or (9.7), represent 15 equations in 15 unknowns: 3
equilibrium equations, 6 strain—displacement relations, and 6 stress—strain equa-
tions; and 3 unknown displacements, 6 unknown stresses and 6 unknown strains.
These are the field equations of isothermal viscoelasticity, which will possess a
unique solution if the initial values of the material relaxation functions are non-
negative [3].

The strain—displacement equations listed in (9.5) relate the three components of
the displacement field to the six components of strain. These expressions result in a
unique set of strains for any prescribed set of displacements, but in general, do not
suffice to produce a unique displacement field from an arbitrarily prescribed set of
strains. The system of equations in the latter case is over-determined, as it has six
equations in three unknowns. This prevents the six components of strain to be
prescribed arbitrarily. The additional conditions that the strain tensor must satisfy
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to allow a unique displacement field upon integration of the strain—displacement
relations are known as the integrability or compatibility conditions.

The equations of compatibility are obtained by differentiating the strain—dis-
placement relations twice and permuting indices (c.f. Appendix B). This process
yields the following 81 equations, of which only six are independent [4]:

Eijjd 1 Eklij = €ikjl T+ Ejlik (9.8)

Using the standard Cartesian coordinates x, y, z, for subscripts 1,2,3, respec-
tively, the six independent compatibility equations in unabridged notation are of
the following form:

o? o? o? o? O Og, Oen Oey
O et =22 O = O e Qe Ofy
e T o T iy ™ T | ax | oy | oz (b)

Similar permutations of x, y, and z produce the other four independent relations.
In the case of two-dimensional problems in the x—y plane, the only non-trivially
satisfied relation is the first one listed above.

On occasion, the compatibility conditions are required in terms of stresses.
Since stresses and strains are connected through the constitutive equations, the
integrability conditions in terms of stresses depend on material properties. These
equations may be obtained by direct substitution of the strain—stress constitutive
equations into (9.8). For a viscoelastic material of hereditary type, the result is the
convolution form of the so-called Beltrami-Michell relations of the theory of
elasticity [5].

9.4 Quasi-Static Approximation

In what follows, inertia effects are ignored but it is recognized that all field
variables, u;, 6;; and &; will generally change with time. This is the quasi-static
approximation, in which problems remain time-dependent, because the stress
response depends, through the strains, on the complete history of displacements,
and not only on the current state, even when the boundary conditions remain
constant. In the latter case, the step functions that define the boundary displace-
ments and tractions produce disturbances that propagate into the body at high
speed. Stress relaxation and heat conduction in viscoelastic materials, however,
tend to damp out this wave motion rather quickly. In using the quasi-static
approximation, it is assumed that the wave motion generated by any sudden
changes in the boundary conditions is damped out more quickly than the boundary
data change afterward. The quasi-static approximation, then, assumes that at any
instant the body is in equilibrium with the concurrent boundary data [6].
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9.5 Classification of Boundary-Value Problems

The differential equations of motion (9.4) and associated boundary conditions
suggest that the boundary conditions may be of one of the three types. The first
class corresponds to problems where only tractions are prescribed. A second class
involves pure displacement boundary values, while a third class allows displace-
ments and tractions to be prescribed on the boundary. The three types of boundary-
value problems are examined next; and for simplicity, only the quasi-static
approximation is considered, so that the inertia terms are set to zero.

9.5.1 Traction Boundary-Value Problem
In this case, (9.4) takes the quasi-static form:

a%mj(f) + pbi(t) = 0; inV (9.9)

I’le’ji(I) = Ti()(l‘); onS '

It is important to note that in this case the differential equations of equilibrium

and the boundary data involve only stresses. Since this system does not involve

material properties, its primary solution, that is the stress field, has to be inde-
pendent of material constitution. In other words:

The stresses in a linear viscoelastic body—irrespective of whether it is isotropic or not—
subjected only to tractions on its boundary, are exactly the same as those which the same
body would experience if its material were replaced with any other linear material.

The strain and displacement solutions, however, will in general depend on the
material in question, and the equations of compatibility need to be employed to
ensure that the strains, calculated from the stress field through the constitutive
equations, will yield single-value displacements in simply connected domains—
when the body has no internal holes.

9.5.2 Displacement Boundary-Value Problem

In this case, only displacements are prescribed on the surface of the body, and the
governing equations and boundary conditions become:

0
—O'l'/'(l‘) + pbi(l‘) =0; inV (910)
an ’
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Here, since strains are determined uniquely by the displacement field, strain
compatibility is automatically satisfied. Also, because stresses and displacements
are connected by the strain—displacement relations and constitutive equations, the
equations of equilibrium may be cast in terms of displacements only.

Unlike the traction-only problem, no savings can be realized in the present case
for viscoelastic materials in general. However, as with the traction-only problem,
the viscoelastic solutions for incompressible isotropic materials, and for isotropic
materials of constant Poisson’s ratio can be constructed from those of elastic
solids, as shown in Sect. 9.6.

9.5.3 Mixed Boundary-Value Problem

This is the most general type of boundary-value problem in that both displace-
ments and tractions are specified on the bounding surface. Just as the traction-only
problem, the constitutive equations and compatibility conditions are required. In
addition, however, the strain—displacement relations are needed for the problem to
be mathematically well posed. The field equations for this case take the form:

L04(1) + pbi(t) = 0; inV
njoji(1) = 17 (1); on Sy (9.11)
uit) = u (1); onS,

No savings in solution effort are available in general for the mixed boundary-
value case. Also, as with the other two types of problem, viscoelastic solutions can
be constructed from elastic solutions for isotropic solids of constant Poisson’s
ratio, which include as a special case, incompressible materials.

Example 9.1 A disk of diameter D, made of a viscoelastic material is subjected to
a pair of diametrically opposing concentrated loads, P(¢), as indicated in Fig. 9.1.
Find the stresses along the load line, if the corresponding values for a linear elastic
solid are [2]:

2P(1)
€ :O = —
O-x(x >y) TCD )
2P 2 2 1
€ = O [ S B — |- ¢ — O — O
O-y<x >y) - D72y+D+2y D ’ O-xy(x >y) )
Solution:

This is a traction-only boundary-value problem. Consequently, the stress
picture is independent of material properties, and the viscoelastic solution must be
equal to the elastic one given.
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Fig. 9.1 Example 9.1
P(1)

» X

P(1)

9.6 Incompressible Materials

The mechanical response of isotropic incompressible materials is fully described
by one single material property function, as indicated by (9.7). The solution of a
displacement boundary-value problem for this material type can be constructed
from the solution of the same problem posed for an isotropic incompressible
elastic material of arbitrary shear modulus. The method followed here to
accomplish this, normalizes the shear relaxation modulus, f,, as:

tar(£) = pg-m (1) (9.12)

This normalization introduces an elastic material of shear modulus py that is
meaningful to the problem at hand. At the same time, through (2.20) or (2.21), it
defines the creep compliance, C, and its normalized counterpart cy, and estab-
lishes the relationship between the normalized functions my and cy, as:

Cult) = Cr - en(t) = ’u—chN(t) (9.13)

my(t — 1) * dey(t) = en(t — 1) * dmy(7) (9.14)

The method also introduces auxiliary displacement, uy;, in terms of the actual
displacements, u;, by means of the definition:

uyi(t) = my(t — 1) * dui(t) = [ my(t — r)agui(r)dr (9.15)

According to (9.5), the strains, &y;;, corresponding to this auxiliary field would
be given by:



9.6 Incompressible Materials 227

evij(t) = % (;;J uy; + aiuvj) = % (uViJ- + u‘/j,i) (9.16)
and, in particular:
fg * deg = ppmy x d (i + w;;) = pg(my * duij + my * duj;) = pgevy (1),
Using this result in (9.7), yields

0ij(Xk, 1) = —p(xk, 1)05j + 2ugevii(xe, 1) = ovij(x, 1) (9.17)

That ¢;; = oy;;, follows from the fact that, considered as a function of the
strains, o(¢) = -p + 2ue, implies that a(ey) = -p + 2uey = oy. From this, fol-
lows that the equations of equilibrium in (9.10) are identically satisfied by the
auxiliary elastic stress (9.17). To satisfy the displacement boundary conditions
also, it is necessary to convolve them with the normalized shear modulus m, and
use (9.15) to convert them into the auxiliary elastic form: m * du; = uy; = m x duf.
This transforms the displacement boundary-value problem (9.10) for an incom-
pressible viscoelastic material to the auxiliary elastic form:

0
G_xawj +pb; =0,inV; uy;=mxdul, onS (9.18)
j

Once the auxiliary elastic displacements are obtained, the actual displacements
are determined inverting (9.15)—convolving cy with uy;. The strains follow from
the strain—displacement relationships.

9.7 Materials with Synchronous Moduli

The mechanical response of viscoelastic materials for which the relaxation func-
tions in bulk and shear have the same time dependence are said to have syn-
chronous moduli. The proportionality between the shear and bulk relaxation
moduli implies that the stress—strain behavior for this type of material is fully
described by a single relaxation or compliance function. Synchronous moduli are
possible if the Poisson’s ratio is constant. In this case, several options are available
regarding the time-dependent material properties used: Ay, and 1y, = G; G and v;
the uniaxial tensile modulus, E, and Poisson’s ratio, v; and so on.

Since materials with synchronous moduli have only one viscoelastic property
function, the same approach can be followed as for incompressible materials to
transform a displacement boundary-value problem of a viscoelastic material to that
of an auxiliary elastic one. The difference lies in the specific form of the consti-
tutive equation and the choice of the material property functions used.
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The approach used introduces the normalized relaxation—or creep—functions
entering the problem, as follows:

Au(t) = g - my(0); iy (1) = pg - mn(2); E(1) = Eg - my(t) (9.19)
Co(t) = ;_R en(t); Cult) = HI—R Cen(t); Calt) = EiR (1) (9.20)

This normalization, for which (9.14): my (¢ — 1) * den (1) = en(t — 1) * dmy(7),
still holds, and the constancy of the Poisson’s ratio imply that the normalizing
moduli Az, Gg, and Epg, are related elastically. That is (c.f. Appendix B):

\ 2y

R T T AL pp

Gr (9.21)

From this point on, the method is the same as for incompressible materials. It
uses the auxiliary elastic displacements, uy;, and the corresponding strains, &y;;,
listed in (9.15) and (9.16), introduces (9.19) into the selected constitutive equations
and arrives at the same result as for incompressible materials, that the displace-
ment boundary-value problem (9.10) of viscoelasticity is converted to that of an
auxiliary elastic solid, as in (9.18).

Example 9.2 Write the explicit form of the auxiliary elastic stress field for use in a
displacement boundary-value problem of viscoelasticity, for a viscoelastic solid
with synchronous moduli whose constitutive equation is given in the form:
0ij(1) = A(t — 1) * dew(1)0j + 2u(t — 1) * dejj(7).

Solution:

Use the normalization suggested (9.19) with the selected constitutive equation
to write that: ¢;(¢) = Agmy * dewdij + 2ugmy * de;;. Then, interchange the order
of differentiation and integration and invoke the definitions of the auxiliary elastic
displacement and strain fields to arrive at the form:

a,-j(xk,t) = /lRSka(xk, l)é,j + ZMRSV,j(xk,l) = O'v,‘j(xkﬁ).

9.8 Separation of Variables in the Time Domain

The method of separation of variables is applied to construct solutions to visco-
elastic boundary-value problems for isotropic materials of constant Poisson’s ratio.
The basis of the method is the assumption that the solution variables have the same
dependence on time as their boundary data counterparts. That is, the stresses and
body forces have the same time variation as the prescribed surface tractions and
the displacements and strains, the same time variation as the boundary displace-
ments. As will be seen, the method of separation of variables—valid only for
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materials with constant Poisson’s ratio—applies to any of the three types of
boundary-value problems. Specifically, it is assumed that to boundary data®:

T ()], = T (0 0 (s, = 0y (o)) (9.22)

There correspond solution variables in the separable forms:
0ij(xk, ) = ooi (X )fr(0);  bi(xk, 1) = boi(xi)fr (1) (9.23)
ui (X, 1) = wtoi (X )fu(2); & (Xies 1) = €03 (e )fa (1) (9.24)

Where the spatial part of the strain, &,;;, is computed from the spatial part of the
displacement field through the strain—displacement relations (9.5), as:

1/0 0
g(lij = 5 (a—xj Upi + a—xluoj> (925)

Using (9.22) to (9.24) with the equations of equilibrium under mixed boundary
data (9.11), canceling the common factors fH(f) and f,(f), results in a mixed
boundary-value problem for the spatial parts ¢,;, u,;, and &,; of the viscoelastic
solution fields. Explicitly:

0
_O_Ui/(xk) + boi(xk) - 07 inV

axj 9.26
n(4)0gi() = T%(x);  on Sy (9.26)
Ui (X)) = ud;(X); onsS,

The viscoelastic solution is retrieved from the elastic one through (9.23) and
(9.24). Since the stress and strain fields are related through the constitutive
equations, the functions f7 and f,, cannot be prescribed independently. The relation
between them is established by means of the constitutive equations. Taking the
strain field (9.24) into the constitutive equation, such as (9.6), using (9.23) and
(9.25), and separating the spatial and temporal parts, there results:

0;i(t) = 0,ifr(t) = [AREorkj + 2ptgeoi|my(t — T) * dfy (1) (9.27)

Since the quantity inside the braces is the spatial part, ¢,;, of the stress tensor,
this expression leads to the relation sought between the time functions f, and f7:

Frlt) = my(t — ) dfu(z) = [ mu(t —7) d% fu(0)de (9.28)
0-

% The reader is reminded that all boundary data as well as the displacement, stress and strain
fields are dependent on position but that, sometimes, such dependence has been omitted for
clarity.
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The same approach may be applied when the boundary conditions are either
pure traction or pure displacement. The difference is that in problems with
boundary data of a single type only one of the time functions is given, and the
other has to be determined from (9.28). The approach described applies equally
well to isotropic incompressible viscoelastic materials, because their constitutive
equations involve a single material property function.

Example 9.3 A small hole of radius, r;, in a very large block of a viscoelastic
material of constant Poisson’s ratio, v, is subjected to an internal pressure P - f (1),
as indicated in Fig. 9.2. Determine the stresses and displacements in the block, if
the solution for the cavity in an infinite elastic medium under a pressure of
magnitude, P;, is given by the relations [2]:

(I+v)
E

ai(r,0) = —(E)ZP; oy(r,0) = (%)ZP; and ul(r,0) =

r

P

~ <%

Solution:

If the cavity in question is small compared with the dimensions of the visco-
elastic solid, the elastic boundary-value problem approximates the viscoelastic
one, and its solution may be used to construct the one to the problem posed.
Although only tractions are prescribed on the boundary of the hole, the remote
displacement field is zero. That is, this problem is a mixed boundary-value
problem. Hence, according to (9.23) the elastic and viscoelastic stresses at each
point and time are the same; that is:

0r(r,0,) = — (%) r(a); outr, 0,0 = () P

The actual displacements are obtained from (9.24): u;,(f) = uf,(t), and the
convolution inverse of (9.28): f,(t) = my' * dfr(t), using the normalization E(t) =

Eg - my(1). This gives the solution u,(r,0,t) = éP(lE—*:) i my! (1 — 1) df(1)dn.
o

Fig. 9.2 Example 9.3
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9.9 Integral-Transform Correspondence Principles

Elastic—viscoelastic correspondence principles are a convenient means of con-
structing solutions to quasi-static viscoelastic boundary-value problems from
elastic solutions. The steady-state case falls under this general definition.

Inasmuch as the Laplace and Fourier transformations are mathematically
related, the elastic—viscoelastic correspondence principle presented here may be
interpreted as derived from either integral transform. For definiteness, we let
s denote the transform parameter and understand it to mean s in case of the Laplace
transform, or jo if the Fourier transform is meant. In the latter case, j stands for the
imaginary unit: j = v/—1. Also, the same symbol is used to represent a quantity
and its transform, distinguishing the latter with an over-bar.

Viscoelastic boundary-value problems in transformed space can be derived by
applying the corresponding transform—Laplace or Fourier—to the field, com-
patibility, and constitutive equations of linear viscoelasticity. Proceeding thus,
interchanging the order of integration and differentiation, implied, respectively, by
the integral transforms of the field equations, there result:

(a) For the equilibrium equations and boundary conditions (9.4):

(b) For the general stress—strain constitutive equations, such as (9.6) or (9.7):

aii(s) = szM(s)Ekk(r)éij + 251, (5)85(5) (9.30)

Gij(s) = —p(s)0; + 251y, (5)&;i(s) (9.31)

(c) For the strain-displacement relationships (9.5):

1[0 0

() =5 |5 M)+ 5 1) (9.32)

(d) For the strain-compatibility conditions (9.8):

Eijni(5) + @i (s) = Ty (s) + grax(s) (9.33)
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As is apparent from these expressions, the transformed viscoelastic field
equations are identical to those of linear elasticity, if the transforms of all visco-
elastic variables are associated with their elastic counterparts, and if the products
of the transforms of each material property function and the transform variable—
s or joo—is associated with the corresponding elastic constant. From this analogy
follows that the transformed solution to a viscoelastic boundary-value problem
may be obtained directly from the solution of the same problem posed for an
elastic material, by replacing the boundary data with their transforms, and each
elastic constant with the transform-parameter multiplied transform of the corre-
sponding viscoelastic property function. The solution to the original problem is
then obtained by inverting the transformed solution back to the time domain.

In closing, it is remarked that the present approach is applicable to displace-
ment, traction and mixed boundary-value problems, and that, unlike the methods
presented for incompressible materials and for materials with synchronous moduli,
or the separation of variables method, the correspondence principle does not
require the Poisson’s ratio to be a constant. One limitation of elastic—viscoelastic
correspondence principles that are based on integral transforms, however, is that
the prescribed conditions must not change type during the deformation process.’
This excludes from application cases such as contact, where the data prescribed on
some parts of the boundary change from displacement to traction and vice versa,
during deformation.

Example 9.4 A cantilever beam of length / and constant cross-sectional area,
made of a viscoelastic material, is subjected to an oscillating load
P(t) = P,sin(owt) applied at its free end, as indicated in Fig. 9.3. Use the corre-
spondence principle for steady-state conditions to obtain an expression for the
steady-state displacement of the tip of the beam, if the material’s relaxation
modulus is E(z).

Fig. 9.3 Example 9.4
P, sin(wt)

I,1LE()

Solution:
Following the correspondence principle, first write the elastic solution:

A, = fTPI Next, replace the amplitudes of the displacement, load, and modulus by

their complex forms, using that E'C" = 1. This produces: A* = §E131 =C'P* %
The viscoelastic solution is obtained by noting that the load actually applied

3 This limitation is implicit also in the methods presented in Sects. 9.6 and 9.7, for displacement-
only boundary conditions. .
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corresponds to the imaginary part of the complex load P* = P, {cos(wt) + j-
sin(wf)}. The solution sought is, therefore, A(r) =Im{4"} = Im{C*P* %} =
%ﬂ Im{[C" — jC"] [cos(wt) + jsin(wt)]}. Or, carrying out the indicated algebra:
Alt) = Pglp [C'(w) sin(wt) — C"(w) cos(wt)].

Example 9.5 The stress and displacement in the direction of pull in a very wide,
centrally cracked plate of an elastic material, in the vicinity of each crack tip are
given by the following relations [7]: (Fig. 9.4) 0%,(1) = 0,(t f cos (0)
[1 + sin(g) sin (3 g)] and

w(f) = UZ;(EI) gsin (g) {2 — 2v° — cos? (g)] .

Fig. 9.4 Example 9.5 T T ofu)T T
T

In these expressions, r and 0 represent the radial and angular coordinates
measured from a polar system centered at the crack tip, and G¢ stands for the
material’s shear modulus. Using the correspondence principle obtain the solution
for a plate of a linear viscoelastic solid with shear relaxation modulus G(f) and
constant Poisson’s ratio v.

Solution:

According to the correspondence principle, the transformed solution takes the

' o9t
)
= 5Cq(s \/Esm< )[2 267(s) = cos” (g)]
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Where sG = ﬁhas been used to recast the expression for the transformed
displacement.

Since Poisson’s ratio is a constant, noting that the s-multiplied value of the
transform of a constant is the constant itself, the viscoelastic solution becomes:

ot = ot [Zeos(2) 1+ sn(2) sn(32)]
(1) = %sin(%) {2—2v—c052(§)] / cc(t_r)%;,,(f)dr
J

As expected of a traction boundary-value problem, the stress solution is inde-
pendent of material constitution, but the displacement and strain fields are not. In
the context of the mechanics of fracture, the solution is commonly stated in terms

of the stress intensity factor; so that, for instance: &y (s) :\/%cos(g)
0

[1 -+ sin (5) sin (3 g)] According to this, the stress intensity factor, K;, which rep-
resents the amplitude of the stress field at a crack tip, must be independent of
material properties.

9.10 The Poisson’s Ratio of Isotropic Viscoelastic Solids

As discussed in Sects. 9.7 and 9.8, the assumption of a constant Poisson’s ratio
allows any type of viscoelastic boundary-value problem to be solved directly from
the solution of the same problem posed for an isotropic elastic solid. For most
viscoelastic materials, however, the assumption of a constant Poisson’s ratio is not
supported by experimental evidence and is justified solely by the simplicity it
confers upon the solution process. A more realistic assumption is that the volu-
metric response of many polymers, particularly rubbers, is very nearly elastic; and
it is the bulk modulus which may be taken as constant in time. This observation is
used here to examine the nature of the viscoelastic Poisson’s ratio of an isotropic
material.

Applying the correspondence principle to the elastic relation K = E/{3(1-2v)}
and rearranging, produces that: v = % (%) — &E Inverting this expression results

in the following relationship between the uniaxial tensile modulus, E(f), and the
Poisson’s ratio function, v(t):

1

H(r) ~ K

1
v(t) = 3 E(1) (9.34)
Since E(t;) < E(t;), whenever t, > t;, [c.f. Chap. 2], expression (9.34) shows
that v(t) is an increasing—or at least, a non-decreasing—function of ¢. In other
words, its glassy value, v,, is smaller than its long term, or equilibrium value, v..
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This expression also shows that the long-term Poisson’s ratio of a viscoelastic fluid
is equal to 2—since for such materials £,, = 0. In addition, since the long-term
modulus of elastic solids never vanishes, relation (9.34) also shows that the
Poisson ratio of any linear isotropic viscoelastic solid is never larger than '2. These
observations reinforce the notion that the Poisson ratio of isotropic viscoelastic
materials has the time dependence shown in Fig. 8.3. Expression (9.34) also shows
that the Poisson’s ratio of incompressible materials, which by definition should
posses an infinite bulk modulus, is also 2. The same would be approximately true,
as well, for materials which have a bulk modulus orders of magnitude larger than
the uniaxial tensile or shear relaxation moduli. Such materials, like many rubber
compounds, are usually referred to as nearly incompressible.

9.11 Problems

P.9.1 Use the correspondence principle to derive the equations governing the
bending response of straight viscoelastic beams from the three equations for elastic
beams: V(x,1) = L M(x,1), q(x,t) = — L V(x,1), and Ly(x,1) = — 250 where,
V, M, and ¢ are the shearing force, bending moment, and load per unit length on
the beam, respectively, and y is the deflection.

Answer:

2

§ d d 1
V1) = M 1)5q(0,1) = =5V )5 553 1) = =7 Celt = )+ dM(x,7)

Hint:

Apply the correspondence principle to the elastic expressions and write the
transformed equations for viscoelastic beams using thatsE = 1/(sCg). Invert these
expressions, to arrive at the viscoelastic forms.

P.9.2 Write the auxiliary elastic constitutive equation in terms of the uniaxial
tensile relaxation modulus for use in a displacement boundary-value problem of
viscoelasticity.

Answer: oy;(t) = (1ETR‘) [(1:—2‘) evik0ij + 8Vij] .

Hint:

Proceed as in Example 9.2 using the normalization (9.19) and the elastic form
(9.21).

P.9.3 In Problem P8.7, we showed that the directions of principal stress and
principal strain in a viscoelastic material do not coincide in general. Under what
conditions would these directions coincide, if ever?

Answer: The directions of maximum principal stress and maximum principal
strain will coincide for viscoelastic materials with synchronous moduli, including
incompressible materials, when the boundary data are specified as proportional
loading; that is, either as a,;(x)fr(f), or as u;(x)f ().



236 9 Isothermal Boundary-Value Problems

0° = 280):)‘:“ * df _ 28):)'0 — ¢
max (Sx)m - Syyn),u * df (Sxxo - gyyo) e
Hint: Evaluate 0) , = G 2‘1;) inserting the terms from constitutive Eq. (9.27):
o;i(t) = oufr(t) = [iRaokkéi,- + ZuRaoij] my(t — 1) *df,(t), cancel the common
. o 2eegmnkdfu 280y 2emfult) e
terms to arrive at Hmax T (Co—eoyy)mnxdfy (Hnrwgw) = (amrsm) (n) max®

P.9.4 How would you use the finite element method to obtain the viscoelastic
solution to a traction boundary-value problem of a material with a constant
Poisson’s ratio, v, if the traction data were prescribed in the form F,(x;)f(?)?

Answer:

The finite element analysis would have to be carried out using the Poisson’s
ratio, v, of the viscoelastic solid, and an arbitrary shear modulus Gg, computed
such that Ex = 2(1 + v)Gg. The boundary data would have to correspond to
F,(x;), or be proportional to it. This leaves the temporal part as f(t) = f(?).
Assuming the finite element solution is given by usg;, 0pg;, and &g, one would
use (9.23) and (9.24), to write the viscoelastic solution as:

O-i/(xaya <5 t) = O-FEii(-xa Vs Z) T(t)
t
1 1 0
ui(x,y,2,1) = upgi(x,y, 2)fu(t) = 'u_uFEi(xaya 2) [ my (t—1) afT(T)dT
R J
t 0
1 _
&j(xX,5,2,t) = ermi(x, y, 2)fu(t) = #—EFEi(vayZ) / le(f —1) afr(f)df
R &
P9.5 The radial stress in a semi-infinite elastic half space subjected to
a concentrated load, P, at the origin of coordinates, as indicated in Fig. 9.5) is
given by [5]: ¢%.(1) = %’2[(1 — 2v°)f(r,z) — g(r,z)] in which v* is the Poisson’s
ratio of the elastic material, and f and g are known functions of position only. (a)
What would the radial stress be in a viscoelastic half space subjected to the same
boundary values? (b) What difference would there be if the viscoelastic half space
had a constant Poisson’s ratio?

