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List of Symbols

The symbols that are used throughout the book for various important quantities
are defined in the following list. In some cases, the same symbol has different
meaning in different parts of the book; it should be clear from the context.

W ®

Acceleration vector, %

Matrix of normalized eigenvectors [see Eq. (3.9.8)]
Left Cauchy—Green deformation tensor (or Finger tensor),
B = F - FT; magnetic flux density vector

Cauchy strain tensor, B=FT.F-1, B! =B
Bilinear form

Specific heat, moisture concentration

Couple vector

Specific heat at constant volume and pressure
Right Cauchy-Green deformation tensor, C = F' - F;
fourth-order elasticity tensor [see Eq. (6.3.4)]
Elastic stiffness coeflicients

Third-order tensor of piezoelectric moduli
Internal dissipation

Area element (vector) in spatial description

Area element (vector) in material description
Surface element in current configuration

Surface element in reference configuration

Line element (vector) in current configuration
Line element (vector) in reference configuration
Symmetric part of the velocity gradient tensor, L = (Vv)7;
that is, D = % [(VV)T + VV]; electric flux vector;
mass diffusivity tensor

Material time derivative

Internal diameter

Specific internal energy

Almansi strain tensor, e = % (I —FT. F_l)

A unit vector

A unit basis vector in the direction of vector A

A basis vector in the x;—direction

Components of alternating tensor, £
Green—Lagrange strain tensor, E = % (FT -F— I);

E,FEi,Ey;  Young’s modulus (modulus of elasticity)

E;
f
f

e
far fy, I

Unit base vector along the X; material coordinate direction
electric field intensity vector

Components of the Green—Lagrange strain tensor

Load per unit length of a bar

Body force vector

Function

Body force components in the x, y, and z directions



xviii LIST OF SYMBOLS

Deformation gradient, F = (Vox)"; force vector
Functional mapping

Acceleration due to gravity; function; internal heat generation
Gradient of temperature, g = V6

Shear modulus (modulus of rigidity)

Height of the beam; thickness; heat transfer coefficient
Total entropy (see Section 5.4.3.1); unit step function
Nonlinear deformation tensor [see Eq. 6.6.25)];
magnetic field intensity vector

1 Second moment of area of a beam cross section; functional
I Unit second-order tensor

1,115,135 Principal invariants of stress tensor

J Determinant of the matrix of deformation gradient (Jacobian);
polar second moment of area of a shaft cross section
Current density vector; creep compliance

Principal invariants of strain tensor E or

rate of deformation tensor D

Spring constant; thermal conductivity

Thermal conductivity tensor

Kinetic energy

Stiffness coefficients

Shear correction factor in Timoshenko beam theory
Direction cosines [see Eq. (2.2.71) or Eq. (4.3.4)]
Length; Lagrangian function

Velocity gradient tensor, L = (Vv)T

Linear form

Matrix of direction cosines, ¢;;

A scalar memory function (or relaxation kernel)
Couple traction vector [see Eq. (5.3.33)]

Bending moment in beam problems

Couple stress tensor; magnetization vector

Unit normal vector in the current configuration

1th component of the unit normal vector n

Axial force in beam problems

T T QRS

— ~ o —
sEREESARR =~

= E2EEB S

S

Unit normal vector in the reference configuration

Ith component of the unit normal vector N

Pressure (hydrostatic or thermodynamic)

Angular momentum vector; vector of pyroelectric coefficients
Point load in beams; perimeter

First Piola—Kirchhoff stress tensor; polarization vector
Distributed transverse load on a beam

Intensity of the distributed transverse load in beams

Heat flux vector in the reference configuration
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qn
ar
q;
q
Q
Q
Qn
Q.

wmw @

~
<.

g oot o+

u
U, U, W
Uy, U2, U3

Heat flux normal to the boundary, ¢, =V -
Moisture flux vector

Force components

Heat flux vector in the current configuration

First moment of area; volume rate of flow
Rotation tensor [see Eq. (3.8.12)]

Heat input

Joule heating

Radial coordinate in the cylindrical polar system
Internal heat generation per unit mass in the
reference configuration

Internal heat generation per unit mass in the
current configuration

Radial coordinate in the spherical coordinate system;
universal gas constant

Position vector in the spherical coordinate system;
proper orthogonal tensor

A second-order tensor; second Piola—Kirchhoff stress tensor
Electric susceptibility tensor

Elastic compliance coefficients

Time

Stress vector; traction vector

Torque; temperature

Displacement vector

Displacements in the z,y, and z directions
Displacements in the z1, 9, and 3 directions
Internal (or strain) energy

Right Cauchy stretch tensor

Velocity, v = |v]|

Velocity vector, v = %

Shear force in beam problems; potential energy due to loads
Left Cauchy stretch tensor

Scalar potential

Vorticity vector, w = %V XV

Power input

Skew symmetric part of the velocity gradient tensor,
L = (Vv)T; that is, W = £ [(VVv)T — Vv]
Spatial coordinates

Rectangular Cartesian coordinates

Rectangular Cartesian coordinates

Material coordinates

Relaxation modulus

Transverse coordinate in the beam problem:;

axial coordinate in the torsion problem
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Angle; coefficient of thermal expansion

Thermal coefficients of expansion

Material coefficients, §;; = Cijrecupe

Deformation mapping

Variational operator used in Chapter 7; Dirac delta
Components of the unit tensor, I (Kronecker delta)
Change of (followed by another symbol)
Infinitesimal strain tensor

Symmetric part of the displacement gradient tensor,
(Vu)T; that is, € = § [(Vu)T + Vu]

Permittivity of free space

Rectangular components of the infinitesimal

strain tensor

A typical variable; angular coordinate in the spherical
coordinate system; electric potential; relaxation function
Moisture source

Viscous dissipation, ® = 7 : D; Gibb’s potential;
Airy stress function

Shear strain in one-dimensional problems

Internal entropy production; total boundary
Entropy density per unit mass; dashpot constant
Viscosity coefficient

Reference and current configurations

Extension ratio; Lamé constant; eigenvalue

Lamé constant; viscosity; principal value of strain
Permeability of free space

Poisson’s ratio; v;; Poisson’s ratios

Total potential energy functional

Angular coordinate in the cylindrical and spherical
coordinate systems; angle; twist per unit length;
absolute temperature

Twist

Density in the current configuration; charge density
Density in the reference configuration

Boltzman constant

Mean stress

Cauchy stress tensor

Shear stress; retardation or relaxation time

Viscous stress tensor

Domain of a problem

Skew symmetric part of the displacement gradient tensor,
(Vu)T; that is Q@ = £ [(Vu)T — V]
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Angular velocity

Infinitesimal rotation vector, w = %V X u

Warping function; stream function; creep function
Helmholtz free energy density; Prandtl stress function
Gradient operator with respect to x

Gradient operator with respect to X

Matrix associated with the enclosed quantity

Column vector associated with the enclosed quantity
Magnitude or determinant of the enclosed quantity
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Time derivative of the enclosed quantity
Enclosed quantity with superposed rigid-body motion
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Deviatoric tensors associated with the enclosed tensor

Note:
Quotes by various people included in this book were found at different web sites;
for example, visit:
http://naturalscience.com/dsqhome.html,
http://thinkezist.com/quotes/david_hilbert/, and
http://www.yalescientific.org/2010/10/from-the-editor-imagination-in-science/.
The author cannot vouch for their accuracy; this author is motivated to include
the quotes at various places in his book for their wit and wisdom.






Preface to the Second Edition

Tis the good reader that makes the good book; in every book he finds passages which seem
confidences or asides hidden from all else and unmistakeably meant for his ear; the profit of
books is according to the sensibility of the reader; the profoundest thought or passion sleeps
as in a mine, until it is discovered by an equal mind and heart.

—— Ralph Waldo Emerson (1803-1882)

You cannot teach a man anything, you can only help him find it within himself.
— Galileo Galilei (1564-1642)

Engineers are problem solvers. They construct mathematical models, develop
analytical and numerical approaches and methodologies, and design and manu-
facture various types of devices, systems, or processes. Mathematical develop-
ment and engineering analysis are aids to designing systems for specific function-
alities, and they involve (1) mathematical model development, (2) data acquisi-
tion by measurements, (3) numerical simulation, and (4) evaluation of the results
in light of known information. Mathematical models are developed using laws
of physics and assumptions concerning the behavior of the system under consid-
eration. The most difficult step in arriving at a design that is both functional
and cost-effective is the construction of a suitable mathematical model of the
system’s behavior. It is in this context that a course on continuum mechanics or
elasticity provides engineers with the background to formulate a suitable math-
ematical model and evaluate it in the context of the functionality and design
constraints placed on the system.

Most classical books on continuum mechanics are very rigorous in mathemat-
ical treatments of the subject but short on detailed explanations and including
few examples and problem sets. Such books serve as reference books but not as
textbooks. This textbook provides illustrative examples and problem sets that
enable readers to test their understanding of the subject matter and utilize the
tools developed in the formulation of engineering problems.

This second edition of Introduction to Continuum Mechanics has the same
objective as the first, namely, to facilitate an easy and thorough understanding
of continuum mechanics and elasticity concepts. The course also helps engi-
neers who depend on canned programs to analyze problems to interpret the
results produced by such programs. The book offers a concise yet rigorous
treatment of the subject of continuum mechanics and elasticity at the
introductory level. In all of the chapters of the second edition, additional
explanations, examples, and problems have been added. No attempt has been
made to enlarge the scope or increase the number of topics covered.

The book may be used as a textbook for a first course on continuum me-
chanics as well as elasticity (omitting Chapter 8 on fluid mechanics and heat
transfer). A solutions manual has also been prepared for the book. The solution
manual is available from the publisher only to instructors who adopt the book
as a textbook for a course.
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Since the publication of the first edition, several users of the book com-
municated their comments and compliments as well as errors they found, for
which the author thanks them. All of the errors known to the author have
been corrected in the current edition. The author is grateful, in particular, to
Drs. Karan Surana (University of Kansas), Arun Srinivasa (Texas A&M Uni-
versity), Rebecca Brannon (University of Utah), Vinu Unnikrishnan (University
of Alabama), Wenbin Yu (Utah State University), Srikanth Vedantam (Indian
Institute of Technology, Madras), Shailendra Joshi (National University of Sin-
gapore), Ganesh Subbarayan (Purdue University), S. H. Khan (Indian Institute
of Technology, Kanpur), and Jaehyung Ju (University of North Texas) for their
constructive comments and help. The author also expresses his sincere thanks
to Mr. Peter Gordon, Senior Editor (Engineering) at Cambridge University
Press, for his continued encouragement, friendship, and support in producing
this book. The author requests readers to send their comments and corrections
to jn_reddy@yahoo.com.

J. N. Reddy
College Station, Texas

What is there that confers the noblest delight? What is that which swells a man’s breast with
pride above that which any other experience can bring to him? Discovery! To know that you
are walking where none others have walked ... —— Mark Twain (1835-1910)

You can get into a habit of thought in which you enjoy making fun of all those other people
who don’t see things as clearly as you do. We have to guard carefully against it.

—— Carl Sagan (1934-1996)



Preface to the First Edition

If T have been able to see further, it was only because I stood on the shoulders of giants.
—— Isaac Newton (1643-1727)

Many of the mathematical models of natural phenomena are based on fundamen-
tal scientific laws of physics or otherwise, extracted from centuries of research
on the behavior of physical systems under the action of natural “forces.” To-
day this subject is referred to simply as mechanics — a phrase that encompasses
broad fields of science concerned with the behavior of fluids, solids, and complex
materials. Mechanics is vitally important to virtually every area of technology
and remains an intellectually rich subject taught in all major universities. It
is also the focus of research in departments of aerospace, chemical, civil, and
mechanical engineering, and engineering science and mechanics, as well as ap-
plied mathematics and physics. The last several decades have witnessed a great
deal of research in continuum mechanics and its application to a variety of prob-
lems. As most modern technologies are no longer discipline-specific but involve
multidisciplinary approaches, scientists and engineers should be trained to think
and work in such environments. Therefore, it is necessary to introduce the sub-
ject of mechanics to senior undergraduate and beginning graduate students so
that they have a strong background in the basic principles common to all major
engineering fields. A first course on continuum mechanics or elasticity is the
one that provides the basic principles of mechanics and prepares engineers and
scientists for advanced courses in traditional as well as emerging fields such as
biomechanics and nanomechanics.

There are many books on mechanics of continua. These books fall into two
major categories: those that present the subject as a highly mathematical and
abstract subject, and those that are too elementary to be of use for those who
will pursue further work in fluid dynamics, elasticity, plates and shells, viscoelas-
ticity, plasticity, and interdisciplinary areas such as geomechanics, biomechanics,
mechanobiology, and nanoscience. As is the case with all other books written
(solely) by the author, the objective is to facilitate an easy understanding of the
topics covered. It is hoped that the book is simple in presenting the main con-
cepts yet mathematically rigorous enough in providing the invariant form as well
as component form of the governing equations for analysis of practical problems
of engineering. In particular, the book contains formulations and applications
to specific problems from heat transfer, fluid mechanics, and solid mechanics.

The motivation and encouragement that led to the writing of this book came
from the experience of teaching a course on continuum mechanics at Virginia
Polytechnic Institute and State University and Texas A&M University. A course
on continuum mechanics takes different forms — from abstract to very applied
— when taught by different people. The primary objective of the course taught
by the author is two-fold: (1) formulation of equations that describe the motion
and thermomechanical response of materials and (2) solution of these equations
for specific problems from elasticity, fluid flows, and heat transfer. The present
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book is a formal presentation of the author’s notes developed for such a course
over the last two and half decades.

With a brief discussion of the concept of a continuum in Chapter 1, a re-
view of vectors and tensors is presented in Chapter 2. Since the language of
mechanics is mathematics, it is necessary for all readers to familiarize them-
selves with the notation and operations of vectors and tensors. The subject of
kinematics is discussed in Chapter 3. Various measures of strain are introduced
here. The deformation gradient, Cauchy—Green deformation, Green—Lagrange
strain, Cauchy and Euler strain, rate of deformation, and vorticity tensors are
introduced, and the polar decomposition theorem is discussed in this chapter. In
Chapter 4, various measures of stress — Cauchy stress and Piola—Kirchhoff stress
measures — are introduced, and stress equilibrium equations are presented.

Chapter 5 is dedicated to the derivation of the field equations of continuum
mechanics, which forms the heart of the book. The field equations are derived
using the principles of conservation of mass and balance of momenta and energy.
Constitutive relations that connect the kinematic variables (e.g., density, tem-
perature, and deformation) to the kinetic variables (e.g., internal energy, heat
flux, and stresses) are discussed in Chapter 6 for elastic materials, viscous and
viscoelastic fluids, and heat transfer.

Chapters 7 and 8 are devoted to the application of the field equations de-
rived in Chapter 5 and constitutive models of Chapter 6 to problems of linearized
elasticity, and fluid mechanics and heat transfer, respectively. Simple boundary-
value problems, mostly linear, are formulated and their solutions are discussed.
The material presented in these chapters illustrates how physical problems are
analytically formulated with the aid of continuum equations. Chapter 9 deals
with linear viscoelastic constitutive models and their application to simple prob-
lems of solid mechanics. Since a continuum mechanics course is mostly offered
by solid mechanics programs, the coverage in this book is slightly more directed,
in terms of the amount and type of material covered, to solid and structural
mechanics.

The book was written keeping undergraduate seniors and first-year graduate
students of engineering in mind. Therefore, it is most suitable as a text book for
adoption for a first course on continuum mechanics or elasticity. The book also
serves as an excellent precursor to courses on viscoelasticity, plasticity, nonlinear
elasticity, and nonlinear continuum mechanics.

The book contains so many mathematical equations that it is hardly possible
not to have typographical and other kinds of errors. I wish to thank in advance
those readers who are willing to draw the author’s attention to typos and errors,
using the e-mail address: jn_reddy@yahoo.com.

J. N. Reddy
College Station, Texas
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1
INTRODUCTION

I can live with doubt and uncertainty and not knowing. I think it is much more interesting to
live not knowing than to have answers that might be wrong.
—— Richard Feynmann (1918-1988)
What we need is not the will to believe but the will to find out.
—— Bertrand Russell (1872-1970)

1.1 Continuum Mechanics

The subject of mechanics deals with the study of deformations and forces in mat-
ter, whether it is a solid, liquid, or gas. In such a study, we make the simplifying
assumption, for analytical purposes, that the matter is distributed continuously,
without gaps or empty spaces (i.e., we disregard the molecular structure of mat-
ter). Such a hypothetical continuous matter is termed a continuum. In essence,
in a continuum all quantities such as mass density, displacements, velocities,
stresses, and so on vary continuously so that their spatial derivatives exist and
are continuous.! The continuum assumption allows us to shrink an arbitrary
volume of material to a point, in much the same way as we take the limit in
defining a derivative, so that we can define quantities of interest at a point. For
example, mass density (mass per unit volume) of a material at a point is defined
as the ratio of the mass Am of the material to its volume AV surrounding the
point in the limit that AV becomes a value €3, where € is small compared with
the mean distance between molecules

_ g Am
T AVLe AV
In fact, we take the limit ¢ — 0. A mathematical study of the mechanics of such
an idealized continuum is called continuum mechanics.

The primary objectives of this book are (1) to study the conservation prin-
ciples in mechanics of continua and formulate the equations that describe the
motion and mechanical behavior of materials, and (2) to present the applications
of these equations to simple problems associated with flows of fluids, conduction
of heat, and deformations of solid bodies. Although the first of these objec-
tives is important, the reason for the formulation of the equations is to gain a
quantitative understanding of the behavior of an engineering system. This quan-
titative understanding is useful in design and manufacture of better products.
Typical examples of engineering problems, which are sufficiently simple to be

p (1.1.1)

!The continuity is violated when we consider shock waves in gas dynamics (discontinuity in

density and velocity) as well as dissimilar-material interfaces. In such cases, in addition
to the concepts to be discussed here, certain jump conditions are employed to deal with
discontinuities. We do not consider such situations in this book.
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covered in this book, are described in the examples discussed next. At this stage
of discussion, it is sufficient to rely on the reader’s intuitive understanding of
concepts from basic courses in fluid mechanics, heat transfer, and mechanics of
materials about the meaning of stress and strain and what constitutes viscosity,
conductivity, modulus, and so on used in the examples.

Problem 1 (solid mechanics)

We wish to design a diving board (which enables a swimmer to gain momentum
before jumping into the pool) of given length L, assumed to be fixed at one end
and free at the other end (see Fig. 1.1.1). The board is initially straight and
horizontal and of uniform cross section. The design process consists of selecting
the material (with Young’s modulus E) and cross-sectional dimensions b and
h such that the board carries the (moving) weight W of the swimmer. The
design criteria are that the stresses developed do not exceed the allowable stress
values and the deflection of the free end does not exceed a pre-specified value d.
A preliminary design of such systems is often based on mechanics of materials
equations. The final design involves the use of more sophisticated equations, such
as the three-dimensional (3D) elasticity equations. The equations of elementary
beam theory may be used to find a relation between the deflection § of the
free end in terms of the length L, cross-sectional dimensions b and h, Young’s
modulus F, and weight W:

_AawL?

- Ebh3
Given 0 (allowable deflection) and load W (maximum possible weight of a swim-
mer), one can select the material (Young’s modulus, F) and dimensions L, b, and
h (which must be restricted to the standard sizes fabricated by a manufacturer).
In addition to the deflection criterion, one must also check if the board develops
stresses that exceed the allowable stresses of the material selected. Analysis of
pertinent equations provides the designer with alternatives to select the mate-
rial and dimensions of the board so as to have a cost-effective but functionally
reliable structure.

(1.1.2)

A\

Fig. 1.1.1: A diving board fixed at the left end and free at the right end.
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Problem 2 (fluid mechanics)

We wish to measure the viscosity p of a lubricating oil used in rotating machinery
to prevent the damage of the parts in contact. Viscosity, like Young’s modulus
of solid materials, is a material property that is useful in the calculation of shear
stresses developed between a fluid and a solid body. A capillary tube is used to
determine the viscosity of a fluid via the formula

_ md* p1—ps
=90 1

(1.1.3)

where d is the internal diameter and L is the length of the capillary tube, p; and
p2 are the pressures at the two ends of the tube (oil flows from one end to the
other, as shown in Fig. 1.1.2), and @Q is the volume rate of flow at which the oil
is discharged from the tube. Equation (1.1.3) is derived, as we shall see later in
this book, using the principles of continuum mechanics.

r
T v.(r)
L Internal diameter, d
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------- ;} > x b, ( @ p,
le N|
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Fig. 1.1.2: Measurement of the viscosity of a fluid using a capillary tube.

Problem 3 (heat transfer)

We wish to determine the heat loss through the wall of a furnace. The wall
typically consists of layers of brick, cement mortar, and cinder block (see Fig.
1.1.3). Each of these materials provides a varying degree of thermal resistance.
The Fourier heat conduction law,

q=—k—, (1.1.4)

%
=
— Cross section
of the wall
Furnace

Fig. 1.1.3: Heat transfer through the composite wall of a furnace.
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provides a relation between the heat flux ¢ (heat flow per unit area) and gradient
of temperature T. Here k denotes thermal conductivity (1/k is the thermal
resistance) of the material. The negative sign in Eq. (1.1.4) indicates that
heat flows from a high-temperature region to a low-temperature region. Using
the continuum mechanics equations, one can determine the heat loss when the
temperatures inside and outside of the building are known. A building designer
can select the materials as well as thicknesses of various components of the
wall to reduce the heat loss (while ensuring necessary structural strength — a
structural analysis aspect).

The foregoing examples provide some indication of the need for studying the
mechanical response of materials under the influence of external loads. The re-
sponse of a material is consistent with the laws of physics and the constitutive
behavior of the material. The present book aims to describe the physical princi-
ples and derive the equations governing the stress and deformation of continuous
materials, and then solve some simple problems from various branches of engi-
neering to illustrate the applications of the principles discussed and equations
derived.

1.2 A Look Forward

The primary objective of this book is two fold: (1) use of the physical principles
to derive the equations that govern the motion and thermomechanical response
of materials, and (2) application of these equations for the solution of specific
problems of linearized elasticity, heat transfer, and fluid mechanics. The govern-
ing equations for the study of deformation and stress of a continuous material
are nothing but an analytical representation of the global laws of conservation of
mass and balance of momenta and energy and the constitutive response of the
continuum. They are applicable to all materials that are treated as a continuum.
Tailoring these equations to particular problems and solving them constitutes
the bulk of engineering analysis and design.

The study of motion and deformation of a continuum (or a “body” consisting
of continuously distributed material) can be broadly classified into four basic
categories:

(1) Kinematics (strain-displacement equations)

(2) Kinetics (balance of linear and angular momentum)

(3) Thermodynamics (first and second laws of thermodynamics)

(4) Constitutive equations (stress—strain relations)
Kinematics is the study of geometric changes or deformations in a continuum,
without consideration of forces causing the deformation. Kinetics is the study
of the equilibrium of forces and moments acting on a continuum, using the prin-
ciples of balance of linear and angular momentum. This study leads to equa-

tions of motion as well as the symmetry of stress tensor in the absence of body
couples. Thermodynamic principles are concerned with the balance of energy
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and relations among heat, mechanical work, and thermodynamic properties of
a continuum. Constitutive equations describe thermomechanical behavior of the
material of the continuum, and they relate the dependent variables introduced in
the kinetic description to those introduced in the kinematic and thermodynamic
descriptions. Table 1.2.1 provides a brief summary of the relationship between
physical principles and governing equations and physical entities involved in the
equations.

Table 1.2.1: The major four topics of study, physical principles used, resulting governing
equations, and variables involved.

Topic of study Physical law Equations Variables

Strain—displacement
relations

Displacements
and strains

1. Kinematics None (based on

geometric changes)

2. Kinetics

3. Thermodynamics

4. Constitutive
equations™®

Conservation of
linear momentum

Conservation of
angular momentum

First law

Second law

Constitutive
axioms

Strain rate—velocity
relations

Equations of
motion

Symmetry of
stress tensor

Energy equation

Clasius—Duhem
inequality

Hooke’s law

Newtonian fluids

Fourier’s law

Equations of state

Velocities and
strain rates

Stresses
and velocities

Stresses

Temperature,
heat flux,
stresses,

and velocities
Temperature,
heat flux,
and entropy

Stresses, strains,
heat flux, and
temperature
Stresses,
pressure,

and velocities
heat flux and
temperature
Density,
pressure, and
temperature

*Not all relations are listed.

1.3 Summary

In this chapter, the concept of a continuous medium is discussed and the major
objectives of the present study, namely, to use the physical principles to derive
the equations governing a continuous medium and to present application of
the equations in the solution of specific problems of linearized elasticity, heat
transfer, and fluid mechanics are presented. The study of physical principles is
broadly divided into four topics, as outlined in Table 1.2.1. These four topics are
the subjects of Chapters 3 through 6, respectively. Mathematical formulation



6 INTRODUCTION

of the governing equations of a continuous medium necessarily requires the use
of vectors and tensors, objects that facilitate invariant analytical formulation of
the natural laws. Therefore, it is useful to study certain operational properties
of vectors and tensors first. Chapter 2 is dedicated for this purpose.

Although the present book is self-contained for an introduction to continuum
mechanics or elasticity, other books are available that may provide an advanced
treatment of the subject. Many of the classical books on the subject do not
contain example and/or exercise problems to test readers’ understanding of the
concepts. Interested readers may consult the list of references at the end of this
book.

Problems
1.1 Newton’s second law can be expressed as
F = ma, (1)

where F is the net force acting on the body, m is the mass of the body, and a is the
acceleration of the body in the direction of the net force. Use Eq. (1) to determine the
governing equation of a free-falling body. Consider only the forces due to gravity and
the air resistance, which is assumed to be proportional to the square of the velocity of
the falling body.

1.2 Consider steady-state heat transfer through a cylindrical bar of nonuniform cross section.
The bar is subject to a known temperature Ty (°C) at the left end and exposed, both on
the surface and at the right end, to a medium (such as cooling fluid or air) at temperature
Ts. Assume that temperature is uniform at any section of the bar, T = T(z), and
neglect thermal expansion of the bar (i.e., assume rigid). Use the principle of balance
of energy (which requires that the rate of change (increase) of internal energy is equal
to the sum of heat gained by conduction, convection, and internal heat generation) to
a typical element of the bar (see Fig. P1.2) to derive the governing equations of the
problem.

g(x), internal heat generation - Convection from lateral

. surface
Maintained at

temperature, T, r —

Exposed to ambient
- HEH temperature, T,
L

ﬂ g(x)

heat flow in, ﬁc heat flow out,
Ag), (AQ)y1ac

ey

Fig. P1.2

\

1.3 The Euler—Bernoulli hypothesis concerning the kinematics of bending deformation of
a beam assumes that straight lines perpendicular to the beam axis before deformation
remain (1) straight, (2) perpendicular to the tangent line to the beam axis, and (3)
inextensible during deformation. These assumptions lead to the following displacement
field:

dv

71/%3 U2 = ’U(CL'), uz = 03 (1)

ui(w,y) =
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1.4

1.5

where (u1,u2,us) are the displacements of a point (z,y, z) along the z,y, and z coor-
dinates, respectively, and v is the vertical displacement of the beam at point (z,0,0).
Suppose that the beam is subjected to a distributed transverse load g(z). Determine
the governing equation by summing the forces and moments on an element of the beam
(see Fig. P1.3). Note that the sign conventions for the moment and shear force are
based on the definitions

Vz/axydA, M:/yamdA,
A A

and may not agree with the sign conventions used in some mechanics of materials books.

, U
y A q(x)

\J
=
N

Beam

cross section

A cylindrical storage tank of diameter D contains a liquid column of height h(z,t).
Liquid is supplied to the tank at a rate of ¢; (m®/day) and drained at a rate of go
(m®/day). Assume that the fluid is incompressible (i.e., constant mass density p) and
use the principle of conservation of mass to obtain a differential equation governing
h(z,t).

(Surface tension). Forces develop at the interface between two immiscible liquids, caus-
ing the interface to behave as if it were a membrane stretched over the fluid mass.
Molecules in the interior of the fluid mass are surrounded by molecules that are at-
tracted to each other, whereas molecules along the surface (i.e., inside the imaginary
membrane) are subjected to a net force toward the interior. This force imbalance creates
a tensile force in the membrane and is called surface tension (measured per unit length).
Let the difference between the pressure inside the drop and the external pressure be p
and the surface tension, ts. Determine the relation between p and ¢, for a spherical drop
of radius R.






2
VECTORS AND TENSORS

A mathematical theory is not to be considered complete until you have made it so clear that
you can explain it to the first man whom you meet on the street.

—— David Hilbert (1862-1943)

2.1 Background and Overview

In the mathematical description of equations governing a continuous medium,
we derive relations between various quantities that characterize the stress and
deformation of the continuum by means of the laws of nature (such as Newton’s
laws, balance of energy, and so on). As a means of expressing a natural law,
a coordinate system in a chosen frame of reference is often introduced. The
mathematical form of the law thus depends on the chosen coordinate system
and may appear different in another type of coordinate system. The laws of
nature, however, should be independent of the choice of the coordinate system,
and we may seek to represent the law in a manner independent of the partic-
ular coordinate system. A way of doing this is provided by vector and tensor
analysis. When vector notation is used, a particular coordinate system need not
be introduced. Consequently, the use of vector notation in formulating natural
laws leaves them invariant to coordinate transformations. A study of physical
phenomena by means of vector equations often leads to a deeper understanding
of the problem in addition to bringing simplicity and versatility into the analysis.

In basic engineering courses, the term vector is used often to imply a physical
vector that has “magnitude and direction and satisfies the parallelogram law of
addition.” In mathematics, vectors are more abstract objects than physical
vectors. Like physical vectors, tensors are more general objects that possess
a magnitude and multiple direction(s) and satisfy rules of tensor addition and
scalar multiplication. In fact, physical vectors are often termed the first-order
tensors. As will be shown shortly, the specification of a stress component (i.e.,
force per unit area) requires a magnitude and two directions — one normal to the
plane on which the stress component is measured and the other is its direction
— to specify it uniquely.

This chapter is dedicated to the study of the elements of algebra and calculus
of vectors and tensors. Useful elements of the matrix theory and eigenvalue prob-
lems associated with second-order tensors are discussed. Index and summation
notations, which are extensively used throughout the book, are also introduced.
Those who are familiar with the material covered in any of the sections may
skip them and go to the next section or to Chapter 3.
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2.2 Vector Algebra

In this section, we present a review of the formal definition of a geometric (or
physical) vector, discuss various products of vectors and physically interpret
them, introduce index notation to simplify representations of vectors in terms
of their components as well as vector operations, and develop transformation
equations among the components of a vector expressed in two different coordi-
nate systems. Many of these concepts, with the exception of the index notation,
may be familiar to most students of engineering, physics, and mathematics and
may be skipped.

2.2.1 Definition of a Vector

The quantities encountered in analytical descriptions of physical phenomena
may be classified into two groups according to the information needed to specify
them completely: scalars and nonscalars. The scalars are given by a single
number. Nonscalars have not only a magnitude specified, but also additional
information, such as direction. Nonscalars that obey certain rules (such as the
parallelogram law of addition) are called wvectors. Not all nonscalar quantities
are vectors (e.g., a finite rotation is not a vector).

A physical vector is often shown as a directed line segment with an arrow-
head at the end of the line. The length of the line represents the magnitude
of the vector and the arrow indicates the direction. Thus, a physical vector,
possessing magnitude, is known as a normed vector space. In written material,
it is customary to place an arrow over the letter denoting the physical vector,
such as A. In printed material the vector letter is commonly denoted by a
boldface letter, A, such as is used in this book. The magnitude of the vector
A, to be formally defined shortly, is denoted by |A| or A. The magnitude of a
vector is a scalar.

A vector of unit length is called a unit vector. The unit vector along A may
be defined as follows:

€ A A (2.2.1)
€)= — = —. 2.
ATIAT A
We may now write a vector A as
A=Aé,. (2.2.2)

Thus, any vector may be represented as a product of its magnitude and a unit
vector along the vector. A unit vector is used to designate direction; it does not
have any physical dimensions. However, |A| has the physical dimensions. A
“hat” (caret) above the boldface letter, €, is used to signify that it is a vector
of unit magnitude. A vector of zero magnitude is called a zero vector or a null
vector, and denoted by boldface zero, 0. Note that a lightface zero, 0, is a scalar
and boldface zero, 0, is the zero vector. Also, a zero vector has no direction
associated with it.
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2.2.1.1 Vector addition

Let A, B, and C be any vectors. Then there exists a vector A + B, called the
sum of A and B, with the properties
(1) A+B =B+ A (commutative)
(2) (A+B)+C=A+(B+C) (associative)
(3) There exists a unique vector, 0, independent of A

such thatA + 0 = A (existence of the zero vector). (2.2.3)
(4) To every vector A there exists a unique vector —A

(that depends on A) such that

A + (—A) =0 (existence of the negative vector).
The negative vector —A has the same magnitude as A, but has the opposite
sense. Subtraction of vectors is carried out along the same lines. To form the

difference A — B, we write A + (—B), and subtraction reduces to the operation
of addition.

2.2.1.2 Multiplication of a vector by a scalar

Let A and B be vectors and « and [ be real numbers (scalars). To every vector
A and every real number «, there corresponds a unique vector cA such that
(1) a(BA) = (af)A (scalar multiplication is associative)
(2) (a+ B)A = oA + SA (scalar addition is distributive)
(3) a(A 4+ B) =aA + aB (vector addition is distributive)
4 1-A=A-1=A, 0-A=0

(2.2.4)

Equations (2.2.3) and (2.2.4) clearly show that the laws that govern addition,
subtraction, and scalar multiplication of vectors are identical with those govern-
ing the operations of scalar algebra.

Two vectors A and B are equal if their magnitudes are equal, |A| = |B|,
and if their directions are equal. Consequently, a vector is not changed if it
is moved parallel to itself. This means that the position of a vector in space,
that is, the point from which the line segment is drawn (or the end without
arrowhead), may be chosen arbitrarily. In certain applications, however, the
actual point of location of a vector may be important, for instance, a moment or
a force acting on a body. A vector associated with a given point is known as a
localized or bound vector. The fact that vectors can be represented graphically
is an incidental rather than a fundamental feature of the vector concept.

2.2.1.3 Linear independence of vectors

The concepts of collinear and coplanar vectors can be stated in algebraic terms.
A set of n vectors is said to be linearly dependent if a set of n numbers B1, B2, , By
can be found such that

BiA] + BaAg+ -+ BpA, =0, (2.2.5)
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where 31, B2, - - , B, cannot all be zero. If this expression cannot be satisfied, the
vectors are said to be linearly independent. If two vectors are linearly dependent,
then they are collinear. If three vectors are linearly dependent, then they are
coplanar. Four or more vectors in three-dimensional space are always linearly
dependent.

Example 2.2.1

Determine whether the following set of vectors is linearly independent:
A=¢é +é, B=é+é;,, C=é3+é4, D=¢é +6é+6é3+¢és

Here &; are orthonormal unit base vectors in .

Solution: We set
aA + B +~9C+ AD =0,

which gives
a+A=0, a+B8+A=0, y+A=0, B+~v+A=0.

The solution of these equations yields f§ = 0 and a = v = —\. Thus, the set is not linearly
independent. The reader may verify that the sets (A, B, C), (A, B, D), and (B, C, D) are
linearly independent, but the set (A, C, D) is not.

2.2.2 Scalar and Vector Products

Besides addition and subtraction of vectors, and multiplication of a vector by
a scalar, we also encounter the product of two vectors. There are several ways
the product of two vectors can be defined. We consider first the so-called scalar
product.

2.2.2.1 Scalar product

When a force F acts on a mass point and moves through a displacement vector
d, the work done by the force vector is defined by the projection of the force in
the direction of the displacement, as shown in Fig. 2.2.1, times the magnitude of
the displacement. Such an operation may be defined for any two vectors. Since
the result of the product is a scalar, it is called the scalar product. We denote
this product as F - d = (F,d) and it is defined as follows:

F-d=(F,d) = Fd cos¥, 0<6<m. (2.2.6)

The scalar product is also known as the dot product or inner product.

Projection of vector F
/ onto vector d
[}

Fig. 2.2.1: Vector representation of work done.
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The following simple results follow from the definition in Eq. (2.2.6):
(1) The scalar product is commutative: A-B =B - A.

(2) If the vectors A and B are perpendicular to each other, then A -B =
ABcos(m/2) = 0. Conversely, if A -B = 0, then either A or B is zero or
A is perpendicular, or orthogonal, to B.

(3) If two vectors A and B are parallel and in the same direction, then A - B =
ABcos0 = AB, because cos0 = 1. Thus the scalar product of a vector
multiplied with itself is equal to the square of its magnitude (|A| = A):

A-A=AA= A% (2.2.7)

(4) The orthogonal projection of a vector A in direction € is given by A - é.

(5) The scalar product also follows the distributive law:

A(B+C)=(A -B)+(A-C). (2.2.8)

2.2.2.2 Vector product

To see the need for the vector product, consider the concept of the moment due
to a force about a point. Let us describe the moment about a point O of a
force F acting at a point P, such as shown in Fig. 2.2.2(a). By definition, the
magnitude of the moment is given by

M=F¢, F=|F| (2.2.9)

where /¢ is the perpendicular distance from the point O to the force F (called
lever arm). If r denotes the vector OP and € the angle between r and F such
that 0 < 6 <, we have £ = rsinf and thus

M = Frsinf. (2.2.10)

A direction can now be assigned to the moment. Drawing the vectors F and
r from the common origin O, we note that the rotation due to F tends to bring
r into F, as can be seen from Fig. 2.2.2(b). We now set up an axis of rotation

Fig. 2.2.2: (a) Representation of a moment about a point. (b) Direction of rotation.



14 VECTORS AND TENSORS

\
\
\

Y C=AxB
r

(@ (b)

Fig. 2.2.3: (a) Axis of rotation. (b) Representation of the vector product.

perpendicular to the plane formed by F and r. Along this axis of rotation we
set up a preferred direction as one in which a right-handed screw would advance
when turned in the direction of rotation due to the moment, as can be seen from
Fig. 2.2.3(a). Along this axis of rotation we draw a unit vector €y, and agree
that it represents the direction of the moment M. Thus we have

M= Fr sinf ¢y =r x F. (2.2.11)

According to this expression, M may be looked on as resulting from a special
operation between the two vectors F and r. It is thus the basis for defining
a product between any two vectors. Due to the fact that the result of such a
product is a vector, it may be called the vector product.

The product of two vectors A and B is a vector C whose magnitude is
equal to the product of the magnitude of A and B times the sine of the angle
measured from A to B such that 0 < 6 < 7, and whose direction is specified by
the condition that C be perpendicular to the plane of the vectors A and B and
points in the direction in which a right-handed screw advances when turned so
as to bring A into B, as shown in Fig. 2.2.3(b). The vector product is usually
denoted by

C=AxB=AB sin(A,B) é = AB sin# é, (2.2.12)

where sin(A, B) denotes the sine of the angle between vectors A and B. This
product is called the cross product, skew product, and also outer product, as well
as the vector product. When A = aé,4 and B = bép are the vectors representing
the sides of a parallelogram, with a and b denoting the lengths of the sides, then
the vector product A x B represents the area of the parallelogram, AB sin®.
The unit vector € = €4 X ép denotes the normal to the plane area. Thus an
area can be represented as a vector (see Section 2.2.3 for additional discussion).
The description of the velocity of a point of a rotating rigid body is an
important example of geometrical and physical applications of vectors. Suppose
a rigid body is rotating with an angular velocity w about an axis, and we wish
to describe the velocity of some point P of the body, as shown in Fig. 2.2.4(a).
Let v denote the velocity at the point. Each point of the body describes a circle
that lies in a plane perpendicular to the axis with its center on the axis. The
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(@) (b)

Fig. 2.2.4: (a) Velocity at a point in a rotating rigid body. (b) Angular velocity as a vector.

radius of the circle, a, is the perpendicular distance from the axis to the point
of interest. The magnitude of the velocity is equal to wa. The direction of v is
perpendicular to a and to the axis of rotation. We denote the direction of the
velocity by the unit vector é. Thus we can write

vV=waé. (2.2.13)

Let O be a reference point on the axis of revolution, and let OP = r. We
then have a = rsinf, so that

v=wrsinf é. (2.2.14)

The angular velocity is a vector because it has an assigned direction, magnitude,
and obeys the parallelogram law of addition. We denote it by w and represent
its direction in the sense of a right-handed screw, as shown in Fig. 2.2.4(b). If
we further let €, be a unit vector in the direction of r, we see that

€, X €. = ésinf. (2.2.15)
With these relations we have
V=wXTr. (2.2.16)

Thus the velocity of a point of a rigid body rotating about an axis is given by
the vector product of w and a position vector r drawn from any reference point
on the axis of revolution.

From the definition of vector product, a few simple results follow.

(1) The products A x B and B x A are not equal. In fact, we have
AxB=-BxA. (2.2.17)
Thus the vector product does not commute.

(2) If two vectors A and B are parallel to each other, then § = 0,7, and
sinf = 0. Thus
A xB=0.

Conversely, if A x B = 0, then either A or B is zero, or they are parallel
vectors. It follows that the vector product of a vector with itself is zero;
that is, A x A = 0.



16 VECTORS AND TENSORS

(3) The distributive law still holds, but the order of the factors must be main-
tained:
(A+B)xC=(AxC)+ (B xC). (2.2.18)

2.2.2.3 Triple products of vectors

Now consider the various products of three vectors:

AB-C), A-(BxC), Ax(BxCQC). (2.2.19)

The product A(B - C) is merely a multiplication of the vector A by the scalar
B - C. The product A - (B x C) is a scalar and it is termed the scalar triple
product. It can be seen from Fig. 2.2.5 that the product A - (B x C), except for
the algebraic sign, is the volume of the parallelepiped formed by the vectors A,
B, and C.

Fig. 2.2.5: Scalar triple product representation of the volume of a parallelepiped.

We note the following properties of a scalar triple product:

(1) The dot and cross can be interchanged without changing the value:

A-BxC=AxB-C=[ABC|. (2.2.20)

(2) A cyclical permutation of the order of the vectors leaves the result un-
changed:

A-BxC=C-AxB=B-CxA=[ABC|. (2.2.21)

(3) If the cyclic order is changed, the sign changes:

A-BxC=-A-CxB=-C-BxA=-B-AxC. (2.2.22)

(4) A necessary and sufficient condition for any three vectors, A, B, and C
to be coplanar is that A - (B x C) = 0. Note also that the scalar triple
product is zero when any two vectors are the same.

The vector triple product A x (B x C) is a vector normal to the plane formed
by A and (B x C). The vector (B x C), however, is perpendicular to the plane
formed by B and C. This means that A x (B x C) lies in the plane formed by
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B and C and is perpendicular to A, as shown in Fig. 2.2.6. Thus A x (B x C)
can be expressed as a linear combination of B and C:

A x(BxC)=mB+nC. (2.2.23)
Likewise, we would find that
(A X B) X C = moA + nsB. (2.2.24)

Thus, the parentheses cannot be interchanged or removed. It can be shown that
m1 = A -C and n; = —A - B, and hence that

Ax(BxC)=(A-C)B—-(A-B)C,
(AxB)xC=(A-C)B—- (B:-C)A,
and one can show that Ax (BxC) = (A x B)xCifand only if Bx(CxA) = 0.

(2.2.25)

B><Ck A C

m,B A x (B x C), perpendicular to both A and BXx C

Fig. 2.2.6: The vector triple product.

Example 2.2.2

Let A and B be any two vectors in space. Express vector A in terms of its components along
(i.e., parallel) and perpendicular to vector B.

Solution: The component of A along B is given by (A - ég), where ég = B/B is the unit
vector in the direction of B. The component of A perpendicular to B and in the plane of A
and B is given by the vector triple product ég x (A X &g). Thus,

A= (A . éB)éB + ép X (A X éB). (2.2.26)
Alternatively, Eq. (2.2.25) gives the same result with A = C = ép and B = A:

éBX(AXéB):A—(éB-A)éB or A:(A-éB)éB+éBX(AXéB).

2.2.3 Plane Area as a Vector

The magnitude of the vector C = A x B is equal to the area of the parallelogram
formed by the vectors A and B, as shown in Fig. 2.2.7(a). In fact, the vector
C may be considered to represent both the magnitude and the direction of the
product of A and B. Thus, a plane area may be looked upon as possessing a
direction in addition to a magnitude, the directional character arising out of the
need to specify an orientation of the plane in space. Representation of an area as
a vector has many uses in continuum mechanics, as will be seen in the chapters
that follow.



18 VECTORS AND TENSORS

(b)

Fig. 2.2.7: (a) Plane area as a vector. (b) Unit normal vector and sense of travel.

It is customary to denote the direction of a plane area by means of a unit
vector drawn normal to that plane. To fix the direction of the normal, we
assign a sense of travel along the contour of the boundary of the plane area in
question. The direction of the normal is taken by convention as that in which
a right-handed screw advances as it is rotated according to the sense of travel
along the boundary curve or contour, as shown in Fig. 2.2.7(b). Let the unit
normal vector be given by n. Then the area can be denoted by S = Sn.

Representation of a plane as a vector has many uses. The vector can be
used to determine the area of an inclined plane in terms of its projected area,
as illustrated in Example 2.2.3.

Example 2.2.3

(a) Determine the plane area of the surface obtained by cutting a cylinder of cross-sectional
area So with an inclined plane whose normal is i1, as shown in Fig 2.2.8(a).

(b) Consider a cube (or a prism) cut by an inclined plane whose normal is f, as shown in Fig.
2.2.8(b). Express the areas of the sides of the resulting tetrahedron in terms of the area S of
the inclined surface.

Solution: (a) Let the plane area of the inclined surface be S, as shown in Fig 2.2.8(a). First,
we express the areas as vectors

So = So flo and S = Sn. (2.2.27)

(a) (b)

Fig. 2.2.8: Vector representation of inclined plane areas and their components.
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Due to the fact that Sy is the projection of S along fi (if the angle between i and fig is acute;
otherwise the negative of it), we have

So =S ﬁ() — Sﬁ . ﬁ() — S cos 6. (2.2.28)

The scalar product n - ng is the cosine of the angle between the two unit normal vectors,
n-ng = cosb.

(b) For reference purposes we label the sides of the tetrahedron by 1, 2, and 3 and the normals
and surface areas by (i1, S1), (2, S2), and(fis, S3), respectively (that is, S; is the surface area
of the plane perpendicular to the ith line or fi; vector), as shown in Fig. 2.2.8(b). Then we
have

S1=51n-n, So = Sii- o, S3 = Sih-n;z- (2.2.29)

2.2.4 Reciprocal Basis
2.2.4.1 Components of a vector

So far we have considered a geometrical description of a vector. We now embark
on an analytical description of a vector based on the notion of its components.
In the following discussion, we shall consider a three-dimensional space, and the
extensions to n dimensions will be evident. In a three-dimensional space a set of
no more than three linearly independent vectors can be found. Let us choose any
set and denote it as e, eq, e3. This set is called a basis. We can represent any
vector in three-dimensional space as a linear combination of the basis vectors

A = Ale; + A%ey + Ades. (2.2.30)

The vectors Ale;, A%ey, and A3es are called the wvector components of A, and
Al A% and A3 are called the scalar components of A associated with the basis
(e1,e2,e3), as indicated in Fig. 2.2.9.

//A%3
e3 A

Ale,

Fig. 2.2.9: Components of a vector.

2.2.4.2 General basis

For any arbitrary basis (e1, ez, e3), we can derive another basis from it [see
Reddy and Rasmussen (1991)]. We make use of the fact that the cross product
e;xe; (for fixed i and j) when dotted with either e; or e; produces zero because
e; x e; is perpendicular to both e; and e;. Thus, taking the scalar product of
the vector A in Eq. (2.2.30) with the cross product e; X ez, we obtain

A - (e1 X eg) = A363 : (e1 X 82).
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Solving for A3 gives

B_A._C1Xe _, eixe
e;- (e X e3) [e1ezes]
Similarly, we obtain
Al A . 82%X8 g2 p S3X€
le1ezes]’ [e1ezes]

where, in the evaluation of the cross products, we shall always use the right-hand
rule (i.e., 1-2-3, 2-3-1, or 3-1-2). Thus we can obtain the components A, A%
and A3 by taking the scalar product of the vector A with special vectors, which

we denote as follows:
ol= 2% 2_@&Xe 3 €1X€ (2.2.31)
[elegeg] [elegeg] [elegeg]
The set of vectors (e!, e?,e?) is linearly independent because in the linear rela-
tion
Ozle1 +a2e2+a3e3 =0

all of the scalars aq, ag, and a3 are zero. Indeed, by taking the scalar product
of the above relation with e; we obtain «; = 0 for ¢ = 1,2, and 3. The set
(e',e?, e3), being a linearly independent set, constitutes a basis, called the dual
or reciprocal basts. It is possible, because the dual basis is linearly independent,

to express a vector A in terms of the dual basis:

3
A= Alel -+ A2e2 aF A3€3 = Z Ale’ (2232)
i=1
Notice now that the components associated with the dual basis have subscripts
to distinguish from the components with respect to the original basis [see Eq.
(2.2.30)].
By a process analogous to that above we can show that the original basis

can be expressed in terms of the dual basis as

e x el e’ x el el x e2
e3 —

—_— e = Y & .
[eleZe?]’ > 7 Jele?ed]’ [eleZe?]
From the basic definitions we have the following relations among the two sets of

bases (el -e; =e?- ey =ed-e3=1):

e = (2.2.33)

i 1, if ¢+ has the same value as j
e - i = {

0, if ¢ has a different value than j. (2.2.34)

—1, if ¢, j, and k take the values 1-3-2, 3-2-1, or 2-1-3
0, if any two of the three indices have the same value.
(2.2.35)

1, if 4, 7, and k take the values 1-2-3, 2-3-1, or 3-1-2
el xel.ef = {

From Egs. (2.2.30)—(2.2.35) one can obtain

Al =A.el, A2=A.&% A =A.& (A'=A.¢€),

(2.2.36)
A1:A-e1, AQZA'GQ, A3:A-e3 (Al:Ael)
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In summary, we have two ways of expressing the same vector for a given
basis. This gives rise to the description cogredient (Ay, Aa, As) and contragre-
dient (A', A%, A%) components of a vector. This terminology is based on the
way the components transform as a given coordinate system is transformed to
another coordinate system. The components (Aj, Az, A3) transform in the same
way as the basis (e1, ez, e3), whereas the components (A!, A%, A3) transform by
another rule (contrary-wise!) in the same way as (e',e? e3). As we shall find,
a particular basis, called a unitary basis, can be defined in terms of a related
coordinate system. For a unitary basis, the term cogredient is called covariant
and contragredient is called contravariant.

2.2.4.3 Orthonormal basis

When the basis vectors are constant, that is, with fixed lengths (with the same
units) and directions, the basis is called Cartesian. The general Cartesian system
is oblique. When a basis is unit and orthogonal, it is termed orthonormal.
When the basis vectors are orthonormal, the basis system is called rectangular
Cartesian. Notations used for Cartesian rectangular basis are

~ ~

(iujal;)7 (é$7éy7éz)) (i17i2)i3)7 (é17é2)é3)' (2237)
For an orthonormal basis, we have

[erezes3] =1 and el=e; =&, e=e=¢), e’=e3=é;.
Thus, for an orthonormal system, there is no distinction between cogredient and
contragredient components. In most situations an orthonormal basis simplifies
calculations.
For an orthonormal basis, a vector A can be expressed in terms of its com-

ponents as
3

A = Ajey + Agéy + Agés = > Ajé;, (2.2.38)
i=1
where &; (i = 1,2,3) is the orthonormal basis and A; are the corresponding
physical components (i.e., the components have the same physical dimensions as
the vector). In an orthonormal basis, the scalar and vector products of vectors
A and B can be expressed in terms of their components as

3 3
A-B=)> ABj(&- &)=Y AB,,
i,j=1 i=1

(2.2.39)

3
(AXB)k: Z AiBj(éiXéj-ék),
1,j=1; i,j#k

where (-)j indicates the kth component of the enclosed vector. Shortly, we shall
introduce specific symbols to denote the scalars €; - €; and ; x €; - €.
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Example 2.2.4

Let the vectors (i,j, lA<) constitute an orthonormal basis. In terms of this basis, define a cogre-
dient basis by

elz?i—kij, 62:%i+ j, e3:lA<.

N

Determine

(a) the dual or reciprocal (contragredient) basis (e',e? e?®) in terms of the orthonormal
basis (i, j, k) ,

(b) the magnitudes (or norms) |ei], |ez|, |es], |€'], |€?|, and |e®|, and

(c) the cogredient components A1, Az, and A3 of a vector A if its contragredient components
are given by A' =1,4% =2, A% = 3.

Solution: (a) Note that

e1x €= (3\/2_1)1(’ exxes=—3j+31, esxer = ]j— ;i [erezes]= 3\/3_1
Then ) ) - s
33 1% 15, V35 >
e =sxi—5xJ, € =—gxi+xJ e =k,
where A = [ejezes]. The reader is asked to sketch both sets of vectors to an approximate
scale.