Fig. 9.5 Problem 9.5 4
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Answer:
(a) First assume the Poisson’s ratio function for the half space is v(f); then, invoke
the correspondence principle to write the transformed solution and invert to
arrive at the expression:

o (1) = % {P(t)[f(r7 z) —g(r,z)] — 2f(r,2) } v(t —1) d (r)dr}

0

(b) If the half space had a constant Poisson’s ratio, the viscoelastic solution would
revert to an elastic-like solution, since v would pull out from under the integral

in (a).

P.9.6 Formulate the method of separation of variables for the mixed boundary-
value problem in which the surface tractions and the body forces have different
dependence on time.

Answer:

(a) Solution at zero body force

5 0 = O n.faf(t)( = Tofr (10: wf (0)]g = i (¢
0 (1) = aoufy (1) ] (1) = ugf, (0); (1) = &, J(t)

with: £ (1) :'fm t—1)Sff (v)de

(b) Solution at zero boundary data

=0

0
a_xja” + B; = 0; njaﬁ(t)‘ =0; ub(1)

0 (1) = agfy (0); uf (1) = ugfy (1); &5(1) = eqfy (1)

t

with: f2(r) = ﬁ [ my(t — ) £fE(r)dr

Hint:

Split the solution fields into two parts: one satisfying the prescribed boundary
data at zero body force, and another for which the only external force is the body
force and the boundary values are identically zero. The viscoelastic solution will
be the sum of the two solutions. Specifically, using the superscripts B and 7,
respectively, for the solutions to the problem with and without body force, write:
ojj = o + O'U, uj=ub +ul',and ¢; = s + .e . Split the original problem into the
two parts and separate variables to arrive at the desired result.
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Wave Propagation 1 O

Abstract

This chapter examines the propagation of harmonic and shock waves in
viscoelastic materials of integral and differential type. For simplicity, the
different topics are introduce in one dimension, presenting the balance of linear
momentum across the shock front, and the jump equations in stress, strain and
velocity without obscuring the subject matter. As must be expected, harmonic
waves in viscoelastic media are always damped. Also shown is that shock
waves travel at the glassy sonic speed of the viscoelastic material in which they
occur; that is, at the speed of sound in an elastic solid with modulus of elasticity
equal to the glassy modulus of the viscoelastic material at hand.

Keywords
Wave - Harmonic - Cyclic -+ Shock - Speed - Frequency - Front - Jump -
Attenuation + Momentum - Balance

10.1 Introduction

This chapter examines in some detail the propagation of harmonic waves and
shock waves in viscoelastic materials. To keep the presentation simple, only one-
dimensional conditions are assumed in what follows. Harmonic waves are dis-
cussed in Sect. 10.2, and shock waves in Sect. 10.3. In both cases, the treatment
covers materials of integral and differential types.

Waves develop in a body as a result of the conditions imposed on its bound-
aries. Harmonic waves result from cyclic boundary conditions, while shock waves
are due to discontinuous boundary values. As must be expected, harmonic waves
in viscoelastic media are always damped. Also, shock waves travel at the glassy
sonic speed of the viscoelastic material in which they occur; in other words, at the

D. Gutierrez-Lemini, Engineering Viscoelasticity, DOI: 10.1007/978-1-4614-8139-3_10, 239
© Springer Science+Business Media New York 2014
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speed of sound in an elastic solid having modulus of elasticity equal to the impact
or glassy modulus of the viscoelastic material at hand.

10.2 Harmonic Waves

In this section, we examine the propagation of harmonic waves in a viscoelastic
bar. Such waves result from cyclic boundary conditions and their speed thus
depends on the forcing frequency. The treatment is restricted to longitudinal
vibrations, but the same principles apply to lateral and torsional vibrations.

In longitudinal vibrations, it is assumed that bar elements can only extend or
contract along the original axis of the bar; that plane cross sections—perpendicular
to the original axis of the bar—remain plane during motion; and that the inertia of
transverse motion is disregarded. Under these conditions, as can be inferred from
Fig. 10.1, balance of linear momentum leads to the single partial differential
equation:

9 2
aa(x, 1) = p@u(x, r) (10.1)

Where ¢ is the axial stress, u, the axial displacement, and p stands for the
density of the material, which may depend on position, but, for simplicity, is
assumed constant in time.

Consistent with the balance laws [c.f. Appendix B], the relationship in (10.1) is
valid irrespective of material constitution. The type of material at hand enters
through the constitutive equation, as discussed later on.

The purpose here is to examine solutions of Eq. (10.1) associated with either
displacement or traction boundary conditions which vary cyclically in time. Thus,
aside from fixing one end of the bar, when needed, boundary conditions at the
other end, x = 0, say, will be of one of the following forms:

Fig. 10.1 Balance of linear
momentum in a one- Pt
dimensional bar

Y
A}
A}
A}
-V —
r \

d
6, .(x,1) 6,(x,t) +—0 (x,1)-dx
: ox

ax
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U cos(w,t)
u(0,1) = or: (10.2)
U sin(w,!?)

if a harmonic displacement of amplitude U is prescribed, or:

S cos(w,t)
a(0,1) = or: (10.3)
Ssin(w,t)

when a harmonic surface traction of intensity S is applied.

In any event, since a frequency-domain analysis requires that both loading and
response be specified in complex form—which includes cosine and sine terms—
instead of (10.2) we would use:

u*(0,1) = Ue™" (10.4)
whereas (10.3) would be replaced with:

*(0,1) = Sel@r+e) (10.5)

Clearly, the solution corresponding to a cosine boundary condition should be
real part of the complex solution—the cosine component of & = coswt + jsinaot;
and, for the same reason, the imaginary part of the complex solution would
represent the solution to a sine forcing function [c.f. Chap. 4].

10.2.1 Materials of Integral Type

In this case, using the strain-displacement relation &, = Ou/0x, converts (10.1)
into:

E(t—1)%0 [%u(x, r)} = p%u(x, 1) (10.6)

Since the boundary condition is a circular function, the solution will be a
combination of circular functions—that is, cosines as well as sines—of the same
frequency. In addition, one would expect the intensity of the forcing function to be
less at sections farther from the point of application. That is, on physical grounds,
one would expect the solution to (10.6) to be a decreasing function of position.
Hence, we seek a solution in the form:

w'(x,1) = A=) (10.7)
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In this expression, ), is the forcing frequency and, 4, as will be seen subse-
quently, is a complex quantity whose components represent the rate of amplitude
decay and the wave speed. Taking (10.7) into (10.6) leads to:

JEE* (jo, )" (x, jowot) = @ pu’ (x, jw,t) (a)
From which / can be obtained after simplification, as:

p

A= :l:wo m

(10.8)

This shows that there are two values of /—one being the negative of the
other—which are complex because E~ is a complex number. In what follows, we
reserve the name A for one of the roots of (10.8), the other being—A. With that:
=A=A+jl, Jo=—2 and:

ut (x,j(l)gt) _ Ale—/l”xej(woz—/l'x) +Aze+2”xe}'((unl+ﬂx} (109)

The physical interpretation of this form is that under a cyclic forcing function
there will always be two waves running in opposite directions along the bar. The
first term in (10.9) represents a wave running in the direction of increasing x, and
the second term is a wave moving in the opposite direction. The solution (10.9)
also shows that each wave decreases exponentially as it advances; the imaginary
part, 2, of 1 is responsible for the wave’s rate of decay; and, by dimensional
homogeneity, A must be inversely proportional to the wave speed, as will be
shown later. Finally, in the case of an infinitely-long bar, the solution can contain
only the first term, since the second term must be omitted for regularity, to keep
the solution from blowing up.

10.2.2 Materials of Differential Type

In this case, the stress—strain law is introduced by applying the differential operator
P to the equation of motion (10.1), thus:

P [%oﬂ(x, t)} = P[p%zzu(x, t)}

Using that P(6) = Q(¢), and &, = Ou/0x, and assuming the material’s density
to be time independent, transforms the dynamic equation into:

o o

Q[@u(x, t)} - pP{@u(x, t)} (10.10)
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On the same arguments as before, the solution of (10.10) is sought in the form
(10.7); so that:

)?Q[jcoo]u*(x,jwot) = wipP[jwo}u*(x,jw(,t) (c)

Or, since E*(jwo) = Q(jw,)/P(jw,) = Q*/P* [c.f. Chap. 4]:

)L:iwowpg[ézz]] == in/% (10.11)

This expression is exactly the same as that in (10.8), which was derived for a
material with constitutive equation of hereditary integral type. Hence, irrespective
of the form of the material’s stress—strain law, once the complex modulus £ “(w,)
is made available, A can be evaluated from either of the equivalent forms (10.8) or
(10.11).

In particular, since E'(jo,) = E'(w,) + jE"(w,), with tand = E"/E' [c.f.
Chap. 4], multiplying and dividing the quantity under the radical sign in (10.11) by
the complex conjugate of E~ leads, after some algebraic manipulations, to the
following form, which is more adequate for numerical computations':

p —j(6+2km) /2 _ Wo —js/2
YRy e e GOV R —— 10.12
||E*(jeo) | £ Geoo) | ( )
P

In this expression, the quantity under the radical sign on the far right has the
dimensions of speed. In analogy with the elastic case [1], the complex sonic speed
is defined as follows:

c*(joro) = E(Lw) = [[c* (jovo) |2 (10.13)

This gives the amplitude lic”(jw,)ll of the complex sonic speed, as:

|le* (o) || = w (10.14)

With the definitions introduced in (10.12) and (10.13), 4, in (10.11), may be put
in the form:
Wy

_ i5/2
P = e Goan© (10.13)

! The root of index n of a complex number, z = re/(®+2%7) is given by: 7!/ = pl/ne/(0+2km)/n

as shown in Appendix A.



244 10 Wave Propagation

which serves to express A’, and 1" as:

!

b} ' Do

e ; = ———sin .
- HC*(]'CO,,)HCOS@/Z)’ L= ||c*(/w(,)||s (0/2) (10.16)

Two limiting cases of the complex sonic speed amplitude, (10.14), which are of
interest, pertain to forcing functions of very low and very high frequencies. Using
the limit properties of E* [c.f. Chap. 4], the following results are obtained:

E*(jw, E! E

fim (JE0%) _ B (B (10.17)
®0—0 P P P
E*(j E E

lim Geoo) =y/2=/Z2=c (10.18)
Wy—00 P P 1%

These expressions indicate that waves induced by harmonic forcing functions
with very low or very high frequencies propagate as if the material were linearly
elastic. Harmonic waves of very low forcing frequency will travel at the long-term
sonic speed of the viscoelastic material at hand, while those of very high frequency
will travel with the material’s glassy sonic speed.

The preceding discussion shows that, irrespective of whether the constitutive
equations are of integral- or differential-operator type, harmonic waves in a vis-
coelastic substance will always be a superposition of decaying sine and cosine
waves of the form (10.7)—or in more detail, (10.9) and that the wave speed and
the rate of decay depend on the material’s density and on the forcing frequency—
through the complex modulus.

and:

Example 10.1 Find the magnitude of the complex sonic speed of an elastomer
whose complex modulus at the frequency of interest is E (jw) = 10 4+ 3.5 j MPa,
if its mass density is 1,660 kg/m’.
Solution: The sonic speed depends on the magnitude of the complex modulus,
IIE"Il ~ 10.6 Mpa, and the mass density: p = 1,660 kg/m’; thus, using (10.14),
it follows that: lic’ll ~ 79.9 m/s.

Example 10.2 A bar of a viscoelastic material with tensile relaxation modulus
E(1) = 70 + 35¢~"*! kPa, and mass density = 1,800 kg/m> is subjected to the
following boundary conditions'®:

u(0,1) = U - cos(w,t); w, = 25 rad/s
u(L,t) =0
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Determine the bar’s response at w,t = 0, n/4, n/2, 3n/4, &, if the length of the bar
is such that L = 7n/// (6.5 m).
Solution: First, the boundary conditions are expressed in the complex form
Ue/(®") Noting that the actual condition, U - cos(w,t), corresponds to the real
part of U - ee/("), the solution will be given by the real part of (10.9). Putting
the boundary conditions in it leads to a system of equations in the unknown
amplitudes, A; and Aj:

U=A+A,
0=Ae "+ Ayet’t

Solving for A; and A, and plugging the results back into 10.9), leads, after some
manipulation, to the complex form [cf. Appendix A]:

sin A(L — x)
sin AL

joot

uw(x,1)=U

Since Z is a complex number, to decipher this expression requires the circular
functions of a complex variable [c.f. Appendix A]: sinz = sin(x+jy) = sin(x) -
cosh(y) + jcos(x) - sinh(y) and similarly for cos(z). After some complex and
trigonometric algebra, there results:

U
cosh2)"L — cos2/'L
— cosh 2"xcos A (2L — x)] cos(w,t)

— [sin A'xsinh 2" (21 — x) — sinh A"x sin A’ (2L — x)] sin(w,t)
+ j{[cos A'xcosh 2" (2L — x) — cosh A"x cos /(2L — x)] sin(w,1)
+ [sin Z'xsinh 2”(21 — x) — sinh 2"xsin 2 (2L — x)] cos(w,t)})

u(x,1) = ([cos A'xcosh A" (2L — x)

The solution corresponding to the boundary values of the present problem
(which pertain to a cosine forcing function) is the real part of the previous
expression. The parameters of this problem: E" = 100.17 + 12.07 j MPa;
8 ~ 0.120 rad; Il ~ 7.487 m/s; A ~ 3.333; and 2 ~ —0.200, yield the
solution, which is displayed in Fig. 10.2 at a few selected times.

Also shown by this solution is that although the wave amplitudes decrease from
the left to right, they increase upon first entering the bar. This indicates that the bar
is at or near resonance. In fact, an elastic bar of the same density and modulus
M = E'(w,) would be in resonance under the prescribed boundary conditions and
would exhibit standing waves of infinite amplitude [2].



246 10 Wave Propagation
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10.3 Shock Waves

This section examines the propagation of shock waves in a bar made of a linearly
viscoelastic material. When the governing equations—the equations of motion in
the present case—are of hyperbolic type, any abruptness in the boundary values
show up as discontinuities in the first derivatives of the displacement field. These
discontinuities travel along surfaces, which are known as the characteristics of the
differential equation, and which are in themselves smooth functions of the spatial
coordinates and time. In continuum mechanics, these discontinuities are com-
monly referred to as shock waves.

A rigorous theory admits the propagation of shock waves only in unbounded
media. In a finite body, multiple reflections of waves from the boundaries give rise
to dispersion and blur the shock front. To avoid these complications and still use a
one-dimensional model in the study of shock waves, we assume a bar in which
plane sections remain plane, there is no transverse inertia, nor lateral motion of any
sort, not even due to Poisson’s effect; and most of all, such that waves do not
bounce off its lateral surfaces. These assumptions allow the study of shock waves
in an idealized bar in virtually the same way as in an infinite medium.

Per the previous definitions, a shock wave through the one-dimensional bar
model will be a smooth function, x = Y(¢), in the (x,f) plane. The first partial
derivative of the shock wave with respect to time, which exists by the smoothness
assumption, represents the wave speed:

Cx=Sv0) =) (10.19)

As long as the bar does not come apart, the displacement field, u(x,f), will be
continuous throughout. However, the first partial derivatives of the displacement
field with respect to time and space will exhibit jump discontinuities across the
shock front.
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The jump of a function, f, at a point, is denoted by the symbol [f] and defined as
the difference between the values of the function at points infinitely close to the
point in question, but situated on opposite sides of it. More explicitly, the mag-
nitude of the jump of a function f at x = y is the difference between the right- and
left-hand side limits of the function at x = y:

fl=r" -1 (10.20)
where the one-sided limits are defined as follows [4]:
fo=limf: fF = lim f() (10.21)
x<y x>y

Once in motion, a shock wave travels forward from one end of the bar to the
other; and upon reaching it, reflects and travels back to the point of origin. The
wave fronts or characteristics of the differential equation of motion can be rep-
resented by straight lines in the x — ¢ plane:

E—t-% =142 (10.22)
c c

The equation ¢ = constant, represents a wave moving in the direction of
increasing x, and 1 = constant corresponds to a wave front moving backwards,
toward the origin, as illustrated in Fig. 10.3.

As seen in Fig. 10.3, on the forward wave ¢ = constant, d¢ = 0; which implies
that dr = dx/c. Likewise, on the return wave # = constant, dy = 0, and so, dt =—
dx/c. Hence:

3 %%, on & = const
— = (10.23)

6x 10
sy onn= const

Since the total differential of a function f (x,0) is df = Ldx + Ldr, (10.23)
implies that:

Fig. 10.3 Graphical (a) (b)
representations of shock t
waves in the x-¢ plane dx

dt=-dx/c
dt=dx/c
dx

v
v
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pr  [EHEE on &= const

= 10.24
Dx F _19f ( )
a—za, Onﬂ:COI’lSt
And also that:
Df g—i—c%; on & = const
T (10.25)
%—c%; on 1 = const
Additionally, (10.24) and (10.25) lead to:
D c%; on & = const
D= (10.26)
—c£; onn = const

The differential equation of motion (10.1) applies on either side of the front, but
not on the front itself. For ease of reference that equation is repeated here, with a
change in notation from displacement to velocity: 0%u\0r* = 0Wdr; thus:

0 0
6—xa(x, 1) = pa—tv(x, t) (10.27)

To see what happens at the front, the balance of momentum equation is used in
its global form. To this end, consider a portion of the bar which straddles the wave
front, as shown in Fig. 10.4, and let the size of the element of bar approach zero.
Eq. (10.27) then leads to:

Y= (1) Xo
—Aa(Xl(t),t)+Aa(X2(t),t):Ag /pv(x(t),t)der / pv(x(2),t)dx| (a)
X Y+ ()

To cast this equation in a more useful form, cancel out the common factor A,
and carry out the integration using Leibnitz’ rule [c.f. Appendix A]. Let x; — Y~
from the left, and x, — Y* from the right, and, recognizing the continuity of the

Fig. 10.4 Balance of linear x=Y()
momentum across the wave :
front i <— wave front
O(xXpl) — L5 O(x0)
' i
x=x g

X2
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shock wave (which requires that: dY /dt = dY'/dt = c), re-order terms and arrive
at the balance of linear momentum across the front:

6] = —pely] (10.28)

The continuity condition at the shock front is obtained by differentiating the
jump of the displacement. Since the displacement is continuous across the front,
[u] = O there; and so must be, its total derivative, Du/D. Using (10.24):
% =0= % + %% to evaluate the jump leads to:

ou 1 au; or: [e] = —%M (10.29)

5= 215,

Combining the last two expressions leads to a relation between the jumps in

stress and strain across the front, which seems independent of the constitutive
equation.

[0] = pc?[e] (10.30)

Expressions (10.28-10.30) relate the jumps in stress, strain, and velocity.
Material type or constitution enters directly through the density, per (10.28), and
the stress—strain relations, through (10.30).

10.3.1 Materials of Integral Type

Without loss of generality, the stress-strain law in this case may be represented in
the integral form [c.f. Chap. 2]:

o(x,1) = Ege(x,1) — /%s(x, 1)dt (10.31)

0

Since the relaxation function E(-) is continuous across the front, and the strain
history, &(x,7), is continuous for all T except T = ¢, the integral vanishes across the
jump. Thus:

0] = E,[¢] (10.32)

This, together with (10.30) yields the expression for the speed of the shock
wave, which is of the same form as for shock waves in a linearly elastic bar [1]:

E%’
c= /=2 (10.33)
0
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As indicated before, shock waves in a viscoelastic bar travel with the material’s
glassy sonic speed.

Example 10.3 Obtain the speed of longitudinal shock waves in a bar of visco-
elastic material with tensile relaxation modulus E(¢f) = 4.2 + 39.3¢7"%2% MPa
and density 1,800 kg/m>.

Solution:The speed of the shock front is given by (10.33). The glassy modulus of
the material in this case is 43.5 MPa—the sum of the equilibrium and the
transient components of the tensile relaxation modulus. Hence, ¢ = (43.5-10%/
1,800)"* ~ 155.5 m/s.

A shock wave moving in a viscoelastic material would change its amplitude
both as the wave progresses through the medium, and as time goes by. This may be
proven by constructing a differential equation—in the spatial coordinate or in time,
respectively—out of the stress-velocity jump equation and examining its solution,
as follows.

Differentiating the stress-velocity jump equation (10.28) across the front and
using (10.24), leads to:

D D

olo] = —pe o[ (a)
Or:
B 1) -

The second term on the left-hand side of this expression is evaluated from the
stress-strain law, (10.31), using Leibnitz’ rule to differentiate under the integral
sign, to get:

t

i{aﬂ _1 E, [Z‘j — /azE(t_T)g(x,r)dr (%) [e(x, )] o (c)

=t

o| ¢ orot ot

Since the integrand in the second term on the right is continuous for all t,
except T = ¢, its jump is zero. Therefore:

L[ee] _1, o] _ (1\3E(=1)
clor] ¢ f|or c ot
Upon using that: 0¢/0t = 0v/0x, and (10.33): E, = pc?, on the first term of the

right-hand side of the last expression; together with (10.29): [¢] = -[v]/c, on the
second term, there results:

[e(x, 1)) (d)

=t
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elad] =l + (751 O ©

Taking this result into (b), using the equation of motion (10.27) to replace
00/0x, collecting terms and recalling the definition (10.24) of the derivative, D/Dx,
across the front, leads to:

D 1 10 1d
— —I )y =0; TI'(0)=—-——E(—- =-———E( 10.34
Dyl + 5, TO =0 T0) = G Bl = 9l = — B0y (1034)

This is a linear differential equation of first order with constant coefficients. It
thus has an integrating factor e’ O/ £, Appendix A]. This allows casting it as
d v "9 = 0; from which follows the solution:

ro

[v] = Ae 2" (10.35a)

Since I'(0) > 0, this relationship shows that the jump in velocity decreases as the
wave moves in the direction of increasing x.

Example 10.4 Prove that I'(0), as defined in (10.34a) is always positive for
relaxation functions expressed in Dirichlet-Prony series, as sums of exponentials.
Solution: Use (10.34a): T'(t — 1) = (l/E )L E(t — 1), and the Prony-series form

of the relaxation modulus:E(f) = E, — Z Ei(1 —e™"/%) to compute: LE(t — 1) =
i=1

N N
S Lie=(=9)/% and arrive at the result: T'(t = 1) = I'(0) = ELZ Use that since

all the E;, and t; > 0, it follows that I'(0) > 0.
The attenuation of shock waves with time may be examined using Eq. (10.26):
D/Dx = (1/c)D/Dt; to write (10.34a) as an equation in time:

D 1 1 d 1 d
— -I(0 =0; I'0)=——E(t— =_———E(t 10.34b
Dl TR T Ok =0 T(O) = DB —0l= 5 2E()|  (1034)
Proceeding as before, the solution in time becomes:
_I©),
[V| = Be ' (10.35b)

This result indicates that the amplitude of a shock wave decreases with time, as
expected it should in viscoelastic materials. Using (10.28) with either of Eq.
(10.35a, b) establishes the stress jump:
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—pcBe 0
[o] = or (10.36)

—pcAe‘fr(O)x
Similarly, (10.29) and (10.35a, b) produce the strain jump:

_ lBef%r(O)t
[e] = or (10.37)
_ lAe_TIp (O)X

A wave front may also move from right to left, on the characteristic
n = constant. In that case, the wave velocity will be negative, and the previous
equations apply as well.

Additional information about the response of the bar can be gained solving
(10.27). To this end, insert into it the constitutive equation o(r) = E(f — 1) *

dZu(t) [c.f. Chap. 2] writing:

t a az az
/0 E(t—r)&<@u>dr—p@u (f)

Now take the Laplace transform, assuming at-rest initial conditions to get [c.f.
Appendix AJ:

E(s)su’ (x,5) — ps’Ti(x,s) = 0 (2)

W' (x,5) — i

E(s)

This is a partial differential equation in x for the transformed function #(x, s).
Because only derivatives with respect to x enter this equation, its solution may be
obtained by methods for ordinary differential equations. Employing differential
operators leads to a characteristic equation with roots [c.f. Appendix A]:

u(x,s) =0 (10.38)

= = =45, /= 10.39
EGs)  \SEG) (1039)
These roots imply a general solution of the form:
— _ +x —x
u(x,s) = Ai(s)e™ 4+ Ax(s)e (10.40a)

Inserting the Laplace-transformed strain, &(x,s) = Ou(x,s)/0x, leads to the
transformed stress:
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a(x,s) = AA1(s)e" ¥ — Ay(s)e M) (10.41a)

From here, the solution in physical space-time would be obtained, at least in
principle, by Laplace-transform inversion. The mathematical manipulations
required to accomplish this, however, become intractable for all but the simplest of
constitutive models.

Lastly, for a semi-infinite bar, the root with positive sign in (10.40a) has to be
discarded.” It represents a wave that starts traveling from the right at time zero.
This is inconsistent with at-rest initial conditions. Thus, the solution for a semi-
infinite bar in transformed space is simply:

i(x,s) = A(s)e ¥ = A(s)e sV PIEWN (10.40b)

a(x,s) = —A(s)A(s)e A (10.41b)

Example 10.5 Find the Laplace-transformed response of a semi-infinite bar of a

viscoelastic material subjected to a discontinuous velocity of amplitude V at its

end.
Solution:First, note that v = 0u/0t, so that: ¥(x, s) = su(x,s). The transform of
the boundary value v(0,) = V-H(#) is ¥(0, s) = V/s; u(0,s) = V/s*. Evaluating
(10.41b) at x = O establishes A(s) = Vis?. Thus, the Laplace-transformed
solution is %(x,s) =% e *. Note that, per (10.39), 4 is a function of the
transformed modulus, so the inverse transform of #(x,s) is not simply the
transform of 1/s* times Ve ™.

Example 10.6 Find the Laplace transform stress response of the semi-infinite bar
of Example 10.5 if the bar’s material is of Maxwell type, with modulus E, and
viscosity 7.
Solution:Using that & = sE - & = sE - 0u/0x together with the results of
Example 10.5, leads to the transformed stress: ¢ = —F%).e‘“. The relaxation
modulus for the Maxwell model is given by [c.f. Chap. 3]: E(t) = Ege”/f, with

Sf—f/fand hence, from (10.39), using that

E, = pc’, )= Eﬂgs(s +1/1)=1\/s(s+1/1). And the transformed stress
becomes:>: 7 = —pVer/s(s + 1/1)6*\/$(s+1/r)(x/c)_

relaxation time © = y/E,, so that: E =

2 In mathematical terms, this has to be so because every Laplace transform must vanish at s— oo,
per the limit theorems [c.f. Appendix A].

* In this case, the solution in physical space can be established from a table of Laplace transforms
and it is [3] o(x,1) = pcVe /I, (L (12 — x2/?))H(t — x/c), where I, (-) is the “modified
Bessel function of order zero”.
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10.3.2 Materials of Differential Type

The general form of the stress—strain law in this case may be expressed as: P(c) =
Q(e) [Cf. Chap. 3], where P and Q are differential operators of order m, and n,
respectively, such that either m =n — 1, or m = n:

" dkg "L dle
= — 10.42

Where, for a homogeneous material, all the p;’s and g,’s are constant.

The differential equation (10.42) can be integrated with respect to time, f,
starting from a fixed but arbitrary point x = X, located before the shock front, and
ending at a variable point x = X,(f), before or after the front. After the first
integration, the generic term on either side of (10.42) becomes:

X> Xa(1)

ak 2 0 akfl akfl X (1)
/@(')dl: / &W(')WZWX (h)

X X

With this, any term of the sum in (10.42) becomes a function of the upper limit
and can be integrated again. Repeating this integration a total of n times produces an
integral whose limits lie on both sides of the shock front. At this stage, most of the
terms that result from the integrations would be continuous functions of time, in such
a manner that their jumps across the front would be zero. The exception being the
two terms with the highest order derivative. If we now let X; and X, approach each
other and the shock front at x = X, the following is obtained after n integrations:

X*}(z) . X‘zf(‘z) 5
Pn <adt p + lim DPn < odt .
lim an XX, i (i)

X, —Xa (1) Xo > X4 (1)
X <X (1)

and similarly:

o m = an{e(X™7) = e(X" )} + gu{e(X") — &(X")} = —qu[le]] ()

These expressions lead to the stress-strain law in jump form for a viscoelastic
substance of the differential-operator type, as:

(0] = Egle]; E, = (10.43)

dn
Pn
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This expression is the exact analog of (10.32). Also, since (10.28-10.30) apply
irrespective of the form of the stress—strain law, combining (10.30) and (10.43)
yields the same equation for the wave speed, c, as Eq. (10.33):

E n
c= /=2, EgEq— (10.44)
p P

Hence, the jump equations: (10.28-10.30) and (10.32) or (10.43), as well as
(10.33) or (10.44), for the sonic speed, are the same for all viscoelastic substances.

Example 10.7 Obtain the speed of longitudinal shock waves in a bar made of a
Maxwell material with modulus E,, viscositys, and density p.
Solution:The constitutive equation for this Maxwell material is [c.f. Chap. 3]:

o+ E’—l‘;—‘[’ = n%. Using (10.44) with n = 1, p,= y/E,, g,= n yields: ¢ = \/E,/p.

The differential equations governing the jumps in strain, stress, and velocity for
the materials of differential type are obtained in the same way as for viscoelastic
materials of integral type: by taking the total derivative, on the shock front, of
the stress-velocity jump equation (10.28), evaluating the partial derivative of the
stress—strain law with respect to time, and using expressions (10.28-10.30) in the
process. Specifically, taking the derivative of (10.28) on the shock front leads to:

D D

E[U] = —PCEM (k)

Using (10.25) on the left-hand side of this expression converts it to:

RCE

To evaluate the first term on the left-hand side of (/), first differentiate the stress—
strain law once with respect to time. Considering the case m = n only, this leads to:

%_"_ an_o_+ an+10_ B §+ %—’— an+18 (m)
Po ot Pn—1 o Pn ol —6]06[ anla 4n .

tﬂ
Integrating this expression n times with respect to ¢, following the same approach
that led to Eq. (10.43)—starting at a fixed but arbitrary point below the shock front
and ending at a variable point above it and then taking the limit as the two points
approach the front—produces the jump equation:
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Using that g,/p, = E, = pcz, together with [0e/0f] = [I0v/Oxl], [e] = —[v]/c, and

[6] = —pc[v], converts this expression into the following:
0 0 — n,
5] = o] - =t et + 2t e ©)

Inserting (o) and the jump of the equation of motion across the front: [Oa/
0x] = p[0v/dr], into (I), yields, after collecting and regrouping terms:

(B} G- wBo
p q

Since, by virtue of (10.25), the expression in braces is the total time derivative,
D[v]/Dt, of [v] across the front, the final result is:

D 1 Pn—1 qn—1
— e = 10.4
Dt[v]+2<p” qn)[v] 0 (10.45)

This first-order differential equation is the exact analog of (10.34b), derived for
materials of relaxation integral type. The solution of this equation can therefore be
cast in the same form as (10.35b):

(V] = Ae"O"; 1(0) = (’ﬂ - @> (10.462)
Pn qn

As was the case with materials of integral type, using (10.8): D/Dt = cD/
Dx converts (10.45) into an equation in x with solution:

V] = Ae 0% 1(0) = (’% - %) (10.46b)

This seems to be the first time the general expression for I'(0) listed in
(10.46a, b) appears in the literature. In lieu of this expression, the procedure to
estimate the rate of decay of shock waves in viscoelastic substances of differential
type seems to have use (10.34a), which requires the relaxation modulus—a more
cumbersome process.

Example 10.8 Determine the rate of decay of shock waves in a bar made of the

standard linear solid with the material properties shown in Fig 10.5.
Solution:The rate of decay of shock waves in viscoelastic materials of differ-
ential type is given by (10.46a, 10.46b). To compute it requires the coefficients

of the constitutive equation for this material. Using [c.f. Chap. 3]: E"%IEHH—

% =B+ Eg %, identifies p, = %15, py = 1, g, = %5, and ¢; = E,. Taking
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Fig. 10.5 Standard solid of E;
example 10.8 }J\/,::j\/-l_/_\/\l/z'\:‘
771

this into (10.46a, 10.46b) gives the rate of decay of shock waves for the
standard linear solid as: I'(0) = (’ﬂ - q”—*') = (M - Q) = (@>

Pn qn m m m

10.4 Problems

P.10.1 Determine the complex sonic speed at & = 50 rad/s for the three-parameter
solid of Example. 10.6 if E, = 140 kPa, E; = 140 kPa, 5 = 276 kPa-s,
p = 1,600 kg/m°.

Answer: ¢ = 9.35¢" %1%V = 9.353 1 0.0474 j

Hint: Use the constitutive polynomials P and Q [c.f. Chap. 3] to compute the
complex modulus E (jow) = Q (jo)/P (jw) ~ 139.97 + 1.42j kPa. From it,
determine the loss angle § = tanil(E”/E/) ~ 0.0101 rad, and use Eq. (10.13) to
obtain ¢
P.10.2 The equilibrium modulus of an elastomeric compound is 145 psi; its mass
density is 0.065 Ibm/in®; and the transient part of its tensile relaxation modulus, in
Prony-series form, has the following coefficients and time constants at the tem-
perature of interest:

E, (MPa) 9.665 20.69 3.448 5.517 1.379 1.379 02410 0.2070
7 (sec) 45107 6.5107% 50107 2.0-107% 25107 3.5.10° 1.5100 4.0-10°

Determine the complex sonic speed of the material at a forcing frequency of
50 Hz.

Answer: ¢~ 742 + 13.0 j m/s.

Hint: Compute E~ per Chap. 3, as: E'~ 9.64 + 3.345 j MPa, together with its
amplitude, I[E*Il &~ 10.20 MPa, and phase angle 0 = tan_1(3.345/9.64) ~
0.347 rad. Using IIE*Il and p = 1,600 kg, in (10.14), gives lic*ll ~ 75.3 m/s. The
complex sonic speed at the given frequency is obtained from (10.13).

P.10.3 Determine the response of a 30 inch long bar of the same material and
under the same conditions as the bar in Example 10.2. What would the response of
the bar be if its material were such that E' = 0?

Answer: The solution is displayed in Fig. 10.6 for the viscoelastic bar and in
Fig. 10.7, for the bar without damping (E' = 0), which would then be elastic. As
seen in the figures, the viscoelastic and elastic bars respond quite similarly.
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Fig. 10.6 Problem 10.3: 2.0 =0
harmonic waves in given —— ot =7/4
viscoelastic bar 18— = —or=m2
T -2 = 0T =314
- ~) —wt=x
10 ¥ S
s AN
= 0.5
~
=
“ 00 =
K o
2 05 e
— e /
-1.0 e /
-1.5 D ———
-2.0
x

Hint: In this case, E*, @, and /, are the same as for the bar in Example 10.2.
Hence, the form of the solution will be the same, and the difference is due to the
change in length. Note the symmetry of the response for the case with no damping
(E" =0).

P.10.4 Prove that: [|v|]] = A - ¢TI0 Z AL om
imnt: . =1d — [
Hint: Use that: T'(0) = ok (t—s) = 3 qE(q)

=0 =0
(10.35b) into the desired form.
P.10.5 Find the stress response in transformed space, of a semi-infinite bar of
Maxwell material subjected to a stress of amplitude X, suddenly applied at its end.
s(s+1/7)

(E'(0)/Eg)
2¢ 1

E'(0)
E;

to put

Answer: G(x,s) = %e’(x/d
Hint: First, obtain the transform of ¢(0,t) = X-H(r), as: (0,s) = X/s. Now use
the stress-strain law (3.23a) in transformed space, to get: A(S) — A = —X/(4s).
The result follows from this and the expression for (x, s).
P.10.6 Find the Laplace-transformed solution of a bar of length L, fixed at its end
x = L and subjected to a discontinuous change in velocity of amplitude V at x = 0.

Fig. 10.7 Problem 10.3: 2.0
harmonic waves in given 15
elastic bar (E' = 0) 10 E—— ST T
S o5 Ty
>~ TS
< 00
2 05 o
S I e
-1.0 — ——= i
A —= - wt=m/4
----wT=7/2
20 --—-@T=3n/4
X —ot=7




10.4 Problems 259

_vV

14 ei(s)Lsinh As)x

sinh A(sL)

Hint: Use that v(x,t) = Ou(x,t)/0t to write: V(x,s) = su(x,s), and thus:
9(0,s5) = V/s. Use this, and the fact that v(L,t) = 0, ¥(x,s) = Dje™ + Dye ™ to
evaluate the functions D (s) and D,(s) and arrive at the result.

P.10.7 Determine the rate of decay of shock waves in the standard linear solid
of Example 10.5, using the material’s relaxation modulus and expression (10.34a).

Answer: ['(0) = Ey/n,

Hint: The rate of decay of shock waves in terms of the relaxation modulus given
in (10.34a) requires the material’s glassy modulus as well as the first derivative of
the relaxation modulus at ¢ = 0. The glassy modulus of this materials is E, = Ej;

Answer: V(x, s)

_ Ey+E|
and its relaxation modulus [c.f. Chap. 3]: E(t) = EEoOfél + (Eo — E’i‘fél)e ( " ) )

From this, it follows that %E(t)‘t:o: 5—?; and, from (10.34a): I'(0) = Ey/n,; the

same as in Ex. 10.8, which used Egs. (10.46a, b), pertinent for materials of dif-
ferential type.
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Variational Principles and Energy 1 1
Theorems

Abstract

This chapter introduces the subject of the variation of a functional and develops
variational principles of instantaneous type which are the equivalent of
Castigliano’s theorems of elasticity for computing the generalized force
associated with a generalized displacement and vice versa, by means of partial
derivatives of the potential energy and the complementary potential energy
functionals, respectively. A natural consequence of the variational principle of
instantaneous type is that the constitutive potentials of viscoelastic materials are
not unique. Any dissipative term can be added to them without changing the
stress strain law. The viscoelastic versions of the unit load theorem of elasticity,
and the theorems of Betti and Maxwell for elastic bodies, are also developed in
detail.

Keywords
Variation - Variational - Functional - Potential - Stationary - Admissible - Field
- Castigliano - Unit load - Reciprocal

11.1 Introduction

The calculus of variations is concerned with the development of methods to
establish the maxima and minima of a special class of functions, called functionals.
Loosely speaking, a functional is a function whose arguments are themselves
functions. Functionals occur naturally in viscoelasticity through the constitutive
equations, in which the arguments are the position coordinates, the current stress or
strain, and the history of the stress or strain.
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Many variational theorems have been developed for the theory of elasticity;
among them are the principles of minimum potential energy and minimum com-
plementary potential energy, the principle of virtual work or virtual displacements,
and the theorems of Hu—Washizu, Hellinger—Reiner, Castigliano, and Lagrange
[1]. Not surprisingly, variational theorems also exist which are the viscoelastic
counterparts of those for elasticity.

Variational principles provide a rigorous means of establishing the field
equations of the theory of viscoelasticity without recourse to simplifying
assumptions. The purpose of the present chapter, however, is to use variational
principles to develop computational tools that facilitate solving certain types of
viscoelastic boundary-value problems. To do this, the subject matter is developed
in five parts, as follows.

Section 2 treats viscoelastic functionals as functions of two time-dependent
arguments: the present values and the past values of the stress or strain. Depending
on whether the current values or the past values of the arguments are varied, two
types of variations are identified. Instantaneous variations result when only the
current values of the arguments (stress or strain) are varied, and history variations
are concerned only with variations in the past values of the arguments. This is used
in Sect. 3 to develop two variational principles of instantaneous type, which are the
equivalent of Castigliano theorems of elasticity for computing the generalized force
associated with a generalized displacement and vice versa, by means of derivatives
of the potential energy and the complementary potential energy, respectively. The
viscoelastic version of the unit load theorem of elastic solids, which is used to
obtain the deflection at an arbitrary point in a structure, is developed in Sect. 4. The
reciprocal theorems of viscoelasticity which correspond to the theorems of Betti
and Maxwell for elastic bodies [2] are developed in Sect. 5.

11.2 Variation of a Functional

Aside from the position coordinates, x;, two types of time-dependent arguments
occur in viscoelastic functionals. To account for memory effects, the response is
made to depend on all past values of the stress or strain. To account for instanta-
neous response, the current values of the stress or strain are also included. Simply
put then, a viscoelastic functional may be considered as a function of two variables:
a “history” variable and a variable that describes the current state. Therefore, in
examining the variation in a given viscoelastic functional, one is at liberty to
consider variations in the current values of its arguments or to consider variations in
the past history of the arguments. The former type of variation leads to instanta-
neous variational principles and the latter to hereditary variational principles. Both
types of variations produce equivalent principles, but only variational principles of
instantaneous type are discussed in the present chapter.'

! Viscoelastic variational principles concerned with variations of the histories of the arguments
will be included in subsequent editions of the text.
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With this, a functional, F, of the past history, &(z—s), and current value, &(t), of a
variable may be represented as follows [3]:

F =

T

[e5(t — 1), 85(1)] (11.1)

0

I <3

Assuming that all pertinent smoothness and continuity requirements are satis-
fied by all the functions involved and considering the past history &;;(t—1) fixed, the
first instantaneous variation, or total differential, 0F, of the functional is defined as
the limit*:

5F:m%{ii[ei,»u—s),ei,»(t)m.as,-,(r)]— ?[sij(r—s),eij(r)]} (a)

s=0 s=0

h=0

As for ordinary scalar-valued scalar functions, this expression is the derivative
of  with respect to h, evaluated at h = O [c.f. Appendix A]. Therefore, the first
variation of the functional F* with respect to the current value of its arguments,
which is also called first instantaneous variation of F, is given by

d
OF = {— Y [ej(t —s),85(t) +h- 58,-j(t)}} (11.2)
dh s=o h=0
Using the chain rule of differentiation to evaluate it, results in
P ° 7 5 113
F = it — 8), €i(1)] - oer (T .
o) Voot = 5)-5u(0)] - et (113)

Clearly, entirely similar expressions would be obtained if the roles of the stress
and strain tensors were interchanged.

11.3 Variational Principles of Instantaneous Type

These principles assume variation in the current, instantaneous values of the
variables ¢;; and ¢;;, while their histories determine the state of the material at the
current time. In this case, as indicated by 11.3, the first variation of a functional is
obtained by taking its partial derivative with respect to its instantaneous argument,
regarding the hereditary component as constant.

2 In keeping with standard practice, in this chapter only, we use the Greek letter, d, to denote
variation of a function or functional; and as such, is not to be mistaken for the unit impulse or
Dirac Delta function, nor for the Kronecker delta, used to represent the unit tensor.
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For the present treatment, the three-dimensional forms of the constitutive laws
presented in 2.34a and b will be used.” Thus, as discussed in Chp. 8, for a general
anisotropic material

0;j(t) = Myien(t /0 3 Mijy(t — )ey(t)dt (11.4a)

G
8,'/([) = Cgijklﬁkl(t) - /;&Cijkl(t - T)le(‘t)d‘f (115&)

which, according to 11.3, have the following instantaneous variations:
60;i(1) = Mgijua0t (1) (11.4b)
0g;;(t) = Cijtadoi(1) (11.5b)

Different viscoelastic potential functionals and associated variational principles
can be constructed, which have their counterparts in the theory of elasticity.
Prominent among these are a Hellinger—Reissner-type functional and a Castigli-
ano-type functional that is similar to the potential energy functional of elasticity.
The Castigliano-type functional is equivalent to the elastic complementary
potential energy functional. Like their elastic counterparts, these viscoelastic
functionals acquire stationary values and give rise to principles which can be used
to derive the field equations of viscoelasticity and various computational methods.

11.3.1 First Castigliano-Type Principle

This is the instantaneous variational counterpart of the theorem of minimum
potential energy of elasticity. The corresponding functional which, for reference
only, is called instantaneous viscoelastic potential energy, ¢,, in this text, is
defined for all kinematically admissible displacement fields, u;(z). A displacement
field u} is said to be kinetically admissible if it is continuously differentiable up to
third order” inside the region occupied by the body in question and, in addition,
identically satisfies both the equations of strain compatibility and the displacement
boundary conditions on the part of the boundary of the body where they are
prescribed. Clearly, to a kinematically admissible displacement field, there cor-
respond kinematically admissible strains s (u + u ,)» defined by the strain

3 As in previous chapters, the subscript g stands for “glassy”, to indicate the value of the
corresponding material property function at t = 0.

* The requirement of continuity up to the third order derivatives of the displacement field stems
from the fact that the equations of compatibility involve second derivatives of the strains, which
are defined in terms of the first derivatives of the displacement field.
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displacement relationships (9.5), and stresses, o*;j, defined through constitutive
equations (11.4a).

Similar to elastic solids, the instantaneous viscoelastic potential function, ¢,, is
defined for all kinematically admissible displacement fields, u/(¢), including the

actual field, u;(¢), in the form:
0,(1) = [ U, (51) v — [ Fi(yul(t)dV — [ T (0 (1) ds (11.6)
% Vv Sr

In this expression, the functional U, is of the same form as the internal energy
of elasticity theory and, just like it, is assumed to be an (instantaneous) internal
energy potential, from which the stress—strain relations of viscoelasticity can be
obtained by differentiation [c.f. Appendix B]. Similar to the elastic strain energy
density, and using the actual fields o; and ¢;, for generality, the instantaneous
potential energy density functional, U,, is defined as

0

=5 Uy (&mn) (11.7)

ajj

As a potential function, U, (¢) can be formally constructed from 11.7 by
integration. To do this, the stress—strain constitutive Eq. (11.4a) is put on the left-
hand side of 11.7 and integration is carried out holding the hereditary part con-
stant, in accordance with the present type of variation. This leads to

Us[emn(1)] = %%(f)Mgijkzﬁkl(l) — (1) / %Mijkl(t — s)e(s)ds + é)[sij(t —s)] (a)
0

In this expression, D [(&;(z—s)] is a functional of the strain history and repre-
sents a purely dissipative contribution. The physical interpretation of this is that

“The constitutive potentials of viscoelastic substances are not unique. Any dissipative
term can be added to them without changing the stress strain law.”

Thus, without any loss of generality, the functional D is assumed to be iden-
tically zero, so that:

t
0
Uo(gmn) = Slj(t)Mgljklgkl(t) — CU(t)/ aM,‘jkl(l‘ — ’L')Skl(‘l,')d’[ (118)
0

N =

By its construction, as the integral of 11.7 with respect to the current strains, it
should be clear that the first instantaneous variation in this expression produces the
constitutive equations.

Example 11.1 Check that the first instantaneous variation in U, with respect to
current strains yields the constitutive equations of viscoelasticity in stress—strain
form.
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Solution:

Take the first instantaneous variation in U, as

0U, =1 [0eiMyiien + €iMgijden] and use the symmetry of the material
property tensor: Mgy = Mgy to collect terms and arrive at constitutive Eq.
(11.4a).

For future reference, U, is split into an elastic part, Uy, and a hereditary part,
U,o:

Uy=Ugp — Uy (1193.)
1
Ugo = Egij(t)Mgijklgkl(t) (119b)
_ e
Ui = ¢;(1) /OaM,jkl(l — 1)ey(t)dr (11.9¢)

Multiplying (11.4) by ¢;(#), and using the previous definitions, yields the
expression:

0;j(1)i(t) = 2Ugo — Uso (11.10)

Returning now to the instantaneous potential ¢,, introduced in 11.6, the other
integrals in it correspond to the instantaneous work of the body forces, F(f), and
the specified surface tractions, 77(r). Also, the stress and strain fields will in
general be functions of position, but such spatial dependence is omitted for clarity.

The conditions that 11.6 must fulfill at its stationary points are obtained by
setting its first variation to zero.

0,6) = [ Un(ey) av [ Finedi av— [ 0o as=o (o)

1% Sr

Adding and subtracting [ T;0u} dS = [ njo;0u; :
S Sr

T

Vv St Sr

S, (u)) = /5U0(8;j> av — /F,-éué av + / (T; — T?)ou, dS — /njojiéu; ds
v
=0

()

Extending the integral on the far right to the whole surface of the body S + S,,,
which is valid because du’ = 0 on S, and invoking Gauss’ theorem to convert that
integral into a volume integral [c.f. Appendix A], use the strain—displacement
relations, and collect terms to write:
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0
5%(”?)=/[sz—$Ua(8§d)}58ii dV—/[0171f+Fi]5”§ av + / (T; = T7)ou; ds
14 Y 1% St
—0

(d)
So that, for arbitrary variations in the kinematically admissible displacement

field and its associated strain field, the first variation in the instantaneous potential
is stationary if

1

0
guklsk[(t) /aMijkl(S)gkl(t - ’L') dt
0 (11.11)

AUo(e5) _
i)

0(t) + Fit) =
Ti(t) = T?(1); 0n ST

oy(t) = ap

Conversely, if these conditions are fulfilled, one can construct the potential ¢,,.
For this reason, the first variation in the instantaneous potential ¢, has a stationary
value, if and only if the constitutive and equilibrium equations as well as the
traction boundary conditions are satisfied. Clearly, by definition of the admissible
fields, the displacement boundary conditions are also identically satisfied. These
are the exact same requirements on the potential energy functional of elasticity.

That the stationary value of the instantaneous potential ¢, corresponds to a
minimum may be proven in simple terms. Indeed, the symmetry of the stress and
strain tensors implies that the glassy modulus tensor, M, is symmetric. Because
of this, the glassy term of the instantaneous potential ¢,, which is quadratic in
&;(t), must be positive definite. As in ordinary differential calculus, the second
variation—or second derivative—determines the character of the stationary points
of any given functional. Also, both the current and hereditary terms of the
instantaneous potential, ¢,, and the external work are linear in ¢;(#). Hence, it is
the quadratic term in &;(¢) that defines the second variation. By the positive def-
initeness of this term, the instantaneous functional ¢, will attain a minimum for all
kinematically and statically admissible displacement fields.

The theorem of minimum instantaneous potential ¢, may be used to develop a
method to determine the generalized force required to maintain a set of dis-
placements in a body. This is so when the instantaneous work of the external
forces can be expressed as a linear combination of the work of a set of generalized
forces, P,(f), as they move through their corresponding generalized displacements,
d.(t), that is, if

[y Filtui(e) aV + [ T7(t w(r) dS =Y P.d, (11.12)
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In this expression, the P,’s are known generalized forces, while the d;’s are
kinematically admissible, but otherwise arbitrary generalized displacements.

The displacement field, (), and with it the corresponding strain field, sb(t)
can then be expressed as linear combinations of the d;. Therefore, the instanta-
neous potential, U,,, and through it, ¢,, become quadratic functions of the d,, as

0, = [, Up(d)) dV =Y P.d, (11.13)

Invoking the stationarity of ¢,, and recalling the definition of instantaneous

variation, one can write ¢, = < {f Uo(dy) dV — ZP,d:.] od; = 0; which yields
ap p

the relationship sought:

d
P, :@/V Uo(d.)) dV (11.14)

11.3.2 Second Castigliano-Type Principle

This is the instantaneous viscoelastic variational counterpart of the theorem of
minimum complementary potential energy of elasticity. The viscoelastic functional,
which may be thought of as an instantaneous complementary potential energy
density, V,, is defined for all statically admissible displacement fields u”. A
displacement field, u”, with strains sg = %(ui’J + uj” ;). and stresses, ag = Mjju * dey),
is statically admissible if it is continuous and continuously differentiable inside the
region occupied by the body and identically satisfies the equations of equilibrium
inside the body, as well as the traction boundary conditions, where prescribed.