(b) The magnitudes of the base vectors are

el =4, leal= /3, lesl=1, le'|= %1/, le*I =5k, l¢f|=

(c) We have A = Ale; + A%es + A%e; = €1 + 2es + 3e;. We obtain

Al:(el+232+393)'31:i+@:1+£
A22(81+262+383)'62:%4—2)(%:\/§+43,
Az = (e1 + 2e2 + 3e3) - e3

I
£o

2.2.4.4 The Gram—Schmidt orthonormalization

If (e1,e2,e3) is a linearly independent set but not orthonormal, the Gram-
Schmidt orthonormalization process can be used to convert the set to an or-
thonormal set, as follows. Let (e1,es,...e;) be any linearly independent set of
vectors. We construct an orthonormal set (€1, &y, ..., €,) using the following pro-
cedure: Due to the fact that e; is an element of a linearly independent set,
e; # 0, and therefore |e;| > 0. Let €; = e;/|e1| so that |é1] = 1. Next choose
the second vector ey from the original set and require the vector €, = e; — o€y
to be orthogonal to é;:

0=¢é- (eg—aél) = (él '62) —Oé‘él‘Q = a=@&-en.

The second element of the desired set is then obtained by

R R .. 1
€y — [82 — (e1 . 62)61]@.
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Continuing the procedure, we obtain the (7 + 1)st element as

€. =€y —(€1-e41)61 — (é2-€,41)€2 — -+ — (& - €,41)&y,
/
o (S |
_ , 2.2.40
er+1 |e/r+1‘ ( )

Example 2.2.5

Construct an orthonormal basis from the set of cogredient vectors in Example 2.2.4:
61:§i+i5, GQZ%i“F%j, e; = k.

Solution: We begin with e; and determine é;:

= "3 i+ g J
é2:e'2 |,|2_14—3\/§
leg] " 8

Finally, é3 is given by e'3 =&y = (él . 63)é1 = (éQ . eg)éz =k = é3=k.

2.2.5 Summation Convention

Equations governing a continuous medium contain, especially in three dimen-
sions, long expressions with many additive terms. Often these terms have a
similar structure so that a typical term of the expression can be identified. For
example, consider the component form of vector A [see Eq. (2.2.30)]:

A = Ale; + A%ey + Ades, (2.2.41)

A typical term in Eq. (2.2.41) is of the form A’e;, where i takes the values of 1,
2, and 3. Therefore, the expression can be abbreviated as

3 3
A=) Ae or A=) ATey. (2.2.42)
=1 m=1

The summation index ¢ or m is arbitrary as long as the same index is used
for both A and e. The expression can be shortened further by omitting the
summation sign and understanding that a repeated index means summation
over all values of that index. Thus, the three-term expression A can be written
simply as

A = Ale; = A", (2.2.43)
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This notation is called the summation convention. For example, an arbitrary
vector A can be expressed in terms of its components [see Eq. (2.2.36)] as

A= (A e)e;= (A e)e. (2.2.44)

2.2.5.1 Dummy index

The repeated index is called a dummy index because it can be replaced by
any other symbol that has not already been used in that expression. Thus, the
expression in Eq. (2.2.43) can also be written as

A =Ae;=Alej = A™ep, (2.2.45)

and so on. As a rule, no index can appear more than twice in an expression.
For example, A;B;C; is not a valid expression because the index ¢ appears more
than twice. Other examples of dummy indices are

F;, = AiBjCj, G = Hk(2 — 3AlBl) + PJQ]Fk (2.2.46)

The first equation in Eq. (2.2.46), for example, expresses three equations when
the range of ¢ and j is 1 to 3. We have

Fi=A (B101 + ByCoy + BgCg),
Fy = Ay (B1(3’1 + ByCoy + BgCg),
F3; = Aj (B101 + BoCy + BgCg).

2.2.5.2 Free index

A free index is one that appears in every expression of an equation, except for
expressions that contain real numbers (scalars) only. Index 7 in the equation
F; = A;B;C; and k in the equation G}, = Hy(2 — 3A4;B;) + P;Q;F}, are free
indices. Another example is

A, =2+ B;+C; + D; + (FjGj — ]JJIDJ)E‘Z

This expression contains three equations (i = 1,2,3). The expressions A; =
B;Cy, A; = Bj, and F;, = A;B;C), do not make sense and should not arise,
because the indices on both sides of the equal sign do not match.

One must be careful when substituting a quantity with an index into an
expression with indices or solving for one quantity with index in terms of the
others with indices in an equation. For example, consider the equations p; =
a;bjc; and ¢ = dje;qy. It is correct to write a; = p;/(bjc;) but it is incorrect to
write bjc; = p;/a;, which has a totally different meaning. Before substituting
for ¢, from one expression into the other, one should examine the indices and
determine which ones are free and which ones are dummy indices, and then make
suitable changes of the indices before substitution. For example, we can rewrite
the second expression as c¢; = dierq; and substitute it into the first expression,
pi = aibjdierq; = a;(bjq;)(drey). Other correct ways to write are

pi = aibper, = a;brdjejqr = ai(bpqr)(dje;), pr = arbjdieiq; = ax(bjq;)(die;).
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2.2.5.3 Kronecker delta

It is convenient to introduce the Kronecker delta d;; because it allows simple
representation of the scalar product of orthonormal vectors in a right-handed
basis system. We define the scalar (or dot) product &; - &; as [also see Eq.
(2.2.34)]

51']' = éi . éj = (Sji, (2.2.47)
where

5y = { 1, if 4 has the same value as j (2.2.48)

0, if ¢ has a different value than j.

For example, we have d11 = do2 = d33 = 1 and d120 = d13 = doz3 = 0. We also
have d;; = 611 + 022 + 33 = 3. The Kronecker delta ¢;; modifies (or contracts)
the subscripts in the coefficients of an expression in which it appears:

Azéw = Aj, AlBJ(L] =A;B; = Aij7 52]5’Lk = 6]'16'

As we shall see shortly, d;; denotes the components of a second-order unit tensor,

2.2.5.4 Permutation symbol
We define the vector (or cross) product &; x &; as
éz‘ X éj = €ijk ék, (2.2.49)

where e;;;, is called the alternating symbol or permutation symbol [see also Eq.
(2.2.35) for the meaning of e;;;], which has the meaning

1, if 4, j, k are in a natural cyclic order
and not repeated (i # j # k)
eijk = €; X & - &, =< —1,if i, j, k are opposite to a natural (2.2.50)
cyclic order and not repeated (i # j # k)
0, if any of i, j, k are repeated.

The natural order of 4, j, and k is the order in which they appear alphabetically.
A natural cyclic order means going from ¢ to j and k, from j to k and ¢, or from k
to i and j, as shown in Fig. 2.2.10(a). Going opposite to a natural cyclic order
is shown in Fig. 2.2.10(b). By definition, the subscripts of the permutation
symbol can be permuted in a natural cyclic order, without changing its value.
An interchange of any two subscripts will change the sign (hence, interchange
of two subscripts twice keeps the value unchanged):

€ijk = €kij = €jkis Cijk = —€jik = €jki = —€kj; for any i, j, k,
€123 = €312 = €231 = 1, €213 = €391 = €132 = —1, e113 = e331 = e322 = 0.

One can show that (a) e;jr €ijx = 6, (b) AjAjeijr =0, and (¢) imn €jmn = 20;5.
An alternative formula [to Eq. (2.2.50)] to determine the value of e;j, is

eijk = 5(i—5)(j — k)(k — i) for any 4,5,k =1,2,3. (2.2.51)
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K j k j
(2) )

Fig. 2.2.10: (a) A natural cyclic order is going from any index to the next in the order it
appears alphabetically (going from k to ¢ makes it cyclic). (b) Opposite to a natural cyclic
order is going in a direction opposite to that of a natural cyclic order.

In an orthonormal basis the scalar and vector products can be expressed
in index form using the Kronecker delta and the alternating symbols [see Eq.
(2.2.39)]:

AxB= (Aléz) X (Bjéj) = AZ'Bj Cijk ék.
Note that the components of a vector in an orthonormal coordinate system can
be expressed as

(2.2.52)

A=A ¢, (2.2.53)
and therefore we can express vector A as
A =46 =(A-¢)é. (2.2.54)

Further, the Kronecker delta and the permutation symbol are related by the

following identity, known as the e-d identity [follows from part (d) of Problem
2.41]:

€ijk €imn = (Sjm 5kn — 5jn 5km (2.2.55)

The permutation symbol and the Kronecker delta prove to be very useful in

establishing vector identities. Since a vector form of any identity is invariant

(i.e., valid in any coordinate system), it suffices to prove it in one coordinate

system. The following examples contain several cases of incorrect and correct
uses of index notation and illustrate some of the uses of §;; and e;;y.

Example 2.2.6

Discuss the validity of the following expressions:

(a) ambs = cm(dr — fr). (b) ambs = cm(ds — fs).  (¢) a; = bjcid;.
(d) zix; = 72 (e) aibjc; = 3.

Solution:
(a) Not a valid expression because the free indices r and s do not match.
(b) Valid; both m and s are free indices. There are nine equations (m, s = 1,2, 3).

(c) Not a valid expression because the free index j is not matched on both sides of the
equality, and index ¢ is a dummy index in one expression and a free index in the other;
i cannot be used both as a free and a dummy index in the same equation. The equation
would be valid if 7 on the left side of the equation is replaced with j; then there will be
three equations.
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(d) A valid expression, containing one equation: z3+z3+x3 = 2. Note that 7 = \/Z;@; # xi.

(e) A valid expression in mathematics; however, in mechanics such relations may not arise.
If they do, such expressions are invalid because they violate the form-invariance under a
coordinate transformation (that is, every component of a vector cannot be the same in
all coordinate systems). The expression contains three equations (i = 1,2, 3): a1(bic1 +
b262 + b363) = 3, a2(b101 =+ bQCQ + b3C3) = 3, and a3(b101 -+ bQCQ + b3C3) = &%

Example 2.2.7

Simplify the following expressions:
(a) 6ij5jk5kp5pi~ (b) €mjk €njk- (C) (A X B) . (C X D)

Solution: (a) Successive contraction of subscripts yields the result:
0ij0kOkpOpi = 0i0;k0ki = 0ij05; = 04 = 3.
(b) Expand using the e-¢ identity:
Crrals Congh = Opin®i5 = OOy = Wppm = Orgpmm = Aoreprmo

In particular, the expression e;ji €;j% is equal to 26;; = 6.

(¢) Expanding the expression using the index notation, we obtain

(A xB) - (C x D) = (4;Bjeijxéx) - (Con D €mnp &)
— AiBijDn €ijk Emnp (Skp — AiBijDn €ijk Emnk
= AiBjC’mDn(&méjn — (5m5jm)
= AiBijDn 5im5jn — AiBijDn 5m5jm
= AiBjCZ'Dj — AiBjCjDi = AiCZ'Bij — AiDiBjCj
=(A-C)(B-D)—(A-D)B-C),

where we have used the e-0 identity (2.2.55). Although the vector identity is established in an
orthonormal coordinate system, it holds in a general coordinate system.

Example 2.2.8

Rewrite the expression e;;x A; Bj Cy in vector form.

Solution: Examining the indices in the permutation symbol and those of the coefficients, it is
clear that there are three possibilities: (1) A and B must have a cross product between them
and the resulting vector must have a dot product with C; (2) B and C must have a cross
product between them and the resulting vector must have a dot product with A; or (3) C and
A must have a cross product between them and the resulting vector must have a dot product
with B. Thus we have

eijk AiB;Cr=(AxB)-C=(BxC)-A=(CxA)-B=[ABC| = [BCA] = [CAB|.

The parentheses can be removed in the above expressions as the dot product has no meaning
unless the expression in the parentheses is a vector. Also, the interchange of dot product and
cross product A X B-C = A - B x C, or a cyclical permutation of the order of the vectors
A xXB-C =B xC- A, leaves the result unchanged [see Eq. (2.2.20)].
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2.2.6 Transformation Law for Different Bases

2.2.6.1 General transformation laws
In addition to the basis (e, es, e3) and its dual (e!,e? e?), consider a second
(barred) basis: (€1, @2, e3) and its dual (e', e?,&®). Now we can express the same

vector in four ways:

A = A'e; = Aje’, in unbarred basis, (2.2.56)
= AMe,, = A,&", in barred basis. (2.2.57)

Note that ¢, j, m, and n are all dummy indices. From Eq. (2.2.44) we have

Al=A-e, Aj=A-e, A"=A.&" A,=A" 8, (2.2.58)

and from Egs. (2.2.56)—(2.2.58) it follows that
A™ = (e;-&™)A" = (¢ - &™) A, (2.2.59)
A, = (e -&,)A; = (e; - 8,)A". (2.2.60)
The first two terms of Egs. (2.2.59) and (2.2.60) give the transformation rules
between the contragredient and the cogredient components in the two basis

systems.
By means of Eq. (2.2.44) we find that the basis systems are related by

&' = (e° ej)el = (& e)e;. (2.2.61)

es = (e;-e)e; = (e - e;)e’. (2.2.62)
If we now write ' '

aj=es-e, bi=e e, (2.2.63)

jej, A, = agAj, cogredient law. (2.2.64)
e* = bie’, A® =DbSA",  contragredient law. (2.2.65)

Thus there are two transformation laws, and the subscripts and superscripts are
assigned according to which law is satisfied. The subscripted basis vectors and
the subscripted components transform according to the same law, the cogredient
law, and the superscripted basis vectors and superscripted components transform
according to another law, the contragredient law.

There are also relations between the subscripted and superscripted basis
vectors and components in the two systems. These relations are called mized
laws. Let

csj =€s-ej, dY =¢e-el. (2.2.66)

Then we have

€ = csjej, AS = CSjA]

& — diis;, A5 — dIA, }, mixed laws. (2.2.67)
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2.2.6.2 Transformation laws for orthonormal systems

In much of our study, we shall deal with Cartesian bases. Let us denote an
orthonormal Cartesian basis by

{éx,éy,éz} or {él,ég,ég}.

The Cartesian coordinates are denoted by (z,y, z) or (z1,x2,x3). The familiar
rectangular Cartesian coordinate system is shown in Fig. 2.2.11(a). We shall
always use right-handed coordinate systems.

A position vector x = r to an arbitrary point (z,y, z) = (z1, 22, x3) is

X = €, + Y€, + z€, = 1161 + 1263 + x3€3, (2.2.68)
or, in summation notation,
X =z;8, X -X=r1=ur1; (2.2.69)

Next, we establish the relationship between the components of two different
orthonormal coordinate systems, say, unbarred and barred [see Fig. 2.2.11(b)].
Consider the unbarred coordinate basis

(€1,€2,€3)
and the barred coordinate basis
(€1,82,83).
Then Eq. (2.2.62) yields, as a special case, the following relations:

& =1li; &5, A =1l A;, (2.2.70)

where

@

Eij =

i - ;. (2.2.71)

l,, =cosf
ly, =cosa
lys =cos 8
x
.’Xil 3?1 2
(a) (b)

Fig. 2.2.11: (a) A rectangular Cartesian coordinate system. (b) Barred and unbarred coor-
dinate systems.
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Equation (2.2.70) gives the relationship between the base vectors as well as the
components of the barred and unbarred coordinate systems. The relationship
between the components (A1, Az, A3) and (A1, Az, A3) is called the transforma-
tion rule between the barred and unbarred components in the two orthogonal
coordinate systems. The coefficients ¢;; are the direction cosines of the barred
coordinate system with respect to the unbarred coordinate system:

¢;; = cosine of the angle between €; and &;. (2.2.72)

Note that the first subscript of ¢;; comes from the barred coordinate system and
the second subscript from the unbarred system. Obviously, £;; is not symmetric
(i.e., £ij # £j;). The direction cosines allow us to relate components of a vector
(or a tensor) in the unbarred coordinate system to components of the same
vector (or tensor) in the barred coordinate system. Example 2.2.9 illustrates
the computation of direction cosines.

Example 2.2.9

Let & (i = 1,2,3) be a set of orthonormal base vectors. Then define a new right-handed
coordinate basis by (note that e; - e2 = 0):

31:%(2é1—|—2é2+é3), égzi(61—eg), é3:é1)<32:%(é1+é2—4é3).

3v2

The original and new coordinate systems are depicted in Fig. 2.2.12. Determine the direction
cosines ¢;; of the transformation and display them in a rectangular array.

Solution: From Eq. (2.2.71) we have

2 ~ 2 2 A %) 2 A~ 1
lezel-91:§, flgzel'egzg, 813261'93:§7
A ~ 1 2 A 1 2 A~
lo1 = e e = -, €22:ez'62:—ﬁ, loz3 =€z -€3 =0,
—6s-6, — L — @s 6y — L — 6n -0, — 4
l31 = es 6173\/57 l32 €3 - e2 3v3) l33 €3 - e3 V2

The rectangular array of these components is denoted by [L] and has the form (see Section 2.3
for the concept of a matrix)

2v2 2v2 V2
L= 3 -3 0
V2L )y

Fig. 2.2.12: Original and transformed coordinate systems defined in Example 2.2.9.
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2.3 Theory of Matrices
2.3.1 Definition

In the preceding sections we studied the algebra of ordinary vectors and the
transformation of vector components from one coordinate system to another.
For example, the transformation in Eq. (2.2.70) relates the components of a
vector in the barred coordinate system to those in the unbarred coordinate
system. Writing Eq. (2.2.70) in expanded form,

Ay = 11 AL + U2 As + 13 A3,
Az = l91 A1 + loo Ao + (o3 A3, (2.3.1)
A = l31 A1 + U304 + 33 A3,

we see that there are nine coefficients relating the components A; to A;. The form
of these linear equations suggests writing down the scalars of £;; (jth components
in the ith equation) in the rectangular array

l11 b2 13
[L] = | lo1 l22 a3
l31 U323 33

This rectangular array [L] of scalars ¢;; is called a matriz, and the quantities ¢;;
are called the elements of [L]!.

If a matrix has m rows and n columns, we say that is m by n (m x n),
the number of rows always being listed first. The element in the ith row and
Jth column of a matrix [A] is generally denoted by a;;, and we will sometimes
designate a matrix by [A] = [a;;]. A square matrix is one that has the same
number of rows as columns. An n X n matrix is said to be of order n. The
elements of a square matrix for which the row number and the column number
are the same (i.e., a;; for i = j) are called diagonal elements or simply the
diagonal. A square matrix is said to be a diagonal matriz if all of the off-diagonal
elements are zero. An identity matriz, denoted by [I], is a diagonal matrix whose
elements are all 1’s. Examples of a diagonal and an identity matrix are given
below:

5 0 0 0 1 0 00
0-2 0 O 1 = 01 00
0 01 0}’ 0010
0 0 0 3 0 0 0 1

The sum of the diagonal elements is called the trace of the matrix.

'The word “matrix” was first used in 1850 by James Sylvester (1814-1897), an English alge-
braist. However, Arthur Caley (1821-1895), professor of mathematics at Cambridge, was the
first one to explore properties of matrices. Significant contributions in the early years were
made by Charles Hermite, Georg Frobenius, and Camille Jordan, among others.
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If the matrix has only one row or one column, we normally use only a single
subscript to designate its elements. For example,

I

{X}=4q 22 and {Y} = {y1 v2 y3}
T3

denote a column matrix and a row matrix, respectively. Row and column ma-
trices can be used to represent the components of a vector.

2.3.2 Matrix Addition and Multiplication of a Matrix by a Scalar

The sum of two matrices of the same size is defined to be a matrix of the same
size obtained by simply adding the corresponding elements. If [A] is an m X n
matrix and [B] is an m X n matrix, their sum is an m x n matrix, [C], with

Cij = Q45 + bij forallz, j. (2.3.2)

A constant multiple of a matrix is equal to the matrix obtained by multiply-
ing all of the elements by the constant. That is, the multiplication of a matrix
[A] by a scalar «, a[A], is the matrix obtained by multiplying each of its elements
with a:

ain diz ... Qin aa11] oa1 ... Qain

a1 Q22 ... G2p Qas] g oy
A= . . S|, A=

Aml Am2 - .. Amn am1 XAm2 ... AQmn

Matrix addition has the following properties:
(1) Addition is commutative: [A] + [B] = [B] + [4].
(2) Addition is associative: [A] + ([B] + [C]) = ([A] + [B]) + [C].

(3) There exists a unique matrix [0], such that [A] + [0] = [0] + [A] = [A]. The
matrix [0] is called zero matriz when all elements are zeros.

(4) For each matrix [A], there exists a unique matrix —[A] such that [A] +
(—[A]) = [0].

(5) Addition is distributive with respect to scalar multiplication: «([A] +
[B]) = a[A] + a[B].

(6) Addition is distributive with respect to matrix multiplication, which is
discussed in Section 2.3.5:

([l + [BD[C] = [Al[C] + [BIC];  [DI([A] + [B]) = [D][A] + [D][B],

where [A] and [B] are m X n matrices, [C] is a n X p matrix, and [D] is
a ¢ X m matrix (so that the products of matrices appearing in the above
expressions are meaningful).
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2.3.3 Matrix Transpose
If [A] is an m X n matrix, then the n X m matrix obtained by interchanging

its rows and columns is called the transpose of [A] and is denoted by [A]T. For
example, the transposes of the matrices

g_i é 3 -1 2 4
[A] = and [Bj]=|-6 3 5 7
2 43 9 6 —2 1

-1 9 0

are
[ 5 8 2 —1 3 -6 9
AT=]-2 7 4 9| and [B]T = 186
1 6 3 0 2.5 2
L 4 7 1
T

2.3.4 Symmetric and Skew Symmetric Matrices

A square matrix [A] of real numbers is said to be symmetric if [A]T = [A], and
it is said to be skew symmetric if [A]T = —[A]. In terms of the elements of [A],
[A] is symmetric if and only if a;; = a;;, and it is skew symmetric if and only
if a;j = —aj;. Note that the diagonal elements of a skew symmetric matrix are
always zero because a;; = —a;; implies a;; = 0 for ¢ = j. Examples of symmetric
and skew symmetric matrices, respectively, are

5 -2 12 21 0 —-11 32 4
-2 2 16 -3 11 0 25 7
12 16 13 8|’ —-32 —-25 0 15
21 -3 8 19 -4 -7 =15 0

Every square matrix [A] can be expressed as a sum of a symmetric matrix and
a skew symmetric matrix:

[A] = 5 ([A]+[A]") + § (41 - [4]") . (2.3.3)
For example, consider the unsymmetric matrix
4 6 8
2 10 12|,
18 14 6

which can be expressed as

4 6 8 2 3 4 219 2 3 4 21 9
21012 =1 5 6|+1|3 &5 7|+|1 5 6[—-|3 5 7
18 14 6 (9 7 3 4 6 3 9 7 3 4 6 3
[ 4 4 13 0 2 -5
41013—1—{201
|13 13 6 5 1 0
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2.3.5 Matrix Multiplication

Consider a vector A = a1€; + asé2 + azés in a Cartesian system. We can
represent A as a product of a row matrix with a column matrix,

e ap
A ={ajazaz} & p={é & é3}< a
és3 as

Note that the vector A is obtained by multiplying the ith element in the row
matrix with the ith element in the column matrix and adding them. This gives
us a strong reason to define the product of two matrices.

Let {X} and {Y'} be the vectors (matrices with one column)

T Y1
Z2 Y2

(Xy=¢" ¢ (v3={"1. (2.3.4)
Tm Ym

We define the product {X}T{Y} to be the scalar

Y1
T Y2 -
(X3 Y} = {21, 29,...,2m} : :x1y1+$2y2+"'+$mym:inyz’,
: i=1
Ym
x1
m T -
=y ={ynys - oumb o =YX (2.3.5)
i=1 :
xm

It follows from Eq. (2.3.5) that {X}T{Y} = {Y}T{X}. More generally, let
[A] = [aij] be m x n and [B] = [b;;] be n x p matrices. The product [A][B] is
defined as the m x p matrix [C] = [¢;;], with

. by
jth b2j
¢ij = {ith row of [A]} ¢ column of » = {a;1,a:2,...,ain}

[B]

bn;
n
= airbij + aigba; + - + dinbnj = > _ aigby;. (2.3.6)
k=1

The next example illustrates the computation of the product of a square matrix
with a column matrix.

The following remarks concerning matrix multiplication are in order, where
[A] denotes an m x n matrix and [B] denotes a p X ¢ matrix:
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(1) The product [A][B] is defined only if the number of columns n in [A] is
equal to the number of rows p in [B] (i.e., p = n). Similarly, the product
[B][A] is defined only if ¢ = m.

(2) If [A][B] is defined (i.e., p = n), [B][A] may (if ¢ = m) or may not (if
q # m) be defined. If both [A][B] and [B][A] are defined (i.e., p = n and
g = m), it is not necessary that they be of the same size; [A][B] is m x m
and [B][A] is n X n.

(3) The products [A][B] and [B][A] are of the same size if and only if both [A]
and [B] are square matrices of the same size.

(4) The products [A][B] and [B][A] are, in general, not equal: [A][B] # [B][A]
(even if they are of equal size). That is, matrix multiplication is not
commutative.

(5) For any real square matrix [A], [A] is said to be normal if [A][A]T =
[A]T[A]. The product [A][A]" is always symmetric: ([A][A]T)T = [4][A]T.

(6) If [A] is a square matrix, the powers of [A] are defined by [A]? = [A][4],
[A]3 = [A][A]? = [A]?[A4], and so on.

(7) Matrix multiplication is associative: ([A][B])[C] = [A]([B][C)).

(8) The product of any square matrix with the identity matrix is the matrix
itself, [A][I] = [A] and [I][4] = [4].

(9) The transpose of the product is ([A][B])T = [B]T[A]T (note the order).

Example 2.3.1

Verify property 3 in the preceding list using matrices [A] and [B] of Section 2.3.3.

36 -5 -2 7
. 36 49 39 87
o 9 28 18 39|’

=57 28 43 59

Solution: The product of matrices [A] and [B] is
o2 31 2

[AlBl=| 5 4 3|6 3 5

1 9 0 9 6 -2

and

36 36 957
v_ | -5 49 28 28
(AIBD" =1 9 30 18 43|

7 87 39 59
-6 9

3 6 _g

50 .

7 1

Thus, ([A][B))T = [B]"[A]" is verified.

Now compute the product

36 36 9 —57
T T _ | — _ | -5 49 28 28
[BI"IA]" = ]— —2 39 18 43|

7 87 39 59

=N = W
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2.3.6 Inverse and Determinant of a Matrix

If [A] is an n X n matrix and [B] is any n x n matrix such that [A][B] = [B][A] =
[I], then [B] is called an inverse of [A]. If it exists, the inverse of a matrix is
unique (a consequence of the associative law). If both [B] and [C] are inverses
for [A], then by definition,

This shows that [C] = [B], and the inverse is unique. The inverse of [A] is
denoted by [A]~!. A procedure for computing the inverse will be presented
shortly.

A matrix is said to be singular if it does not have an inverse. If [A] is
nonsingular, then the transpose of the inverse is equal to the inverse of the
transpose: ([A]™)T = ([4]T1)~' = [4]~T.

Let [A] = [ai;] be an n x n matrix. We wish to associate with [A] a scalar
that in some sense measures the “size” of [A] and indicates whether or not [A]

is nonsingular. The determinant of the matrix [A] = [a;;] is defined to be the
scalar det [A] = |A| computed according to the rule
n
det[A] = [A] = Z(—l)i“aillAul, (2.3.7)
i=1

where |A;;| is the determinant of the (n — 1) x (n — 1) matrix that remains
on deleting the ith row and the jth column of [A]. For convenience we define
the determinant of a zeroth-order matrix to be unity. For 1 X 1 matrices the
determinant is defined according to |a11| = aj1. For a 2 x 2 matrix [A] the
determinant is defined by

a1 @12
a21 422

aii a
[A] = [ H 12] . A= = a1 a2 — a21a12.

a21 22

In the above definition special attention is given to the first column of the matrix
[A]. We call it the expansion of |A| according to the first column of [A]. One
can expand |A| according to any column or row:

|A| = Z (—l)i“'j a;j |Asj| for fixed j or i.

iorj=1

A matrix is said to be singular if its determinant is zero. Obviously, there is a
connection between the inverse and the determinant of a matrix, as we shall see
shortly. A numerical example of the calculation of a determinant is presented
next.
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Example 2.3.2

Compute the determinant of the matrix

W =~ Ot

Solution: Using definition in Eq. (2.3.7) and expanding by the first column, we have

3
1A] = (1) ai|Aa| = (—1)%an]Au| + (—=1)%a21] A2 + (=1)*as1| Az |
i=1

5 —1
_3 5‘-1-&31

= a1

4 3 5 —1
—3 5|92 4 3

=2[(4)(5) = (=3)3)] + (=D[(B)(5) = (=3)(=1)] +2[(5)(3) — (4)(-1)]
=2(20+9) — (25— 3) +2(15+ 4) = 74.

Let A = A;é;, B = B;¢é;, and C = (;é;. Then the cross product of vectors
A and B can be expressed as the determinant
€1 €&y €3
A xB= A1 AQ Ag y (238)
By By B3

and the scalar triple product can be expressed as the determinant

A Ag As
C1 Cy C3

Consequently, the determinant of a 3 x 3 matrix [A] can be expressed as |A| =
€ijk015025A3k [let A=A, B=A5 and C = A3 in Eq. (239)}
We note the following properties of determinants of square matrices:

If [A’] is a matrix obtained from [A] by multiplying a row (or column) of
[A] by a scalar «, then det [A'] = ardet[A].

(5) If [A'] is the matrix obtained from [A] by interchanging any two rows (or
columns) of [A], then det[A’] = —det[A].

(6) If [A] has two rows (or columns) one of which is a scalar multiple of another
(i.e., linearly dependent), det[A] = 0.

(7) If [A’] is the matrix obtained from [A] by adding a multiple of one row (or
column) to another, then det[A’] = det[A].
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A matrix is said to be singular if and only if its determinant is zero; hence,
does not have an inverse. By property 6 in the foregoing list the determinant of
a matrix is zero if it has linearly dependent rows (or columns).

For an n x n matrix [A] the determinant of the (n — 1) x (n — 1) sub-matrix
of [A] obtained by deleting row ¢ and column j of [A] is called the minor of a;;
and is denoted by M;;([A]). The quantity cof;;([A]) = (—1)""7 M;;([A]) is called
the cofactor of a;;. The determinant of [A] can be cast in terms of the minor
and cofactor of a;;

n n
det[A] = (=1)" a;; Mi;([A]) = )~ aij cofy([A]), (2.3.10)
i=1 i=1
for any fixed value of j.

The adjunct (also called adjoint) of a matrix [A] is the transpose of the matrix
obtained from [A] by replacing each element by its cofactor. The adjunct of [A]
is denoted by Adj[A].

Now we have the essential tools to compute the inverse of a matrix. If [A] is
nonsingular (i.e., |A| # 0), the inverse [A]~! of [A] can be computed according
to

A7 = detl[A]Adj[A]. (2.3.11)

Example 2.3.3 illustrates the computation of the inverse of a matrix following
the procedure just outlined.

Example 2.3.3

Determine the inverse of the matrix [A] of Example 2.3.2:

2 5 —1
1 4 3.
2

-3 5

(4] =

Solution: The determinant is given by (expanding by the first row)
|A] = (2)(29) + (=) (6) (1) + (-1)(-11) = 74.

Then we compute the minors M;;. For example, we have

M) =| 5 5|, mm@an=|} 3| =} 3.
ot ([A]) = (~1)*Mas (4]) = 4 5 — (~3)3 = 29,
cof12([A]) = (=1)*M12([A]) = —(1 x 5 —2 x 3) =1,
cotra([A]) = (~1)* Maa((4]) = 1 x (=3) —2 x 4 = 11,

and so on. The Adj([A]) is given by

[cof11([4]) cofi2([A]) cofis([A]) ]
Adj([A]) = | cof21([A4]) cofaz([A]) cof2s([A])

| cofzi([A]) cofs2([A]) cofss([A])

[ 29 —22 19]

= 1 12 19
—-11 16 3
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The inverse of A can be now computed using Eq. (2.3.11),

o1 [ -2 1
(A7 = — 1 12 —-7].
111 16 3

It can be easily verified that [A][A]~" = [I].

2.3.7 Positive-Definite and Orthogonal Matrices

A symmetric matrix [A] is said to be positive or positive-definite if there exists
a nonzero vector {X} such that

{XITA{X} > 0. (2.3.12)

The expression {X}[A]{X} represents a quadratic polynomial associated with
matrix [A] with respect to vector {X}. A corollary to this definition is that a
matrix [A] is positive if and only if there exists a nonsingular matrix [T] such
that

[A] = [T7Y[1]. (2.3.13)

Then we have
{(XATTNTHXY = (VYY) (V) = [TH{X, (2.3.14)

which is always positive for all nonzero vectors {Y}.

A nonsingular matrix [@Q)] is said to be orthogonal if the following condition
holds:

Q" = [QI'Q =[1] or [Q"=[Q". (2.3.15)

From the foregoing definition it follows that the determinant of an orthogonal
matrix is |Q| = 1. If the determinant of [@)] is +1, then [Q] is called a rotation
or a proper orthogonal matrix; otherwise, it is called an improper orthogonal ma-
trix. A proper orthogonal matrix transforms a right-handed coordinate system
into another right-handed coordinate system.

Example 2.3.4

Consider the matrices
2 3 2 3
a=3 & m-=; &
Determine if the matrices are positive.

Solution: Compute the product

2 3
{z1 z2} {3 _4} {z; } =227 + 6z170 — 4x§,
which is not positive for all nonzero vectors {X}T = {z1 22}. Clearly, for {X}T = {1 — 1},
we have {X}T[A]{X} = —8. Thus, the matrix is not positive.
Next, consider the matrix
2 3
m=[2 2]
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Forming the quadratic form

{z1 22} {g g} {z; } = 230% + 6x122 + 51’3 = (z1 + 2962)2 + (z1 + 302)2

The matrix is positive because {X}T[A]{X} > 0 for all nonzero vectors {X}* = {x1 22}.
In addition, for the choice of

we find that

is positive because {X}T[A{X} = 2} + 223 + 23 + 22223 > 0 for all nonzero vectors {X}T =
{z1 z2 x3}. However, [T] is not an orthogonal matrix because [T|T[T] # [I].

2.4 Vector Calculus
2.4.1 Differentiation of a Vector with Respect to a Scalar

Suppose that a vector is given as a function of a scalar ¢, say A = A(t). In
general, vector A will have different magnitudes and different directions for
different values of ¢, which is pictured schematically in Fig. 2.4.1(a). With the
tails of the vector being at the same point for different values of the scalar ¢, the
tip of the arrow draws out a trajectory, as shown in Fig. 2.4.1(a).

Consider now two values of ¢ differing by an infinitesimal amount, say ¢ and
t + At. Then the variation in Fig. 2.4.1(a) becomes as shown in Fig. 2.4.1(b).
With this picture in mind, it is easy to visualize the definition of the derivative
of a vector with respect to t:

dA _ . A(t+ A - A(Y)

@AM T A 24

o>

AA = A(t+ At)— A(t)

A(t) A(t+ At)

(@) 0 (b) 0

Fig. 2.4.1: (a) Variation of a vector as a function of a scalar ¢. (b) Differential change in a
vector A(t).
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Now let As = |AA| so that s is the distance measured along the trajectory.

Then we have
dA . AAAs

— = lim ——.
dt At—0 As At

In the limit, AA/As is a unit vector that is tangent to the trajectory, say €s.

In the limit, therefore, we have

dA  ds,
it (2.4.2)
It is clear that the derivative of the vector has a different direction and magnitude
than the vector itself. The magnitude of the derivative ds/dt is the rate of change
of distance s with respect to ¢ along the trajectory. Observe that the distance s
has the same dimensions as the vector A itself.
An important special case occurs when the vector has a constant length. In
general, we note that
A A= A%(t). (2.4.3)

From differentiation of both sides of this equation it follows that

dA dA
A —=A4A—. 244
dt dt ( )

When A has a constant length, then dA/dt = 0, and we have

dA
== =0. 2.4.5
o (2.4.5)

A
We deduce from this result that either A = 0, or dA/dt = 0 or A is perpen-
dicular to dA /dt. If dA /dt = 0, then the vector has not only a constant length,
but also a constant direction. If the direction of A varies, but its length is fixed,
then the derivative dA/dt is perpendicular to A.
Consider now the derivative of a vector in terms of its components. If we
write

A = Al(t)er(t) + A%(t)ex(t) + A%(t)es(t),

we must remember that the basis vectors are also functions of the scalar t. Thus
we have
dA dA! dA? dA3

de de de:
= = 1251 2552 3253
7 7 el + ar e + 7 es+ A ar + A It + A T (2.4.6)

Basis vectors that are constant are associated with Cartesian systems. Only in
these systems do the derivatives de;/dt vanish.

2.4.2 Curvilinear Coordinates

Consider a transformation from the coordinate system (x1,x2,x3) to a new set
of coordinates (¢, ¢, ¢3):

qi = qi(LUl,.’EQ,.Tg) = qi(x7y7 Z)a 1= ]-7 2737 (247)
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and the inverse transformation is
= zi(¢", % %), i=1,2,3. (2.4.8)

The inverse transformation exists if and only if the Jacobian matrix [J] =
[02:;/0q¢'] # 0; in fact, the determinant .J of the matrix [.J] must be positive in or-
der that the transformation produces a right-hand coordinate system (q', ¢2, ¢%)
from a right-hand coordinate system (1, z2, x3). The functions ¢*(x, vy, z) = con-
stant, where ¢ = 1,2, 3, denote three surfaces in space. The intersection of any
two of these surfaces defines a coordinate curve, as shown in Fig. 2.4.2. When
the aforementioned transformation is nonlinear, the coordinate curves denoted
by q', ¢%, and ¢® are curved lines, and the (q',¢? ¢%) system is called curvi-
linear. When the transformation is linear, the coordinate lines will be straight
lines, but not necessarily parallel to the original (x,y,z) system, and a new
Cartesian coordinate system is defined.

In view of the transformations defined, the position vector r is a function of
the new coordinates (¢, ¢, ¢*):

r=r(q",¢* ¢%. (2.4.9)
The differential dr can now be written
or or or or
dr = ——dq' + —5dq¢* + ~—dq* = 2.4.10
P= g™ T g2t T @t = g (24.10)

The partial derivatives dr/dq", Or/dq?, and Or/0q> are vectors that are tangent
to the coordinate curves, as shown in Fig. 2.4.2. These vectors can be taken as
a basis system associated with the coordinates (¢!, ¢%, ¢®). This basis is referred

X3
3
e, ¢

q? = constant q' = constant

q2
q' e,
g3 = constant

Xy

Fig. 2.4.2: Curvilinear coordinates.

to as the unitary basis. Note that these vectors in general are not unit nor
orthogonal. We now denote the unitary basis by (ej, ez, e3) as follows:

or _ Or _ Or

= — = — = —. 2.4.11
1 aql ; €2 8(]27 €3 6q3 ( )
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A differential distance is denoted by
dr = dg'e; + dg’es + dgies = dg'e;. (2.4.12)

Observe that the ¢’s have superscripts whereas the unitary basis has subscripts.
The dg’s thus are referred to as the contravariant components of the differential
vector dr. The unitary basis will satisfy the covariant transformation law and
thus is a covariant basis.

The unitary basis can be described in terms of the Cartesian basis (€, &y, €.)
as

e _ﬁ—@é +%é +%é
1= 8q1 - 8q1 T 8q1 Y 8q1 2

Or oz . oy . 0z .

© =5 = og% * ot ot (2413
5 o3 g3 " o3 Y 03 T

In the summation convention we have

_ Or _&UjA

We can associate with the covariant base vectors e;, a dual or reciprocal basis,
defined by Eq. (2.2.31).
2.4.3 The Fundamental Metric

The square of the infinitesimal distance between two points can now be written
in the unitary basis as

(ds)? =dr - dr = (e; - e;)dq" d¢’ = gijdg’ dg’, (2.4.15)

gij = € - €y, (2416)

where g;; are the covariant components of the fundamental metric tensor, g.
According to this definition g;; is symmetric, that is, g;; = gj;. In view of Eq.
(2.2.44), the unitary basis and its dual basis are related by

ei=(e;-e)el =g,;e, e=(e -eej=g"e;, g'=e e, (2417
where ¢ are the contravariant components of the metric tensor g. Note that

§i=e"-e;=g"ginem " = g"gjn. (2.4.18)

Thus, [¢¥] is the inverse of [g;;]. Similar relations hold between the contravariant
and covariant components of a vector. We can write a vector A either in terms
of its components in the covariant basis or contravariant basis as

A=A, A=A¢. (2.4.19)
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Then } ‘ -
Aj = Gji AZ, A = g” Aj. (2420)

Analogous to Eq. (2.2.49), we can define the permutation symbol in a general
right-handed curvilinear system by

e; x ej = Eyp el (2.4.21)
where &;j, is the permutation symbol in a general curvilinear system:
Eijk = €; X €j - ey. (2.4.22)
The length of a unitary vector e; (for fixed i) is defined as

le;| = [e; - ei]% = /9ii (no sum on 7). (2.4.23)

The fundamental metric describes the nature of a space, or manifold. A
manifold may be either “curved” or “flat.” A flat space is said to be Euclidean.
If it is possible to find a transformation to a coordinate system such that all
the g;;’s are constant, the space is Euclidean. If it is not possible, it is said to
be non-Euclidean or Riemannian. For most engineering applications we will be
concerned with Euclidean spaces.

2.4.4 Derivative of a Scalar Function of a Vector

The basic notions of vector and scalar calculus, especially with regard to physical
applications, are closely related to the rate of change of a scalar field, such as
the velocity potential or temperature, with distance. Let us denote a scalar field
by ¢ = ¢(x), x being the position vector, as shown in Fig. 2.4.3.

In general coordinates we can write ¢ = ¢(q', ¢%,¢%), and a differential of ¢

is given by
o6 1 09 .o 00 5 0
dp = —d —d —dg° = ==
¢ dq q +8q2 q +8q3 q aq’
The differentials dq', dq?, dg® are components of dr = dx [see Eq. (2.4.12)]. We
would now like to write d¢ in such a way that we elucidate the direction as well

as the magnitude of dx. In view of the identity e’ - ej = 5;-, we can write

0 0 0
do = ela(ﬁ -ep dgt 4220 -exdg” +e3aqq;

0q?
¢ ¢ ¢
1 2 3 1 2 3
= (dq e + dg“es + dg’e3) - <e a—ql—i-e ¢ +e 8q3>

0p Lo 0
_ 1 2 3
=dx - (e 9l +e 0 +e 8q3>' (2.4.24)

dq'.

-e3 dq3
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Fig. 2.4.3: Directional derivative of a scalar function.

Let us now denote the magnitude of dx by ds = |dx|. Then & = dx/ds is a unit
vector in the direction of dx, and we have

dp\ _ . (109 | 209 309
(ds) é (e aq" +e 8q2+e 8q3>' (2.4.25)

e
The derivative (d¢/ds)e is called the directional derivative? of ¢. We see that
it is the rate of change of ¢ with respect to distance and that it depends on the
direction € in which the distance is taken.

The vector in Eq. (2.4.25) that is taken a scalar product with € can be
obtained immediately whenever the scalar field ¢ is given. Since the magnitude
of this vector is equal to the maximum value of the directional derivative, it is
called the gradient vector and is denoted by grad ¢:

06 200 300 _ ;06

dp=e'— — - . 2.4.26
grad¢ = e aq1 +e 94’ +e 0 Y. ( )
From this representation it can be seen that
9 9 99
aqt’ dq%’ a3
are the covariant components of the gradient vector.
2.4.5 The del Operator
It is convenient to write the gradient vector, grad ¢, as
0 0 0
(.1 2 3
Vo= (ol + o' + ) (2420

2The directional derivative is also defined as [do(q + aé)/da]a=o.
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and interpret V¢ as some operator V operating on ¢. This operator V is
defined by
— ol 9
ot "% a2 % o T o
and it is called the del operator. The del operator is a vector differential operator,
and the “components” 9/9q", 9/0¢*, and 3/0q> appear as covariant components.
In Cartesian systems we have the simple form

0 0 0

(2.4.28)

or, in the summation convention, we have
0
V=g . 2.4.30
i (91‘2 ( )

It is important to note that although the del operator has some of the proper-
ties of a vector, it does not have them all, because it is an operator. For instance,
V- A is a scalar (called the divergence of A) whereas A -V is a scalar differential
operator. Thus the del operator V does not commute in this sense. Also, in
general, the derivatives of the base vectors €' with respect to the coordinates ¢’
are not zero.

When the scalar function ¢(x) is set equal to a constant, ¢(x) = constant,
a family of surfaces is generated. A different surface is designated by different
values of the constant, and each surface is called a level surface, as shown in Fig.
2.4.4(a). The unit vector € is tangent to a level surface. If the direction in which
the directional derivative is taken lies within a level surface, then d¢/ds is zero
because ¢ is a constant on a level surface. It follows, therefore, that if d¢/ds is
zero, then V¢ must be perpendicular to €, and hence perpendicular to a level
surface. Thus, if any surface is defined by ¢(x) = constant, the unit normal to
the surface is determined from [see Fig. 2.4.4(b)]

Vo 1 0¢

W, N =n;&(=ngé; +nyéy,+n,é;), n;

n==+

(2.4.31)

B2

X; grad ¢ (normal to the plane)

d)(xpraxg) =Cy

¢(x1,x2’x3) =¢

X9
¢ / dx,)
n, =
x, J©0 7 0x)(0¢ / 0x))

(a) (b)

Fig. 2.4.4: (a) Level surfaces and unit normal vector. (b) Components of unit normal vector.



2.4. VECTOR CALCULUS 47

In general, the normal vector is a function of position x; n is independent of
x only when ¢ is a plane (i.e., linear function of x). The plus or minus sign
appears in Eq. (2.4.31) because the direction of in may point in either direction
away from the surface. If the surface is closed, the usual convention is to take
n pointing outward from the surface.

An important note concerning the del operator V is in order. Two types of
gradients are used in continuum mechanics: forward and backward gradients.
The forward gradient is the usual gradient and the backward gradient is the
transpose of the forward gradient operator. To see the difference between the
two types of gradients, consider a vector function A = A;(x)é;. The forward
and backward gradients of a vector A are

. 0 . 04; . . .
?A = VA = ejaimj(Aiei) = 8Tjejei = Ai,jejei, (2.4.32)
; T
AV = (VA)T = 8;12 (éjéi> = A; ;€:8,, (2.4.33)
J

where A; ; = 0A;/0x;. Both are second-order tensors,® as discussed in Section
2.5. The backward gradient %, a more natural one, is often used in defining the
deformation gradient tensor, displacement gradient tensor, and velocity gradient
tensor, which is introduced in Chapter 3. In the present book only one gradient
operator (in bold), namely, the forward gradient operator V, a more common
one, is used. To clarify, the transpose of the forward gradient is used to denote
the backward gradient operator.

2.4.6 Divergence and Curl of a Vector

The dot product of a del operator with a vector is called the divergence of a

vector and is denoted by
V - A =divA. (2.4.34)

If we take the divergence of the gradient of a scalar function ¢(x), we have
div(grad ¢) =V -V = (V- V)¢ = V?¢. (2.4.35)

The notation V2 = V -V is called the Laplacian operator. In Cartesian systems
this reduces to the simple form

0% o 2 0%

2
Vg = Ox;0x;  0x2  Oy? 022

(2.4.36)

The Laplacian of a scalar appears frequently in the partial differential equations
governing physical phenomena.
The curl of a vector is defined as the del operator operating on a vector by
means of the cross product:
0A;

curl A=V x A = eijkéia—xj. (2.4.37)

3Operationally it is more appropriate to use the notation A% instead of gA.
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The quantity n - grad ¢ of a scalar function ¢ is called the normal derivative
of ¢ and is denoted by
d¢

on
In a Cartesian system this becomes
% 8q§ 0¢ 0¢

e+ L, + X, 2.4,
on ox oy T 9" (2.4.39)

=h Vo (2.4.38)

where n,, n, and n. are the direction cosines of the unit normal [see Fig. 2.4.4(b)]

~

N = n,&; + nye, + n.e,. (2.4.40)

Next, we present several examples to illustrate the use of index notation to
prove certain identities involving vector calculus.

Example 2.4.1

Establish the following identities using index notation (we use the notations x = r and |x| = r)
(a) V(r)=1z. (b) V(r™) = nr"r.
(¢c) VX (VF)= (d) V- (VFxVGQG) =0
(e) Vx(VxA)=V(V-A)-V3A.
(f) V.-(AxB)=VxA-B-VxB-A.
(8) Ax(VxA)=1V(A-A)—A-VA.

In the above expressions F' and G denote scalar functions and A and B denote vector functions
of position x with continuous first and second derivatives.

Solution: First note that dx;/0x; = 0;; and 0x;/0x; = dis = 3.

(a) Consider

V(r) = éi(%: =& g
. 11 (0Ox; Ox; . -1 x
=1é;(r")2 (8;10]1 zj + ;5 8mj> =28 (r’) 2 = = (1)
from which we note the identity
or _ @
o0x; 7
(b) Similar to (a), we have
ny __ A, 0 n 'nflAvar _ n—2 2
Vv (r )—elaxi (r")=mn Zaxi—nr €& =nr’ ‘r

(c) Consider the expression

. 0 . OF 0*F
V x (VF) = (elamz) X (ejaixj) = €jjk€ km
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Note that % is symmetric in 7 and j. Consider the kth component of the vector
i0Zj

V x (VF):
2 2
6ijk% = fejik% (interchanged 4 and j)
2
_ —eijk% (renamed i as j and j as 1)
O’F

(used the symmetry of

—eijk 0z;0x; e ‘9% )
Thus, the expression is equal to its own negative, implying that it is zero.

(d) We have

. 0 . OF s oG
V- (VF xVG) = <ei8—mi) . <eja 83%)

(oo (PF_ 9G0P G
T Cokei®en S 0x;0x; Ox, ~ Ox; Ox;0xk
. (PP 0G| oF G
= Cigk (9.1‘261‘] 8Ik (9.1‘]' Bxlaack

(e) Observe that

. 0 . 0 .
VX(VXA):ei%X (ejTjXAkek)

0
= éii X (ejkl%éé> = €itm ejkz%ém
0x; al‘j Bwiax]’
PA. . 0PA . DA,

= (Omj0ik — Omw0ij)

€en = e; — €L
E)xiamj axiaxj J &ciami

0 (oA 5?2 L 2

J 8xj afm
This result is sometimes used as the definition of the Laplacian of a vector, that is,
VPA=V(V-A) -V xVxA.
(f) Expanding the vector expression:

. 0 R
V- (AxB)=¢g,- . (ejreA;Brér)

0A 0B
= @i (axJBk-i-A 9z k)

=VxA-B-VxB-A.

(g) Expanding the left side of the expression using index notation:

R 0AL . . Ak . R
x (V x A) = A;é; x (Wf é; % ek> = ejkmAia—x:(ei X €m)
= ejkmeimnAz gﬁk An = A aAk (6]7,,5;” 5]16kn) én
5 Zj
_ 8A“_ aA,m _ 10(4:i4:) O(A;A;) . o 0Ay .
=Ai ox; ° 4 ox; Ck =3 Oz, & =% ox; Ck
. 0(AA;) 1o} R
— 1l T\ AL
e 2e] axj A-L aml (Akek)

—1V(A-A)—A VA
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These examples illustrate the convenience of using index notation in estab-
lishing vector identities and simplifying vector expressions. The difficult step in
these proofs is recognizing vector expressions from scalar expressions involving
components with indices; for example, seeing that e;;,A; B}, is the ith compo-
nent of the vector product A x B or recognizing e %Bk as V x A - B and
Bi%éj as B- VA is not always easy but practice makes one good at it. To aid
readers in this pursuit, a list of vector operations in both vector and Cartesian
component forms is presented in Table 2.4.1. Some of the identities are left
as an exercise to the reader (see Problems 2.30-2.32). Note that the gradient
operation increases, divergence decreases, and curl operation keeps the order the
same of a tensor field when operated on by V. For example, the gradient of a
scalar function ¢ is a vector V¢, and the divergence of a vector-valued function
A is a scalar V - A; similarly, the gradient of a vector-valued function A is a
second-order tensor V A, whereas the divergence of a second-order tensor-valued
function S is a vector V - S.

Table 2.4.1: Vector expressions and their Cartesian component forms [A, B, and C are vector
functions, U is a scalar function, x is the position vector; (&1, €é2,é3) are the Cartesian unit
vectors in a rectangular Cartesian coordinate system; see Fig. 2.2.11].

No. Vector form and its equivalence Component form
1. A-B A;iB;
2. AxB eijkAiBjék
3. A-(BxCQC) eijk AiB;Cy
4. A x (B X C) = B(A . C) — C(A . B) eijkeklmAjBlCméi
5. VA 2’;‘5 é;e,
6. V-A o
7. VxA €ijk %ék

V. (VxA)= 0% A
9. Vx(VU)=0 e
10. V- (AxB)=B:(VxA)-A (VxB) ejig(A;Br)
11. (VxA)xB=B-|[VA-(VA)T] eijherim B 5t ém
12 Ax(VxA)=1iV(A-A)—(A-V)A enim €um Ai ok &,

2 %4, . ’
13. V.(VA)=V?A 5o 58
14 VXVXA=V(V-A) - (V- -V)A Emil€ti =
5. (A-V)B A; 5058
16.  A(V-B) Aie; 50
J

17 V- (UA)=UV-A+VU-A 2 (UA;)
18. Vx(UA)=VUXxA+UVxA e”k%(UAk)él
19. V(UA)=VUA+UVA &) 50- (UArér)
20. V(A . X) =A+VA - -x 3 (Aixi)e]
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2.4.7 Cylindrical and Spherical Coordinate Systems

Two commonly used orthogonal curvilinear coordinate systems are the cylindri-
cal coordinate system [see Fig. 2.4.5(a)] and the spherical coordinate system [see
Fig. 2.4.5(b)]. Table 2.4.2 contains a summary of the basic information, such as
the base vectors and their derivatives with respect to the coordinates; definition
of the del operator; the gradient, divergence, and curl of a vector; and the gra-
dient of a second-order tensor for the two coordinate systems. The matrices of
direction cosines between the orthogonal rectangular Cartesian system (z,y, 2)

and the orthogonal curvilinear systems (7,60, z) and (R, ¢,0) are given in Eqgs.
(2.4.41)(2.4.44).