In analogy with elastic materials, an instantaneous complementary potential
functional, ¥, is defined for all statically admissible fields u/, ¢!, and ag—which

i]‘s
include the actual field u;(#)—in the form:

1//0(0;1'.) :/‘/Yo(ag)dV—/Su T! (t)uf(t)ds (11.15)

In this expression, the functional Y, is of the same form as the complementary
potential energy density of elasticity theory and, just like it, is assumed to be an
(instantaneous) energy potential, from which the strain—stress relations of visco-
elasticity can be obtained by differentiation [c.f. Appendix B]. Similar to the
elastic case, and using the actual fields ¢;; and ¢, for generality, the instantaneous
complementary potential energy functional, Y,, is assumed such that

0°

0
Ty, 1.1
3o (o) (11.16)

Eij =
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As a potential function, Y, (¢) can be formally constructed from 11.16 by
integration. To do this, the strain—stress constitutive Eq. (11.5a) is put on the left-
hand side of 11.16 and integration is carried out holding the hereditary argument
constant, in accordance with the present type of variation. This leads to

t
1 0 00
YO[O'mn(l)] = Eaij(t)cgzjklakl(t) — O'ij(t)/acijkl(t — ‘E)O'kz(‘C)d‘C + QO[O'mn(l‘ — S)}
0
(11.17)
This expression has the following instantaneous variation:
(o

5Y0(6mn) = 50’m,l(l‘) Cgijklakl(t) — /aCijkl(t — S)O'kl(f)d‘l,' (a)

0

In general, although the term Q, above, may be a functional of the stress history,
as far as the instantaneous variation is concerned, it does not contribute at all to the
strain—stress equations and may thus be taken as zero without loss of generality. In
other words, the complementary energy potential functional for a viscoelastic
substance is not uniquely defined, since one can add to it an arbitrary functional of
the stress history without altering the strain—stress relations. In other words, the
functional Q represents a purely dissipative contribution. Hence, in the sequel, Y,
is taken simply, as:

1 0
Yo(om) = Eaij(t)Cgijklakl(t) — (1) /E)&Q-jkl(t — 17)ou(t)dt (11.18)

Also, for future reference, Y, is separated into an instantaneous component, Yo,
and a transient part, Y,,, as follows>:

Yo = Ygo - Yto (1119&)
1
Yoo = Eaij(t)cgijklakl(t) (11.19b)
, 0
Y, = 0j(1) /O&Cijkl(,,r>akl(r) dt (11.19¢)

Premultiplying (11.5a) by o,(t), using the above decomposition of Y,, and
collecting terms produce:

gjj&ij = ZYg(, — Ym (1120)

5 The negative sign to define Y, is only used for mathematical convenience. .
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In addition, replacing Y,, with the aid of 11.19a and rearranging
Yu:aijgij_ygo (1121)

Returning to the instantaneous potential ¥/, introduced in 11.5a and b, in terms
of the arbitrary but statically admissible fields u/, &; ,anda the second integral in
it is the work of the arbitrary but statically admissible surfaced tractions, 7", acting
on the actual displacement field u; (7).

The stationarity conditions of Y,, are derived by setting the first variation in v,

to zero:
(a)) = / 8Yy(a})dv — / OT! (1)ul (1)dS = 0 (b)
v

Adding and subtracting f 0T!u; dS and using f 0T/ widS = [ njooju;ds result

u

in:
(a7) = / Y, (al)dV — / ST (uf — ul) dS + / njooguS =0 (c)
Vv Sr+Su

Before proceeding, the third integral on the right of this expression is converted
into a volume integral by means of the Gauss theorem [c.f. Appendix A]:

/njéag.uidS /(30';’]u dV—l—/éa ;i dV (d)
s

The first term on the right vanishes because the equations of equilibrium are
identically satisfied by the statically admissible field, and the instantaneous vari-
ation in the actual body forces is identically zero. Now, by the symmetry of the
stress tensor, the second integral may be expressed in the form:

1
/50 w;dV = /Z(ui”j +u;)oa;dV (e)
Using these results and rearranging, oy, becomes

0 1
0oloi) = [ gz Yoloh) 5 s+ w)o0,dv + [ (= )oTds =0 ()
1% y

Su

So that, for arbitrary variations in the statically admissible fields, the first
variation of the instantaneous complementary energy potential is stationary if
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1
AORE (u;j,. n u]’.j,.); inv (11.22)

u (t) = ul;on S,

Clearly, if these conditions are fulfilled, one can also construct the potential i/,,.
For this reason, the first variation in the instantaneous complementary potential has
a stationary value, if and only if the strain—displacement relationships and the
displacement boundary conditions are satisfied. By the static admissibility of the
fields involved, the equations of equilibrium are satisfied as well. As stated before,
these are precisely the requirements put on the potential energy functional of
elasticity.

The proof that the stationary value of the instantaneous complementary
potential energy corresponds to a minimum follows from the simple fact that i, is
quadratic in the instantaneous stresses and only linear in its hereditary part. By the
symmetry of the tensor of glassy compliances, Cyi;» the quadratic term of , is
positive definite. Since the character of a stationary point is determined by the
second variation in a functional, it being positive for i, due to the positive defi-
niteness of its quadratic term, the stationary points of iy, must correspond to a
minimum.

The theorem of minimum instantaneous complementary potential 1/, may be
applied to derive the viscoelastic counterpart of a second Castigliano-type theorem
of elasticity. This principle is used to determine the generalized displacement
required to maintain a set of specified tractions in a structure. In so doing, it is
assumed that the work term appearing in 11.15 may be expressed as discrete sum
of products of arbitrary but statically admissible generalized forces,® P’r/, and actual
generalized displacements d, as:

/ T ()l (1)dS = > Pld, (11.23)

Su

In this case, the stress field may be expressed as a linear combination of the
generalized forces; consequently, the instantaneous complementary potential
energy functional, Y,,, is quadratic in the P’,’ . Using this and 11.19a, b, and c allow
one to express 11.23 as:

Y, = / Y (P))dV — Y Pld, (11.24)

v r

S The term generalized force is used to denote either a concentrated force or a concentrated
moment, while the term generalized displacement denotes either a linear or an angular displa-
cement. A generalized force and a generalized displacement are work-conjugate if the work done
by the former acting on the later can be correctly calculated from their product.
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Stationarity of , requires that:

0 ) .
Wy =55 /YO(P;)dV ~> Pld,|6P, =0 (2)
s % r
That is
d —i/Y (Pdv (11.25)
fopr ) Ve '
\4

This expression shows that the generalized displacement corresponding to a
generalized force may be obtained as the first partial derivative of the instanta-
neous complementary potential function with respect to that force. This is the
analog of Castigliano’s second theorem for linear elastic structures.

Example 11.2 A beam of a viscoelastic material with tensile relaxation modulus
E(?) is subjected to a concentrated load P(¢), as shown Fig 11.1. The length of the
beam is L and its cross-section have second moment of area of magnitude /. Find
the deflection of the beam under the point of load application .
Solution:

The deflection, A, of the beam under the load P may be readily obtained by
means of Castigliano’s theorem (11.25). Hence, the following expression needs to
be evaluated: A = % ‘[ Y,(P)dV. For the beam in question [c.f. Chap. 5],

My _ P()wy
I — 21

g= . Using the strain—stress relation

&(t) = Coo(t) — 0,C(t — 1) * 0(1) = Coa(t) — K(t — 1) % 0(1)

and Eq. (11.21): yo = ge — 7,, leads to the following expression for the com-
plementary potential function:

/ Y,dv = / Ba(t)Cga(t) —oa(t)K(t — 1) *xa(t)| dv
' - IVJZ(z)CgL3 P(1)CeK(t — 1) * P(1)
9%l 481

Fig. 11.1 Example 11.2 P(t)

L, E), I
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Applying the theorem leads to A(r) = % IV, y = POGL LSC‘QK(FT)*P(Q; or:
14

481 481

A1) = 451 fa (t — t)P(t)dx]. This is the viscoelastic analog of the

elastic form PL?/(48EgI) and could, of course, have been obtained by the methods
of Chap. 5.

Castigliano’s theorem may appear to be of limited value because its form
(11.25) seems to imply that one can determine generalized displacements only at
the exact locations where generalized forces act. The unit theorem presented
subsequently is derived from Castigliano’s theorem and extends its applicability to
locations in a structure where no actual generalized forces need to be acting.

11.3.3 Unit Load Theorem

The unit load theorem for viscoelastic structures is derived from Castigliano’s
principle in a simple fashion, as follows. A generalized fictitious load P is applied
to the structure at the location and in the direction in which the deflection is
desired.” The stresses and strains resulting from P are then determined and used to
construct the complementary potential functional Y,(P). The generalized dis-
placement, d, is obtained by applying Castigliano’s theorem (11.25), differenti-
ating Y, with respect to P and, since P is fictitious, evaluating the result at P = 0.

Indeed, let g;(t) be the stress field induced by the loads acting on the structure
and ¢,;(¢) that due to a generalized load of unit magnitude. With this, the stress
field induced in a linear viscoelastic structure by a generalized load of magnitude
P will be P-0,(), and the combined action of the actual loads and P will yield the
field: ¢;(t) + P-0,;(t). Under this system, using 11.19a, b, and c results in the
following instantaneous potential functional, Y,:

¥, = 3103(0) + Pou () Camloue) + Pown(0)}+
(11.26)

= [o(1) +P0m’j(t)]/%Ctijkl(f—f)]{akl(f) + Poya(t) bt
0

Applying the second Castigliano-type theorem, (11.25) produces the expression
sought:

7 For simplicity of exposition, the prime notation used to distinguish statically admissible fields
is dropped.
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0
ulp= P Yolp—o

t

0
:/auij(t)Cg,-jklakl(t)dV—/omj(t) /&Cﬁjkl(t—r)ak;(r)dr dv

\%4 \%4 0
(11.27)

This form is easily applied to obtain the deflection of linearly viscoelastic
bodies made of structural members such as beams, columns, and bars, for which
the most general state of stress, g, is made up of a normal component and two
shear stress components. The direct or normal stress is due to the normal force and
bending moment—possibly two of them—acting on the cross-section. The shear
stresses are induced by the shear forces and, if present, the torsional moment. As it
turns out, the use of principal centroidal axes in (11.27) eliminates all terms
containing mixed mechanical elements.®

Example 11.3 Derive the viscoelastic unit load theorem for prismatic structural
members accounting only for bending moment effects.
Solution:

M)y
I

Start with the normal stress ¢ () = produced in a viscoelastic beam by a
M, (x)

bending moment M (1) [c.f. Chap. 5] and note that ¢,() = =5 would be the
stress induced by a generalized load of unit magnitude acting along the generalized

direction at the desired location. Then, insert these two expressions on the right-
hand side of (11.26) to obtain

u|P://M"(Ix’t)ngM(;’t)ydAdx
L A
e o oa0u]

Carry out the integral over the cross-sectional area, using that / = [y?dA and
A

simplify to get:

ulp= M (x,7)dt p dx

M, (x, 1) CoM(x, 1) Ma(x,1) [3C(1 —1)
i ﬂ_/ i / ot
0

(11.28)

8 This is so, because mixed terms involve integrals of the form: J ydA; which are identically zero
A

by the assumption that the reference axes are centroidal.
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My ()M (1)

77— dx, only when

This is the analog of the linear elastic expression: u|,= [
L

bending effects are included. For convenience, Eq. (11.28) will be simplified by
introducing an auxiliary operator, C:

A(t) - C* B(r) = A(1)CyB(t) — A(2)

%C(t — 7)B(t)dt (11.29)

o —~

So, that, operationally

C*E[Cg—]%C(t—r)*} (11.30)
0

With this definition, Eq. (11.28) takes the symbolic form:

u|P:/Mu(x7t)-é*M(x,t)dx (11.31)

1

Example 11.3 Determine the mid-span deflection of the uniformly loaded, simply
supported viscoelastic beam shown in Fig. 11.2, where ¢, L, I, and E represent,
respectively, the uniform load on the beam, reckoned per unit length of the beam,
the beam’s length, the second moment of area of the beams cross-section, and the
tensile relaxation modulus.

Solution:

The solution is obtained by evaluating Eq. (11.31), in which M is the moment
induced by the actual loading ¢ and M, is the moment due to a unit concentrated
load acting downward.’ To do this, obtain the required mechanical elements by
establish equilibrium of the beam under the unit, generalized load and the actual
load.

To establishing equilibrium of the beam under a unit load, use Fig. 11.3:

Fig. 11.2 Example 11.3 q(n)
Y Y Y Y

HON JVANS

— LEI —

° The sense of the generalized unit load is arbitrarily chosen; but if the computed deflection is
negative, its sense will be opposite that assumed for the generalized unit load.
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Fig. 11.3 Example 11.3: l 1

Equilibrium under a unit load
t A N
I
I
12

X
Fig. 11.4 Example 11.3: /2
Equilibrium under actual load
gxi2 )
|
|
-y EENIS,
|
|
T— x -
oL/2
From it, write that:
% x; 0<x< %
M“ L_ x. L <L
272 3<XS
For equilibrium under the actual load, use Fig. 11.4 to write
L
M:%x—%xz; 0<x<L (b)
Insert these expressions into Eq. (11.31) to obtain

L2 R
ux==54 =2 bf [1x - Cp * (%x — 1x%)] dx

Here, use has been made of the symmetry of M, and M with respect to the
center of the beam to perform the integration over one half of the beam only.

Integrating this relation, noting that Cis independent of x because the material is

homogeneous and using the C,= 1/E, yields: u(x=%) = 35%4416‘ * q(1)

W

1
gL 514 OCE(1—1)
3AE] T 38T ) 0

at the center of an elastic beam of Young modulus E,.

Expressions (11.31) can be generalized to cover the case of multiple mechan-
ical elements—axial force N, shear forces V, and V,, bending moments M, and
M,, and torsional moment M —acting simultaneously on a structural member.
Indeed, let the mechanical elements in a structural member be defined in a
coordinate system with its z-axis passing through the centroid of the member’s

q(7) dt; in which the first part on far right is the deflection
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Fig. 11.5 Vectorial sign
convention for structural
mechanical elements

cross-sections and located along the tangent to the principal centroidal rectangular
coordinate system.'® For definiteness, the vector sign convention is used.
According to this convention, a mechanical element is positive if as a vector it acts
in the positive direction of the corresponding coordinate axis, as illustrated in
Fig. 11.5.

Under these assumptions, the most general state of stress in any given structural
member would include the following components [4]:

ou(t) = 0y(1) = 0,,(1) =0 (11.32a)
O

0 (f) = ‘;bey + sz(t)y (11.32b)

O-zz(t) :Nz(t)+Mx(t)y_My(t)x (11320)

In these expressions, A is the area of the cross-section; I, and I, are the second
rectangular moments of area of the cross-section with respect to principal and

' A centroidal and principal coordinate system is located at the center of area —or centroid— of a
cross section, with its axes coinciding with the cross section’s principal axes of inertia. In such a
system, the following relations hold:

/di z/ydA :/rdA =05 = /xydA =0k = /ysz;I_;E /xsz;Jz = /rsz
A A A

A A A A
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centroidal x and y axes, respectively; and J, = I + I, is the polar moment of area
of the cross-section with respect to the z-axis. Also, b,(y) is the length of the fiber
at which the shear stress is being evaluated, which is located at a distance y from
the centroidal x-axis, and Q,(y) is the first moment of area with respect to x of that
portion of the cross-section delimited by this fiber and the outermost fiber of the
cross-section; by(x) and Q,(x) have completely analogous interpretations.

Using Eq. (11.32a, b, ¢) and the corresponding expressions for the P-multiplied
stress field with Eq. (11.27) leads to:

ulp= 6PY olpg = //am 1)Cq0.- (1) dV — //O’uw
L A
//aw )Co0:(t) dV — //
+//om )Co0(t de//auZy(t)
L A

/;C(r —1)o(t)dt| dV

C(t — 1)o,(t)dt| dV

O'uzx([)

Example 11.4 Derive the expression for the unit load theorem for a prismatic
beam loaded only on its principal plane of bending z—y, by axial and transverse
forces, disregarding the effect the shear forces might have on the deflection of the
beam.

Solution:

In this case, My =M,=V,=0; and o0, =0, =0, =0, =0, and
O, :%fMI—:y. Also, although o, :% its effect on the deflection will be
neglected. Inserting this field in 11. 33 fogether with the corresponding stresses
Ouzz = %f Zed - due to the unit load, and using (11.29) to simplify notation,

produce the express10n.
ulp= | (’\2«7 —ﬁ) Cx [ (’X Ag*'"’)dA dx. Carrying out the operations and
L ) A !

noting that f vdA = 0, because the reference axes are centroidal, and also that
A

fysz = I, lead to u|,= fN" CeN: 1 + IMNXC* s dxt.

Just as for elastic systems, the unit load theorem can also be used to determine
reactions in statically indeterminate structures. This and other related topics will be
taken up in a future edition of the text.
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11.4 Reciprocal Theorems

Consider a viscoelastic body under the action of two separate sets of body forces,
surface tractions and boundary displacements, {F TO, u} and {F TD7 #}, to
which correspond stress and strain solution fields {c', &'} and {g?, &}, respec-

tively. It can then be shown that under certain additional restrictions, any two such
systems enjoy several reciprocity relations.

11.4.1 Static Conditions

Here, viscoelastic bodies are considered which have been at rest prior to the start
of the observation and are loaded so that their accelerations remain negligible.
Such systems have boundary tractions and displacements that satisfy a reciprocity
relation analogous to the theorem of Betti for elastostatics [see for instance
A. Ghali, A.M. Neville, cited].

/T;*du,?ds+/F}*dufdvz/Tf*du}ds+/F§*du}dv (11.34a)
N \4 N 1%

Or written out in full:

//T1 t—r—u drdS+// t—r—u()drdV 2|, (11.34b)
Sr

where dependence on the position coordinates is omitted for clarity. Also, to avoid
repetition, the symbol 7| , 1s meant to indicate that the expression on the right-hand
side is identical to that on the left-hand side, but with superscript p taking the role
of superscript ¢ and vice versa [1].

The present reciprocity relation is proven by showing that starting with one side
of it, say the left, one can produce its other side. To do this, first transform the
surface integral on the left-hand side of (11.34a, b) to a volume integral, replacing
the surface traction in it by the scalar product of the surface normal and stress
tensor and applying Gauss’ divergence theorem [c.f. Appendix A]:

1 2 jo_ 1 2 g0 1 2y
/STl * du; dS—/Sn,o*ij*dui dS—/V(a[j*dui),‘,dV

:/(W*du +a * du? ;) ds (a)

_/Fl*du?dV+/al.lj*dul.2JdV
1% 1%
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In the last step, the equilibrium equations, o}, + F} =0, were invoked.

Operating now on the second integral on the right-hand side of (a), using the
symmetry of the stress tensor

1
/Val.lj*du?J-dVE/‘/o}j*zd(uzj—l—uﬁi)dV:/Vailj*dsizjdV (b)

Use of (a) and (b) transforms the left-hand side of (11.34a) into
/T;*du,?ds+/F;*dufdv:/a}j*de?jdv (c)
s v v
Consequently, also
/Tf*du}dSJr/Ff*du}dv:/aﬁj*dg}jdv (d)
s 4 v

Now, in view of the stress—strain constitutive equations, J}J = M *ds,b,
together with the associative and commutative properties of the Stieltjes convo-
lution [c.f. Appendix AlJ:

/v al.lj * dai dv = /v (M * dey,) * dai dv = /v (M + d(g) * dai) dv
= /M,-jk, * d(ai, * delll) dv = / (M * deil) * dsllj dv (e)
1% ' 14

2 1
= o;xde; dV
/V ij ij

Expressions (c) and (e) prove the reciprocity relations (11.34a, b).

11.4.2 Dynamic Conditions

Using the Laplace transformation and assuming at-rest initial conditions, a reci-
procity relationship for dynamics may be derived, which is applicable to both
homogeneous and inhomogeneous elastic and viscoelastic materials of arbitrary
density [1].

The reciprocity relations for dynamics, which are entirely analogous to those of
the quasi-static case—including that no time derivatives appear in the convolution
integrals—take the form:

/T}*ufds+/F}*ude:/Tf*u}ds+/F3*u}dv (11.35a)
N \4 N \4
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Or, explicitly

//Tlt—r drdS+// (t —1)u(t)drdvV =2|,  (11.35b)
Sr

Indeed, starting with the equations of motion for the body under the first loading

system O'U ,HF ! = pii;, convolving it with the dot product of the displacement

vector of the second system, u7, and integrating over the volume, manipulating the
spatial derivative:

/(aw—i—F )*uideE/(o—j*u ),;dvV — /a}j*udeV—i—/Fil * u? dS
14 v 14 14
d*u)
:/p i *u av
Applying now the divergence theorem to the first integral on the right of the

identity sign and using the strain—displacement relations and symmetry of the
stress and strain tensors in the second integral; and rearranging:

d21
/Til*uizdSJr/Fil*uide:/al.lj*eizjdVJr/p z’udV
S Vv 14 ’ dr

On applying the Laplace transform to this expression, assuming at-rest initial

conditions:
[ [ [ [
N v v !

And, upon inserting the Laplace transform, 6}j = s]l_/l,-jklé,]d, of the constitutive

/Tﬁdah/ﬁﬁdvz/}nggdv+/pﬁ¢ﬁmz (a)
N 14 |4 \%

Similarly, reversing the roles of solution fields 1 and 2:

/ 727! dS + / Fia}dv = / Mgyt dV + / wa v (b)
s 14 4

Equating (a) and (b) yields:

/ﬂﬁa+/ﬁﬁWz/fww+/ﬁ¢W ©
s v S v

relations:
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Fig. 11.6 Problem 11.2 1
| JVANS

/LY !

The inverse Laplace transform of this expression recovers the general reci-
procity relation for elastokinetics presented in Egs. (11.35a, b).

11.5 Problems

P.11.1 derives explicit expressions for the instantaneous potentials Uy, and U,,, of
a linear isotropic viscoelastic solid of constant Poisson’s ratio, v, and uniaxial
tensile relaxation modulus E(f).

Answer:
E, %
Uao = gy {a0ea) + = w00}
Um = ﬁ |:(]—1—2V) Skk(l) /E) %E )Pkk dT + Z“” /0 ?”(T)dl’
Hint:

Use constitutive Eq. (8.26) and relations (9.21) for isotropic viscoelastic
materials with constant Poisson’s ratio, together with Eq. (11.9b, ¢), and carry out
the indicated operations.

P.11.2 Use the unit load theorem to determine the rotation at the left support of the
beam in Example 11.3.

Answer: 0(x = 0,7) = m m — L Cp(t—1)P (r)d‘c}

Hint:

Proceed as in Example 11.3, using a unit moment as generalized load, applied
at the left support, where the rotation, as generalized deflection is wanted. Thus, as
seen in Fig. 11.6, equilibrium under the unit generalized load leads to

=1 — x/L. Insert this and M = @x —2x?; 0<x<L,into (11.31) and carry

2
out the operations to arrive at the result.
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Appendix A
Mathematical Background

A.1 Average Value of a Function

Simply put, an integrable function is one whose integral exists. The average value
of an integrable function, f, over a finite interval [a,b] is defined as the quotient of
the value of the integral divided by the amplitude of the integration interval.'

b
1
= / f(s)ds (A1)
Stated another way:
b
[ 751 = (6 - ) (A2)

In other words, the average value A(f) of the function f may be thought of as the
height of a rectangle with base equal to the length of the interval over which the
average is taken. This is indicated schematically in Fig. A.1.

When fis continuous, its average value is equal to the value of f at some point in
the interval [a,b]. This is the mean value theorem for integrals, proven next.

A.2 Mean Value Theorem for Integrals

If f is continuous on [a,b], then for some c ¢ [a,b]:

b

/ F(s)ds = (b— a) - f(c) (A3—a)

a

! Reference material for sections A.1 to A.5 may be found in T.M. Apostol, Calculus, 2nd
Edition, Xerox College Publishing, (1967), pp. 154, 184—186.

D. Gutierrez-Lemini, Engineering Viscoelasticity, DOI: 10.1007/978-1-4614-8139-3, 283
© Springer Science+Business Media New York 2014
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Fig. A.1 Geometric inter-

pretation of mean value f(x) !

theorem "
Af) |- ;

a b

A 4
=

Proof Let m and M denote, respectively, the minimum and maximum values of
f(x) on [a,b]. Then, m < f (x) < M. Integrating this system of inequalities in the
given interval, dividing through by (b-a), and using the average value of a
function, there results

b
1
e G / Fs)ds = AG) <M (@)

In addition, the intermediate value theorem for continuous functions tells us that
f takes on every value between f (a) and f (b), somewhere in the interval [a,b].
Thus, A (f) = f (c), for some c ¢ [a,b]; completing the proof. The theorem is
alternatively expressed as

b
/ Fls)ds = (b—a) - fla+ (b —a)], O<i<l (A3-b)

a

A.3 Weighted Mean Value Theorem for Integrals

Let fand g be continuous on [a,b]. If g never changes sign on [a,b], then for some
c in [a,b]:

b

b
/ F()8(s)ds = £(c) / ¢(s)ds (A4)

a

Proof The proof proceeds as that of the mean value theorem for integrals. Since
g never changes sign in [a,b], it is always nonnegative or always non-positive.
Assuming g is nonnegative, we multiply the system of inequalities m < f (x) <
M by g(x), to yield m g(x) < f(x)g(x) < M g(x), and integrate it between the limits
of the given interval, so that



Appendix A: Mathematical Background 285

/ 5)ds </f ds<M/ (a)

If the integral of g is zero, the theorem is trivially satisfied; since in that event, the
integral of f -g is also zero, and both members of the theorem are zero, for any c¢ in
[a,b]. Otherwise, the integral of g would be positive. This would allow division of
the above system of inequalities by the integral of g and apply the intermediate
value theorem—as we did for the mean value theorem—to complete the proof.

This theorem is useful to get an estimate of the integral of a product of two
functions, especially when one of the functions is easy to integrate.

Example A.1 Prove the inequality: 5 f < fo mdx =

Solution
First note that both, x and 1/4/1 4 x are continuous and nonnegative in the
interval of integration. Then, apply the weighted mean value theorem for integrals
to writefolf—g—dx:\/%fol 9dx510+\/m;5 € [0, 1]. Now, since JLZ < — 1+ <1,
1
for all £ in [0,1], it follows that — \/- < fo dx < 55.