Cylindrical coordinates

é, [ cosf sinf 0 é,
€ o= |—sinf cosf O &y ¢, (2.4.41)
6. 0 0 1] e,
&, [cosf —sinf 0 e,
€, ¢ = |sinf cosf 0 € ;. (2.4.42)
6. 0 0 1] e
Spherical coordinates
ér [sin ¢ cosf sinpsind cos ¢ &,
€y p = | cos¢cosB cospsing —sing &y ¢, (2.4.43)
€y | —sind cos 0 e,
€, [sin ¢ cos @ cos pcosf —sinf ér
€, ; = | sin¢gsinf cos¢psinf  cosf & ;- (2.4.44)
é, | cos¢ —sing 0 €y
z4 e, z4 o
R R R
P . & N
v g €
; e e,
@ R/ ®) o/l %
! z : 2 R| R=
:/" =~k I‘R‘ =r’+2° Line parallel /‘/'Ké) H
N y to é B .‘\
l\ S e\/‘ N a‘c/Linepar%)llel
g y / - to e¢
x X

Fig. 2.4.5: (a) Cylindrical coordinate system. (b) Spherical coordinate system.
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Table 2.4.2: Base vectors and operations with the del operator in cylindrical and spherical
coordinate systems; see Fig. 2.4.5.

e Cylindrical coordinate system (r,0, z)
x=rcosf,y=rsinf, z=2 R=ré.+zé.,, A=A.6 + Apéy + A.é. (a vector)

€, =cosf &, +sinf &,, €y = —sinf &, +cosf &,, €, =é&,
8;9’“ = —sinf &, + cosf &, = &g, aa%:—cosﬁ é; —sinf &, = —é,

All other derivatives of the base vectors are zero.

v —erar + 9989 +ez§2, V= %[%(T%) + r392 +r 3822 ]
VA= L[y ot g 00

YV x A = (%aAz _ aA")é7-+ (aA,r 94, )e 41 [M 654;}62

o060 Oz Oz or or
~ OAg A A 1 (0A DA A A dAr A A
VA =286 +2206.6)+ 1 ( i — Ao) €06, + 22288, + % é.e,

90A
+r (Ar + % ) 808y + 180, + %L e.8p + Y6 e,

e Spherical coordinate system (R, ,0)

= Rsin¢cosh, y= Rsingsinf, z= Rcos¢, R=Rér, A= Arér+ Aypéy + Ao€o
ér = sing (cosh &, +sinfh &,) + cos¢ &, €, = cos¢p (cosf &, +sinf &,) —sing &,

€9 = —sinf &, + cosl &,

é; =cosf (singpér + cospé&,) —sinf &g, €, =sind (sinpér + cos @, &,) + cosf &g

€, =cos¢ ér —sing &,

agf = &y, % = sin ¢ &y, %%‘f = —@€r, % = cos ¢ €y, %ée" = —sin¢g ér —cos ¢ &,
All other derivatives of the base vectors are zero.
V= éR% - % a¢ + Rblnqﬁ ae7 V= ﬁ [% (321) + sir1.¢a% (sinqﬁ%) + sin12¢%]
V-A= ZAR + dAR + Rs}n¢ 8(A%:;n¢) + Rs}nd) BBAES
VxA= Rbln¢ [a(s%w 6;9¢] er+ [R:mz;ag‘TR - %6(1;29)]

k[0 - e

A A A O0Ag ~ ~
VA= %R eReR—&—WeReG;—i— (%—f—Aq;)eqaeR—i—a—;eReg

A P Ag A &
+Rs}n¢ (65401? Ao Sln¢)eeeR+ (ARJrqub)%equ%aa—;e(ﬁeg

+Rsm¢ (aA¢ Ag cos¢) €p + Rsm¢ (AR sin¢ + Ae cos¢+ )e9 &y

2.4.8 Gradient, Divergence, and Curl Theorems

Integral identities involving the gradient of a vector, divergence of a vector,
and curl of a vector can be established from integral relations between volume
integrals and surface integrals. These identities will be useful in later chapters
when we derive the equations of a continuous medium.

Let © denote a region in R bounded by the closed surface I'. Let ds be a
differential element of surface and n the unit outward normal, and let dx be a
differential volume element in 2. The following relations, known from advanced
calculus, hold:
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/V(bdx = jq{ n¢ds (Gradient theorem) (2.4.45)
Q r

/ V.-Adx = 7{ n-Ads (Divergence theorem) (2.4.46)
Q r

/ V x Adx = j{ n x Ads (Curl theorem) (2.4.47)
Q r

The combination n-A ds is called the outflow of A through the differential surface
ds. The integral is called the total or net outflow through the surrounding
surface As. This is easier to see if one imagines that A is a velocity vector and
the outflow is the amount of fluid flow. In the limit as the region shrinks to a
point, the net outflow per unit volume is associated therefore with the divergence
of the vector field. The integral forms presented in Eqs. (2.4.45)—(2.4.47) are
known as the invariant forms because they do not depend on the coordinate
system.

2.5 Tensors
2.5.1 Dyads and Dyadics

As we have already seen in Eqs. (2.4.32) and (2.4.33), the expression for the
gradient of a vector contains two basis vectors standing next to each other (some-
times called the tensor product), indicating that the entity is characterized by
two directions, one coming from the gradient (vector) operator and other from
the vector itself. One may also recall from the elementary mechanics of mate-
rials course that the stress, which is force per unit area, depends not only on
the orientation of the plane on which it is acting but also on the direction of
the force.* Thus, specification of stress at a point requires two vectors, one to
denote the plane (by a vector perpendicular to the plane) on which the force is
acting and the other to denote the direction of the force. Objects that are com-
posed of two vectors standing next to each other, without any vector operation
between them, are known as dyads, or what we shall call here a second-order
tensor (the two phrases are interchangeable). Thus, a dyad is defined as two
vectors standing side by side and acting as a unit. A linear combination of dyads
is called a dyadic.

Let Ay, As,---, A, and By,Bs,--- ,B,, be arbitrary vectors. Then the fol-
lowing linear combination, denoted S, constitutes a dyadic:

S=AB;+A;B,+---+ A,B,. (251)

The transpose of a dyadic is defined as the result obtained by the interchange of
the two vectors in each of the dyads. For example, the transpose of the dyadic
in Eq. (2.5.1) is

ST =B1A; + B2As + -+ BA,.

4The concept of stress is discussed in more detail in Chapter 4.
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One of the properties of a dyadic is defined by the dot product with a vector,
say V:

S-V=A;(B;-V)+AsBs-V)+---+A,(B, V),

V-S=(V-A)B; +(V-A)By+---+(V-A,)B,. (2.5.2)

The dot operation of a dyad with a vector produces another vector. In the first
case the dyad acts as a prefactor and in the second case as a postfactor. The
two operations in general produce different vectors. The dot product between
a dyad and a vector can be written in alternative forms using the definition of
the transpose of a dyad,

v.-s=sT.v, s.v=v.sT. (2.5.3)

In general, one can show (see Problem 2.47) that the transpose of the dot
product of tensors (of any order) follows the rule

R-S)'=sT.-RT, R-s-T)'=17.8T.R". (2.5.4)

The dot product of a dyad (or a second-order tensor) with itself is a dyad, and
it is denoted by

S-S=8% §*=8%.8, ..., S"=8""1.8. (2.5.5)
Some authors [see, e.g., Gurtin (1981)] use the notation
A®B for AB and AB for A -B. (2.5.6)

Thus, when there is no operation (other than the usual multiplication) between
vectors, they use the symbol ®, called tensor product; and when there is a dot
product between vectors and tensors no dot is placed between them. The nota-
tion adopted here is explicit, that is, indicates the operation (e.g., dot product
or cross product) between vectors and tensors. If there is no operation between
vectors, other than the usual multiplication of the underlying scalars, no symbol
is placed. For example, we use AB instead of A ® B and S - A instead of SA
for the dot product between the tensor S and vector A. Also, in writing the
gradient of a vector or tensor in component form, we use the forward gradient
operator and list the base vectors in the order they appear in the operation.

2.5.2 Nonion Form of a Second-Order Tensor

Let each of the vectors in a dyad S = AB be represented in a given basis system.
In Cartesian system, we can write A = A,,, &, and B = B, &,, with summations
on m and n as implied by the repeated indices. Then S = A,,B, éné,, or
S = S,un €mén, with S, = A, B.

We can display all of the components of a dyad S in the rectangular Cartesian
basis &; as S = S;; €;&; by letting the j index run to the right and the ¢ index
run downward:
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S = 5;;€e;e; = s11€1€1 + s12€1€32 + 513€1€3

+8921€2€1 + 522€2€2 + S23€2€3

+531€3€1 + S32€3€9 + S33€3€3. (2.5.7)
This form is called the nonion form of the dyadic S. Equation (2.5.7) illustrates
that a dyadic in three-dimensional space has nine independent components in
general, each component associated with a certain dyad pair. The components
are thus said to be ordered. When the ordering is understood, such as suggested
by the nonion form in Eq. (2.5.7), the explicit writing of the dyads can be
suppressed and the dyadic is written as a matrix:

N T ~
S11 S12 S13 €1 €1
[S] = §921 S22 S23 and S = ég [S] ég 0 (2.5.8)
531 $32 533 es €3

This representation is simpler than Eq. (2.5.7), but it is taken to mean the same.
The determinant of a second-order tensor S is the determinant of the matrix of
its components, det [S] = |S|. The determinant of S can be expressed in the
form [see Problem 2.41(a)]

S| = eijk 511 525 3k (2.5.9)

Although the definition of the determinant in Eq. (2.5.9) involves components of
S (and therefore, depends on the coordinate system in which the components are
defined), the value is actually independent of the coordinate system, as can be
seen from the alternative definition of the determinant of a second-order tensor
S (see Problem 2.48)

[(S-A)x(S-B)-(S-C)

Sl = AxB-C ’

(2.5.10)

where A, B, and C are arbitrary vectors.
The unit dyad or unit second-order tensor is defined in terms of the Cartesian
components d;; as

I= 5ijéz‘éj = ¢;€; = €1€] + €269 + €3€3. (2.5.11)
It is clear that the unit second-order tensor I is symmetric. The unit second-

order tensor in an orthogonal Cartesian coordinate system can be written alter-

natively as
T A

€1 €] 1 0 0
1={é6 5 ey, I=]0 1 of. (2.5.12)
é3 é3 0 0 1

Two types of “double-dot products” between two second-order tensors are
useful in the sequel. The horizontal double-dot product and the vertical double-
dot product between a dyad (AB) and another dyad (CD) (that is, A, B, C,
and D are vectors) are defined as the scalars

(AB)--(CD)
(AB) : (CD)

(B-C)(A-D),
(A-C)(B-D).
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The double-dot products, by this definition, are commutative. The two double-
dot product between two dyads S and T in a rectangular Cartesian system are

S: T = (s;;€i€;) : (tmn€men)

= Sijtmn (& - €n)(&; - €n)

= SijtmnOimOjn = Sij tij, (2.5.13)
ST = (5;€i€;) - -(tmn€meén)

= Sijtmn(€; - €m)(&; - €,)

= SijtmnOjmOin = Sij Lji- (2.5.14)

The trace of a second-order tensor (i.e., the sum of the diagonal terms of the
matrix representing the tensor) is defined to be the double-dot product of the
tensor with the unit tensor

trS=8S:1=S: L (2.5.15)

Certain combinations of the components of a tensor remain the same in all
coordinate systems; that is, they are invariant under coordinate transformations.
Such quantities (involving sums and products of the components of a tensor) are
termed invariants. For example, the determinant of a tensor is the same in all
coordinate systems. Similarly, the trace of the matrix representing a tensor is
an invariant. Among many invariants of a tensor, the following three invariants,
called principal invariants, are identified because of their role in finding eigenval-
ues of the tensor (readers should be aware of the fact that the definitions of the
second and third principal invariants may differ from those in other books):

L=trS, L=1 [(usf —tr (s2)] , I;=1s|. (2.5.16)

In terms of the rectangular Cartesian components of S, the three principal in-
variants have the form
L = sy, Is= %(SZ‘Z‘S]']' — Siiji), I3 = |S’ (2.5.17)

In the general scheme that is developed so far, scalars are the zeroth-order
tensors, vectors are the first-order tensors, and dyads are the second-order ten-
sors. The order of a tensor can be determined by counting the number of basis
vectors in the representation of a tensor. However, the definition of a tensor
of any order must obey certain rules, such as the physical vector discussed in
Section 2.2.1.1. We list them in Section 2.5.4.

In view of the matrix representation of a second-order tensor, many of the
definitions and properties introduced for matrices can be extended to second-
order tensors, S. They are summarized here.

(1) S is symmetric if and only if S = ST (s;; = s;;).

(2) S is skew symmetric if and only if S = —ST (sij = —sji for i # j and
s(iy() = 0 for any fixed 14).

(3) S can be represented as a sum of symmetric and skew symmetric parts:

S=1(S+8")+1(s—8")=svm 4 gkew,
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(4) If S is symmetric, W is skew symmetric, and T is an arbitrary tensor,
then
S:W=W:8S=0, S: T=S:T%"

W:T=-W:TT =W . Tskew,

Also, if S : T = 0 for any tensor S, then T = 0. If S: T = 0 for any
symmetric tensor S, then T is skew symmetric. The converse also holds:
If S: W =0 for any skew tensor W, then S is symmetric.

(5) The inverse T of any second-order tensor S, denoted T = S™1, is defined
to be S71. 8 = 8.8 =1T; the inverse of S can be represented in terms
of the inverse of its (nonsingular) matrix: S=! = {&}T[S]"'{&}. We use
the notation (S™1)T = (ST)~! =S~T and note (S-T)"! =T~!-S~! and
(S-T)"T=8~T.T~T (see parts (e) and (f) of Problem 2.47).

(6) A necessary and sufficient condition for a second-order tensor Q to be
orthogonal is Q - QT = I. Tt can be shown that an orthogonal tensor Q
preserves the inner product in the sense that (Q-u)-(Q-v) =u-v. In
the case of physical vectors, this amounts to preserving the lengths of the
vectors u and v as well as the angle between them, as shown in Fig. 2.5.1.

(7) A second-order tensor S is said to be positive-definite if and only if u-S-u >
0 for all nonzero vectors u.

Fig. 2.5.1: An orthogonal tensor Q preserves the lengths |u| and |v| and angle 6 between any
two vectors u and v.

2.5.3 Transformation of Components of a Tensor

A second-order Cartesian tensor S (i.e., tensor with Cartesian components) may
be represented in barred and unbarred Cartesian coordinate systems [see Fig.
2.2.11(b)] as

S = Sij €; éj = Smn ém én (2.5.18)

The unit base vectors in the unbarred and barred systems are related by

éj = &j éz and él = Ez‘j éj, (2'5'19)
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where /;; denotes the direction cosines between barred and unbarred systems,
l;; = &;-&; [see Eq. (2.2.71)]. In orthogonal coordinate systems the determinant
of the matrix of direction cosines is unity and its inverse is equal to the transpose
(i.e., [L] is an orthogonal matrix):

L' =" or [L][L]T = [1]. (2.5.20)

Using Eq. (2.5.19) to replace the unbarred base vectors in Eq. (2.5.18), we
obtain
(gmn — Sijgmignj) ene,=0 = Ssu,— Sz'jgmignj = 0.
Thus the components of a second-order tensor transform according to
Bmn = 8ij bmi bnj or [S] = [L][S][L]". (2.5.21)

Mathematically, a tensor is defined as a quantity whose components transform
according to Eq. (2.5.21).

2.5.4 Higher-Order Tensors

Third-order tensors can be viewed as those derived from triadics, or three vec-
tors standing side by side. A tensor T of any order n is a quantity defined
by 3" components, which may be written as a;jx...n, provided the components
transform according to the law

C_qur...t = Epi qu grk s Etn Qijjk---n- (2522)

For example, the components of third- and fourth-order tensors, T and C, trans-
form according to the rules

tijk = Lim Lin Lip tmnp,  Cijkl = Lim Lin Lip Lig Crunpq-

The permutation symbol e;j;, can be viewed as the Cartesian components of a
third-order tensor of a special kind,

&= €ijk éi éj ék. (2.5.23)

Tensors of various orders, especially the first-, second-, and fourth-order,
appear in the study of a continuous medium. As we shall see in Chapter 6,
the tensor that characterizes the material constitution is a fourth-order ten-
sor. Tensors whose components are the same in all coordinate systems, that is,
the components are invariant under coordinate transformations, are known as
isotropic tensors. By definition, all zero-order tensors (i.e., scalars) are isotropic
and the only isotropic tensor of order 1 is the zero vector 0. Every isotropic
tensor T of order 2 can be written as T = AI, and the components Cj;r, of
every fourth-order isotropic tensor C can be expressed as

Cijie = A0ij0ke + p(8ikbje + 05djk) + K (0ikdje — 6iedj), (2.5.24)

where A, u, and x are scalars.
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In general, tensors of all orders obey the following rules:

a(T) = (aT) = Te,
(T + Ts) = aTy + aTs,
T+ Ty =Ty + Ty,
Ty + (T2 + T3) = (T1 + T2) + T3,
T % (Te+ Ts) =Ty % To + Ty x T3,
where * denotes the dot product, cross product, or no operation (other than the

multiplication of the scalars involved). However, in general, we do not have the
property Tq * To = To x Ty.

2.5.5 Tensor Calculus

Here we discuss the calculus of tensors whose components are functions of posi-
tion x. We begin with the gradient of a vector, which is a second-order tensor:

. A ;

e’ 8‘?],- (Ajel) = 68 Lelel + Aje g‘;,

VA = ei 9 (A]e) _ QAJ &l e + A]ezaej
oq* 1) 7 9qt J

Note that the order of the base vectors is kept intact, that is, kept in the same
order in which they come into the operation. Thus, the derivatives of the uni-
tary base vectors are, in general, not zero; they are expressed in terms of the
Christoffel symbols, and we shall not discuss them here.

The gradient of a vector, and hence a second-order tensor, can be expressed
as the sum of symmetric and skew symmetric parts by adding and subtracting

(1/2)(vA)t
vA=1[vAa+(va)]+i[va—(va)], (2.5.25)
or in rectangular Cartesian component form

0A; 0A; 0A; 0A;
VA =3 . © ) é;e; i L) g8
2<a$i+ax]‘>ee3+2<a$i 8xj>ee]

Analogously to the divergence of a vector, the divergence of a second-order
Cartesian tensor is defined as

iacz_ (Smn e en)

(Sm” ene,)

covariant components)

contravariant components)

A~ —~

V.S= . (2.5.26)
e (S,T ene”) mixed components)
ei g (S” e ey,) mixed components)

In rectangular Cartesian component form, we have

O0Smn, 0Sin
V-S=¢  —(51n€mén) = € -¢,)é, = é

Thus, the divergence of a second-order tensor is a vector.
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The integral theorems of vectors presented in Section 2.4.8 are also valid for
tensors, but it is important that the order of the operations be observed. The
gradient and divergence of a tensor can be expressed in cylindrical and spherical
coordinate systems by writing the del operator and the tensor in component
form (see Table 2.4.2). For example, the gradient of a vector A in the cylindrical
coordinate system [see Fig. 2.4.5(a)] can be obtained by writing

o 1.0 . 0

V=eg Tt T e

A =A,é, + Apéy + A.é.,.

Then we have

A, . 0A .1 A,
VA = érér—a + é,neg—8 b 4 €pé, — o — Ag
or or r

00
+AA8AZ+AA%+AA}A+%
ez or =€ 0z 0% "o
1. . 0A, . 0Ay 0A,
—i—;egezw-l-ezeg 02 —f—ezez 92 s (2527)
where the following derivatives of the base vectors are used:
oe, oeg .
50 = &y, B0 = —é, . (2.5.28)

Similarly, the gradient of a vector in spherical coordinates [see Fig. 2.4.5(b)]
can be obtained by expressing V and vector A in the spherical coordinates (see
Problem 2.52):

81A8 1A8

= —, A = Apé Agé Apéy.
V=eror T %8s " Rsmo a0’ RER + A¢€g + AgCo
A 0Ay A Ag
VA = a@}?éRéR+ﬁeRé¢+ (%;%Adv)é(béRJraaReRee
1 0AR . 1 0A4 .
+Rsin9< 20 — Ay 51n<]5> egeR—FR(AR—i-ad))e(bed)
1 0Ag . . 1 0Ay A
—A
R 90 ——€s€p + Rsm¢< gcos¢>e9e¢
1 0A
+ Rsino (AR sing + Ay cos ¢ + 396> €y €y, (2.5.29)
where the following derivatives of the base vectors are used:
0er 5 ey s der sing &
8¢ — €, 8(b - R, 90 - 05
94 _ osp 89, 28 = _sing e — cos & (2.5.30)
50 cos ¢ €y, 50 — sing ér — cos ¢ €. .5.

In the same way, one can compute the curl and divergence of a tensor in cylin-
drical and spherical coordinate systems. Example 2.5.1 illustrates the procedure
(see also Problems 2.49-2.52).
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Example 2.5.1

Suppose that the second-order tensor E referred to the cylindrical coordinate system (ér, &g,
é.) is of the form

E = Err(r, Z) €€, + Fyo (r, Z) €p €g.
Determine (a) V x E and its transpose, and (b) V - E and its gradient.

Solution: We note that (0E,,/00) = (0Fg9/00) = 0 because E,, and Egg are not functions of
0 (e.g., an axisymmetric problem).
(a) Using the del operator in the cylindrical coordinate system, we can write V x E as

V xXE (A 0 &9 4

0 .. . .
era P = r 80 +ez&) X (Errerer +E009096)

&, X

0 . .. 1, 0
E(Errerer + Eoeeeee) + ee X 2

0 . oA
+é, x 3 (Ewerer + Eeeeeee)

( rrérér = E90é0é9)

=& x (Z2000060) + Lo x (Brnen O + Bag 00,
. OFE, . . 0Fyg . .
+e; X ( 92 e e, + 92 eeee)
2o )%
+ ;Eee <é9 X af(;)ée + % (éz X ér)é'r I 35;)9 (ez X 69) €o
= [ 4 (oo~ Brr) ] 00+ 2o, — 2006, o,

The transpose is obtained by switching the base vectors in each expression:

(v xB)T = [2000 1 2 (Bug - Bu)]ese. + Zma 60 - 200y,
(b) The divergence of E is
V- -E= ( ag aF e%% +é 88 ) ¢ (Er'rérér I Eoeéeée)
— e - % (Errérér + Eeeéeée) + ee (,?9 ( rr€r€n 1= Eeeéeéo)
+e.- % (Errérér I Eeeéeée)
o (Ban) o (5 o)
= agjr €r+ — (Err = EG@)ér = [i?:r + %(Er'r = Eee)}év

and the gradient of the divergence of E is

V(9 B) = [Tt~ (e ) 4 (T - T e

agf N % (E _ Egg)}éeée
[a%m +1(3Err 8E99)]ézér

oroz 9z 0z

1
=
T
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2.5.6 Eigenvalues and Eigenvectors
2.5.6.1 Eigenvalue problem

It is conceptually useful to regard a tensor as an operator that changes a vector
into another vector (by means of the dot product). In this regard it is of interest
to inquire whether there are certain vectors that have only their lengths, and
not their orientation, changed when operated on by a given tensor S (that is,
seek vectors that are transformed into multiples of themselves). If such vectors
X exist, they must satisfy the equation

S x=J\x. (2.5.31)

Such vectors x are called characteristic vectors, eigenvectors, or principal planes
(in mechanics) associated with S. The parameter X is called a characteristic
value, eigenvalue, or principal value, and it represents the change in length of
the eigenvector x after it has been operated on by S.

In view of the fact that x can be expressed as x = I-x, Eq. (2.5.31) can also
be written as

(S—=AI)-x =0, orin matrix form ([S]— A[I]){X} = {0}. (2.5.32)

Equation (2.5.32) represents a homogeneous set of linear equations for {X}.
Therefore, a nontrivial solution, that is, vector with at least one component of x
is nonzero, will not exist unless the determinant of the matrix [S]— A[I] vanishes:

S — AT =0. (2.5.33)

The vanishing of this determinant yields an algebraic equation of degree n in A,
called the characteristic equation, when [S] is an n X n matrix associated with
tensor S.

Second-order tensors, such as strain and stress tensors, are of interest in
mechanics, where the eigenvalues and eigenvectors represent principal values
and directions. Since the underlying matrix is 3 x 3, the characteristic equation
resulting from Eq. (2.5.33) is cubic in A and yields three eigenvalues, say A1, Az,
and As. The character of these eigenvalues depends on the nature (i.e., real-
valued, symmetric, positive-definite, and so on) of the tensor S. For a real-
valued second-order tensor S, at least one of the eigenvalues will be real. The
other two may be real and distinct, real and repeated, or complex conjugates.
The vanishing of a determinant implies that the columns or rows of the matrix
are linearly dependent and the three eigenvectors x(V, x(2), and x®) are not
unique. An infinite number of solutions exist, within a multiplicative constant,
having at least n = 3 different orientations. Since only orientation is important,
it is useful to represent the three eigenvectors by three unit eigenvectors x(1),
%@ and %), which denote three different orientations, each associated with a
particular eigenvalue.



2.5. TENSORS 63

2.5.6.2 Eigenvalues and eigenvectors of a real symmetric tensor

A matrix [S] associated with a real-valued symmetric tensor S of order n has
some desirable consequences as far as the eigenvalues and eigenvectors are con-
cerned. These properties are listed next.

(1) All eigenvalues of [S] are real.
(2) If [S] is positive-definite, then the eigenvalues are strictly positive.

(3) Eigenvectors® x(1) and x?) associated with two distinct eigenvalues A\; and
Ay are orthogonal: x() . x() = 0. If all eigenvalues are distinct, then the
associated eigenvectors are all orthogonal to each other.

(4) [S] always has n linearly independent eigenvectors, regardless of the alge-
braic multiplicities of the eigenvalues.