Vitx

A.4 Rolle’s Theorem

For any function, f, which is continuous in [a,b], and differentiable in (a,b), and
such that fla) = f(b), there exist at least one point ¢ ¢ (a,b) where its derivative
vanishes f’(¢) = 0.

Proof This theorem is proven assuming that f'(x) # 0 everywhere in (a,b), and
noting that such assumption leads to a contradiction, which then implies that
f'(x) = 0 for at least one x in (a,b). Indeed, because f is continuous in [a,b], it
acquires its minimum and maximum values, m, and M, respectively, somewhere in
[a,b]. Also, since a necessary condition for the existence of an extreme value
(maximum or minimum) of a function is that its derivative vanishes at the critical
point, it follows that f'(x) =0 for some x in [a,b]. However, by assumption,
f'(x) # 0 everywhere in the interval (a,b). This leaves x =a and x =b as the only
critical points of f in [a,b]. That is f’(a) = 0 and f'(b) = 0. This, and the property
that fla) =f(b), would require that m =M, in which case, f would be constant in
[a,b], and f'(x) = 0, everywhere in [a,b]. This contradicts the hypothesis that
f'(x) #0 everywhere in (a,b), and hence, f'(x) =0 somewhere in (a,b);
completing the proof.
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A.5 Mean Value Theorem for Derivatives

If f is continuous in [a, b], and differentiable everywhere in (a,b), then there is a
point ¢ in (a,b) for which
iy (b)) —f(a)
= A.S
70 === (AS)
In other words, as is depicted in Fig. A.2, there is—at least—a point in the
interval (a, b), where the tangent to the curve has the same slope as the segment
joining the end points of the interval.

Proof The proof is based on Rolle’s theorem, which applies to the same type of
function as the present theorem, but with the added requirement that f (a) = f ().
To apply Rolle’s theorem, we construct the function: A(x) =
f(x)-(b—a)—x-[f(b) —f(a)]. By construction, h(x) is continuous in [a,b],
differentiable in (a,b), and such that i#(a) = h(b). Under these conditions, Rolle’s
theorem applies to A(x); thus, /' (¢) = 0 for some ¢ in (a,b). Hence, i'(c) =0 =
f'(¢)-(b—a)—1-(b— a); proving the theorem.

A.6 The Total Derivative

If y = f(x) represents a real-valued function of a real variable, its derivative, f'(x),
is defined by

£(x) = lim 2 7+ ) — (2] (A6)

Now consider the following limit, denoted by f’(x;z), or df (x;z) and called the
total derivative or first variation of f with increment z*:

1 d
o (i) = limf (v +he) —f(] = Zf e+ h)ly  (AT)
As will be shown subsequently, this limit is linear in z, so that

of(x;2) =f(x;2) =f (x)z (A.8)

This establishes the relation between the derivative f’(x) and its total derivative
or first variation, f(x; z), ordf (x; z).

The linearity of df(x;z) on z follows from its homogeneity and additivity. To
prove that Jf(x;z) is homogeneous of degree one in z, consider the variation
Of (x; kz); and using its definition in (A.7), multiply and divide its right-hand side
by k and invoke that the product of the limit is the limit of the product, to write

2 D.C. Leigh, Nonlinear Continuum Mechanics, McGraw-Hill (1968), pp. 46—49.



Appendix A: Mathematical Background 287

Fig. A.2 Mean value theo-
rem for derivatives (e, f(0)

v

S (x;ke) = fim L [F(x 4 k) — ()] = Jim (x4 k) 7] (a)

Now set [ = kh and arrive at the following expression, which proves
homogeneity:
L1
Of (v ke) = klim [/ (x + 1) = f()] = kof (x32) (b)

To prove additivity, evaluate of (x; z + w) using (A.7). Then, split the argument
X + h(z + w) into (x + hz) and hw, and add and subtract the function fix + hz) to
express the result as

3 (w524 w) = lim o (x4 h(e +w)} —F{x)]

= lim%[f{(x + hz) + hw} — f(x + hz)]

+lim (7Gx 4 b)) — )]
= 0f (x;2) + 9 (x; w)

A.7 Differentiation Under the Integral Sign

Differentiation under the integral sign is carried out by means of Leibnitz’s rule,
that

If u;(o) and u,(2) are differentiable functions in the closed interval [a,b], and
Sflx,o) and Of(x,0)/0cr are continuous in the region of the x-o plane delimited by a <
o < b, uy(a) < x < up(ar), then
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$ fluaa) ) L) — £ () ) L () (A9)

do. do
Proof Letting: ®(a) = ff& f(x, o)dx, we proceed to compute its derivative using
the “four-step rule.” We thus evaluate ®(az + Aa), AD, AD/Ax and
limp, .o (A®/Aax):

us (a4-Aor)

AD(o) = O(or 4 Aax) — D(a) = /(

uy (o+Aor)

1 (o)
£, 0+ Ax)dx — / Flr,)dx (a)
up (o)

We now split the limits of integration of the first integral on the right-hand side
into three subintervals; the first, from u; (o + Ac) to u;(e); the second, from u,(c) to
u>(o0); and the third, from u,(o) to us(o + Aor). We then combine the second integral
on the right-hand side of the above expression with the split integral of the same
limits, to arrive at

ul(ot) uz(l)
AD(a) = / S x, 00+ Ao)dx + / [f (x, 00 + Aar) — f(x, o0)]dx
uy (a+Aar) uy (o)

(b)

u (o+Aar)
+ / f(x, 00+ Aa)dx
ua (a)

Rewrite the first integral in this expression by switching its limits of
integration—which picks up a negative sign:

uy () uy (o+Aa)
/ Fx o+ Aa)d. / fx, 00+ Aa)dx (c)
uy (a+Aa) uy (o)

Apply the mean value theorem for integrals to this expression to get
@ (o) = —f (&), 04+ Aar) - [u (o + Act) — uy(22)] (d)
That is
D (o) = —f (&, 0+ Aa) - Auy(0); uy (o) <& <uy (o + Ax) (e)

In similar fashion, invoking the mean value theorem for integrals, the third
integral in the expression for ® may be cast in the form:

ua (04-Aar)
B = [l A= (6ot M) il 87) @) ()
1 (o)
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In other words,
Dy (o) = f(&ay 00+ Aax) - Auy(00); uz (o) <& <up (o + Aat) (2)

Using the expressions for @; and @, to replace the corresponding integrals
appearing in A®, leads to

ua (o)

AD(a) _ [f(x, 00+ Aa) — f(x,00)] v Au, (o)
Ao ul(/a) Ao, dx = f(&y, 0+ Aa) Ao (h)
(&, a+ Ax) - A“AZO(C“)

Taking then limit as «—0, noting that &, — u(«) and &, — uy(x) as «—0, and
using the definition of the partial derivative of a function, completes the proof.

Example A.2 Obtain the derivative with respect to ¢, of the function
= [ye~Fp(s)ds

Solution
Direct application of Leibnitz’s rule yields

r; dt =0 do
/ s)ds + e~ p()dt e p(O)dt
That is
t
a0y == [ o)+ pl0) =~ al0) + ()
dtq Ty e *p\s)as +—pll) = ocq p
0
Expressions of the form 4¢(1) = —1 [fe=Fp(s)ds + p(1) = —Lq(1) + p(2),

occur naturally in viscoelasticity and are solved for the state variable g (stress or
strain) in terms of the source function, p (strain or stress, respectively) using the
procedure described in the next section.

A.8 Linear Differential Equation of First Order

The general linear ordinary differential equation of first order may be written as

L300+ () 3() = () (A10)
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The solution to this equation is obtained by rewriting it in terms of differentials,
and multiplying it by a continuous function, u(x):

u(x) - dy(x) + u(x) - p(x) - y(x) - dx = u(x) - g(x) - dx (a)

With this, the left-hand side of the equation becomes an exact differential of the
product u(x) - y(x). That is, look for a (non-zero) function u(x) such that

dlu(x) - y(x)] = u(x) - q(x) - dx (b)

The solution, y(x), of the general linear differential equation posed, is obtained
integrating this expression. This can be accomplished either by indefinite or by
definite integration.

Using indefinite integration and the fact that the indefinite integral of the total
differential of a function is the function itself, results in:

u(x) - y(x) = /u(s) -q(s)-ds+C (A.11)

X

The dummy variable of integration of the indefinite integral on the right-hand
side was changed for clarity. The constant of integration, C, is established from the
condition (x,,y,) at the end x = x,, of the interval of integration.

Alternatively, if definite integration between the limits x, and x is employed

u(x) - y(x) — ulno) - y(xo) = / u(s) - qls) - ds (A12)

The integrating function u(x) may be established from the requirement that
multiplying the original equation by it should turn its left-hand side into an exact
differential. That is

du(x) - y(x)] = u(x) - dy(x) + u(x) - p(x) - y(x) - dx (c)
Evaluating the left-hand side of this expression, canceling like terms, and
du(x)

regrouping, produces that 775 = p(x) - dx; with integral n{u(x)} = [ p(x)dx;

which leads to the integrating factor:

u(x) = ef P (A.13)

Example A.3 Obtain the general solution of the differential equation 4g(r) +
%q(t) = p(t), if the solution passes through the point (¢,, g,). That is, if g(¢,) = g,.

3 Elementary Differential Equations, E.D. Rainville, P.E. Bedient, 4th Edition, Collier
Macmillan, London (1969), pp. 34—40.
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Solution

Expressions of this type occur naturally in viscoelasticity and are used to
determine the “state variable,” g, in terms of the source function, p. By the present
method, an integrating factor for this equation is obtained from (A.13) as u(?) =e'lT;
and noting that 7 is the independent variable, its general solution, in accordance to
(A.11) or (A.12), is

t s (1=to)
a) =t [ opids e g,

Example A.4 The stress, g, in viscoelastic system may be expressed in terms of
the applied strain, ¢ (7), in the form: %a +a-0= %s; a € R. Determine ¢ (7) if the
initial stress is a(0) =0, and the applied strain is ¢ (f) =R -t.

Solution
The given stress—strain relation is a first-order ordinary linear differential
equation in ¢ (7). An integrating factor for it may be found from (A.13), as

u(r) = of t = g

This, and (A.11) or (A.12), produce that o(t) = e “[c(0) + [(e® - Rs)ds].
Integrating this expression by parts, simplifying, and using the initial condition on
o, produces the result sought: ¢(f) = ¢ “6(0) + & [r — 1 (1 — ¢~)].

a

A.9 Differential Operators

Differentiation may be considered as an abstract operation, which when applied to

a given function returns another function. With this idea in mind, the first
derivative, & = » of a function, f, with respect to some variable, 7, may be regarded as
the result of applying the derivative operator of first order, < 4 to the function f. The
derlvatlve operator of first order is represented by any one of several symbols, as
dt’ 9;, D, D,. Also, note that this operator is linear, because the operation of
differentiation is homogeneous and additive; that is

By homogeneity is meant that for any function 4 which does not depend on t:

SN =15) ()

e By additivity is meant that, for any two suitable functions, f| and f>:

(fl +) = (f) +o (fz) (b)

Invoking the property of differentiation that the derivative of the first derivative
of a function is the second derivative of the function; and so on, we can construct
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derivative operators of order higher than one. Thus, <(4f) =<2 (f),...,
ar 1 _dn
4 (551) = 5.
We denote the derivative operator of order n by %, o}, D", D}; and, for
practical purposes, generalize it to include the derivative operator of order zero, to

signify no derivative is taken: (j—:,f) =1-f=f.

The foregoing serves to define the general linear differential operator of order
n with constant coefficients, or with coefficients which do not depend on the
differentiation variable—as a sum of derivative operators of orders up to and
including order n:

dO dl d2 4t " di
PEPOE"' dt1+p2d12+'”+pnﬁz i— Opldﬂ (A14)
where the p;’s are any suitably continuous functions which do not depend on #;
and, as required by the order of the operator, p,, # O.

By definition, linear differential operators can be added together (by additivity),
or factored by constants or functions that do not involve the variable of
differentiation (by homogeneity). Specifically, given any two linear operators, P,
and Q, a suitably smooth function, f, of the differentiation variable, and any

constant, A, the following relation holds:

(P+Q)(%f) = PUSf) + QUif) = ZP(f) + 4Q(f) (c)

In addition, linear differential operators are both commutative and associative.
These properties result from the fact that “the mth derivative of the nth derivative
is equal to the nth derivative of the mth derivative.” Because of their linearity,
these operators are distributive as well. Thus, for linear operators P, Q and R, and
function f; and f>:

e Commutative property

P(Q(f)) = (PQ(f1)) = (QP(f1)) = Q(P(1)) (d)

e Associative property

(POR)(f1) = (PQ)(Rf1) = (P)(QRf1) (e)

e Distributive property

(PO)(fi +12) = (PQ)(f1) + (PQ)(f2) (f)
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A.10 Linear Differential Equations of Higher Order

A differential equation is one involving an unknown function and some of its
derivatives. If the derivatives appearing in the equation are ordinary derivatives,
the equation is called ordinary; and if the derivatives are partial derivatives, the
equation is a partial differential equation. The order of the highest-ordered
derivative in the equation represents the order of the differential equation. Also, a
differential equation is said to be linear if it is linear in the unknown function and
its derivatives.

Using differential operator notation, an ordinary linear differential equation of
order n may be expressed in the following symbolic form:

(Fy(x) = R(x) (A.15)

In which, as in the previous section, the operator (f) is defined by
f=ayD’ +a D' +a;D* + -+ a,D" (A.16)

Clearly, for the equation to be linear, none of its coefficients can depend on the
unknown, function y.

Only linear equations with constant coefficients are considered here. Also, if the
function R(x) is identically zero in the interval of interest, the differential equation
is called homogeneous; otherwise, the equation is non-homogeneous.

A.10.1 Homogeneous Differential Equations

By definition, a homogeneous ordinary linear differential equation has the simple
form:

(f)y(x) =0 (A.17)

Solutions to this type of differential equation are found by inspection. Indeed,
noting that D¥(e"™) = mke™, we try the function y(x) =Ae™" as a solution to (A. 17)
and arrive at

(f)(Ae™) = (a0 + aym + aom® + - - - + aym) - Ae™ = f(m) - Ae™ =0 (a)
After canceling out the factor Ae™, this produces the auxiliary equation:
f(m) = (ao + aym + aom® + - + a,m") =0 (b)

The auxiliary equation (b) is a polynomial equation of degree n in the exponent
m of the trial solution and has, in general, n roots, m;. Once these roots are
obtained, the solution of the homogeneous differential equation should be given,
by its linearity, as the sum of the n independent solutions, A;e™*. Two cases are
distinguished: non-repeated and repeated roots, as follows.
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Non-repeated roots
In this case, the complete solution to (A.17) is given by the sum:

V) =D A (A.18)

The coefficients A; are established from the boundary (or initial) values of the
function y(x) and its derivatives up to order n — 1.

Repeated roots

When the auxiliary equation f (m) = 0 has repeated roots, the operator (f) has repeated
factors. Assume, for definiteness that the auxiliary equation has p equal roots m; = b.
Then, the operator (f) must have a factor (D — b)”, and Eq. (A.17) can be cast as

(f)y(x) = (&) (D = b)y(x) =0 (c)

where the operator (g) contains all the factors other than (D — b)”. Clearly, any
solution of

(D —b)’y(x) =0 (d)

is also a solution of Eq. (¢), and therefore of the original Eq. (A.17). In summary,
we need to find p independent solutions of Eq. (d). This is easily done, noting that
the functions yk:xkeb", k=0, 1,..., p — 1, are linearly independent because the
x;’s are linearly independent, and consequently, so are the proposed functions, yy.
Using this, we construct the general solution of (A.17), for the case of p repeated
roots my=b, of its auxiliary equation, as

n— n—1
0= e S Bt a1

The same ideas and procedure are used when the auxiliary equations has
multiple sets of repeated roots.

Example A.5 Find the general solution of the homogeneous equation %f

22 +4=0.

Solution

The operator form of the given equation is (D* — 2D + 1)y(x) = 0. This leads
to the auxiliary equation m?> — 2m + 1 = 0, with roots my, = 1,1, for which the
solution is y(x) = Ae* + Bxe".

A.10.2 Non-Homogeneous Differential Equations

The general solution of the non-homogeneous ordinary linear differential equation
in (A.15) may be expressed as the sum:
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¥(x) = ya(x) +yp(x) (A.20)

of the complementary solution, y,, to homogeneous Eq. (A.17), and some
particular solution, y,, to the original Eq. (A.15).

The solution of the homogeneous equation is obtained as described before, from
the roots, m;, of the auxiliary equation f(m) = 0. In what follows, a particular
solution is sought using the method of undetermined coefficients. This method is
applicable only to cases where the function R(x) is itself a solution of some linear
homogeneous differential equation, say: (g)y,(x) = R(x). Indeed, in such a case,
the roots, mj, of the auxiliary homogeneous equation g(m’) = 0 are obtained by
inspection, from R(x). In addition, the differential equation:

(&) (Fy(x) =0 (e)

has an auxiliary equation whose roots are the roots, m;, of the auxiliary equation
f (m) = 0, together with the roots m), of the auxiliary equation g(m’) = 0. This
means that the general solution of (e) contains the particular solution y,, referred to
in (A.20) and so, is of the form: y(x) = y;(x) + y-(x). Then, (f)y,(x) = R(x),
because (f)yn(x) = 0. Removing y;, from the general solution of (e) leaves the
function y,, which for some specific numerical values of its coefficients, must
satisfy the original non-homogeneous equation (A.15). The required coefficients of
v, are established from the requirement that y, = y,,.

Example A.6 Find the general solution of the equation % — 2% + 1 =2¢e*.

Solution

The roots of the complementary homogeneous equation were obtained in
Example A.5, as mj, = 1, 1. The function ¢ on the right-hand side of the given
equation corresponds to an auxiliary equation with root: m| = 2. Therefore, the
roots of the general solution y =y, +y,, have to be: my3 =1,1,2; which
requires that y = Aje* + A,xe* + Be**. The constant B is established from the
requirement that (f)y(x) = 2¢*, which produces B = 2. Hence, the general solution
of the equation posed is = Aje* + Ayxe* + 2e*.

A.11 The Divergence Theorem

This theorem is an example of an integral transformation. It concerns a function
f(x,y,z) which, together with its first partial derivatives, 0f/0x, Of/Qy, Of/0z, is single-
valued and continuous inside a simply connected volume V—that is, one without
holes— bounded by a close surface, S. Then, using the notation: x; < x, x, < y,
x3 <> z, there follows:

0 0 0
/(nlfl + nafs + naf3)dS = / <ax1f1 +fzaTC2+f3 ax3)dV (A.21)
s v
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Fig. A.3 Domain of defini-
tion of function f, in Green-
Gauss theorem

Here, n; is the ith direction cosine or component of the outward unit normal to
the surface S that encloses the volume, V, and always points away from the surface.
Clearly, the n; are thus functions of position on S. The surface S is required to be
piecewise smooth, and such that it unambiguously defines and inside and an
outside. The theorem is based on the following relationship involving the function f:

/nide:/aide; i=1,2.3 (A.22)
X;
v

N

Proof To prove the Green-Gauss theorem, consider a function f (x, y) defined on a
plane area S, and having continuous first partial derivative with respect to x, and let
C be a closed curve surrounding the plane area S, having the property that any
straight line parallel to a coordinate axis cuts C in at most two points, as shown in
Fig. A3.

In addition, let y;, (x) and y, (x) represent, respectively, the equations of the bottom
and top curves, AEB and AFB, respectively. From (A.22), choosing i = 2, for
definiteness, one can write that [ dz [, %f(x,y)dA = [.dz [ ny(x,y)f (x,y)dS;

which, after canceling the common term | dz, results in the expression to be proven:

b ,Vl(x)
0 0
C/ nafdS = / e = / /( | )| d
x=a - y=ypx

/b FGey)) dr= / (e, 30) — £,

b

/fxy,dx—/fxybdx— /fxy;,)dx—/fxy,
- prds= - fren s
c

C

(a)

As seen in Fig. A.4, the normal, 7, at any point on a smooth plane curve C, may
be expressed as 71 = in, —JAny = isinf — jcos0; whereby
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Fig. A.4 Unit normal to a
smooth plane curve

A ds dy
A
dx
7l
dy dx
x = = 5 b
& ds’ Y ds (b)

Using (b) on the right-hand side of (a) proves that

/ n,fdS — / a%fdv (©)
\%4

A

The expressions for i = 1 and i = 3 in (A.22) can be proven similarly. Also,
although for simplicity the proof was carried out assuming the closed curve
C could be cut no more than at two points by any lines parallel to the coordinate
axes, the theorem is valid for cases in which lines parallel to the axes meet the
bounding curve, C, in more than two points. It is also easy to show that the Green-
Gauss theorem applies just as well to multiply connected regions.* Because the
quantity z-fi +z5/» +/3 2% under the volume integral (surface integral, in two
dimensions) is the divergence of the function f, the theorem is also known as the
divergence theorem of Gauss, or simply, divergence theorem.

A.12 The Unit Impulse Function

The unit impulse function, also known as the delta function and the Dirac delta
function, was developed by the French mathematician, Jean-Baptiste-Joseph
Fourier, but was first put to practical use by the engineer and theoretical physicist
Paul Dirac, in the 1920s. There are several ways to define the unit impulse function,
but it is always represented by the Greek letter ¢ and a real argument, such as x and ¢.
The delta function is usually defined as a special function whose value is
infinite when its argument is zero and is identically zero everywhere else on the
real axis; but such that its integral over the entire real axis equals 1. That is,

4 MR Spiegel, Theory and Problems of Advanced Calculus, Schaum’s Outline Series,
McGraw-Hill (1963), pp. 202-205.
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5(1) = {g; B (A.23)
/ o(t)dt = / o(ndt=1, &>0. (A.24)

The delta function may also be defined as a symbolic or generalized function, in
terms of its integral properties alone, as they affect a so-called testing function. A
testing function is an arbitrary continuous function that vanishes identically
outside some finite interval. For any such testing function, ¢(7), the é-function is
defined by the relation:

oo

/ 5(1)p(t)dt = ¢(1)],_o= p(0) (A.25)

—00

Unlike the definition in (A.23) and (A.24), no value is assigned to the
o-function as a symbolic function. The integral itself has no meaning as an
ordinary integral either. The integral and the J-function are defined by the value
@(0) assigned to the testing function (H.P. Hsu 1967). The following are some
practical properties of the o-function:

[ 8t =)ot = p(e-+ 1)l = ot (@)

1 t 1
[ sttt — oo = 7000 (b)
f()o(r) =f(0)o(r), where f is continuous at r = 0 (c)

Proofs Properties (a) and (b) are proven through simple changes of variables. To
prove (a) introduce the change of variable u = t — 7, and use (A.25) to obtain the
value of the testing function. The proof of (b) requires the change of variable u =
c-t, once for ¢ > 0, and then again for ¢ < 0. Use of (A.25), and the definition of
absolute value, completes the proof. To prove (c), select a testing function ¢(?),
and since f (7) is continuous, write:

/ (030 p(e)di = / SO (1) p(0)dr

=f(1)(®)],==(0)¢(0)

— £(0) / 5(0)p(r)di = / F(0)3(1)|p(r)di (@)
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Since the testing function ¢() is arbitrary, the integrals on the left- and right-hand
sides are valid for all choices of ¢(f), which implies that the quantities under the
integral signs be identical, proving (c).

A.13 The Unit Step Function

The unit step function, also known as the Heaviside step function, is typically
denoted by H. It is defined to be identically equal to zero for negative values of its
argument and identically equal to one when its argument is non-negative, but is
undefined at the origin:

0; r<0
H(t) = { 1> 0 (A.26)
The graphical representation of the unit step function is shown in Fig. A.S.
From the figure, note that the derivative of the unit step function is everywhere
zero, except at the origin.
As it turns out, the unit step function is a symbolic function which may be
alternatively defined in terms of a testing function ¢(f) by means of the relation:

/ H(t)q)(t)dt:/(p(t)dt (A.27)
—00 0

The unit step function and the J-function are related through the generalized
derivative, which is defined for any differentiable function f (¢) and testing function
(1), by means of the relation:

[ roewa=- [ oot (A28)
Indeed, setting f{r) =H(?), this yields [* H'(t)p(r)dt = — [° H(t)¢/(1)dt;

which, according to (A.27), becomes: [ H'(1)o(t)dt = — [[° ¢'(t)dt =
—[p(00) = 9(0)] = ¢(0)

Fig. A.5 Geometric repre- A
sentation of the unit step H(t)
function

1.0
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Since: ¢(0) = [~ 6(1)¢(t)dr, in accordance with the definition of the
J-function given in (A. 25), it follows that

[ o= [ sweta (@
Consequently, by the arbitrariness of the testing function, ¢(?):
d
H(t) = EH(I) =6(r) (A.29)

Note, however, that the derivative of the unit step function is zero both for
negative and positive values of its argument.

A.14 Stieltjes Convolution

The Stieltjes convolution of two functions: ¢(¢), which is continuous in [0,c0), and
Y(t), which vanishes at —oo, is defined as

ot — 1)« d(7) / (f)t—r ()drqu*dlp (A.30a)

where the form on the far right is used when the argument is understood. Under the
additional assumption that ¢@(f) = 0 for ¢+ < 0, one may split the interval of
integration from (—oo0, t) into (—oo, 07)U(0™, t) and write an alternate form for the
convolution:

ot — 1) xdy(z) = Ot ot —1) %W(r)d‘c (A.30Db)

If, in addition /() = 0 for ¢ < 0, then

Bi ) = dp(x) / Bt =0 300 = $0W07) + [ ¢t =0 L0
]

(A31)

which is obtained by expressing the integration interval (07, 7) as (0~, 0")U(0, 1),
and by integrating by parts the integral defined over (0%, #). In this case, as will be
shown, the convolution integral is commutative, associative and distributive. Thus,

Qxdfy =y xdo Commutivity
pxd(y+d0) = (pxdfy) xd0 = +dy*dl  Associativity
pxd(y+0)=¢xdy+ ¢+d0  Distributivity
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Proof of Commutivity Starting from the defining expression, integrating it by
parts, and shifting the argument of the derivative operator, 7, to (¢ — 7); following
this by a change of variable of integration from (¢ — 7) to s; and finally, changing
the dummy variable s to T again:

prdp= SOWO") + Bl — L/w $(t - )

0+

wm/wm[afgwrwhato1

¢mwﬂ!wwﬂbawﬂm

=y xdd

Proof of Associativity Setting f = xd0 and g = ¢ x dy, the associative law
may be written as

oxdyxdl)=¢xdf =(pxdy)«df =gxdb (b)

(a)

Now:

o d o d % d
df = t—1)—f(t)dr = t—1)— —5)—0(s)dsd
prdf= [ o=@ = [ o—0% [ ue—9 Lo
(c)
Differentiating the nested integral and effecting the change 7 — s = u leads to

o0

i d
Qxdf = / ot —s—u) Elﬁ(u)%@(s)dsdu

0

00 oo (d)
://q’)t—s—uduw( );0()dsdu
0~ 0
In similar fashion:
i d . d
g*d@z/ (t—s ds-//¢t—s—u E{lk(u)$9(s)dsdu (e)
0 0~ 0

Hence, ¢ * d( x dO) = (¢ * d) x dO = @ * dy x dB, as was to be proven.

Proof of Distributivity The distributive property of the convolution integral
emanates directly from the linearity of integration. Thus,
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prd(y+0) = / Bli %) S [Y(5) + 0(0)de

/¢>t—r dr+/¢t—r (7)dt (f)

:(p*dlﬁ—i—(p*d@

A.15 The Laplace Transform

The Laplace transform of a function f{r), denoted by L{f(#)} or J_‘(s), is defined as

LU} = F(s) /*”f Jdt:s = a+jb (A32)
Provided

/ If (t)|e”“"dt<oo;  for somec €R, ¢ >0 (A.33)
0

In expression (A.32), s is a complex number, and for the Laplace transform of a
piecewise continuous function f(r) to exist, the function itself has to be of
exponential order (that is, bounded by an exponential function of a real variable).

According to its definition, the Laplace transform converts a function from one
space to another; in the present case, from the #-domain to the s-domain. The
conversion from the transformed space back to the original space may be carried out
by means of the inverse transformation, which is defined—from Fourier transform
theory-as

A+ioco

L0} =£(1) = e"f(s)ds (A.34)

2mi
A—ioo
Without going into any details, the evaluation of the line integral in (A.34) is
carried out using analytic function theory. In practice, however, the definition given
in (A.32) is used to construct a table of transforms and the table is then used in
reverse to obtain the inverse transforms. This is possible because the Laplace
transform of a function and the corresponding inverse transform are unique—except
possibly for a so-called zero function. Either way, the important thing to bear in
mind is that one can go from one space to the other and back, directly or indirectly.
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As will be evident subsequently, the Laplace transform converts differential and
integral operators into algebraic ones. The practical implication of this being that
by applying the transform one can convert differential or integral equations into
algebraic ones, which are easier to solve. Applying the inverse transform to the
transformed solution will then lead to the solution in the original, physical space.

A.15.1 Properties of the Laplace Transform

A list of some properties of the Laplace transform, which are pertinent to the study
of viscoelasticity, is provided next. For completeness of presentation, the proofs
are given in each case.

Linearity

L{aLfl (l) + agfz([)} = alL{fl (I)} + (lzL{fz(I)} = (1]_]7‘1 (S) + azfz(s) (ASS)

The proof follows from (A.32) and the linearity of the integration operator:

Lwdﬁﬂ+wﬁﬁﬂ=i/éﬂwm0%+@ﬁwwt
0

=q /e’“ ,(t)dt+a2/e"" 5(1)dt (a)

0 0

Transform of Derivatives

L{f" (1)} = 5"f(s) = s"7'f(0) + 5" f(0) — ... = f""1(0) (A.36)
The proof is carried out by induction, starting with the transform of the first-
order derivative, using integration by parts:
[e'¢} t
L) = [ i = ~£(0) +5 [ e fd =56 -1 (b)
0 0

Having proven the formula valid for k = 1, we presume it valid for k = n—1,
that is

L{fnil(f)} _ snflj?(s) _ sn72f(0) _ Sn73f/(0) . Sn73f//(s) - _f(n72) (O) (C)

And proceed to prove that the formula is valid for k = n. To this end, take the
Laplace transform of f ™, introducing the notation g = f “=D " and using the
transform of its first derivative: L{f"(r)} = L{< /"~ (1)} = L{g'(t)} = s&(s) — g(0).
The proof is completed inserting the transform of £ “~7, and g(0) = f "~ (0).
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Initial Value Theorem

lim (1) = lim s (s) (A.37)

§—00

This theorem is proven by taking the limit as s — oo of the Laplace transform
of the first derivative of f, using the integral form of it and its value, sf(s) — f(0).

[o.¢]

lim [ e f'(¢)dt = lim [sf(s) — £(0)] (d)

§—00 §—00

0
From this expression follows that 0 = lim [sf(s) — £(0)]; which completes the
proof, because the continuity of f assures that f(0) = 1in6 f(1).
1—

Final Value theorem
tlimf(t) = lirré sf(s) (A.38)
— 00 S

This statement is proven by taking the limit as s — 0 of the transform of the first
derivative, in manner similar to the initial value theorem.

s—0 s—0 s—0

lim L{f'(1)} = Tim{s7(s) — £(0)] = lim / ¢ (1)dt = / £(0)dt = f(00) — £(0)

Implying the theorem, since, from the continuity of f: f(c0) = lim f(7).
t—0o0

Transform of Integrals

N

L / Fdr S = L5s) (A39)

To prove this, we let g(¢) = f(;f(t)dt. In this manner, g'(r) = f(1), g(0) = 0, and

L{f(t)} = L{g'(t)} = s&(s) — g(0) = sL{ [ f(t)dt}., as asserted by (A.39).
Likewise, mathematical induction would prove that for integrals iterated n times:

L o e tf(u)du = lnf(s) (A.40)
[ [ freag =3
0 0 0

f(s —a) = L{e"f(1)} (A41)

This property is proven from the definition of the transform, by replacing the
transform variable, s, with the shifted variable, s — a; thus

Substitution
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o0

Fo-a)= [ Mar= [ el =)

0

Translation
L{H(t —a)f(t —a)} = e “f(s); a>0 (A.42)

Indeed, L{H(t —a)f(t —a) = [y e "H(t — a)f (t — a)dt = [~ e "'f(t — a)dt.
The proof is concluded 1ntr0ducmg the change of variable: T = t—a, and carrying
out the integration:

L (-~ alf(t—a) = [ el f@ldr=e [ e Fede =e o) (o
0 0
Convolution
[ 0= g0 = L) Lis) =700ps) (a4
0

This property, that the Laplace transform of the convolution of two functions is
equal to the product of the transforms of the functions is also referred to as Borel’s
theorem. The proof uses the translation property of the Laplace transform to write

f(s)g 7 e g(t)dr = /OO {e7"f(s)}g(r)dr
0
= T/O l_/r e 'f(t — 1)dtpg(t)dr (h)

Interchanging the order of integration completes the proof:

/O ’“{/ftfr t)dt}dt = L{/ftfr odty (i)

t =0

A.15.2 Brief List of Laplace Transforms

e Dirac delta function:

L{3()} =1 (i)
L{s(t—a)}=e™ (k)
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e Unit step function:
1
L{H(n)} =~ 1

—as

L{H(t—a)} =<

s
e Exponential function: X
L{e"} = —— (n)
e Power function:
Lt} == (o)
e Sine function:
L{sin(ar)} = MLaQ (p)
e Cosine function:
L{cos(at)} = sz—l—Laz ()

A.15.3 Partial Fraction Expansion

As indicated before, a simple—and often effective—means to find the inverse
transform of a function is to use a table of transformations in reverse. When the
function that is to be transformed back to the physical plane appears as a quotient
of two polynomials for which the inverse transform is not already available, it is
usually advantageous to cast the given quotient of polynomials in term of its
partial fractions.

Every rational function p(x) can be expressed as the quotient of two
polynomials in x. The division algorithm allows expressing p(x) in the form:

8(x)

() = o) + 75 (A44)
where ¢(x), g(x) and h(x) are polynomials in x, and the degree of the numerator,
g(x), is lower than that of the denominator, A(x). If A(x) can be expressed as the
product of its irreducible factors, then it is possible to write p(x) as the sum of
@(x) and a given number of so-called partial fractions.

With the above in mind, let the known transform of a function f (¢) be given as

(5) _ potpis' +pas® + -+ pus”

p
S) = =
1) 0(s)  qo+aqis' +qas® + -+ gus™

(A.45)
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To expand it into its partial fractions requires the m zeroes, r;, of the
denominator, so that

flo) = B

S§—n S—n S — Iy

(A.46)

Which applies when all the roots of Q(s) = 0 are distinct. A different expansion
applies in the case of repeated roots. For instance, if r; occurs k times, the
appropriate expansion becomes:

, A A A A A A
11 + 12 + 1k + 2 3 + k

S) = —+ e -
f6) (s—r)  (s—r) (s—r)f s—n s—n S = Tm—k
(A47)
In any case, the coefficients A; correspond to the limiting process:
p
A; = lim [(S) (s — r,')} (A.48)
7 10G)

In practice, the partial fraction expansion of the ratio of two given polynomials
is developed by first writing down the expansion based on the roots of the
denominator, as in (A.46) or (A.47), multiplying by the polynomial in the
denominator, equating coefficients of like powers of the transformed variable, and
solving the resulting linear system in the coefficients. Also, when it is
advantageous to leave the denominator of a partial fraction as a second-degree
polynomial, its numerator must be a linear polynomial, in accordance with the
requirements of partial fraction expansion indicated before. Thus, in analogy with
(A.47), the partial fraction expansion of the rational polynomial f(x) = %
would be given by the following decomposition:

p(x) Aix + By Ayx + By A,x + B,
(ax2 +bx+c)"  ax*+bx+c (axz—i—bx—i—c)er”' (ax? + bx +¢)"

(A.49)

Example A.7 As an illustration, we obtain the inverse transform of the polynomial
fraction:

_ 4s +7
f (S) = B
(s+1)
Solution
In this case, the denominator has two equal zeroes: r = —1, —1. Therefore, we

. . . . . 4s+7 A A : 3
seek the partial fraction expansion in the form: el s 5+ (s+21)2' Multiplying

by the minimum common multiple of the expansion on the right-hand side and
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canceling the denominators on both sides of the resulting form: 4s+7 =
Ai(s+ 1) + A,. This yields a linear system in A, and A,, whose solutionis A; = 4,

7. 4s+7 3 :
and A, = 3; and thus, 1D = 3 +1 + (s+1) . The inverse Laplace transform of this

expression can be easily obtained using the substitution property f(s-a) = L{e“f(1)}
and the table of transforms in reverse.

S(1>—4f[s_(_1)]§ f(s)E%
I{X% =4{e'L"! {%}} =4de™ " H(1)
ey = 3 =Yl - (2 0k S =4
= 1} =3 ) =30
a1 L 1S 4 S - -
Therefore: L {W} =L {m} +L {(Hl)z} = (44 3t)e!

Example A.8 Find the partial fraction expansion of ( )fﬁ)z

4 =
+1_4

Solution

In this case, two facts need to be noted. Firstly, the given fraction is improper,
as the degree of the numerator is larger than the degree of its denominator.
Secondly, the denominator of the given expression is a quadratic polynomial and is
repeated twice. Hence, according to (A. 44), we need to expand the denominator as
x* +8x* 4+ 16, and use it to divide the numerator x> + 1 by it. The division

. SRS —X —16x+1
algorithm then leads to the result: G =% + <x2+4) . We use (A.49) and seek

: . : —x3—16x+1 __ — Ax+B Cx+D
the partial fraction expansion of the second term, as v x+ig+ )

Writing the partial fraction expansion in terms of the common denominator
(x* + 4)2 and collecting terms leads to —x°—16x+ 1 =Ax’+ Bx* +
(4A + C)x + (4B + D). Equating coefficients of like powers of x produces: A =
-8, B=0,C=16,D = 1. These values and the result of the division yield the

. . . 5
artial fraction expansion: <+t = x — 16x+]
p P 21y et 2y

A.15.4 Laplace Transform of Differential Equations

Any initial value problem which involves an ordinary linear differential equation
of order n with constant coefficients may be converted into one in transformed
space. Indeed, let the general differential equation in question be expressed as
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d—(:)y(t) =1 (A.50)

Applying the Laplace transform, this equation takes the form:

n k
§p4ﬁ®§}“www%aw (AS1)
k=0 r=1

Pulling y(s) outside the summation sign and rearranging:

8(5) + 3 ap 32 sy 0 (0)
$s) = — k=t (A.52)
> agsk
k=0

The solution function, y(f), may be obtained by Laplace transform inversion.

A.15.5 Laplace Transform of Integral Equations

An integral equation is one in which the unknown function appears inside an
integral sign and, possibly, outside of it too. The general form of an integral
equation in () is

t=b

(1) / K(t, tv(x)dz + B)v(e) = 3(0) (A.53)

T=a

where o, [, and y are arbitrary functions of the independent variable, t; o # 0; and
the lower limit of integration, a, is a constant. If both limits of integration are
constant, the integral equation is called a Helmholtz integral equation; and when the
upper limit is the independent variable, ¢, the equation is a Volterra integral
equation. Equations for which the function 7y (f) = 0 are called homogeneous; while
equations in which the unknown appears only inside the integral (i.e., ff (f) = 0) are
called integral equations of the first kind; and integral equations of the second kind,
otherwise.
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In what follows, we concentrate on non-homogeneous Volterra integral
equations of the second kind. There are two reasons for this: first, this type of
equation always admits a solution (at least in principle); secondly, they occur
naturally in viscoelasticity.

Without loss of generality, a Volterra integral equation of the second kind may
be cast as

p(t) =v(r) — /K(t, 7)v(1)dt (A.54)

Where we have divided (A.53) throughout by f(f), absorbed —a()/f(¢) into K,
and retained the notation y(¢) for y(z)/f(t). Of particular interest is the case when
a = 0, and the kernel K(#,7) of the integral is a so-called difference kernel, when
K(t,r) may be expressed as K(t,1) =K(t — 1), such as occur for non-aging
viscoelastic materials. The integral in (A.54) is then a convolution integral, so that,
applying the Laplace transform, collecting terms, and re-arranging:

7(s)

V(s) = —f— (A.55)
[1—K(s)]
The solution to the original integral equation follows from the inverse transform

of the expression in (A.55), as

v(t) =L" {%} (A.56)

Example A.9 The relaxation modulus, M, and the creep compliance, C, of linear
viscoelastic materials are related by M(¢)C(0) + f(; M(t — 1) 4C(1)dr. Assuming —
as happens to be the case—that C(0) = 1/M(0), use the Laplace transform to solve this
equation for the function C(¢), if M(t) = M,e™".
Solution

Direct application of the Laplace transformation, noting that the integral is the
convolution of M and the time derivative of C, and using the pertinent properties of the
transform yields M(s)C(0) + M(s)[sC(s) — C(0)] =L Collecting terms and

rearranging: C(s) = m = (1/My) = = (1/My) {1+ (1/71) & }. Using the list

of Laplace transforms in reverse: C(1) = Mi] [H(1) + t/71]. As a matter of curiosity, the

material in question represents a fluid, among other things, because C(c0) — o0. Also,
C(0) = 1/M, is called the glassy compliance, and M7, is the material’s viscosity.



Appendix A: Mathematical Background 311

A.15.6 Relationship Between the Laplace and Fourier
Transforms

In general, the Laplace and Fourier transforms of an acceptable function® differ,
but their definitions show considerable similarity:

L{f(n)} = /f(t)e*”dt; s=a+jb
. (A.57)
/ [f(r)le”"dt <oo;c € R;c >0
0

oo

Hm»:/ﬂmww

—00

(A.58)

o]

/ [f(#)]|dt <0

—00

The question then arises if the two transforms can be made equivalent; and if
so, under what conditions? The answer is that the two integral transforms will be
equivalent for all functions which are absolutely integrable and vanish identically
for all negative values of their argument, so that

/V@W=/V@W<w (1
—00 0

Since most functions in engineering, physics and viscoelasticity in particular,
are causal, they vanish for all negative values of their arguments. The Fourier
transform of any causal function, is given as

> In both instances, an “acceptable function” is one that is piecewise continuous and has a finite
number of finite discontinuities on its interval of integration. As can be seen from their
definitions, a function has to be of exponential order (bounded by an exponential function) on the
positive real axis for its Laplace transform to exist, and absolutely integrable on the entire real
axis for it to have a Fourier transform.
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[o.¢]

FU0y = [ roear

0 00
= / f(t)e7™dt + / f(t)e ™ at (A.59)
0

—00

o0

:/f Ve ¥ dt = /f e dt
0

0 s=jo

Hence,

FU0} = LYW i for: f() =0, Vi<0; and / (1) di <0
0

(A.60)

This shows that the Laplace and Fourier transforms are equivalent for all
absolutely integrable causal functions.
Example A.10 Using (60), find the Fourier transform of the exponential function
defined by

e t>0;,a>0
o={",

t<0

Solution

To apply (A.60), we must first make sure the given function satisfies the
required conditions. By definition, the function f satisfies the causality condition
that f(r) = 0, ¢t < 0. The function fis also absolutely integrable on the positive real
axis, since [;° |e™|dt = [;* e~“dt =1 <oo. Hence, the Fourier transform of f can
be obtained from its Laplace transform. From the list of Laplace transforms:
L{e"} = —. This and (A.60) yield F{e ™} = L{e™"}| =L

= ](0 H»a s=jw ]w+a
Example A.] 1 Demonstrate that the Fourier transform of the unit step function
cannot be obtained from its Laplace transform.

Solution
The unit step function satisfies the causality condition, but the integral of its
absolute value is infinite: [~ |u(f)|dt = [;°dt = co. Since this violates the

Dirichlet conditions, the Fourier transform of the unit step function cannot be
derived from its Laplace transform.
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A.16 Orthogonal Functions

A set of functions {f; (¢)} is said to be orthogonal on an open interval a < ¢ < b if
for any two function f; () and f; (¢)}in the set, the following relation holds

b
_f 0 fori#)
/fl(t)ﬁ(t)dz = {mi fori—j (A.61)
The set of sinusoidal functions {1,cos(wt),cos(2wt),...,cos(nwt), ...,
sin(wt), sin(2wt), . . ., sin(nwt), ...} is an orthogonal set of functions on an open

interval of total amplitude p = 2n/w. As may be shown by elementary calculus, the
functions in this set are such that

t+p
/ sin(kot)dt =0 for all k (A.62—a)
i
t+p
/ cos(kwt)dt =0 fork #0 (A.62—Db)
z
t+p
sin(kwt)cos(lwt)dt =0  for all k and | (A.62—c)
t
t+p
/ sin(kaot)sin(lof)di = {0 fork#0 (A.62—d)
t p/2 fork=1+#0
t+p
/ cos(kwt)cos(lwt)dt = { 0 Jorkz0 (A.62—e)
p/2 fork=1+#0

t

The proofs of (A.62-a) and (A.62-b) are straightforward, as their integrals are
proportional to a cos(kwt) and sin(kwt), respectively; and in addition, these
functions are periodic, meaning that cos[(kw(t+ p)] = cos(kwt), and
sin[(kw(z + p)] = sin(kwt). Hence,

t+p |

sin(keot)dt = — 4 {cos((ka(r + p)] — cos(kon)} =0 forall k. (a)
t
t+p

/ cos(ker)dr — %{sin[(kw(l +p)] = sin(kor)} = 0 forallk £0  (b)
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To prove (A.62-c), we use the identity sin(A)-cos(B) = 1/2[sin(A + B)
+sin(A — B)]; so that

/ sin(k)cos(lwt)dt = %/ sin[(k + l)wt] + sin[(k — I)ct]dt

t 1

I (=1 wp, 1 (=1) iy
= i(k " l)wcos[(k + Dot], +§(k — l)wcos[(k — Doot],
—0ifk £1

(c.1)

In the case k = [, we use the trigonometric identity 2sin(A)cos(A) = sin(2A), to
write

t+p t+p
/ sin(kwt)cos(lwt)dt = / sin(kaot)cos(kwt)dt

t t
t+p

:%/ sin(2kwt)dt (c2)

t

_ 1 t+p
= Yo [cos(2kawt)],

=0
The  proof of (A.62-d) uses the identity:  sin(A) - sin(B)
= 1/2[cos(A — B) — cos(A + B)]. Thus,
t+p =p

/ sin(kwt)sin(lwt)dt = %/ cos[(k — l)wt] — cos[(k + l)wr]dt

t t

[ by L) o
:E(k—l)wsm[(k_l)th —E<k+l)w51n[(k+l)wt]l

=0ifk#1

(d.1)

In the case k = [, we use the trigonometric identity sin*(A) = 1/2 — 1/2cos(2A),
to write
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+p t+p

/sin(kwt)sin(lwt)dt:/ sin’ (koot)dt

1 t

| t+p
:5/ [1 — cos(2kewr)|dt (d.2)
t
1 (1P — L [sin(2kat)]; P
25 dko '
_r
5

The proof of (A.62-e) uses the identity: cos(A)cos(B) = 1/2[cos(A+B)+
cos(A — B)]. Thus,
t+p t+p
/ cos(kwt)cos(lwt)dt = %/ cos[(k + l)wt] + cos[(k — I)wt]dt

t t

1 (l) . +p
= Ei(k n l)wszn[(k + l)wt}, (e.l)

. rp
+ 20— l)wsm[(k — Dot

=0ifk£1
In the case k =/, we use the trigonometric identity cos?(A) = Y2 + Y5 cos(2A), to
write

t+p t+p

cos(kwt)cos(lwt)dz:/ cos? (kwt)dt

t+p

_ ! / (1 + cos(2kar)dt (c.2)

1
[P+ Tie, lsin(Zkor I

A.17 Complex Numbers

A complex number, z, is an ordered pair of real numbers, x and y, which, for this
reason, is usually written in the form z = (x, y); just like a point —or vector— in two
dimensions.

The collection of all ordered pairs of real numbers forms the set, C, of complex
numbers. The first component of the ordered pair (x, y) is termed the real part of
the complex number and is denoted by Re{z}. For reasons which will become
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logical later on, the second number in the pair is referred to as the imaginary part
or component, Im{z}, of the complex number. Using this notation, then

z=(xy); x=Re{z}; y=Im{z} (A.63)
The complex conjugate, z, of a complex number z, is defined by the relation:

2= (x-) (A64)

A.17.1 Elementary Operations with Complex Numbers

The arithmetic operations of addition —or subtraction— multiplication, and division
of complex numbers are defined in terms of the corresponding operations for real
numbers, as described next.

Addition
The addition of complex numbers is defined component-wise, by the simple rule:

2+ 22 = (x1,31) + (x2,y2) = (x1 +x2,y1 +y2) (A.65)

From this definition follows that the complex number (0,0) = O is the identity
for complex addition; that is

24 (0,0) = (x,y) + (0,0) = (x + 0,y +0)
=(0+x,0+y)
=(0,0) + (x,y)
=(0,0) +z

(A.66)

Another consequence of the definition of addition of complex numbers is that
any complex number may be expressed uniquely as the sum two complex
numbers; one with zero imaginary part, and the other with zero real part:

2= (x,y) = (x,0) +(0,y) (A.67)

Using this decomposition, z and 7 may be combined to express the real and the
imaginary parts of a complex number, as
Z+7z 77—z
x =Re{z} = i Y= Im{z} = 5 (A.63)
The operation of addition —or subtraction— enjoys the same properties as the
addition of real numbers. That is, the addition of complex numbers is associative,

distributive, and commutative. This statement is proven using the definition of
addition of complex numbers and the properties of addition of real numbers.

Example A.12 Prove that the addition of complex numbers is commutative.
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Solution

To prove that the addition of complex numbers is commutative is equivalent to
showing that the order of the addends in the sum of tow complex numbers can be
interchanged without changing the result. To do this, examine the sum z;+z, of two
complex numbers:

21+ 22 = (x1,51) + (%2,52) = (01 +x2,51 +2)
= (x2 +x1,y2 +y1) = (%2, 32) + (x1,71)
=2+
Example A.13 Prove that the addition of complex numbers is associative.

Solution
To prove associativity, consider the sum (z;+2,) + 2z3:

(z1 +22) + 23 = (x1 +x2,y1 +y2) + (x3,)3)
= (X1 +x2+x3, 91 +¥2 +¥3)
= (x1, 1) + (2 +x3, 20 +y3) =21 + (22 + 23)

For simplicity, the following representation of a complex number is used:
2= (6y) = (%0) +(0,y) = x(1,0) + y(0,1) =x+j-y (A.69)

Multiplication
The product of two complex numbers z; and z, is defined by the following rule:

2122 = (x1,51) - (%2,¥2) = (x1x2 — y1y2, X1y2 + y1x2) (A.70)

From this follows that the complex number (1,0) = 1 is the identity element
for complex multiplication. Indeed,

z-(1,0) = (x,y)- (1,0) = (x- 1 =y-0,y- 1 +x-0) = (x,y) =z (A71)
and

(1,0) - z=(1,0) - (x,y) = (1 - x=0-y,1-y4+0-x) = (x,y) =2 (A.72)

[Tz}

In this notation, the letter “j” is used to represent the unit, (0,1), of the
imaginary numbers,® which, in accordance with the definition of the product of
complex numbers, is such that

7 =100,1)-(0,1) = (~1,0) = —1 (A.73)

In other words,

j=v-1 (A.74)

% More commonly, the letter “i” is used to denote the complex unit, but we reserve this letter for
use as a subscript.
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Multiplication of two complex numbers enjoys the same properties as that of real
numbers. For instance, that multiplication of complex numbers is commutative and
associative results from the corresponding rules for real numbers.