(5) For an eigenvalue of algebraic multiplicity m, it is possible to choose m
eigenvectors that are mutually orthogonal. Hence, the set of n vectors can
always be chosen to be linearly independent.

We now prove some of the aforementioned properties for a real-valued tensor.
When n is odd, at least one of the eigenvalues is real and the remaining even
number of eigenvalues will be complex conjugate pairs (and repeated eigenvalues
will be real). Suppose that A\; and Ay are two distinct eigenvalues and x() and
x() are their corresponding eigenvectors. Then from Eq. (2.5.31) we have

S - xM = A\ x®), S . x®@ = \x®. (2.5.34)

Taking the scalar product (from the left) of the first equation with x(®) and the
second equation with x(), and subtracting the second equation from the first
equation, we obtain

x@ .8 xM —xM.8.x2 = (A — A\)x . x3), (2.5.35)

Because
x?.g.x() — x(1) . gT.x(2)

9

and S is symmetric, S = ST, the left-hand side of Eq. (2.5.35) vanishes, giving
0= (A1 — M) xM . x3), (2.5.36)

In view of the fact that S is a real-valued tensor, either the eigenvalues A\ and
Ao are real or they are complex conjugate pairs. Suppose that A\; and Ao are
complex conjugate pairs

5The vectors x* are constructed from x(¥ = Xfi)él + Xéi)éz + -+ Xff)én.
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and x() and x? are the complex conjugate vectors associated with A; and A

1 = Xp + Xy, x2) =Xp — 1X]J.

x(
Then A\ — g = 2i), and x(M-x3) is always positive x(V.x@ = xp-xp+x7-x71 >
0. Then it follows from Eq. (2.5.36) that A\; = 0 (and x; = 0) and, therefore,
that the n eigenvalues associated with a symmetric matriz are all real.
If the tensor S is positive-definite, x - S - x > 0, then from Eq. (2.5.34) it
follows that
x-S-x=Ax-x>0 = A>0forall x#0.

Thus, when S is positive-definite the eigenvalues are strictly positive.

Next, assume that A; and Ao are real and distinct such that A\ — A9 is
not zero. It then follows from Eq. (2.5.36) that x() - x(® = 0. Thus the
etgenvectors associated with distinct eigenvalues of a symmetric second-order
tensor are orthogonal. If the three eigenvalues are all distinct, then the three
eigenvectors are mutually orthogonal.

If an eigenvalue is repeated, say A3 = Ao, then x3) must also be perpendicular
to x| as deduced by an argument similar to that for x(2) stemming from Eq.
(2.5.36). Neither x(®) nor x(® is preferred, and they are both arbitrary, except
insofar as they are both perpendicular to x(!). It is useful, however, to select
x) such that it is perpendicular to both x(*) and x(2). We do this by choosing
x3) = x(M) xx? and thus establishing a mutually orthogonal set of eigenvectors.

2.5.6.3 Spectral theorem

Let S be a real-valued, symmetric, second-order tensor defined on R3. Then
there exists an orthonormal basis (€1, &3, €3) consisting of the eigenvectors of S.
The eigenvalues A1, Az, and A3 form the entire spectrum of S, that is, S can be
expressed as

S =X1&1 &1 +Ay€58é5 + \3é3é;3. (2.5.37)

That is, the matrix associated with S with respect to the basis (é;,é3,€3) is a
diagonal matrix. Conversely, if S has the form in Eq. (2.5.37), then {é;} are the
orthonormal eigenvectors and A; are the corresponding eigenvalues. In addition,
we have the following properties:

(1) S has exactly three distinct eigenvalues if and only if the characteristic
vectors (€1, €, €3) are all mutually orthogonal.

(2) S has two distinct eigenvalues, A\; and Mg, if and only if S admits the
representation
S=Xéeée+ A (I—éé), ’é‘ =1. (2.5.38)

(3) S has only one eigenvalue if and only if

S = AL (2.5.39)
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2.5.6.4 Calculation of eigenvalues and eigenvectors
Returning to Eq. (2.5.32), let [S] be the matrix representation of a second-order

tensor S with respect to a rectangular Cartesian basis. Then the eigenvalue
problem has the explicit form

511 — A 812 513 x1 0
$921 §99 — A 5923 X9 = 0 . (2.5.40)
531 S32 833 — A T3 0

For a nontrivial solution (i.e., at least one of the components x1, x2, and 3 is
nonzero), we require that the determinant of the coefficient matrix be zero:

511 — A 512 513
S$91 S22 — A s93 | =0. (2.5.41)
531 532 833 — A

The characteristic equation associated with Eq. (2.5.41) can be expressed in the
form

N+ LN —DA+ =0, (2.5.42)

where I, I, and I3 are the invariants of S as defined in Eq. (2.5.17), which,
for a second-order tensor, have the specific form

It = s11 + sa2 + s33, I3 =195,

2 2 2 2 2 2 2 2 2

1 /2 (2.5.43)
I = b (11 — 811 — S22 — S33 — S12 — S13 — S23 — S21 — 831 — 532) .

The invariants can also be expressed in terms of the eigenvalues (when known),
L=XM+X+ A3, L= ()\1)\2 + AoA3 + )\3)\1), I3 = M Xo)s. (2.5.44)

The eigenvector x(*) associated with any particular eigenvalue ) is calculated
using Eq. (2.5.40), which gives only two independent relations among the three
components xgz), :rg), and xéz). Thus, two of the three components can be written
in terms of the third, whose value is arbitrary (but nonzero). In other words,
we can determine the eigenvectors only within a multiplicative constant. If the
eigenvector is normalized such that it is a unit vector, then we use the following

additional (i.e., third) condition to determine all three components:

(21))2 + (28))? + (2§))? = 1. (2.5.45)
For example, if a;gi) and :céi) are expressed in terms of xéi) [using Eq. (2.5.40)],
say :cgl) = aa::(;) and :cg) = ﬁxi(;), then Eq. (2.5.45) yields

@R = (@441 o el — e (250)

Va2 + 2 +1

and the normalized eigenvector is

1

Va2 +p2+1

«
(X} =+ 8. (2.5.47)
1
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The sign 4+ on the three eigenvectors should be selected such that we have a
right-hand coordinate system (when the eigenvectors are orthonormal):

£ = x? x %O, (2.5.48)

If the matrix under consideration is of order 2 x 2, the characteristic equation
is of the form

A2 — Lhidx+13=0, I =511+ S22, I3= 511522 — S12521. (2.5.49)

The roots of this quadratic equation are (ordered lowest to the highest)

N=4(h -l ), h =5 (/-4 ). (2.5.50)

The eigenvector x(*) associated with \; (i = 1,2) is determined from

(4)
S11 — )\i S12 {L'l . 0
[ So1 S22 — )\7,':| {xg‘) } N {0 } ' (2.5.51)

This matrix equation gives only one independent relation between xgi) and xg).
One can arbitrarily select the value of one of the two components and determine
the other; alternatively, one can use normalization (l’gi))Q + (:L'gi))Q =1 to deter-
mine the vector (. One may also normalize a eigenvector with respect to the

largest component of the eigenvector. Example 2.5.2 illustrates the procedure.

Example 2.5.2

Determine the eigenvalues and eigenvectors of the following matrix:
5 —1
8= (571

Solution: The eigenvalue problem associated with the matrix [S] is [S|{X} — M{X} = {0}:

517 [} _,[1 0] fa) _ [0 5-A -1 ] (a1 _ fO )
3 1 T2 01 zo [ 10 3 1—-2A zo [ 10 [
The characteristic equation is obtained either from A*> — I1A 4+ I3 = 0 or from |S — AI| = 0.
Thus, N — A+ I3=X—6\+8= 0; alternatively,

‘57/\ |

5 1_/\‘:(5—,\)(1—,\)—(3)(—1):0 = A —61+8=0.

The two roots of the quadratic equation are
M=1(6-v6—ax8) =2 =1(6+vE-1x8)=4

To find the eigenvectors, we return to Eq. (1) and substitute for A each of the eigenvalues
i and solve the resulting algebraic equations for (a:Y), a:g)). For A = A\1 = 2, we have

Par ) (2B - {2): @
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Each row of the matrix equation in (2) yields the same condition 33:(11) fxgl) =0or xgl) = 3,%51).

The eigenvector x*) s given by

{(x3® = {é}x(ll), z{" # 0, arbitrary.

Usually, we take mgl) = 1, as we are interested in the direction of the vector {X}() rather than

in its magnitude. One may also normalize the eigenvector by using the condition
(217) + (@57)" = 1. 3)

Then we obtain the following normalized eigenvector:

cv(1) 4 1 J1| 0.3162
X} —im{s}—i{o.%s? ' “)
Using the same procedure, we can determine the eigenvector associated with Ao = 4.

Substituting for A = A2 = 4 into Eq. (1), we obtain

Fat {8, 0

from which we obtain the condition m?) — m§2) =0 or xgz) = xf)_ The eigenvector x?) is
@ _ )1 @ _ a1 J11 _ . [0.7071
X _{1} or {X} _iﬁ{l}_i{o.mﬂ : (6)

Because the matrix under consideration is not symmetric, we do not expect the eigenvectors
to be orthogonal.

When matrix [S] is of order 3 x 3, finding the roots of the cubic equation in
Eq. (2.5.42) is not always easy. However, if the 3 x 3 matrix is of the special

form
S11 0 0

0 s22 523 |, (2.5.52)
0 s32 s33

then one of the roots is A\; = s1; with eigenvector x(!) = &;, and the remaining
two roots can be found, as in the case of a 2 x 2 matrix, from the quadratic
equation

S22 — A 23

— (592 — A) (533 — A) — sog832 = 0.
- 533)\‘ (522 — A)(s33 — A) — 523532

That is,

Xo3 = (802 + 833) & 51/ (592 + 533)2 — 4(s22533 — S23532).-

When the matrix [S] is a full 3 x 3 matrix, we use a method that facilitates
analytical computation of eigenvalues. In this method we seek the eigenvalues
of the so-called deviatoric tensor S’ associated with tensor S:

S'=S- %tr(S) I (ng = 855 — %Skk(sz]) (2553)
Note that
tr(S') =0 or s}, = s; — sgx = 0. (2.5.54)
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That is, the first invariant I} of the deviatoric tensor is zero. As a result, the
characteristic equation associated with the deviatoric tensor is of the form

—(NP DN+, =0, (2.5.55)

where ) is the eigenvalue of the deviatoric tensor. The eigenvalues A associated
with S itself can be computed from

A= N+ s (2.5.56)

The cubic equation in (2.5.55) is of a special form that allows a direct com-
putation of its roots. Equation (2.5.55) can be solved explicitly by introducing
the transformation )

N =2(-11)? cosa, (2.5.57)

which transforms (2.5.55) into

Nl

2(—115)2 (4cos® a — 3cosa) = 1.

The expression 4 cos® o — 3 cos a is equal to cos 3a. Hence

3

3\ 2

cos 3 = %Ié <_I’> . (2.5.58)
2

If oy is the angle satisfying 0 < 3a; < m whose cosine is given by Eq. (2.5.58),
then 3a1, 3a; + 27, and 3 — 27 all have the same cosine, and furnish three
independent roots of Eq. (2.5.55),

1
N =2(-1L)%cosay, i=1,2,3, (2.5.59)

1 1|13 3\ 2 2
Q1 = 3 4 COS S\ y Qg =a1+3m, Q3= — 37. (2.5.60)
2

Finally, we can compute \; from Eq. (2.5.56). Example 2.5.3 is an application
of the procedures discussed.

Example 2.5.3

Determine the eigenvalues and eigenvectors of the following matrix:

[210]
S]=1141].
01 2

Solution: The characteristic equation is —A3 + 1 \2 — Ib\ + I3 = 0, with

L=2+4+2=8 L=3}(8-2"-4"-22-2x1°-2x1%) =18, |9|=12.

1
2
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Thus, the characteristic equation is (not always possible to factor out a root):

—A% 48X\ —18X+12=0 or (2— ) (A> —6A+6).
The roots of this cubic equation are (ordered from the largest to the smallest value):

M =3+v3=47321, A2=2, A3=3—+/3=1.2679.
Alternatively, using Eqgs. (2.5.53)—(2.5.60), we have
2—-8 1 0
/ 3 8 /
[S}: 1 4_§ 1 ) —[1:07 ‘S|7277
0

3 (siishs — sigsiz) = — 351845

1 242 212 4)2 912 1 9% 12| = _10

=5 |(=3) "+ (3)"+(E) +2x P H2x17 =3,
From Eq. (2.5.60),

ar =3 {eos™* [ (5)"*] } = 11.565°, a2 = 131565, as = ~108.435°,
and from Eq. (2.5.59),
Al = 2.065384, A\, = —0.66667, ;= —1.3987.

Finally, using Eq. (2.5.56), we obtain the following eigenvalues:

A=A+ 5 =47321, A =-0.66667+ 5 =2, A3=—1.3987+ §=1.2679.

The eigenvector corresponding to Ay = 3 + /3 is calculated Eq. (2.5.40). We have

2—(3+3) 1 0 oM 0
1 4—(3+3) 1 o) =40
0 1 2—-B+v3)] | 2V v

This gives the following independent relations:

m 4 _ 1 _ (1) 1 _ 1 (1)
—(1 4 V3)z} Y=o, — (14 V3)x§ = o =Ty = g% -

Hence we have the following eigenvector:

1 0.366
{x} = (1+1f) (1+v3) paf) = 1.000 ¢ af’.
1 0.366

Normalizing the vector, we obtain

- 1 0.325
W1 a3 =+ 0888
= v | ¢ +1\[) 0.325

The eigenvector corresponding to Ay = 2 is calculated from

(2) 0

1 4-2 1 <2> =205,
0 1 2-2 <2> 0
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which gives x< ) = 0 and xf) = fmém. The eigenvector (without and with normalization)
associated Wlth )\2 =21is
-1 -1 —0.707
{(x}P=q 032, {X}® =2 0s=4q 0000
1 1 0.707

Finally, the eigenvector corresponding to A3 = 3 — /3 is calculated from

2—(3-3) 1 0 (¥
1 4—(3++/3) 1 P =407,
0 1 2-3-v3)| | z® 0
which gives
—1-v3)z® + 2P =0, z¥ —1-v3)zP =0 = 2P =z = @ 1\F)xgs).

Hence the eigenvector is

1 ] —1.366
(X} = 2= (1-v3) paf? =4 1000 b af®.
1 —1.366
Normalizing the vector, we obtain
1 0.628
(X3® =41 __ 0 (1-+3) p =+{ —0.460
(6-2v3) 1 0.628

We can check to see if V) x x® = %) without consideration of the minus sign. We find

that the vectors without =+ in front of them constitute a right-hand system. We can also verify
that they are also orthonormal. Therefore, we can write

A 00
[QIISIQI" = | 0 A2 O,
00X

where [Q] is the matrix of eigenvector components (components of each vector are arranged in
rows)
0.325 0.888 0.325
[Q = | —0.707 0.000 0.707
0.628 —0.460 0.628

In other words, we can represent S with respect to the orthonormal vectors (¥, %2 %)),
which form a basis, as

S = A gD 4 2 xP%@ 4 25505 = (34 vIxVxD 4 25D%® 4 (3 = VEROK®.

When [S] in Eq. (2.5.32) is an n x n matrix, Eq. (2.5.33) is a polynomial
of degree n in A, and therefore, there are n eigenvalues Aq, Ao, -+, A\, some
of which may be repeated. In general, if an eigenvalue appears m times as a
root of Eq. (2.5.33), then that eigenvalue is said to have algebraic multiplicity
m. An eigenvalue of algebraic multiplicity m may have r linearly independent
eigenvectors. The number r is called the geometric multiplicity of the eigenvalue,
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and r lies (not shown here) in the range 1 < r < m. Thus, a square matrix [5]
of order n may have fewer than n linearly independent eigenvectors when [S]
has one or more repeated eigenvalues. Example 2.5.4 illustrates the calculation
of eigenvectors of a matrix when it has repeated eigenvalues.

Example 2.5.4

Determine the eigenvalues and eigenvectors of the following matrix:

18] =

== O
_ o
O =

Solution: The characteristic equation X+ A2 — LA+ I3 = 0 in the present case is
A —(=3)A+2=0,
which can be expressed as (2 — A)(1 + A)? = 0. Thus, the three roots are
M =2, Aa=-1, A3=—1.

We note that A = —1 is an eigenvalue with algebraic multiplicity of 2.
The eigenvector components associated with A\ = 2 are obtained from

(1)

-2 1 1] |z 0
1-2 1|qz p=420%,
1 1-2] | 0

which gives

—21’&” aF :Ii’él) + xgl) =0, mﬁl) — 23:&” aF ar:;(),1> =0, a:(ll) + a:(;) — Qmél) =0.
Solution of these equations gives xﬁ” = xél) =
A1 = 2 is the vector

a:gl). Thus the eigenvector associated with

1 1
) )
{x}® = ! z) or (X} =22 Lo

where {X}() denotes the normalized (unit) vector.

The eigenvector components associated with A\ = —1 are obtained from
1117 [2? 0
111|¢azP =40
111 ac:(f) 0

All three equations yield the same single relation:

mSQ) Ik méz) + m:(f) =0.

(2 .(2) (2
1

Thus, values of two of the three components (z;™’,z5 ', 5 ') can be chosen arbitrarily. For the

choice of x;Q) =0 and xéZ) = 1, we obtain the vector (or any nonzero multiples of it):

=1 . -1
{(x}P=0¢ 032 or (X}P =L 0
1 1

A second independent vector can be found by choosing mf) =1 and m,@ = 0. We obtain
=1 - -1
{(x}¥ =0 1527 or (X}® =24 1
0 0

Thus, in the present case, there exist two linearly independent eigenvectors associated with the
double eigenvalue. The eigenvectors are not mutually orthogonal.
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We note that the matrix [S] considered here is symmetric (but not positive). Clearly,
properties 1 and 3 concerning the eigenvalues and eigenvectors of a real-valued symmetric
matrix are satisfied. As far as property 5 is concerned, it is possible to choose the values of the
two of the three components (z1, 22, x3) to have a set of linearly independent eigenvectors that
are orthogonal. The second vector associated with A = —1 could have been chosen by setting

x§2) = a:;(f) = 1. We obtain

1 1
{(x}® = { —? } z® or {X}® = ﬂ:% { _? } :

Thus the three eigenvectors (check for the right-handed system)

1 ! 1
K0 =Fi1r (P=50 00, (00 =50

are mutually orthogonal. Hence, we can write

[ v2v2 V2] ot V2 -3 1 A 0 0 2 0 0
—1—=v3 0 v3|[101 V2 0 —2(=]0Xx0]|=[0-1 0
61 "1 2 1]|t10]|vz vB 1 0 0Xs 0 0 -1

2.6 Summary

In this chapter, mathematical preliminaries needed for this course are reviewed.
In particular, the notion of geometric vector, vector algebra, vector calculus,
theory of matrices, tensors, and tensor calculus are thoroughly reviewed. The
index notation for writing vectors and tensors in terms of their components is in-
troduced. Transformations of vector and tensor components are presented, and
eigenvalue problems associated with second-order tensors are discussed. A num-
ber of examples are presented throughout the chapter to illustrate the concepts
and definitions introduced. The material included in this chapter is indispens-
able for the rest of the book, and readers are urged to make themselves familiar
with the concepts as well as notation introduced here. The following is a brief
review of the notations used:

a— (italic and lightface letter) a scalar
A —(boldface roman) a tensor of order 1 or higher; vectors are tensors
of order 1; and scalars are tensors of order 0
A - B—the dot product of two tensors, A and B, of order 1 or higher
A x B—the cross product of two tensors, A and B, of order 1 or higher
AB-—a dyad formed by vectors A and B
V —the del operator, a vector differential operator
V A—the gradient of a tensor A of order 0 or higher
V - A—the divergence of a tensor A of order 1 or higher
V x A—the curl of a tensor A of order 1 or higher
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e;—unitary base vectors in a general coordinate system
e’ —dual base vectors in a dual (to unitary) coordinate system
€;—unit base vectors in an orthonormal coordinate system
n—unit outward normal vector
l;;—direction cosines, {;; = & - é; between barred (Z1, Z2, Z3) and
unbarred (x1, z2,x3) coordinates
0;;—the Kronecker delta symbol; components of the unit tensor, I
eijk—the permutation symbol; components of the third-order tensor, £
{X}—a column or row vector
[A]—a matriz whose elements are denoted as a;;; a;; is an element in the
ith row and jth column of the matrix; a matrix underlying a tensor
A is denoted as [A]
[A)T —transpose of matriz [A], obtained by interchanging the rows and
columns of matrix [A]
AT —transpose of a tensor A, obtained by transposing the base vectors.
|[A]|—the determinant of matrix [A]
|A|—the determinant of matrix [A] associated with a tensor A
When the same symbol is used in different places and contexts, the reader should

not assume that they have the same meaning; the meaning of the symbol will
be evident within the context.

Problems

VECTOR ALGEBRA

2.1 Find the equation of a line (or a set of lines) passing through the terminal point of a
vector A and in the direction of vector B.

2.2 Obtain the equation of a plane perpendicular to a vector A and passing through the
terminal point of vector B, without using any coordinate system.

2.3 Find the equation of a plane connecting the terminal points of vectors A, B, and C.
Assume that all three vectors are referred to a common origin.

2.4 Let A and B denote two points in space, and let these points be represented by two
vectors A and B with a common origin O, as shown in Fig. P2.4. Show that the
straight line through points A and B can be represented by the vector equation

(r—A)x (B—A)=0.
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2.5 Prove with the help of vectors that the diagonals of a parallelogram bisect each other.
2.6 Show that the position vector r that divides a line PQ in the ratio & : [ is given by
_ 1 k
r=gg A+t B

where A and B are the vectors that designate points P and Q, respectively.
2.7 Represent a tetrahedron by the three noncoplanar vectors A, B, and C, as shown in
Fig. P2.7. Show that the vectorial sum of the areas of the tetrahedron sides is zero.

B-A
C-A

A

Fig. P2.7

2.8 Deduce that the vector equation for a sphere with its center located at point A and with
a radius R is given by
(r—A)-(r—A) =R

where A is the vector connecting the origin to point A and r is the position vector.
2.9 Verify that the following identity holds (without using index notation):
(A-B)*+ (A xB) (A xB) = AP B[,

where A and B are arbitrary vectors. Hint: Use Egs. (2.2.21) and (2.2.25).
2.10 If A, B, and C are noncoplanar vectors (that is, A, B, and C are linearly independent),
determine if the following set of vectors is linearly independent:

I‘1:A—3B+QC, 1‘2=2A—5B+3C, r3=A — 5B +4C.
2.11 Determine whether the following set of vectors is linearly independent:
A=2& —éx+é3, B=—-é—¢é3, C=—¢é +é.

Here &; are orthonormal unit base vectors in #°.
2.12 Let the vectors (i, j, k) constitute an orthonormal basis. In terms of this basis, define a
cogredient basis by

e1=—i—j, e=i+2j—2k, es=2i+j+k
Determine

(a) the dual or reciprocal (contragredient) basis (e',e?,e%) in terms of the orthonormal basis
(1,4, k),

(b) the magnitudes (or norms) |ei], |ez|, |es], |€'], |€?|, and |e®|, and

(c) the cogredient components A1, A2, and As of a vector A if its contragredient components
are given by A = 1,42 =2, 43 = 3.

2.13 Using the Gram—Schmidt orthonormalization process, construct the orthonormal sets
associated with the following sets of vectors:

(a) e =i1+i3, ez=il+212+2i3, e3=2ilfi2+i3.
(b) el :2i1—|—i2, 92:i1—2i2—|—i3, 83:—2i1+i2+i3.

Here (i1, iz, i3) denotes an orthonormal Cartesian basis.
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INDEX NOTATION
2.14 Prove the following vector identity using index notation:
Ax(BxC)=(A-C)B-(A-B)C.
2.15 Prove the following vector identity using index notation:
(A-B)’+ (A xB)-(AxB)=]|A”|B]>.

2.16 Use index notation and the e-§ identity to rewrite the vector expression as a sum (or
difference) of two vector expressions:

(V x A) x B,

where A and B are vector functions.

2.17 Simplify the vector expression V - (%)7 where p = |x —y| and y is a fixed point, and
X is the position vector of a point in a 3D space. Express the final result in terms of p
only.

2.18 Using index notation, prove the following identities among vectors A, B, C, and D:

(a) (AxB)-(BxC)x (CxA)=(A-(BxC))>
(b) (AxB)x(CxD)=[A-(CxD)B-[B-(CxD]A.
2.19 Prove that
A-DA-EA-F
[ABC|[DEF]= |B-D B-E B-F|,
C-DC-EC-F

and from there show that

5i'r 57.'3 61'75

€ijk Erst = 6jT 5js 5jt

61@7‘ (5ks 5kt

2.20 Establish the following identities :
di1 iz di3 Oip Oiq Oir
(a) eijk =01 52 653 . (b)  eijrepgr = | ip Gjg Ojr
5k1 6k2 5k5 6kp 5kq 5kr
(¢) esijkeijr = 6. (d) eijkemnk = Oim0jn — Oindjm.

COORDINATE TRANSFORMATIONS

2.21 Consider two rectangular Cartesian coordinate systems that are translated and rotated
with respect to each other. The transformation between the two coordinate systems is

given by ~
{(X} ={C} + [L{x},
where {C} is a constant vector and [L] = [¢;;] is the matrix of direction cosines
(ij = él . éj.

Deduce that the following orthogonality conditions hold:
[L] [L]T = [I] or lily; = 0ij.

That is, [L] is an orthogonal matrix.
2.22 Determine the transformation matrix relating the orthonormal basis vectors (&1, &2, é3)
and (&],85,83), when &; are given by

(a) &} is along the vector & — &>+ &3 and &) is perpendicular to the plane 2x1 + 3z2 +
r3 — 5=0.
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(b) &} is along the line segment connecting point (1,—1,3) to (2,—2,4) and &; =
(—&1 + &2 + 283)//6.

2.23 The angles between the barred and unbarred coordinate lines are given by

e es €3
e 60° 30° 90°
& 150° 60° 90°
e 90° 90° 0°

Determine the direction cosines of the transformation.
2.24 The angles between the barred and unbarred coordinate lines are given by

T ) xrs3

T1 45° 90° 45°
T2 60° 45° 120°
T3 120° 45° 60°

Determine the transformation matrix.

MATRICES

2.25 Write the following sets of equations in matrix form [A]{X} = {Y}:

(a) 2.’E1 + 12 — 2:1}3 = 1, (b) 2:1:1 —+ x2 — r3 = O7
T] — 222 + x3 = 5, 3x1 —x3 =2,
31 + x2 — x3 = 4. r1+ 22 +x3 = 1.

2.26 Determine the cofactors and the determinants of the coefficient matrices in Problem
2.25.

2.27 Find the inverses of the coefficient matrices in Problem 2.25.
2.28 Determine if the following matrices are positive:

2 1-2 2 1-1 2 1 1
(@ |[1-2 1|, ) |3 2-1|, (¢ |1-1 2
3 1-1 110 3 2 1

2.29 Check to see if the following [Q)] is nonsingular, and if it is, construct the positive matrix
associated with it:

=N O

10
Q=101
11

VECTOR ALGEBRAS

2.30 Let r denote a position vector r = x = x;€; (7“2 = z;x;) and A be an arbitrary constant
vector. Use index notation to show that:

(a) V(") =n(n+1)r" 2. (b) V(r-A)=A.
(¢) V-(rxA)=0. (d) Vx(rxA)=-2A.
(e) V-(rA):%(rnA)‘ (f) VX(TA):%(I'XA).

2.31 Let A and B be vector functions of position vector x with continuous first and second
derivatives, and let F' and G be scalar functions of position x with continuous first and
second derivatives. Use index notation to show that:

(a) V- (V x A) =0.

5Many problems here have several parts, and the instructor may assign selected parts as sep-
arate problems.
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) VX (VF)=0.
(c) V- (VF x VG) = 0.
(d) V- (FA)=A -VF+FV-A.
) VX(FA)=FV xA—-AXVF.
) V(A-B)=A-VB+B:-VA+A X (VxB)+Bx (VxA).
() V. (AxB)=VxA -B-VxB-A.

2.32 Let A and B be vector functions of position vector x with continuous first and second
derivatives, and let F' and G be scalar functions of position x with continuous first and
second derivatives. Use index notation to show that:

(a) VXx(AxB)=B-VA—-A-VB+AV -B-BV A,

A-VA=1V(A-A)-AxVxA.
V(A -x)=A+ VA -x
(g) V(A -x)=2V A +x-V?A.

2.33 Show that

)
)
(d) V*(Fx)=2VF +xV*F.
)
)

V(R"x) = R" I +nR" ’xx, R’=x-x
using (a) index notation and (b) the spherical coordinate system.

2.34 Show that
V3 (R"x) =n(n+3)R" °x, R’=x-x

using (a) index notation, and (b) the spherical coordinate system.
2.35 Show that the vector area of a closed surface is zero, that is,

%ﬁds:O.

2.36 Show that the volume of the region 2 enclosed by a boundary surface I is
volume = %fV(T2)~ﬁdS: %%r-ﬁds,
r r
2.37 Let ¢(r) be a scalar field. Show that
/ V3¢ dx = 9% 4.
Q T 8TL

2.38 In the divergence theorem (2.4.34), set A = ¢ V¢ and A = ¢ V¢ successively and
obtain the integral forms

(a) A[¢v2¢+v¢-vw]dx: j{rgﬁg—f ds,
(b) /Q (6926 — w926 dx = ﬁ [q%” - %}d&
© [ [ovt0-v2oviu]ax= § [0 (v2u) - 925 as

where Q denotes a (2D or 3D) region with bounding surface I'. The first two identities
are sometimes called Green’s first and second theorems.

2.39 Let V and S be smooth vector and second-order tensor fields defined in © and on I'
(the closed boundary of ) and let i be the unit outward normal to I'. Establish the
identity

7{V~s-ﬁds:/v-(sT-V)dx.
T Q



78 VECTORS AND TENSORS

2.40 Let S be a smooth second-order tensor field defined in £ and on I" (the closed boundary
of ) and let i be the unit outward normal to I'. Use index notation to establish the

identity

?{xx(ﬁ-S)ds:/Q[xx(V-S)—i—E:S]dx,

where x is the position vector and £ is the third-order permutation tensor [see Eq.

(2.5.23)].

TENSORS AND TENSOR CALCULUS
2.41 Establish the following identities for a second-order tensor S:

(a) |S\ = €ijk S1i S25 S3k- (b) |S\ = %Sir Sjs Skt €rst €ijk-
Sim Sin Sip

(€)  erst|S| = €ijk Sir 5js Skt (d) | sjm Sjn Sjp | = €ijk €mnp |S].
Skm Skn Skp

2.42 Given vector A and second-order tensors S and T with the following components:

2 -1 0 5 8 -1 ©6
{Ay=<S 13, [S]=| 374|, T)=| 5 4 9
4 9 8 6 -7 8 =2
determine
(a) tr(S). (b) S:S. (¢) S:ST.
(d A-S. (e) S-A. (f) S-T-A.

2.43 Determine the rotation transformation matrix such that the new base vector &1 is along
é; — é2 + &3, and es is along the normal to the plane 2x1 4+ 3z2 + x3 = 5. If S is the
tensor whose components in the unbarred system are given by s11 = 1, s12 = s21 =
0, s13 = 831 = —1, S22 = 3, S23 = S32 = —2, and s33 = 0, find the components in the

barred coordinates.

2.44 Suppose that the new axes T, are obtained by rotating x; through 60° about the z2-axis.
Determine the components A; of a vector A whose components with respect to the x;

coordinates are (2, 1, 3).
2.45 Show that the following expressions for an arbitrary tensor S are invariant: (a)

(b) Si;Sij, and (¢) SijSjkSki-
2.46 If A and B are arbitrary vectors and S and T are arbitrary dyads, verify that:
(a) (A-S)-B=A-(S:B). (b)(S-T)-A=S-(T-A).
() A-(S-T)=(A-8)-T. (d(S-A)-(T-B)=A-(8T-T)-B.
2.47 If A is an arbitrary vector and R and S are arbitrary dyads, verify that:
(a) IxA)-R=AXxR. (b) (AxI)-R=AxR.
(c) RxA)T=-AxRT. (d) (R-8)T=8T -RT.
() R-8)'=s'.R'" @{HOR-8)T=RT.-87T.
2.48 The determinant of a second-order tensor S is also defined by the expression
(S A)x (S B)-(S:C)

S| = AxB-C

where A, B, and C are arbitrary vectors. Verify the identity in an orthonormal basis

{&:}.
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2.49 For an arbitrary second-order tensor S show that V - S in the cylindrical coordinate
system is given by

[0S, 19S5  8S. 1 )
vV-S= { o Tr o0 T os +¥(S”*S”)} er
+ [ o + T + EP + = (Sro + S&r):| €y

. 08~ +1859z n 0S.. +15’ 5
or r 00 0z Tl e

2.50 For an arbitrary second-order tensor S show that V x S in the cylindrical coordinate
system is given by

P 1085, 0Ser 1 . 05,9 05,9
VXS_%ﬁ(?@?*@?*;&O+%%(aZ* w)*
. 1 1085, 0So. N 10S.0 0So0 1
eze: (?S“’z_i 0 " or )’Lere" (? 0 o2 +?S”)+

8,8 857‘7* _ aszr —|—é & laszz _ 850z +
%7\ "oz or " \r 06 0z

. . (0Ser 108, 1 1 . . (O0Srz 0S..
( o - = +;S’r9+;59r> + ege; ( - )+

e=er or r 00 0z or

aa 0So0 1 1 19S,0
%%<37+;&“7ﬁ”*;ae)

2.51 For an arbitrary second-order tensor S show that V.S in the spherical coordinate system

is given by
OSRR 185¢R 1 O0Sor 1 .
.S = = 19 _ _
Vs { oR TR 90 T Tsme o0 T R 12RRT S S""’LSMCOW}}‘%R
OSns  10Sps . 1 0Sp 1 .. )
+{ 9R TR 06 | Reng oo T R (See = Se0)cotd+ Sort25rs] &
1

Jri

L [05m 10560 1 9Ses
O9R "R 04 ' Rsing 00

+R [(Sgo + See) cot ¢ + 2Sre + Sor] }ée-

2.52 Show that Vu in the spherical coordinate system is given by

8’& A 6u . au o
Vu= TgeR €Rr + a—geR €y + afReeR €9
+l auinu ey e Jrl %Jru ééJrl%éé
R\ 0¢ ¢)SeERT R 0 R €€ T 96 €0
1 8uR . A au¢ o
+Rsin¢{<m_uesm¢> eQeR‘*‘(W—U«e Cos¢> & &y

2.53 Prove the following identities when A and B are vectors and S, R, and T are second-
order tensors:

(a) tr(AB)= A .B. (b) tr(8T) =trS.
(¢) tr(R-S)=R--S. (d) tr(RT-S)=R:S.
(e) tr(R-S)=tr(S-R). (f) tr(R-S-T)=tr(T-R-S)=1tr(S-T-R).

FEIGENVALUE PROBLEMS

2.54 Show that the characteristic equation for a symmetric second-order tensor ® can be
expressed as )
N H LN — LA+ =0,
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where 1
I = ¢k, Io= 5(%‘ Bjj — Pij i),
Is = §(2¢ij Gjk Oki — 30ij bji Prk + Gii b5 drr) = det (¢ij).

2.55 Find the eigenvalues and eigenvectors of the following matrices:

[ 4 -4 0 2 —V3 0
(a) -4 0 0f. (b) -3 4 0
L 0 0 3 0 0 4
[1 0 0 2 -1 1
(c) 0 3 -1 (d) -1 0 1
|10 -1 3 1 1 2
2.56 Find the eigenvalues and eigenvectors of the following matrices:
[3 5 8 1 -1 0
(a) 5 1 0]. (b) -1 2 -1
|18 0 2 0 -1 2

()

O = =
N~ N

0 320
1. (d) 2.0 0
-2 1 10 2

2.57 Find the eigenvalues and eigenvectors associated with the matrix

-2 2 10
S]=| 2-11 8
10 8 —5
2.58 If p(x) = a0+ a12® +- - -+ a,z™, and [A] is any square matrix, we define the polynomial
in [A] by
P(A) = ao[I] + a1 [A] + as[A]* + - - + an [A]".
If

=[5

and p(z) = 1 — 2z + 22, compute p(A).

2.59 Cayley—Hamilton Theorem Consider a square matrix [S] of order n. Denote by p()) the
determinant of |[S]—A[I]] [that is, p(\) = p(S—AI)], called the characteristic polynomial.
Then the Cayley—Hamilton Theorem states that p(A) = 0 (i.e., every matrix satisfies
its own characteristic equation). Here p(\) is as defined in Problem 2.58. Use matrix
computation to verify the Cayley-Hamilton theorem for each of the following matrices:

2 -1 1
(a) [é _” ) |o 1 0
1 -2 1
2.60 Consider the matrix in Example 2.5.3:
2 10
[S]=11 4 1
0 1 2

Verify the Cayley—Hamilton theorem and use it to compute the inverse of [S].
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KINEMATICS OF
CONTINUA

The man who cannot occasionally imagine events and conditions of existence that are contrary
to the causal principle as he knows it will never enrich his science by the addition of a new
idea. —— Max Planck (1858-1947)
It is through science that we prove, but through intuition that we discover.

—— Henri Poincaré (1854-1912)

3.1 Introduction

Material or matter is composed of discrete molecules, which in turn are made up
of atoms. An atom consists of negatively charged electrons, positively charged
protons, and neutrons. Electrons form chemical bonds. The study of matter at
molecular or atomistic levels is very useful for understanding a variety of phe-
nomena, but studies at these scales are not useful to solve common engineering
problems. Continuum mechanics is concerned with a study of various forms of
matter at the macroscopic level. Central to this study is the assumption that
the discrete nature of matter can be overlooked, provided the length scales of
interest are large compared to the length scales of discrete molecular structures.
Thus, matter at sufficiently large length scales can be treated as a continuum,'
in which all physical quantities of interest, including density, are continuously
differentiable almost everywhere.

Engineers and scientists undertake the study of continuous systems to un-
derstand their behavior under “working conditions,” so that the systems can be
designed to function properly and to be produced economically. For example,
if we were to repair or replace a damaged artery in the human body, we must
understand the function of the original artery and the conditions that led to its
damage. An artery carries blood from the heart to different parts of the body.
Conditions such as high blood pressure and increase in cholesterol levels in the
blood may lead to deposition of particles in the arterial wall, as shown in Fig.
3.1.1. With time, accumulation of these particles in the arterial wall hardens
and constricts the passage, leading to cardiovascular diseases. A possible rem-
edy for such diseases is to repair or replace the damaged portion of the artery.
This in turn requires an understanding of the deformations and stresses caused
in the arterial wall by the blood flow. The understanding is then used to design
a vascular prosthesis (that is, artificial artery).

Y

We mean a differentiable manifold with a boundary. Inherent in this assumption is that
material particles that are neighbors will remain neighbors during the motion.

81
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Fig. 3.1.1: Progressive damage of an artery due to deposition of particles in the arterial wall.

The present chapter is devoted to the study of geometric changes in a contin-
uous medium (such as the artery) that is in equilibrium. The study of geometric
changes in a continuum without regard to the forces causing the changes is known
as kinematics. Sections or subsections that are considered to be too advanced
for a first course can be skipped without loss of continuity (or returned to when
needed).

3.2 Descriptions of Motion
3.2.1 Configurations of a Continuous Medium

Consider a body B of known geometry in a three-dimensional Euclidean space
3. B may be viewed as a set of particles, each particle representing a large
collection of molecules with a continuous distribution of matter in space and
time. An example of a body B is a diving board. Under external stimuli, body
B will undergo macroscopic geometric changes, which are termed deformations.
The geometric changes are accompanied by stresses that are induced in the body.
If the applied loads are time dependent, the deformation of the body will be a
function of time; that is, the geometry of the body B will change with time. If the
loads are applied slowly so that the deformation is dependent only on the loads,
the body will occupy a sequence of geometrical regions. The region occupied
by the continuum at a given time ¢ is termed a configuration and denoted by k.
Thus, the positions occupied in space 12 by all material points of the continuum
B at different instants of time are called configurations.

Suppose that the continuum initially occupies a configuration kg, in which
a particle X occupies position X, referred to a reference frame of right-handed,
rectangular Cartesian axes (X7, X2, X3) at a fixed origin O with orthonormal
basis vectors E;, as shown in Fig. 3.2.1. Note that X (lightface roman letter) is
the name of the particle that occupies location X (boldface letter) in configu-
ration kg, and therefore (X7, Xo, X3) are called the material coordinates. After
the application of some external stimuli (e.g., loads), the continuum changes
its geometric shape and thus assumes a new configuration k, called the current
or deformed configuration. Particle X now occupies position x in the deformed
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configuration s, as shown in Fig. 3.2.1. The mapping x : B., — B is called
the deformation mapping of the body B from kg to k. The deformation map-
ping x(X,t) takes the position vector X from the reference configuration and
places the same point in the deformed configuration as x = x (X, ¢). The inverse
mapping X ! : B, — By, takes the position vector x from the deformed config-
uration s back to the reference configuration xg, X = x~!(x,t). It is not always
possible to construct the inverse mapping x ~!(x,t) from a known deformation
mapping x (X, t). In the following discussion, we shall use x (X, t) to denote the
deformation mapping and x to denote the value of x(X, ).

Xy, X,
Reference
configuration, kK = X, Xy, X,

Particle X occupying |
position X

Current
configuration, K

Particle X occupying
position x

x, X,

Fig. 3.2.1: Reference and deformed configurations of a body.

A nonrotating frame of reference is chosen, explicitly or implicitly, to describe
the deformation. A frame of reference is a coordinate system with respect to
which a configuration is described (or measured). We shall use the same coordi-
nate system to describe reference and current configurations. The components
X, and z; of vectors X = X ]:]Z and x = x; €; are along the coordinates used,
with the origins of the basis vectors Ez and &; being the same.

The mathematical description of the deformation of a continuous body fol-
lows one of two approaches: (1) the material description or (2) the spatial de-
scription. The material description is also known as the Lagrangian description,
and the spatial description is known as the Fulerian description. These descrip-
tions are discussed next.

3.2.2 Material Description

In the material description, the motion of the body is referred to a reference
configuration x g, which is often chosen to be the initial configuration?, kp = ko,
although any other known configuration can serve as a reference configuration.
Thus, in the Lagrangian description, the current coordinates x € k are expressed
in terms of the reference coordinates X € kq:

2Typically, the initial configuration is one without any stimuli and hence undeformed.



84 KINEMATICS OF CONTINUA

x =x(X,t), X=x(X,0), (3.2.1)

and the variation of a typical variable ¢ over the body is described with respect
to the material coordinates X and time ¢:

¢ = o(x(X),t) = (X, 1). (3.2.2)

For a fixed value of X € kg, ¢(X, t) gives the value of ¢ at time ¢ associated with
the fixed material particle X whose position in the reference configuration is X,
as shown in Fig. 3.2.2. Thus, a change in time ¢ implies that the same material
particle X, occupying position X in kg, has a different value ¢. Figure 3.2.3
shows the deformation of a fized material volume with time. Thus the attention
is focused on the fixed material of the continuum.

Deformed
configuration

Reference
%, AX’3 configuration Particle X,
occupying
position x at

time £ : x=x(Xt)

Deformed
configuration

Particle X,
occupying
position x at

time tz PX= X(X:tz)

x, X,

Fig. 3.2.2: Reference and deformed configurations in the material description.

x Deformed Xq
Deformed 3 configuration
configuration at time, ¢, 5
Material path line at time, ¢,
Xy ~
Xy X,
X
x =x(X,t,)
Undeformed ! Xy
configuration [ ‘ X2 X3, Xg X = X(X) t2)
(t=0)
x(0) = X
Xl
X, %,
X, x

Fig. 3.2.3: Deformation of fized material volume with time.
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3.2.3 Spatial Description

In the spatial description, the motion is referred to the current configuration s
occupied by the body B, and ¢ is described with respect to the current position
X € k in space, currently occupied by material particle X:

b= o(x,t), X=X(x1)=x 1x,1). (3.2.3)

The coordinates x are termed the spatial coordinates. For a fixed value of x € k,
¢(x,t) gives the value of ¢ associated with a fixed point x in space, which will
be the value of ¢ associated with different material points at different times,
because different material points occupy position x € k at different times, as
shown in Fig. 3.2.4. Thus, a change in time ¢ implies that a different value
¢ is observed at the same spatial location x € k, now probably occupied by a
different material particle X. Hence, attention is focused on a spatial position
x € k. The notation X = X(x,t) is only symbolic because in all practical
cases one is not interested (or does not know) where the material particle X
comes from before it occupies the current position x and where it goes when it
leaves the position. That is, material particles are of no interest in the spatial
description.

When ¢ is known in the material description, ¢ = ¢(X,t), its total time
derivative, D/Dt, is simply the partial derivative with respect to time because
the material coordinates X do not change with time:

D 0 0¢
EW(XJ)] = a[qﬁ(xﬁ] =90 (3.2.4)
X fixed

Particle X before
x,,X, enteringthe . .
B domain of interest Par.tl.cle X occupying
A position x at time ¢
in the spatial domain
of interest

Particle X after leaving
the domain of interest

/

o

x, X,

Fig. 3.2.4: Material points within and outside the spatial domain of interest in the spatial
description.
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However, when ¢ is known in the spatial description, ¢ = ¢(x,t), its time
derivative for a given particle, known as the material derivative,? is
—p(x,t)] = = [b(x, ¢t ——[b(x,t
571005, 0] = 100, 0] + Tt 5= [0(x,0)
_9% _ 9% _0¢

where v is the velocity v = Dx/Dt = x. Thus, if the velocity of a particle in
the spatial description is v(z,t), then the acceleration of a particle is

a:&:al+V-VV (a.:avi_f_v.avi)
Dt ot oot oz )
Example 3.2.1 illustrates the determination of the inverse of a given mapping
and computation of the material time derivative of a given function.

(3.2.6)

Example 3.2.1

Suppose that the motion of a continuous medium B is described by the mapping x : ko — &,
x(X,t) =x = (X1 + AtX2)é1 + (X2 — AtX1)és + X3 é3,
and that the temperature 7" in the continuum in the spatial description is given by
T(x,t) = c1(z1 + catxa) = z1 + txa,

where, in the interest of brevity, constants ¢1 and ¢y are omitted; in SI units, ¢; = 1 K/m and
c2 = 1 /s. Determine (a) the inverse of the mapping x, (b) the velocity components, and (c)
the total time derivatives of T" in the two descriptions.

Solution: A known deformation mapping x (X, t) relates the material coordinates (X1, X2, X3)
to the spatial coordinates (x1,x2,x3) of a particle X. In the present case, we have

X1 1 At 0 Xl
1 = X1 +AtX2, :Ij’g:Xg—AtXl, xr3 = X3 or T2 = | At 1 0 Xo . (1)
X3 0 0 1 X3

Clearly, the relationships between z; and X; are linear (that is, the mapping is linear). There-
fore, polygons are mapped into polygons. In particular, a unit square is mapped into a square
that is rotated in a clockwise direction, as shown in Fig. 3.2.5. This can be verified by checking
where the four corner points have moved in the “deformed” body:

(X1, X, X3) (z1,®2,73)
(0,0,0) — (0,0,0)
(1,0,0) = (1, —At, 0)
(0,1,0) — (At, 1,0)
(1,1,0) = (1+ At,1— At,0)

Note that, in general, the deformed square is not a unit square as the side now has a length
of 1/ cos a, where o = tan~'(At). The reference configuration and deformed configurations at
four different times, t = 1,2, 3, and 4, for a value of A = 0.25, are shown in Fig. 3.2.6.

(a) The inverse mapping can be determined, when possible, by expressing (z1, z2,x3) in terms
of (X1, X2, X3). In the present case, it is possible to invert the relations in Eq. (1) and obtain

X1 1 1 —At 0 1
Xz = At 1 0 X2 o (2)

Xs | QA g o 14422 | 2

3 As opposed to d/dt, here we use Stokes’s notation D/Dt for material derivative.



3.2. DESCRIPTIONS OF MOTION 87

x, =X, + AtX,)
x, = (X, — AtX))
%y = X,

Fig. 3.2.5: A sketch of the mapping x as applied to a unit square.

x, X,

00 04 038 1.2 1.6 20

Fig. 3.2.6: Deformed configurations of the unit square at four different times (A = 0.25).

Therefore, we can write the inverse mapping as x ' : k — Ko as
1 r1 — Atxs \ 2 zo + Atz \ & ~
t)y=| —F+ |E —— |E Es. 3
X (x,t) (1+A2t2) 1+<1+A2t2)2+$3 3 (3)

(b) The velocity vector is given by v = v; B+ v2E27 with

v_DZ’1
'T Dt

D”‘f = _AX,. (4)

= AXs, v2=

(c) The time rate of change of temperature of a material particle in B is simply

D 0

D—t[T(X, t)] = &[T(X7 t)] = —2AtX: + (1 + A) Xs. (5)
x fixed

On the other hand, the time rate of change of temperature at point x, which is now occupied
by particle X, is

D ire, 1= & 4 v

Dt xv=$2+1)1-1+1)2-t

—2AtX1 + (14 A)Xs. (6)
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In the study of solid bodies, the Eulerian description is less useful because the
configuration x is unknown. On the other hand, it is the preferred description
for the study of motion of fluids because the configuration is known and remains
unchanged, and we wish to determine the changes in the fluid velocities, pressure,
density, and so on. Thus, in the Eulerian description, attention is focused on a
given region of space instead of a given body of matter.

3.2.4 Displacement Field

The phrase “deformation of a continuum” refers to relative displacements and
changes in the geometry experienced by the continuum B under the influence of
a force system. The displacement of the particle X is defined, as shown in Fig.
3.2.7, by

u=x-X. (3.2.7)

In the Lagrangian description, the displacement vector u is expressed in terms
of the material coordinates X:

u(X,t) = x(X,t) - X. (3.2.8)
X3 X3 Reference
A configuration, X Xos X2

Displacement
vector,
u=x-X

Deformed
configuration, K

A T
e, E,

X, X,

Fig. 3.2.7: Position vectors in the initial and current configurations and the displacement u
of a particle X.

If the displacement of every particle in the body B is known, we can construct
the current configuration x from the reference configuration kg, x(X,t) = x =
X 4+ u(X,t). On the other hand, in the Eulerian description the displacements
are expressed in terms of the spatial coordinates (or current position) x:

ux,t) =x — x1(x,t) = x — X(x,1). (3.2.9)

To see the difference between the two descriptions further, consider the one-
dimensional mapping x(X,t) = z = X (1 + 0.5¢) defining the motion of a rod
of initial length two units. The inverse mapping is x~!(z,t) = X = x/(1 +
0.5t). The rod experiences a temperature distribution 7' given by the material



3.3. ANALYSIS OF DEFORMATION 89

description T' = 2t2X or by the spatial description T = 2t%z/(1+0.5t), as shown
in Fig. 3.2.8 [see Bonet and Wood (2008)].

tA
X4
4 /X( ) X=1,T=32 X=2 T=64)
X(X3) | '
3 / X=1,T=18) X=2,T=36)
v(X,2) ' ! Y(Xt)=x=X(1+0.5¢t)
2 / X= ll’ T=98 (X< 2| T=16) Same material particle
(X=1,T=2 (X=2,T=4) at different x positions
1 T |
(X0
0 T I T | T T X x
0 1 2 3 4 5 6

Fig. 3.2.8: Material and spatial descriptions of motion.

From Fig. 3.2.8, we see that the particle’s material coordinate X remains
associated with the particle while its spatial position x changes. The temper-
ature at a given time can be found in one of the two ways: for example, at
time ¢t = 3 the temperature of the particle labeled 2 with material coordinate
X =2is T = 2 x 2(3)2 = 36; alternatively, the temperature of the same
particle, which at ¢ = 3 is at a spatial position x = 2(1 + 0.5 x 3) = 5, is
T = 2 x 5(3)%/(1 + 0.5 x 3) = 36. The displacement of a material point X
occupying position X in kg is

u(X,t) =2z —X =X(1+0.5t) - X =0.5Xt.

A rigid body is one in which the distance between any two material particles
remains the same whereas a deformable body is one in which the material particles
can move relative to each other under the action of external stimuli. A rigid-
body motion is one in which all material particles of the body undergo the same
displacement. Then the deformation of a continuum can be determined only by
considering the change of distance between any two arbitrary but infinitesimally
close points of the continuum.

3.3 Analysis of Deformation
3.3.1 Deformation Gradient

One of the key quantities in deformation analysis is the deformation gradient
of k relative to the reference configuration kg, denoted F,, which provides the
relationship between a material line dX before deformation and the line dx,
consisting of the same material as dX after deformation. It is defined as follows
(in the interest of brevity, the subscript x on F is dropped):

dx = F-dX = dX -F7, (3.3.1)

F = (g}’g)T — <g§>T = xV = (Vox)T. (3.3.2)
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Here % denotes the backward gradient operator (see the note at the end of
Section 2.4.5) and V is the forward gradient operator with respect to x. The
subscript 0 on the del operator denotes that the differentiation is with respect
to X (the material coordinates). Many authors [see, e.g., Gurtin (1981); Bonet
and Wood (2008); and Gurtin, Fried, and Anand (2010)] use V in defining
the deformation gradient, but a close look reveals that they actually mean the
backward gradient operator discussed in Section 2.4.5.