2122 = (%1,51) - (%2,¥2) = (¥1%2 — y1y2, X132 + y1x2)
= (x2x1 — y2y1,X2)1 + ¥2x1) (a)
=221

(z1-22) - 23 = (¥1X2 — Y1y2, X1y2 + y1x2) - (x3,¥3)

= (X123 — Y1y2X3 — X1Y2)3 — Y1X2Y3, X1X2Y3 — Y1Y2)3 + X1Y2X3 + )’1X2X3)
[x1(x2x3 = y2y3) — y1(y2x3 + X2¥3), X1 (¥2X3 + X2y3) + y1(X2x3 — y2y3)]
(x1,1) - [(2x3 = y2y3), (v2x3 + x23)] = (x1,31) - [(x2,¥2) - (x3,3)]
21+ (22 23)

(b)
Additionally, from the definition of multiplication of complex numbers, one has

x=x-1=x-(1,0) = (x,0) - (1,0) = (x,0) (c)

y-(0,1) =[y-(1,0)]- (0,1) = (v,0) - [(1,0) - (0, )] = (¥,0) - (0,1) = (0, )
(d)

Combining these results with the definition of addition given earlier, there
results

Z:(x,y):(x,0)+(0,y):x(l,O)er(O,l) (e)

This expression shows that a complex number may be interpreted as the sum of
two points or vectors in a two-dimensional Euclidean space. Indeed, the Argand
plane is a two-dimensional plane in which the real part, x, of a complex number, z,
is measured along the horizontal axis or real axis, and its imaginary part, y, is
measured along the vertical or imaginary axis, as shown in Fig. A.6.

From its graphical representation, it can be seen that a complex number can be
represented in so-called polar form, as

z=(x,y) =r-cosl +j-r-sind;r = /x> 4> (A.75)

Z=(xXy) =r-cosl —j-r-sinl; r=+/x2+)2 (A.76)

In these expressions, r, as the positive square root of nonnegative real numbers,
x° and y2, is a real number. The number r is called the modulus, or magnitude of
the complex number z and is usually denoted as |z|. From the previous expressions,
it is apparent that the modulus of any complex number is the same as the modulus
of its conjugate; that is

r=lzl=vx2+yr=[l, Vz=(xy) (A.77)
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Fig. A.6 Graphical repre- y 4
sentation of a complex num-
ber, z, and its conjugate, z, in
the complex, Argand plane

Z Ly
0 .
) A > X
-0 .
N
N

Division
The rule for the division z;/z, of two complex numbers z; and z, may be readily
developed from the concept of the inverse, 771, of a non-zero complex number, z:

2.7 =(1,00=1 (A.78)

At the same time, using the rule for multiplication of complex numbers and the
definition of complex conjugate, it follows that

z2:2= (%) (x,—-y)

2 2
=X +y,—xy+x
( ) y2 4 y) (A.79)
= (¥ +5,0)
= (%,0) = [«
In other words,
-z
W =1=(1,0) (A.80)
z

Combining this with the definition of the complex multiplication inverse yields

_Z._

-z =(1,0) 7 (A.81)

Canceling out the common term z, and using that \z|2: z-Z, leads to

ezl (A.82)
o 2
Not only does this relation prove that the inverse of a non-zero complex number
is, as for real numbers, equal to its inverse, but also provides the rule: “the inverse
of a complex number is equal to its complex conjugate divided by it squared
modulus.”

Example A.14 Find the inverse of the complex number z = 3—j.
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Solution
Apply the rule to obtain the inverse of a complex number: z~' = % to get

|
- 3
T =g = =0340.1)

The same process yields the rule that “to obtain the quotient z;/z, of two
complex numbers, multiply the numerator and denominator of the fraction by the
conjugate of the denominator.” This is so, because

21 ,1 22 2122

T =A% =AU 3= T =

2 |z2]” 2222
Example A.15 Find the quotient: (2—3j)/(1+2))

Solution

Apply the rule for division to get > TRT +2/ % —(0.8 4+ 1.4))

A.17.2 Euler’s Formula

A useful representation of a complex number is by means of the so-called Euler
formula. This formula expresses the exponential function of a complex argument
in terms of the sine and cosine of the argument. Euler’s formula may be easily
derived by developing the function ¢ in Taylor series, as follows:

o0 (o) . o)’ (i@) (19)

R TR 3 A
. 02 0* (0 @ (A.83)
= _54_14_...4_]. ﬁ_g_i_

= cosf +j - sinf
Combining this, with the polar representation z = r[cos(0) +j - sin(0)], gives
7= (x,y) = rcos0 +j - rsinf = re/’ (A.84)

In using the polar or the exponential forms of a complex number, it must be
borne in mind that the cosine and sine functions are periodic functions with period
27. Hence,

z=ré’ = r 2.k =0,1,2,... (A.85)

A.17.3 Powers, Roots, and Logarithms of Complex Numbers

Powers, logarithms, and integral roots of complex numbers are easily calculated
using their exponential representation and the corresponding rules for real
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numbers. Letting z = r-¢/’ be an arbitrary complex number, the following
expressions follow directly from the properties of real numbers:

Integral Powers
The nth power of a complex number is easily established from the polar form, and
the rules of exponentiation of real numbers, as

7= (reio)": (rej(()+2n-k))”: rnejn(()+2n-k); k=0,1,2,...n—1 (A.86)

Radicals
The root of integral index n of a complex number is easily obtained from its polar
form, and the rules of exponentiation of real numbers, as

S — (rej(0+2nk))1/n: (re;(0+zn.k))l/": rl/new; k=0,1,2,...,n—1
(A.87)

Logarithms
The natural logarithm, log.(z) = In(z), of a complex number, z, can be established
from the polar form of the complex number and the properties of logarithms of real
numbers, as

logez = In (ref<0+2“’<>) —In(r) +j(0+27k); k=0,1,2,...n  (A.88)

The logarithm, log,(z), of a complex number, z, in an arbitrary real base, b, may
also be established from the properties of logarithms of real numbers, using that
for any two bases, by and b,: logy,f = logy, (b2)log, (f), as

logyz = logy(ré’”) = logy(e) In (rei(9+2nk)>
= logp(e)[Inr +j(0 4 2nk)],k =0,1,2,...,n

(A.89)

Trigonometric Functions

The circular functions sin(z) and cos(z) of a complex argument result from Euler’s
formula with complex argument, ¢° = cos(z) +j - sin(z). The sine function is
obtained by subtracting e 7* from e /%, and the cosine function results from adding
them. Thus,

sin(z) = % (¢ —e);  cos(z) = % (¢ +e7) (A.90)

These relations may be recast in terms of the real and imaginary parts, x and y,
of the complex number z = x + jy. Taking the sine function, for instance, leads to
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1, -
sin(z) = sin(x + jy) = % (Y — )

[e™(cosx +j - sinx) — €’ (cosx — jsinx)]

2 (0
1 Y e Y Y -y
Jj 2 2

= sinx - coshy + j - cosx - sinhy
So that
sin(x + jy) = sinx - coshy + j - cosx - sinhy (A.91)

In this expression, sink(u) =3 (e" —e™*) and cosh(u) =1 (" +e™), are the
usual hyperbolic functions of real analysis. In an entirely similar fashion, the
cosine function leads to

cos(x +jy) = cosx - coshy — j - sinx - sinky (A.92)
Example A.16 Calculate cos (1+2j).

Solution:
Use: cos(x +jy) = cosx - coshy — j - sinx - sinky, with x = 1 and y = 2 rad, to
obtain:
cos(1 + 2j) = cosl - cosh2 — j - sinl - sinh2
(0.5403)(3.7622) — j(0.8415)(3.6269)
= 2.0327 — 3.0520j

The inverse trigonometric functions sin~'z and cos™ 'z are also readily defined.
For instance, if w = sin~!(z), then taking the sine of this expression leads to

7z =sin(w) = 21] (¢ —e™) (g)

Multiplying throughout by 2j, to remove the denominator, and multiplying the
result by ¢, and collecting terms, there results e¥" — 2jze™ — 1 = 0; which is a
quadratic equation in &', with roots ¢/ = jz & /1 — z2. The natural logarithm of
this relation, using that w = sin~'(z), yields

sin"'(z) = —j - In (jz +/1- ZZ) (A.93)

Note that the function sin~ 'z is multi-valued because the natural logarithm is
multi-valued. In an entirely similar way,

cos!(z) = —j - ln(z £V 1) (A.94)
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- J Jjtz J 1 —jz
tan'(z) == In|—) =%-In A.95
(2) =3 (j—z) 2 <1+jz) (A.95)
The form in the far right of (A.95) results from the property that j* = —1, and
the fact that

Jjtz=j+ +jy) =1 —jlx+y)] =il —jz) (h)
and similarly,

J—z=j— 4y =l +ilx+iy)] =i +jz) (i)






Appendix B
Elements of Solid Mechanics

B.1 Scalars, Vectors, and Tensors

A tensor is an ordered system of objects, which are typically numbers or functions.
As such, tensors may be represented by matrices. In standard three-dimensional
space, the number of components of a tensor of order n is simply 3”. Accordingly,
a tensor of order zero has only one component (3° = 1), arranged in a 1-by-1
matrix. In Euclidean 3-space, scalars or tensors of order zero are quantities, such as
temperature, density, volume, which are fully described by one value. The matrix
representation of a tensor of order one, also called a first-order tensor, has 3
components (31: 3). These tensors are the well-known vectors of Euclidean
geometry: 3-by-1 or 1-by-3 matrices. Continuing thus, the matrix representation of
a second-order tensor has 3°= 9 entries, corresponding to a 3-by-3 matrix. Tensors
of fourth order have 3*= 81 components.

It is common practice to use the terms scalar and vector, respectively, to refer to
tensors of order zero and one; and to reserve the term “tensor” exclusively for
tensors of order 2 and higher. Also, symbolically, a vector is represented placing a
bar or an arrow over the stem letter, or by the use of bold type: a,d,a.

The components of a tensor may be designated when the tensor is referred to a
coordinate system. In Cartesian coordinates, for instance, the components of a
vector, A, may be expressed as Ay, Ay, A,; or, as A, Ay, Aj, if the axes are
numbered. The vector itself may be represented in several forms:

(a) As a point in space, A = (A1,A;,A3).

(b) In explicit form, displaying the unit vectors, along the coordinate axes, using
Gibbs’ notation:’A = Aj&; + Ayey + Aszes = 50| A,

(c) In component indicial form, combining the summation convention—that a
term is developed by summing over the range of its repeated indices:
A =Awe,i=1,2,3.

The magnitude of the vector A is the real number: |[A| = \/A? + A3 + A3.

7 We typically represent unit vector with a hat, ¢;, to emphasize their magnitude is 1. However,
they are also represented in bold face type, such as, e;.

D. Gutierrez-Lemini, Engineering Viscoelasticity, DOI: 10.1007/978-1-4614-8139-3, 325
© Springer Science+Business Media New York 2014
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Vector addition is defined component-wise. Therefore: A + B =C is such that
C,= A, + By, C,= A, + B,, and C3= A3 + Bs. Therefore, vector addition is
commutative.

There are three types of multiplication of vectors: scalar or dot product, vector
or cross product, and tensor product.

Scalar or Dot Product

The scalar product A - B of two vectors A and B is the scalar, o, defined by the

relation:

A-B= A1B1 + A2B2 + A3B3 = AiBi = o (Bl)

where the summation convention is used in the expression on the far right. The
scalar may be viewed pictorially as the product of the magnitudes of the two
vectors, and the cosine of the —smallest— angle between them:

A-B = A]B[ + A2B2 + A3B3 = AiBi = o = |AHB|COS(A,B) (BZ)

Using this definition, it is clear that the dot product €; - ¢; of any two unit base
vectors of a rectangular Cartesian coordinate system is such that e; - e; = 1, if i = j;
and e; - ¢; = 0, if i#]. This gives rise to a special symbol called the Kronecker

delta, d;;, which is equivalent to the identity 3 x 3 matrix, and hence, to the second-
order identity tensor:
_ L =]
5”‘{0, i) (B:3)

Using this definition and Gibbs’ notation, the dot product of two vectors, A and B,
may be computed as

A-B= Aié\i : Bjé\j = AiBja -é\j = AiBj(Sij = AiBjaji = A;jB; (B4)

This shows that, in particular, the scalar product of two vectors is commutative.
The dot product is also associative and distributive with respect to vector addition.

Vector or Cross Product

The cross product A x B of two vectors A and B is a third vector, C, that is
perpendicular to the original vectors. The magnitude of the resultant vector may be
viewed pictorially as the product of the magnitudes of the two vectors, and the sine
of the—smallest—angle between them:

A x B| = |C| = |A|[BJsin(A, B) (B.5)

Using this definition, the vector or cross product, €; x €; of any two unit base
vectors of a rectangular Cartesian coordinate system, is such that e; x e; = e, if
the indices i, j, k are an even permutation of the coordinate directions, 1, 2, 3; and
€ X ¢j = o when i, j, k are an odd permutation of 1, 2, 3. This can be expressed
more succinctly by means of the alternating symbol e;j, defined such that
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+1, whenijk are an even premutation of 123
ejx =« —L1, whenijkarean odd premutation of 123 (B.6)

0, when any two subscripts are equal

Using this definition and Gibbs’ notation, the cross product of two vectors,
A and B, may be computed as

AxB= Aigi X BjEj = AiBj/e\i X é\j = AiBjeijké\k = Ckgk =C (B7)

Hence, in indicial tensor notation, the vector C, resulting from the cross product
A x B, is given by Cy = e;jxAjB;. The alternating symbol, having three free
indices and being an ordered system of numbers, is a tensor of third order, called
the alternating tensor. From the definition of the alternating tensor, follows directly
that the cross product of two vectors is not commutative, as

AxXB= AiBjeijkék = —AiBjejik€k = —Binejik€k =-BxA (BS)

Tensor Product

The operation of lumping vectors in juxtaposition is called tensor product. The
tensor product is also called the dyadic product; and the factors in the product,
dyads. Second-order tensors result when two vectors are multiplied in this fashion.
For instance, the tensor product AB of two vectors, A, and B, is the second-order
tensor:

C = AB = A;¢Bj¢; = ABj& ¢ (B.9)

By this definition, the second-order identity tensor, represent by the letter I with
a double over-bar, I, is the continued dyadic product:

~ll

o (B.10)

It is also clear that tensor multiplication is not commutative, as changing the
order of the vectors changes the order of the components of the resulting tensor—
indicated by the dyad €;e;. The tensor BA = A;B;e;¢; is called the transpose of the
tensor AB. By this definition, AB is itself the transpose of the tensor BA. The
transpose of a given tensor is indicted by appending the superscript T to the stem
symbol representing the tensor. Thus, the transpose of (AB) is (AB)". Higher-order
tensors are defined by means of continued dyadic products. For instance, a third-

order tensor may be written as C= eiejerCijk.
Tensor or dyadic multiplication of any order is assumed to obey the following
laws of operation:

e Associative law. The factors of a tensor product may be lumped in any manner
without changing the resul: ABC = (AB) C =A (B C).

o Distributive law. If B and C are tensors of the same rank, and A is any continued
dyadic product, then A (B+C) =AB+A C.
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e Scalar multiplication law. A scalar, o, may be placed anywhere in a continued
dyadic product without changing the result: XA BC=AaBC=ABaC =
ABCo.

The dot and cross products of dyads are an extension of the definitions of these
operations between two vectors. Thus,

AB-CD=A(B-C)D=(B-C)AD (B.11)
AB x CD = A(B x C)D (B.12)

Two types of double dot and cross products are defined. In the first type of
double product, the operations are resolved from right to left:

AB--CD=A(B-C)-D=(B-C)(A-D)=(A-D)(B-C) (B.13)
AB x xCD = (B x C)(A x D) (B.14)

In the second type of double product, the operations are resolved from left to
right:

AB: CD=(A-C)(B-D) (B.15)
ABCD = (A x C)(B x D) (B.16)
Mixed dot and cross products are correspondingly defined. Thus, for instance:

(AB) x -(CD) = (A x C)(B - D) (B.18)

B.1.1 Coordinate Transformations

There are two types of coordinate transformations between reference systems
having the same origin: rotation and reflection. A rotational transformation of a
coordinate system preserves its right- or left-handedness. A reflection of a
coordinate system about one of its coordinate planes, which is called an inversion,
changes a right-handed system into a left-handed one, and vice-versa. The
components of tensors have meaning relative to a reference system; hence, it is
important to study the effect that coordinate transformations have on tensor
components. We do this by considering how the mathematical description of
tensors of various orders change in going from one reference system, (X;, X5, X3),
say, to another (X}, X5, X%), which is obtained from the first by an arbitrary rigid
rotation, as indicated in Fig. B.1.

Rotation of Scalars
By definition, a scalar, or tensor of order zero, is a quantity that has the same value
and hence mathematical description, in all coordinate systems. The value of a
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Fig. B.1 Rigid rotation of AX
two coordinate systems X5 »
\\\ X{
\ e 4
\ _--
N -
== > X
\
\
\
\ !
X; « X3

scalar, a, like mass or temperature, will only change if the units of measurement
are changed. Thus, its values in the primed and unprimed systems are equal:

d=a (B.19)

Rotation of Vectors
As a mathematical entity, a vector exists irrespective of the coordinate systems
used to represent it. The components of the same vector, however, change from
one coordinate system to another. This is represented in Fig. B.2.

Using the summation convention with Gibbs’ notation, an arbitrary vector v,
may be expressed in terms of the unit vectors of each of the two coordinate
systems, and its corresponding components, as

V= V{é\{ = Vié\i (BZO)

The relationship between the components in the primed and unprimed systems
may be obtained post-multiplying this relation by €} and using the definition of the
unit tensor:

A o B R L L A A
Ve = Vi€] - € = v;8y = Vidjk = Vi = Vig; - (a)

From this result, first note that—from the commutative property of the dot
product:

V- =¢ V=V (B.21)
Also:
V{( = (/6\1 ~€;()Vi = (é\;( -€i)Vi (BZZ)

where by definition of the dot product (€; - €}) = cos(X;, X)) = cos(X|,X;) =
(e - €). Hence, the array (@ - €;), which is a second-order tensor because it is
described by two free indices, is the rotation matrix. We denoted it simply by
ap; = (E{( -Ei). In this notation, the rotational transformation for vectors may be
expressed as

vy = (E{( . €i)vi = ay;Vi (B.23)
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Fig. B.2 Graphical repre-
sentation of a vector in two
coordinate systems differing
by a rigid rotation

Had we chosen to post-multiply v by €y, in the previous development, we
would have obtained, respectively that

Ve = Vi (B.24)
and
Vi = (ak : g’i)v; = a,v, (B.25)

Using this and the corresponding expression for v, the following results

Vk = (Ek . EI)V{ = Ay aAj V] <B26>

Because the left- and right-hand sides of this equation represent the same
component, it follows that the rotation matrix is such that

akirayl = Ol (B.27)

To simplify, we drop the prime notation and adopt the convention that the first
index in the rotation tensor, ay, always represents the resultant vector, and the
second index, the vector being rotated. We then rewrite the previous relation as

kit = Ok (B.27—a)

The left-hand side of this expression is the indicial form of the product of a
matrix and its transpose; and the right-hand side is the indicial form of the identity
matrix. Hence, in matrix notation,

A-AT=1T=A"-A (B.27-b)
By definition of the inverse of a —non-singular— square matrix, it follows that
Al =AT (b)

A square matrix whose inverse is equal to its transpose is called orthogonal.
Hence, the rotation matrix is orthogonal.
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Rotation of Tensors

The effect of rotation of the coordinate system on a tensor is easily established
from that of vectors, expressing the tensor in continued dyadic form using Gibbs’
representation. For instance, let T = T,-]E,Ej represents a second-order tensor.
Then, since the tensor is the same in all coordinate systems and the only thing that
might change is its mathematical description in terms of components and unit
vectors along the coordinate axes:

Proceeding as before, we dot-multiply this expression by €/, and €, and arrive at
Tzl, = agayTy (B.29)
where to emphasize, ay = (€}, ), and a;; = (’e\]’-,’e\l).
In similar fashion, multiplying by €; and €;:
Ty = anayTy, (B.30)

. . . oy oy
In this case, according to our convention, ay = (€;,¢€;), and a; = (¢, ¢)).
Rotation of tensors of higher order is defined in an entirely similar fashion.

B.1.2 Isotropic Tensors

An isotropic tensor is one whose components are the same in every orthogonal
coordinate system. By this definition,

(a) Every tensor of order zero, that is every scalar, is isotropic.

(b) There are no isotropic tensors of order one. That is no vector is isotropic.

(c) The identity tensor, d;;, is the only isotropic tensor of second order.

(d) The alternating tensor, ey, is the only isotropic tensor of third order.

(e) The product of isotropic tensors is isotropic. Therefore, the tensors ;;0y and
e;ikdx are isotropic tensors of fourth order.

(f) The most general isotropic tensor of order four may be expressed as a linear
combination of fourth-order isotropic tensors, as

Ak = 2001 + BOudj + 70udjx (B.31)

It may be written as the sum of symmetric and an anti-symmetric tensors, as

At = 2001 + n(0udjr + dudi) + v(Sudj — dudy) (B.32)
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B.1.3 Tensors of Second Order

Second-order tensors enjoy the following properties:

e The double dot product, T-1, of any second-order tensor T with the identity
tensor, 1, is a scalar, tr{T}, called the trace of the tensor:

i . ? = T,»JE,EJ . -Ekék = T,-j/e\,» . 5jk€k = Tijgi . Ej = Tij . 51] = Tii = ﬂ‘{]z-‘} (B33)

e A second-order tensor T = Tje;e; is said to be symmetric, if it is equal to its
transpose; that is, if

~ ;88 (B.34)
That is, a tensor, 7:", is symmetric if its components satisfy the relations:
Ty =Ty (B35)

e A second-order tensor, 7, may be expressed uniquely as the sum T=Ts+Ta
of a symmetric and an anti-symmetric tensor, Ts and T4, respectively. Where

1
Tsij =3 (Ty + Ti) (B.36-2)
and
1
Taij =3 (T; — Ty) (B.36—b)

As may be seen from these definitions: tr{i‘A} = T4;; = 0. Also, when T is

symmetric, this decomposition yields a zero antisymmetric tensor: Ty =0.
e A second-order tensor, 7, may be expressed uniquely as the sum 7 = Ts + Tp

of a symmetric and an anti-symmetric tensor, T's and Tp, respectively; where the
symmetric tensor is chosen to be diagonal, and the antisymmetric tensor is
defined as the tensor that is left over, so that

1
Tsij = 3 T Sij (B.37—a)

1
Tpij = Tjj — ngkéij (B.37-b)

In this decomposition, the symmetric tensor, 7:"5, is called the spherical tensor,
and the antisymmetric tensor, Tp, is the deviatoric tensor. Also, even if the
original tensor is symmetric, its deviatoric component is not zero: Tp # 0.
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B.1.4 Principal Value Problem

The dot product of a tensor T = Tj;€;€; with a vector u = u;€;, produces another
vector, v = V,'Ej, for: T sV = Tijé\ié\j . uké\k = Tijuka-éjk = T,-jujé\i = V,'é\i
Thus,
T,'jl.lj =V; (B38)

If the resulting vector, v, is parallel to the original vector, u, then since v = Au,
one has

T[jllj = /lll,' (B39—a)
This expression may be written in the form:
(T — 20;)u; =0 (B.39-b)

This represents a homogenous system of linear equations in the components u;
of u. This system will possess a unique solution, only if its determinant is zero:

Ty — 264] = 0 (B.40)

Since the matrix of a second-order tensor is a 3 x 3 square matrix, this equation
represents a cubic equation in the parameter A. It is customary to write this
equation in the form:

R OV RS | OV | | E () (B.41)

This equation is called the characteristic equation of the problem, and its roots
are called the characteristic roots. The quantities Ir, Ilt, and Il are called first,
second, and third (principal) invariants of the tensor. They are given by the
following relations:

It =T\ + Ty + T53 = T;; = tr{?}

Iy = — (T Ty + TaTs3 + T3Thy ) + T223 + T321 + T122
1 (B.42)
=3 (TiTy — TyTy)
Il = eijkTilszTm = det(T,»j)

The characteristic values are also called principal values, proper values, and
quite frequently, “eigenvalues,” borrowing the German word, eigen, for proper.
By definition, to each eigenvalue, A, there will correspond an eigenvector, u'™,
If the tensor is real and symmetric, its eigenvalues and associated eigenvectors will
be real. The magnitude of the eigenvectors is indeterminate, because the resulting
system for each eigenvalue Ay,
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(T; — X(m>81j)u;m> =0, nosumonm (B.43)

is homogeneous; and for a non-trivial solution to exist, its rank is less than the
number of equations it represents. For this reason, the eigenvectors are usually
normalized as unit vectors. Taking a set of coordinate axes (that is, a “primed”
coordinate system) along the eigenvectors, allows expressing each eigenvector,
u'™, as

u = u?m)’e\i = ayie; (B.44)

as ul('"> = a,,. We use this

) in the form:

This defines the components of the eigenvector u™
to write the eigenvalue problem for eigenvector u™

Tijanj = Mm)@mi, 1O Sumonm (B.45)

Multiplying both members of this expression by a,;, using the orthogonality of
the rotation tensor, and noting that a,,;Tj;a,,; = TI’,m we arrive at the relation:

’

T,, = A 8,0, 1O sUmM 0N M (B.46)

This expression proves that the transformation to the coordinate system
represented by the eigenvector triad diagonalizes the original tensor, and that the
elements along the main diagonal of the matrix representation of the tensor are the
principal values of the tensor. That is, in the principal system, the matrix of any
second-order symmetric tensor takes the diagonal form:

Ay O 0
M=1|0 %y O (B.47)
0 0 Mg

B.2 Bodies and Motion

A body B may be defined as a collection of material points. The simultaneous
positions of the particles or material points of a body constitute a configuration of
the body. For reference purposes, it is convenient to choose one configuration of
the body to which all other configurations are compared. This special configuration
is called the reference or initial configuration of the body. We use a rectangular
coordinate system to describe the configurations of the body B and denote the
particles by their position vectors. We use capital letter X to indicate a particle with

=
position vector X = X;e; = (X1,X,,X3) in the original configuration and lower

case letter, x, to refer to the same particle with position vector X =xe; =
(x1,x2,x3) in another configuration. Figure B.3 shows this convention.
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Fig. B.3 Position of a parti- A
cle in the reference and
another configuration

<

=y

A configuration may be represented by a one-to-one (invertible) mapping, 7, as
?:7(?); X=X, X0, X3), i = 1,2,3 (B.48)

With this, a motion of a body is a continuous sequence of configurations in time
and is denoted by

7’:7}(?,;); X = 7(X1, X0, Xa,0),i = 1,2,3 (B.49)

According to the previous definitions, the initial configuration is that occupied
by the body at time r = 0. Hence, in particular,

?:7(?,0); % = 7:(X1, X2, X3,0), = 1,2, 3 (B.50)

As a matter of terminology, the configuration of the body at the present time is
called current configuration. The displacement of a particle at the current time may
then be defined as the difference between its spatial coordinates at that time, x;, and
its initial coordinates, X, as®

ui(X1, X2, X3,1) = xi(X1, X2, X3, 1) = X; (B.51)

B.3 Analysis of Strain

Consider any two particles, X(!) and X?), which in the reference configuration are

an infinitesimal distance apart, dX; = Xi(z) - Xi(]). After deformation, these two

@) (1)

particles will be an elemental distance dx; =x;” —x; ' apart, and their

displacements ul(l) and ul(z) will also differ by a differential amount; that is

8 In keeping with standard practice when using indicial notation, reference to the range of the
indices is omitted but shall be understood to run from 1 to the number of dimensions of the
Euclidean space of the discussions.
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du; = ul@ — u,m. Using these facts and the displacement relationships u; = x; — X;,

introduced earlier, it follows that

dr; =X — x40 — 4V = ax; — au, (B.52)

i i i

Recalling that the u; are functions of the original position coordinates, X, it
follows that

au,-

dx[ — dX, = du[ = a—de)(j (B53)
Consequently,
d P — dX, 0 i
R e (B.54)
dX; 0X;

Because of its two free indices, this expression represents a second-order tensor.
Also, since the indices take values over the same range, the left-hand side of the
relation measures the change in length in the coordinate direction indicated by the
index of the numerator, per unit of original length along the coordinate indicated
by its denominator. When the coordinates of numerator and denominator are the
same, the ratio corresponds to the so-called direct strain in the selected coordinate
direction. When the two indices are different, the ratio yields the shear strain, as
measured by the change in displacement in one direction as one moves in another
direction. This definition of shear strain gives rise to two different shear strains for
each pair of coordinate directions, such as 0u;/0X, and Ou,/0X;; and such shear
strains would depend on rigid body motion. Only the sum %2 (Ou/0X, + Ou,/0X) is
independent of rigid body motion. For this reason, the latter definition of shear
strain is used, and the infinitesimal strain tensor, ¢, is defined as

1 aui auj
& =5 (GX] + ax,-) (B.55—a)

Or, in explicit matrix form:

Qu o L(Ow y Ou 1
aX| 2 aXZ 6X1 2
1
2

le] = &y (272 + (B.55—b)
Sym. %ﬁ

As a second-order symmetric tensor, the strain tensor may be decomposed
uniquely into spherical and deviatoric components, has three principal values and
three principal directions, and becomes diagonal in the coordinate system defined
by its principal directions.
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B.4 Analysis of Stress

The forces acting on a body may be classified as internal and external. Internal
forces are those originating inside the body. External forces originate outside the
body. Forces may be further classified as body forces and surface forces. Body
forces are external forces that act upon each volume element of a body. Surface
forces may be external or internal. External surface forces act on the bounding
surfaces of a body. Internal surface forces are due to interactions between material
particles and thus act on the surfaces of internal volume elements. Surface forces
are reckoned as force per unit surface area.

The body force per unit mass acting on an infinitesimal element dV of the body

is denoted by the vector b = b;e;. With this, the body force on the element dV is
pbie;dV, and the vector sum of all the body forces acting on a body of finite
volume V is given by the volume integral:

/ pbdV = / pbie:dV =2, / pb1dV + 25 / pbydV + @5 / pbsdV  (B.56)
|4 14 14 14 \4

The surface force per unit area, also called surface traction, stress traction, or
simply traction, is denoted by the vector ¢ = fje;. The force acting on an

elemental surface of area dS is 7 dS = t;e;dS; and the vector sum of the tractions
across a finite surface S will be given by the surface integral:

//t\dSE/Z‘i?idSEle\l/tldS+/€\2/t2dS+/€\3/t3dS (B.57)
N N N

S s

Now assume the body in Fig. B.4 is subjected to some prescribed external
surface tractions and body forces, which are functions of the position coordinates
X 1s Xz, X3

At any point within the body, an elemental surface AS has a normal unit vector 7.

The stress traction, ?<n>

- ..
force F that acts on A4S, as the limit:

, at a point (X, X5, X3) is defined in terms of the surface

?(n) . ﬁ d?

= — = B.57
ASSOAS T ds (B.57)

where limit is assumed to exist. In this notation, the superscript n is appended to
the surface traction, ?, to indicate the normal to the surface on which the traction
acts. Of particular interest are surface traction vectors with normal parallel to the
coordinate axes. Such traction vectors may be expressed as linear combinations of
unit vectors along the coordinate axes, as

— (i) (i)

7 =108 =108 + e + 1%, (B.58)
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Fig. B.4 Surface tractions in A N

a body X AF

2

v

X
X5
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where by definition, tji represents the component of traction vector ?(1) along the

1

positive direction of coordinate axis X;. It is customary to write ¢;; = t; >, and thus

to express the traction vector as
—>(l) —~ —~ ~ ~
1 =0 =0y¢) +oner + oies (B.59)

By convention then, the first subscript of ¢ indicates the direction of the
outward unit normal to the elemental area; and the second index represents the
direction of the component of the traction vector. This sign convention is shown in
Fig. B.5. Since the symbol ¢;; has two free indices, it represents a tensor of second
order, which is called the stress tensor at the point in question.

Once the components of the stress tensor are available at a point, the traction
vector acting on any other plane passing through the same point may be
established. Indeed, using the continued dyadic form of the stress tensor and the
properties of the Kronecker delta, expression (B.59) may be written as the inner or
dot product of the unit vector e; and the stress tensor:

-0 ~ o~ ~
t = eroej = Oy eroye; = 0;je; (B.60)

By the same token, the surface traction vector acting at a point on a plane with a

normal 7 = n;e;, would be given by
—(n) i~

t = lj €j =1Nn- -0 =nie; €y0yej = nié,-kekakjej = niojje;

From which, the components of the surface traction vector associated with a
plane with normal 7 are

K0

di = n;0j; (B61)

For simplicity, we usually omit reference to the surface normal and simply
express the traction vector as

lj = n;oj (B62)
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Fig. B.5 Sign convention for X,
the components of the stress A

tensor i
G33 Positive face 3

G Positive face 2

Positive face 1

As a second-order symmetric tensor, the stress tensor may be decomposed
uniquely into spherical and deviatoric tensors, has three principal values and three
principal directions, and becomes diagonal in the coordinate system defined by the
principal directions.

B.5 Constitutive Equations

The constitutive equations of linear elasticity are nine equations relating the nine
components of the stress tensor to the nine components of the strain tensor, in the
form:

oij = Mijugn (B.63)

These nine equations contain 81 material constants, but since the stress and
strain tensors are both symmetric, Mjj; = Mj;; = M, the number of independent
constants reduces to 36, because for each pair of indices ranging from 1 to 3, there
are 3-(3+1)/2 = 6 distinct combinations, accounting for the 6-6 = 36 independent
material constants. This allows for a convenient representation of (B.63) as a matrix
equation relating a six-by-one column matrix of stresses to a six-by-one column
matrix of strains, though a six-by-six matrix of elastic constants, as follows:

a1 My Mz Mz Mg Muss Mies €11
022 My Mxnx Mz Moaas Mass Mo &0
o33 | _ | Masnn Mszn Mszzs Mizas Maszss Msses £33 (B.64)
o2 Mygry Myso Maszz Magas Masss  Masss €12
013 Mssi1 Mssyy  Mss3z Mssas Mssss Msseg €13

023 Mes11  Meo22 Mezs Meosas  Messs  Mesos €3
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For elastic materials, the number of independent constants is further reduced
from 36 to 21 due to the existence of a strain energy function—discussed
subsequently. This extends the symmetry of the constitutive tensor to
M = Mjig = My = Myj;.

The specific coefficients entering the stress—strain relationships will depend on
the directions of the reference axis. A material that allows certain types of
transformation of reference axes without changing its elastic properties is said to
possess elastic symmetry. If the material properties are independent of rotation
about an axis, that axis is an axis of symmetry. If the properties remain the same
under reflection in a plane, that plane is a plane of symmetry.

An elastic material with three orthogonal planes of symmetry —called
orthotropic symmetry— requires only 9 independent constitutive coefficients. The
corresponding constitutive equations take the form:

o1l My My Mz 0 0 0 11
() Moy M3 0 0 0 &0
033 M3333 0 0 0 33

= B.65
12 M 44 0 0 12 ( )
013 Sym. Mssss 0 13
03 Mg €3

An elastic material for which every plane is a plane of symmetry is said to be
isotropic. In this case, the fourth-order constitutive tensor, M, is isotropic. As
such, it may be represented as [see Sect. B.1.2]:

Mijig = 2001 + (001 + 0y0jx) + v(dixdji — didjk) (B.66)
By the symmetry requirement, the last term drops out, so that
Mij = 2001 + (001 + 010k ) (B.67)

In other words, only two material property constants are needed to fully
characterize the constitutive equations of isotropic materials. Combining this
expression with (B.63), using the properties of the identity tensor, and simplifying,
yields the constitutive equations for isotropic elastic materials, as

gjj = }vﬁkkéij + 2,u£l~j (B68)

In this expression, u is the material’s shear modulus; and both 4 and u are called
Lame’s constants. Also, as shown in a later section, when strains are small, g=¢;;
+ &, + &3 = ¢y represents the volumetric strain.

Using the decomposition of the stress and strain tensors into their spherical and
deviatoric parts, the constitutive equations may be cast in the following equivalent
form:

2
65:3<2+§ )85, osz%, 855% (B.69—a)



Appendix B: Elements of Solid Mechanics 341

Opjj = 2#80,‘1', Opij = 0jj — 0'55,)', &pij = &jj — 855,’1' (B69—b)

Note that in this form, the six constitutive equations of linear elasticity decouple
into 7 one-dimensional constitutive equations, connected through their spherical
and deviatoric components. Equation (B.69-a) between the spherical stress and
spherical strain is usually presented in the following alternate forms:

os = 3Keg (B.70—a)
-p=Key, —-p= %,av =t (B.70—b)

The material constant K = 1 + % 1, relating the hydrostatic pressure —p = %
to the volumetric strain &y = g is properly termed volumetric or bulk modulus.

In practice, the tensile relaxation modulus, E, and the so-called Poisson’s ratio,
v, are easier to determine than 4, u, or K. When E and v are used, the constitutive
equations take on the following form:

= () B

Only two independent constants are needed to fully characterize a linear elastic
material, and there are several material constants available to do this—A/, u, K, E,
and v. The form of the constitutive equations will depend on which properties are
chosen to express them. The elastic constants E, v, and K, are related to A and u, as
follows:

A 2
E=2(1+vu, v=—r——, K=/1+= B.72—a
(1 +v)u U8 3H ( )
With these, the following interrelationships may be verified:

E

F=30 (B.72-b)
/l:K—%u: 12—ll;v: (1+V)V(El—2v) :#(Si_—if) (B.73—¢)
K)+§“?(l1(1j2:§ BT Iizv) :3(3?i E) (B.72-d)
E= “(Tj;“) - ;{Ii“u =2u(1 +v) (B.72—e)

£ _3K- E (B.72—f)

"To0 ) 6k t2n 2p

There are isotropic elastic materials whose bulk modulus is orders of magnitude
larger that their shear modulus. The practical implication of this is that their
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response to mechanical loads takes place by shearing only, with virtually no
change in their volume. Such materials are called incompressible. As will be seen
later on, volume preservation in linear materials requires that the volume strain, ¢y
= & be identically zero throughout the loading process. Hence, incompressibility
enters as a constraint on the equations of motion. This means that one can add a
spherical stress—uniform in all directions—of any magnitude to the stress field,
without altering the strains. For incompressible materials, then, the stress tensor is
determined from the strains, only up to a spherical stress. Since the spherical
stress, as = (o4)/3, is the average of the normal stresses, its negative, “—ag,” is
called the hydrostatic pressure. Thus, —p = og¢ = (ox)/3. The constitutive
equations for linear elastic isotropic incompressible materials may be written
directly from Eq. (B.69-b), using o5 = —p, noting that &p;; = ¢;, because gy = 0,
and expressing ¢;; in terms of op;. Hence,

O'ij = _p(sij + 2,[18,']' (B73)

B.6 Conservation Principles

There are laws of physics which are obeyed by all substances in the bulk, be they
elastic, viscous or viscoelastic, irrespective of whether their constitutive equations
are linear or non-linear.’ These laws proclaim the conservation of mass, linear and
angular momenta, and energy. The expressions used to represent conservation
principles are known as conservation or balance laws.

B.6.1 Conservation of Mass

The total mass of a system, which does not exchange mass with its surroundings,
remains the same at all times. In particular, the total mass, M(7), of a body at any
time 7, must be equal to its original mass, M,. Using the material’s density,
p(x) which measures mass per unit volume and letting the subscript ‘0’ denote the
original value of a quantity, we write the equation of mass conservation, as'’

/ ()Y, = /V p(X)dV (B.74)

° D.C. Leigh 1968.

10" Ror simplicity of exposition, here, and in derivations that follow, we use X and x to denote a
material particle as well as its position vector before and after deformation, respectively.
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Changing the volume of integration from the current, deformed configuration at
time ¢, to the original configuration:

[ pav,= [ pwav = [ 1-peoav, (@)

v, 14 Vo

Noting that the resulting expression must be valid for an arbitrary initial
volume, we cancel the integral sign and write the balance of mass equation:

Po(X) = p(x)J (x) (B.75)

For clarity, we have omitted the indices that identify the coordinates, X;, and x;,
and used instead the particle representation, X, and x. The additional implication
that the motion of the particle X depends on time; that is, that x = y(X, f) must also
be kept in mind.

The Jacobian determinant, J, represents the ratio of the change in volume per
unit original volume. Now, by the definition of small axial strain, as change in
length per unit original length, a cube of sides of initial lengths I, I, I, subjected

to Strains &y, &y, &, along its edges, will change its volume so that

V = Lo(1 + &) - Ly (1 + &) - Leo(1 + &2,)
=Ly Ly, - L[l + & + &y + &) + O(7) (b)
= Vo[l + & + &y + &) + O(&?)
where the symbol O(&?) indicates terms of second order and higher. That is, to first

order, the balance of mass may be alternatively expressed in terms of the direct
strains, as

Vv
J= V= 1+ (6xx + &y +&2) (B.76)

Two important consequences of this expression are that
(a) The change in volume per unit original volume, also known as volume strain,

is equal to the sum of the direct strains in any three perpendicular directions:

V-V,
Eyol = TO = & T &y + & = &11 + &2 + €33 (B.77)
o
(b) Incompressible materials deform without changing volume: J = V/V, = 1, and
thus, for such materials, the sum of the direct strains in any three mutually
perpendicular directions is zero:

Eyol = &ox T &y + & =11 T2+ 33 =0 (B.78)
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B.6.2 Conservation of Linear Momentum

Newton’s second law of motion requires a balance between the external resultant
load on a body and the rate of change of its linear momentum. The integral form of
this law is due to Cauchy and gives rise to the equations of motion, valid for all

materials in bulk. In terms of the Cartesian components of the stress tensor, gj, and
velocity field, v;, these equations take the following form:
0 0
= 0ij + pbi = p-Vi (B.79)

6X_,~ ot

When inertia terms are zero, as in static problems, or can be neglected, as under
steady-state conditions, the acceleration term on the right-hand side is dropped:

0
o)

Here, differentiation is understood with respect to the original coordinates, X;,
so that, for instance, the X-component of the equations of motion in unabridged
form reads:

0 § 0 0
&JMJra—ngera—Zaqupbx:pavx (B.81)

The y- and z-component equations are written with corresponding permutations

of the coordinates.

B.6.3 Conservation of Angular Momentum

Non-polar materials are defined as those for which the resultant internal moment
on the surface of any volume element is zero. For such materials, the principle of
conservation of angular momentum—the resultant external moment on a body is
equal to the time rate of change of its angular momentum—yields the requirement
that the stress tensor, o;;, be symmetric:

Using unabridged notation, these expressions take the form:
Ory = Oyx; Oy = Oz} Oy = Oy (B.83)

The balance of angular momentum reduces the number of independent
components of the stress tensor from 9 to 6.
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B.6.4 Conservation of Energy

The experimental fact that the total energy in a thermodynamically closed system
remains constant represents the first law of thermodynamics. According to this
experimental law, there is always a balance between all energy put into a system
and all internal energy. The external energy consists of mechanical and thermal
work, while the internal energy is separated into macroscopically observable
kinetic energy and intrinsic energy. The rate form of the first law of
thermodynamics, that OF;,/0t = OE,/Ot, stipulates a balance between the
intrinsic energy, on one side, and the stress and thermal power on the other:

Oe 0 g;

Pt = iy TP T 5

(B.84)

In this expression, the first term on the right-hand side is the sum total of the
products of the stress components and the corresponding strain rates and is thus
called stress power. The other two terms on the right-hand side represent the
thermal power: r is due to the heat sources and the g; are the components of the
heat flux vector.

B.7 Boundary Value Problems

The isothermal boundary value problem of linear isotropic elasticity consists of
the three equations of motion with their initial and boundary conditions. Taking
the initial configuration of the body to be free of stress and at rest prior to the
application of the loading—all field variables are identically zero for ¢+ < O—the
equations of motion and boundary conditions are

0 o?
ﬁajiﬁ-pbi:p@uh X, eV
J

w(X,t) =uf(X,1), Xe €Sy >0 (B.85)
n(X)oj(X,0) =10(X,1), Xy €Sr; >0

In these expressions, n; represents the unit outward normal to the boundary, S,
formed of S,, and S7, where displacements and tractions, respectively, are prescribed.
Here, n; is not a function of time, which is consistent with the assumptions of small
displacements and strains. Also, in a well-posed problem, S, and S do not intersect
(S, NSy = @); which means that one cannot prescribe different types of boundary
conditions at the same point and in the same direction, at the same time.

The boundary value problem of linear elasticity, as posed in (a) consists of three
equations in nine unknowns—three components of the displacement vector and six
independent stress components. For a solution to exist, the system in (B.85) has to
be complemented by other relations. The additional relationships are as follows:



346 Appendix B: Elements of Solid Mechanics

The displacements, u;, are related to the strains, &, through the six relationships
that were used earlier to define the strain tensor:

1 6ul~ 6u,

We now have three equations of equilibrium, six strain—displacement relations,
and six stress—strain equations, for fifteen equations; and there are three
displacements, six stresses and six strains, for fifteen unknowns. These are the
field equations of isothermal linear elasticity. The uniqueness of solution of the
boundary value problem posed is due to the fact that linear elastic materials have a
positive definite strain energy function.

B.8 Compatibility Conditions

The strain—displacement relations relate the three components of the displacement
field to the six components of strain. These expressions result in a unique set of
strains for any prescribed set of displacements, but do not suffice in general to
produce a unique set of displacements from an arbitrarily prescribed set of strains.
The system of equations in the latter case, with six equations in three unknowns, is
over-determined, thus preventing the six components of the strain tensor to be
prescribed arbitrarily. The conditions that the strain tensor must satisfy to allow a
unique displacement field upon integration of the strain—displacement relations are
known as the integrability or compatibility conditions.

The equations of compatibility are obtained differentiating the strain—
displacement relations twice and permuting indices. This process yields the
following 81 equations, of which only six are independent:

Eijjl  Eklij = Eikjt t EjLik (B.87)

Using the standard Cartesian coordinates X, y, z, for subscripts 1, 2, and 3,
respectively, the equations of compatibility take the following unabridged form:

o o o o’ o, d 0 0
a—xzsyy—‘ra—yzgxxzzmgxy wexx:a[—a—xsﬂ +6—y£u+6—28xy] (B88)

Similar permutations of x, y, and z produce the other four independent relations.
For two-dimensional problems in the x-y plane, the only non-trivially satisfied
relation is the first one listed above.

On occasion, the compatibility conditions are required in terms of stresses.
Since stresses and strains are connected through the constitutive equations, the
integrability conditions in terms of stresses depend on material properties. They
may be obtained by substituting the strain—stress constitutive equations in the
compatibility equations. The resulting expressions are known as the Beltrami-
Michell relations.
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B.9 Energy Principles

Energy principles play an important role in the theory of elasticity. One reason for
this is that the work performed on an elastic solid by external agents is stored in the
solid in the form of internal energy, and this internal energy is fully recoverable''
upon removal of the external agents. Because of this, energy principles are
frequently used to derive methods of solution to elastic boundary value problems.
Among the various energy principles that are available for elastic solids, we
present the principle of virtual work, and the important theorems of minimum
potential energy and minimum complementary potential energy.'> Before
discussing these principles, we introduce the concepts of statically admissible
stress fields and kinematically admissible displacement fields.

Statically admissible field

A stress distribution or field is called statically admissible if it is continuously
differentiable in the domain, V, occupied by the body, identically satisfies the
equations of equilibrium inside V, and takes on the values assigned to the surface
tractions on the portion, Sz, of the body, where tractions are prescribed.

Kinematically admissible field

A displacement field is called kinematically admissible if it is three times
continuously differentiable’® inside the domain, V, occupied by a body, identically
satisfies compatibility in V, and takes on the values of the displacement field on the
portion, S,, of the body, where the displacements are prescribed.

B.9.1 Principle of Virtual Work

The principle of virtual wok, also referred to in the literature as the principle of
virtual displacements, states that

Given any statically admissible stress field: {a;j, tjf = niogj,F ; = pb;}, and any
kinematically admissible displacement field, u; then

/ £u'dS + / FulldS — / oLelldV (B.89)

S Vv Vv

"' This means that if the external agents that put work into an elastic solid were completely
removed, the internal energy stored in the solid could be used to perform an amount of work
equal to the work that was put into the solid in the first place.

12 The principle of virtual work (or its generalization to virtual velocities), as well as the
theorems of minimum potential energy, and minimum complementary potential energy have been
applied to derive finite element methods.

13 A kinematically admissible displacement field has to be thrice continuously differentiable
because the compatibility conditions involve the second derivatives of the strains, and the strains
are defined in terms of the first derivatives of the displacement field.
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To prove the principle, we first transform the surface integral into a volume one

using the Green-Gauss theorem [c.f. Appendix A]. Afterward, we invoke the

equations of equilibrium: a]/»i ;+Fi=0; the strain—displacement relations: a;’ =

1/2(u; ;T uj;); and the symmetry of the stress tensor, that ¢;; =aj;, on account of
N

which aju]; = o};¢;;. Since the proof of the principle does not involve constitutive

equations, the principle is applicable to all materials in bulk.

B.9.2 Principle of Minimum Potential Energy

An elastic material may be defined as one for which there exists a single-valued
positive definite potential function of the strains, W(e;), such that

&ij

Wi(e;) :/szdﬁkz (B.90)
0

The function W is also required to be path independent and convex in the
strains; the latter requirement is in the sense that, for any two strain fields, ¢; and
&; the following relationship must be satisfied:

W) - Wie) > (5 - o)

For W to be path independent and a function of the final strains only, its total
differential must be a perfect differential. This condition is satisfied if

ow

e (B.91)

&ij

o*w *w
— = B.92
68,:]'681(1 aSklaSij ( )
or, equivalently,
ale aO'ij
- B.93
68,7 a8k1 ( )

This results follow directly from (B.90), since dW (&;) = S deyy = odey is a
sum of differentials, and thus, a generalization of the two-dimensional form df =
Pdx + Qdy, for which the proposition is easily proven'®. The total differential of
W also defines the explicit relationship between W and the stress field, as

" If df = Pdx + Qdy, is a perfect differential, then df = %ﬁdx—}—aldy, which implies that

Jy
P:% and Q:g—§. By the theorem of Schwartz for mixed partial derivatives,
P _ 2 _ 3 _ 20

Oy ~ Oydx oxdy — Ox”
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ow
68,-]-

ojj = (B.94)

This relationship is what gives W its character as a potential function, since the
stresses are calculated from it as the derivatives of the function with respect to the
corresponding strains. Also, because W is measured per unit volume, it is referred
to as the strain energy density.

The potential energy, @, of an elastic body subjected to conservative body
forces, F;, and surface tractions ¢/, is defined for any kinematically admissible
displacement field, !, as

u!) / W (el)dV — / 2uldV — / FidV (B.95)

1%

In this expression, &; = 1/2(u}; +u};). If 0y, ¢, and wu; represent the actual
stresses, strains, and displacements, respectively, it is an easy matter to prove that,
because of the convexity of the strain energy density, W:

®(uf') > O(u;) (B.96)

This equation represents the theorem of minimum potential energy, that among
all the kinematically admissible displacement fields, the actual displacement field,
which is also statically admissible by definition, minimizes the potential energy.

B.9.3 Principle of Minimum Complementary Potential Energy

In the previous section, we defined an elastic material as one for which a strain
energy density, W, can be found, such that the stress—strain constitutive equations
can be obtained from it by differentiation according to ¢;; = 0W/0¢;;. The existence
of a unique inverse of these constitutive equations, together with the symmetry
condition

a!-)]d GSU

aGij a a()'kl (B97)

guarantees there is a complementary strain energy density Y, defined by the
relation:
Y=o, — W (B.98)
Since dY = doje; + oyde; — dW = ojde;;, the complementary strain energy
density, Y, defines the strain—stress constitutive equations, through the relations:

oY
aG,'j

&jj = (B99)



350 Appendix B: Elements of Solid Mechanics

The complementary potential energy, ¥, of an elastic body is defined for any
statically admissible field aﬁj, by the relation:

() = [ vepav - [ duds (B.100)
14 Su

Where the statically admissible surface tractions, tj{, are computed from the
statically admissible stress field, according to tj’- = niagj. If 6, &, and u; represent

the actual stress, strain, and displacement fields, then it can be proven, using the
convexity of the complementary strain energy density, Y, that:

¥ (7,) = ¥(oy) (B.101)

This embodies the principle of minimum complementary potential energy that
of all the statically admissible stress fields, the actual field, which is also
kinematically admissible, minimizes the complementary potential energy.
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