By definition, F is a function of both position X and time ¢; F is some-
times referred to as a two-point tensor (or a linear transformation of points
in the small neighborhood of X from kg into the neighborhood of x in k) be-
cause it describes the local deformation of a material line element at point X
in the reference configuration kg to the point x in the current configuration x;
F involves, in general, both stretch and rotation. For example, in the case of
pure stretch followed by rotation, the deformation of dX into dX’ involves only
pure stretch and the deformation from dX’ into dx involves only pure rotation
(although, in reality, stretch and rotation occur simultaneously). Thus, we can
write dX’ = U -dX and dx = R - dX/, where U is a stretch tensor and R is a
proper orthogonal tensor, RT - R = I and |R| = 1. The tensors U and R can
be interpreted as linear transformations, U: dX — dX’ and R: dX' — dx.
In other words, the linear transformation F : dX — dx is replaced by the
composite transformation F = R - U. The requirement that R be a proper
orthogonal transformation follows from the fact that a pure rotation should not
change the length of the line element dX’:

dx-dx = (R-dX')- (R-dX') =dX'-R" - R -dX' = dX'-dX'.

The multiplicative decomposition of F into pure stretch U and pure rotation R
is discussed further in Section 3.9 on polar decomposition.
In index notation, Eq. (3.3.2) can be written as

F=F,;&E; F;j= X,

(3.3.3)

More explicitly, we have

Or1 Ox1 Ox1
0X1 0Xo 0X3

dzy Dz O
[Fl= | 53¢ o% 5% | - (3.3.4)

Ozz Ox3 Oz
0X1 0X2 0X3

where the lowercase indices refer to the current (spatial) Cartesian coordinates,
whereas uppercase indices refer to the reference (material) Cartesian coordi-
nates. The determinant of [F] is called the Jacobian of the motion, and it is
denoted by J = |F|. The equation F-dX = 0 for dX # 0 implies that a material
line in the reference configuration is reduced to zero by the deformation. Since
this is physically not realistic, we conclude that F - dX # 0 for dX # 0. That

4Strictly speaking, F is not a tensor because its components do not transform like those of a
tensor.



3.3. ANALYSIS OF DEFORMATION 91

is, F is a nonsingular tensor, J # 0. Hence, F has an inverse F~!, and we can
write

X
dX =F!.dx =dx-F T, where F7T = ‘Z— = VX, (3.3.5)
X

and in index notation

—1 o aXJ

1 _ p—lt a4
Fo =yl Bye, Fyl =

(3.3.6)

In explicit form the matrix associated with F~! is

0X, 0X; 90Xy
Or1 Oxzo Oxs

— 0Xo 0Xo 00X
[F]™! = 0 O (3.3.7)

0X3 0Xs3 0X3
Oxr1 Oxze Oz

Note that [F] stretches or compresses a material vector {X} into the current
vector {x}, while x gives the current position x € k of the material point X
that occupied position X € xg. The deformation gradient and its inverse can be
expressed in terms of the displacement vector as

F=(Vox)' =(Vou+D" or F'=(vX)"'=1-vu)'. (3.3.8)
Example 3.3.1 illustrates computation of the components of the deformation
gradient and the displacement vector from known mapping of motion.

Example 3.3.1

Consider the uniform deformation of a square block of side 2 units and initially centered at
X = (0,0). If the deformation is defined by the mapping

x(X) = (3.5 + X7 + 0.5X2) e+ (4 + Xz) €2 + X3 és,

(a) sketch the deformation, (b) determine the deformation gradient F, and (¢) compute the
displacements.

Solution: (a) From the given mapping, we have 1 = 3.5 + X; + 0.5X2, z2 = 4 + X», and
r3 = X3; in matrix form, we have

- 1.0 0.5 0.0 X, 3.5
z3 0.0 0.0 1.0 X3 0.0

These are linear relations and therefore the square is mapped, in general, into a parallelogram.
To see where the corner points of the square are mapped to, apply the above equations to the
corner points (no change in X3):

(X1, Xa) (21, 72)
(-1,-1) — (2,3)
(1,-1) — (4,3)
(1 1 — (5,5)
(-1, 1) — (3,5)

Thus, under the mapping the square moved and became a parallelogram, centered at (3.5, 4),
as shown in Fig. 3.3.1. The base and height of the parallelogram remained 2 units each.
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X5, %y 2
4 A=s,  FE)
x, =3.5+X, +0.5X,, 5.0 (3.5) (5,5)
Xy = 4 ar Xz; (35’4)
oy 4.0 2
=X, FE)=8
3.0 - S

X(X) (2,3) (4,3)
X, =—-1.5+x, —0.5x,,

2'°/E é
= — 90 €9
X, =—4+x,, C1.1) 1)
Xy = x5 A %, P
3 3 F—I(A) o El’ e
T T T T > X, x;
(0,0 2.0 3.0 4.0 5.0

(-1,-1) (1,-1)

Fig. 3.3.1: Uniform deformation of a square block of material.

The linear relations in Eq. (1) can be inverted to obtain X, X2, and X3 in terms of z1,
T2, and x3:

X1 1.0 —0.5 0.0 1 3.5
X, $ =100 1.0 0.0 22 v —{ 4.0 , (2)
X3 0.0 0.0 1.0 x3 0.0

or X1 =—154+z; —0.522, Xo = —4 + z2, and X3 = x3. Thus, the inverse mapping is
X '(x) = (1.5 + 21 — 0.522) Eq + (—4 + 22) E2 + 23 B3, ®3)

which recovers the square shape from the parallelogram shape shown in Fig. 3.3.1. This type
of deformation is known as simple shear, in which there exists a set of line elements, in the
present case, lines parallel to the X;-axis, whose orientation is such that they are unchanged
in length and orientation by the deformation.

(b) The components of the deformation gradient and its inverse in matrix form are

dxry Oxzy Oz X, 90X, 90Xy

80X, 0X5 0X3 1.0 0.5 0.0 dx; Ozp Oza 1.0 -0.5 0.0
ox Ox oz -1 Xy 0Xo 00X

[F] = ax21 8X22 ax23 = (00 1.0 00|, [F]7" = 8112 8122 8132 =00 1.0 0.0
dz3 Ozz dzg 0.0 0.0 1.0 9X3 0X3 0X3 0.0 0.0 1.0
0X1 0Xo 0X3 Oz Oxzg Ozs

The unit vectors El and Eg in the initial configuration deform to the lengths

1.0 0.5 0.0 1 1 1.0 0.5 0.0 0 0.5
0.0 1.0 0.0 0p=4q07, [0.0 1.0 0.0 15,=<¢10
0.0 0.0 1.0 0 0 0.0 0.0 1.0 0 0.0

The unit vector A = €2 in the current configuration is deformed from the vector

1.0 —0.5 0.0 (0 —0.5 X -
00 1.0 0.0|¢1 %= 1.0y = F '(A)=—-05E; +E,.
0.0 00 1.0] |0 0.0

(c) The displacement vector is given by
u=x—X= (3.5 + 0.5X2)e1 + 4 eq,

which is independent of X;. The displacement components are u; = 3.5 + 0.5X2, us = 4, and
u3z = 0. Thus, a X2 = constant line moved 4 units up and 3.5 + 0.5X2 units to the right.
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3.3.2 Isochoric, Homogeneous, and Inhomogeneous
Deformations

3.3.2.1 Isochoric deformation

If the Jacobian is unity J = 1, then the deformation is volume-preserving or the
current and reference configurations coincide. If volume does not change locally
during the deformation, the deformation is said to be isochoric at X. If J =1
everywhere in the body B, then the deformation of the body is isochoric.

3.3.2.2 Homogeneous deformation

In general, the deformation gradient F is a function of X. If F =1 everywhere
in the body, then the body is not rotated but might be rigidly translated. If F
has the same value at every material point in a body (that is, F is independent
of X), then the mapping x = x(X,t) is said to be a homogeneous motion of the
body and the deformation is said to be homogeneous. In general, at any given
time ¢ > 0, a mapping x = x(X,t) is said to be a homogeneous motion if and
only if it can be expressed as (so that F is a constant tensor)

x=A X+c, (3.3.9)

where the second-order tensor A and vector ¢ are functions of time ¢ only; c rep-
resents a rigid-body translation. Note that for a homogeneous motion we have
F=A. Clearly, the motion described by the mapping of Example 3.3.1 is homo-
geneous and isochoric. Next, we consider several simple forms of homogeneous
deformations.

Pure dilatation. Consider a cube of material with edges of length L and ¢ in the
reference and current configurations, respectively. If the deformation mapping
has the form (see Fig. 3.3.2)

L
X(X) = AX181 +AX28 +AX3 83, A=, (3.3.10)

then F has the matrix representation

A0 0
[F]={0 X 0]. (3.3.11)
0 0 X

\

(a) (b)

Fig. 3.3.2: A deformation mapping of pure dilatation.



94 KINEMATICS OF CONTINUA

This deformation is known as pure dilatation or pure stretch, and it is isochoric
if and only if A =1 () is called the principal stretch), as shown in Fig. 3.3.2.

Simple extension. An example of homogeneous extension in the X;-direction,
as shown in Fig. 3.3.3, is provided by the deformation mapping

X(X) = (1+a)X1é1 + X286 + X3 é;. (3.3.12)

The inverse mapping is [because x; = (1 + a) X1, 2 = X», and z3 = X3]

X*I(x) = T1 €1 + T9 &y + x3 €3.

1
(1+ )

The matrices of the deformation gradient and its inverse are

l+a 0 0 . 1 0 0
[Fl=| 0 1 0|, [F]''= 1 01+a 0 |. (3.3.13)
0 01 N R

For example, a line Xo = a+bX] in the initial configuration xg transforms under
the mapping to the line

ro=Xo=a+bX1=a+ T

14+«

in the current configuration k.

The deformation mapping is linear in X; and X,

XZ x29X2
‘ /Z(X)\ ‘ ho
h h ‘
AT | (X
//X b /\ 1 1 1 / l( )
/ x,=a+——ox |/ 1 |1 1|
X, = a+bX, N I+a BHEE v X
w N W h(ra)
() (b)

Fig. 3.3.3: A deformation mapping of simple extension. Typical material lines inside the
body are also shown.

Simple shear. This deformation, also known as uniform shear deformation, as
discussed in Example 3.3.1, is defined by a linear deformation mapping of the
form (see Fig. 3.3.4)

x(X) = (X1 +7X2)é1 + Xa & + X é3, (3.3.14)

where material planes X9 = constant slide in the X;-direction in linear pro-
portion to Xy, the proportionality constant being -, which is a measure of the
amount of shear. The planes xo = constant are the shear planes and the direction
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along z is the shear direction. The matrix representation of the deformation

gradient in this case is

1 v 0
[F]=1]0 1 0f. (3.3.15)
0 1

O = D

The deformation mapping is linear in X; and X,

X, x,, X
x(X) q7
2l
h hy=vy—g7
//X X\L:-l 1 1 J X
[T
,I 1 1 1
A > X, 7 xl’Xl
(a) (b)

Fig. 3.3.4: A deformation mapping of simple shear. Typical material lines inside the body
are also shown.

3.3.2.3 Nonhomogeneous deformation

A nonhomogeneous deformation is one in which the deformation gradient F
is a function of X. An example of nonhomogeneous deformation mapping is

provided, as shown in Fig. 3.3.5, by
X(X) = Xl(l + ’leg)él + Xg(l + ’YQXl)éQ + X3 és. (3.3.16)
The matrix representation of the deformation gradient is

l+mXe mXi 0
[F] = ¥2X2 14+7%X;10]. (3.3.17)
0 0 1

The deformation mapping is :
1X) =X 1+7rX,)e +X,0+rX)e, + X, &

(@) (b)

Fig. 3.3.5: A deformation mapping of combined shearing and extension. Typical material
lines inside the body are also shown.
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It is rather difficult to invert the mapping even for this simple nonhomogeneous
deformation.

Figure 3.3.6 shows the deformed configuration for the values of h = 1 and
v = 371 = 3y = 3. Note that the straight line AC (that is, line Xo = X7) in
the undeformed configuration becomes a curve in the deformed configuration,
although the edges of the deformed configuration remain as straight lines.

2 X 7 =y=1
4 — —_—
1
f
- I.
,'
;
3 g

4 v, =37y=3

™ Mapping of the
diagonal AC from &,
9 - o (a curve)
15 v
Line X, = X,

Fig. 3.3.6: The deformed configuration of a unit square under the deformation mapping in
Eq. (3.3.16) for 74 = 1 and 2 = 3.

3.3.3 Change of Volume and Surface

Here we study how deformation mapping affects surface areas and volumes of a
continuum. The motivation for this study comes from the need to write global
equilibrium statements that involve integrals over areas and volumes.

3.3.3.1 Volume change

We can define volume and surface elements in the reference and deformed con-
figurations. Consider three noncoplanar line elements dX®, dX@ and dX®
forming the edges of a parallelepiped at point P with position vector X in the
reference body B, as shown in Fig. 3.3.7, so that

dx =F.dX®, i=1,2,3. (3.3.18)

Note that the vectors dx(®) are not necessarily parallel to or have the same length
as the vectors dX() due to shearing and stretching of the parallelepiped. We
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assume that the triad (dX®) dX®) dX®)) is positively oriented in the sense
that the triple scalar product dX™ - dX®?) x dX® > 0. We denote the volume
of the parallelepiped as

dV = dXW . dX® x dX® = (Ny - Ny x N3) dXVdx@ax®
=dXWax@gx®), (3.3.19)

where N; denotes the unit vector along dX®). The corresponding volume in the
deformed configuration is given by

A~

dv = dxM - dx? x dx®) = (F-Ny) - (F-N3) x (F-N3) dXDax@ax®),

or

dv = |F|dXMWdx@dx® = jdv. (3.3.20)

We assume that the volume elements are positive so that the relative orien-

tation of the line elements is preserved under the deformation, that is, J > 0.

Thus, J has the physical meaning of being the local ratio of current to reference
volume of a material volume element.

X =N,ax® " Z(X)\ o
dx? = F.dX"
b

dX® =N, dx®

(@ (b)

Fig. 3.3.7: Transformation of a volume element under a deformation mapping.

3.3.3.2 Area change

Next, consider an infinitesimal vector element of material surface dA in a neigh-
borhood of the point X in the reference configuration, as shown in Fig. 3.3.8.
The surface vector can be expressed as dA = dA N, where N is the positive unit
normal to the surface in the reference configuration.

Suppose that dA from the reference configuration becomes da in the current
configuration, where da = dan, n being the outward unit normal to the surface
in the current configuration. The outward unit normals in the reference and
current configurations can be expressed as

NlXNQ N F‘ﬁle‘le
n=

N:f, = - .
‘N1XN2’ ‘F’HIXF’HQ‘

(3.3.21)
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Xl
(2)

Fig. 3.3.8: Transformation of a surface element under a deformation mapping.

The areas of the parallelograms in the reference and current configurations are
dA = [Ny x No| dX1dXs, da=|F- hy x F-fy|dz; dus. (3.3.22)

The area vectors are

dA = NdA = 122 Ny x Ny| dX; dX,
|N1 XNQ’
= (N7 x Np) dX1dXs = (01 x fiz) dX1 dXo, (3.3.23)
da=tfda= X F 2 p B S F - fio| dey das
\F-nl XF'HQ‘

Then it can be shown that (see the result of Problem 3.16)
da=JFT.dA or nda=JF T .NdA. (3.3.25)

3.4 Strain Measures
3.4.1 Cauchy—Green Deformation Tensors

The geometric changes that a continuous medium experiences can be measured
in a number of ways. Here, we discuss a general measure of deformation of a
continuous medium, independent of both translation and rotation.

Consider two material particles P and Q in the neighborhood of each other,
separated by dX in the reference configuration, as shown in Fig. 3.4.1. In the
current (deformed) configuration the material points P and Q occupy positions
P and Q, and they are separated by dx. We wish to determine the change in
the distance dX between the material points P and Q as the body deforms and
the material points move to the new locations P and Q.
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The distances between points P and Q and points P and Q are given, re-
spectively, by

(dS)* = dX - dX, (3.4.1)
(ds)? =dx-dx =dX - (F' - F).-dX =dX - C-dX, (3.4.2)

where C is called the right Cauchy—Green deformation tensor
C=F'.F (3.4.3)

By definition, C is a symmetric second-order tensor. The left Cauchy—Green
deformation tensor or Finger tensor is defined by

B=F F', (3.4.4)

which is also a symmetric tensor.
Recall from Eq. (2.4.25) that the directional (or tangential) derivative of a

field ¢(X) is given by
do

E:N'VOQZ)? N =

dX dX
—_— = 3.4.5
|[dX| dS’ ( )
where N is the unit vector in the direction of dX at point X. Therefore, a param-
eterized curve in the deformed configuration is determined by the deformation
mapping x(5) = x(X(S5)), and we have (F = F;;é; E; and N = NxEg)

dx dX dX

= X)=F. =

s~ a5 YoxXX) ds
Note that dx/dS = F;;N;é; is a vector defined in the current (deformed) con-
figuration because €; is a unit vector in the current configuration.

=F-N=F,;Nyé,. (3.4.6)

Xy, X,
K, (time t = 0)

Xy, X,

K (time t)

%, X,

Fig. 3.4.1: Points P and Q separated by a distance dX in the reference configuration o take
up positions P and Q, respectively, in the deformed configuration x, where they are separated
by distance dx.



100 KINEMATICS OF CONTINUA

The stretch of a curve at a point in the deformed configuration is defined as
the ratio of the deformed length of the curve to its original length, A\ = ds/dS.
Let us consider an infinitesimal length dS of the curve in the neighborhood of
the material point X. Then the stretch A of the curve is simply the length of the
tangent vector F' - N in the deformed configuration

A(S)=(F-N)-(F-N) (3.4.7)
=N-(FT.F).N=N.-C-N. (3.4.8)

Equation (3.4.8) holds for any arbitrary curve with dX = dS N, and thus
allows us to compute the stretch in any direction at a given point. In particular,
the square of the stretch in the direction of the unit base vector E; is given by

M(E;)=E;-C-E;=Cj; (nosumon I). (3.4.9)

That is, the diagonal terms of the right Cauchy—Green deformation tensor C
represent the squares of the stretches in the direction of the coordinate axes
(X1, X2, X3). The off-diagonal elements of C give a measure of the angle of
shearing between two base vectors E; and Ej, for I # J, under the deformation
mapping x. Further, the squares of the principal stretches at a point are equal
to the eigenvalues of C. We shall return to this aspect in Section 3.9 on the polar
decomposition theorem.

3.4.2 Green—Lagrange Strain Tensor

The change in the squared lengths that occurs as a body deforms from the
reference to the current configuration can be expressed relative to the original
length as

(ds)* — (dS)? = 2dX - E - dX, (3.4.10)

where E is called the Green—St. Venant (Lagrangian) strain tensor, the Green—
Lagrange strain tensor, or simply the Green strain tensor.> The Green-Lagrange
strain tensor can be expressed, in view of Egs. (3.4.1)—(3.4.3), as

B—}(F"-F-1)=}(C-1

=1 [T+ Vou)- I+ Vou)" —1I]
=1 [Vou+ (Vou)' + (Vou) - (Vou)'], (3.4.11)
where Eq. (3.3.8) is used in writing F in terms of Vou. By definition, the
Green—Lagrange strain tensor is a symmetric second-order tensor. Also, the
change in the squared lengths is zero if and only if E = 0.
The vector form of the Green—Lagrange strain tensor in Eq. (3.4.11) allows us
to express it in terms of its components in any coordinate system. In particular,

in the rectangular Cartesian coordinate system (X7, X2, X3), the components of
E are given by

SReaders should not confuse the symbol E used for the Green-Lagrange strain tensor and E;
used for the basis vectors in the reference configuration. One should always pay attention to
different typefaces and subscripts used.
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EIJ:§<

8u1 8UJ

0X

0Xr

auK 81”(
0X10X;

101

(3.4.12)

where summation on repeated index (K) is implied. Clearly, the last term

in Egs.

(3.4.11) and (3.4.12) is nonlinear in the displacement gradients.

In

expanded notation, the Green—Lagrange strain tensor components are given by

8u1 [ 8u1 2 8u2 2 8U3 3
Ey=—-— — —= —
79X, <8X1> * <6X1> \ox,) |
E __3UQ 8u1 2 8U2 2 6U3 3
270X, X X, 0Xy) |’
6U3 8U1 2 8UQ 2 BU3 2
FEs3 = — 4.1
B 0Xs <8X3> <8X3> 0X5) |’ (3:4.13)
6u1 0u2 8U¢ 8U1 8U2 8U2 8U3 aU3
Fqio = L
12772 (8X2 90X, | 0X,0X, | 0X,0X, | 0X, 8X2>
E _1 8U1_+ 8U3 8u1 8u1 8U2 8U2 8U3 8U3
BT2\0x; T 0X, | 0X,0X3  0X,0X3  0X,0X3)’
E ::l 8UQ_+ BU3 8U1 8U1 6UQ 6UQ aU3 aU3
P72\ 0Xs " 0Xy | 0X20Xs | 0X,0X3 | 0X20Xs )

The components F11, F29, and E33 are termed normal strains and E1o, Fo3, and
FEh3 are called shear strains, as shown in Fig. 3.4.2.

| X,—face

Deformed body

X,—face

E,, — Strain in the I™ direction onthe J™ face

Fig. 3.4.2: Green-Lagrange strain tensor components in rectangular Cartesian coordinates.

3.4.3 Physical Interpretation of Green—Lagrange Strain Tensor
Components

To see the physical meaning of the normal strain component F11, consider a line
element initially parallel to the Xi-axis, that is, dX = dX1E; in the reference
configuration of the body, as shown in Fig. 3.4.3. Then

(ds)? — (dS)? = 2E;;dX;dXy = 2Fy; dX, dX| = 2Ey; (dS)2.
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ou
aX, +—
' oX,

dx,

‘Xl

Fig. 3.4.3: Physical interpretation of normal strain component Fi;.

Solving for Fy1, we obtain

L (ds)? — (d9)* ds\?2
- ISy ]
(dS)? dsS
where the initial and final lengths are given by (approximating the curve as a
straight line)

D=

d 2 /(0 2
(dS)? = (dX1)%,  (ds)? = <Xm + (fleldX1> + (8;?1Xm> . (34.14)

Thus, we have
8u1 8u1 2 8“2 2
Ep=12=— — — )
=3 [ X, <8X1> \ox,
We can also write

oy, 10092 = (dS)* _

= ey [(%)2 - 1} =1 (2=, (3.4.15)

where ) is the stretch of the line element dX:

A= % =14+ 2F;. (3416)

The shear strain components Ery, I # J, can be interpreted as a measure
of the change in the angle between line elements that were perpendicular to
each other in the reference configuration. To see this, consider line elements
dX®) = Xmﬁ]l and dX(2) = dX2E2 in the reference configuration of the body,
which are perpendicular to each other, as shown in Fig. 3.4.4. The material line
elements dX™ and dX® occupy positions dx() and dx?), respectively, in the

N[
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deformed body. Then the cosine of the angle between the line elements 0Q and
OP in the deformed body is given by [see Eq. (3.3.1)]
dxD . qx(2)

‘dx(l) ‘ ‘dx@) ‘

(XD . FT].[F- dX(2)]

A

cosfipg =1Nj -Ny =

= . 3.4.17
VdXM . C . dXMVdX®? . C . dX®? ( )
In view of the relations
C=FT.F, N;=E;, Ny=E,, (3.4.18)
we have A
N;-C-N, Ci2
cos 019 = = — = )
VN;-C-N; VN, - C-Ny VCuvCs
or
2F
costy = 12 _ 12 (3.4.19)

A1 A2 \/(1+2E11)\/(1+2E22) .
Thus, 2F12 is equal to the cosine of the angle between the line elements, 612,
multiplied by the product of extension ratios A; and Ag. Clearly, the finite strain
F1o depends not only on the angle 615 but also on the stretches of elements
involved. When the unit extensions and the angle changes are small compared
to unity, we find that 2F1 is the decrease from m/2:

g — 012 =~ sin(% — 912) = COS (912 ~ 2E12. (3420)
daxV . dx?

n=—-—-, n,=—--—
‘dx(l)‘ ‘dxm‘

) S
= , N, =
‘dxa)‘ ‘dxa)‘

dX" = dX K,
dX? = dx,E,

Fig. 3.4.4: Physical interpretation of shear strain component Fis.

3.4.4 Cauchy and Euler Strain Tensors

Returning to the strain measures, the change in the squared lengths that occurs
as the body deforms from the initial to the current configuration can be expressed
relative to the current length. First, we express dS in terms of dx as

(dS)? =dX-dX =dx-(FT.-F1).dx =dx-B-dx, (3.4.21)
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where B is called the Cauchy strain tensor

B=FT.F! B!'=B=F.FT, (3.4.22)
and B is the left Cauchy—Green tensor or Finger tensor. We can write
(ds)* — (dS)? = 2dx - e - dx, (3.4.23)

where e, called the Almansi—Hamel (Eulerian) strain tensor or simply the Fuler
strain tensor, is defined as

e={(I-FT.F')=}(1-B) (3.4.24)
=1[I-I-Vu) - I-Vu']
=1[Vu+ (V' - (Vu)- (Vu)']. (3.4.25)
The rectangular Cartesian components of C, B, and e are given by
oxy, Oz - 00Xk 0Xk
Cr o= = 7 3.4.26
7 aX[ 8XJ’ J 8301 8$j ( )

o1 (s 1 2 ZTRZTR
A <5” Ox; Ox; ) 2 <8xj ox;  Ox; Bacj> - (34:27)

Examples 3.4.1 and 3.4.2 illustrate the calculation of various measures of strain.

Example 3.4.1

For the deformation given in Example 3.3.1, determine the Cartesian components of the right

Cauchy—Green deformation tensor C, the Cauchy strain tensor B, and the Green—Lagrange
and Almansi strain tensors, E and e.

Solution: The components of the right Cauchy—Green deformation tensor and the Cauchy
strain tensor are

1.0 0.0 00] [1.0 0.5 0.0 1.0 0.50 0.0
(€] =[F]"[F]= |05 1.0 0.0| |00 1.0 00| = |05 1.25 0.0 |,

0.0 0.0 1.0| | 0.0 0.0 1.0 0.0 0.00 1.0

) 1.0 0.0 00] [1.0 —0.50.0 1.0 —0.50 0.0

[B] = [F]"T[F]"'=|—-05 1.0 00| [00 1.000|=|—-05 125 0.0].
0.0 00 1.0| |0.0 0.01.0 0.0 0.00 1.0

The Green—Lagrange and Almansi strain tensor components in matrix form are given by

0.0 0.50 0.0

0.0 0.00 0.0

0.0 0.00 0.0

[E]=1(C)-) =1 [0.5 0.25 0.0] ;=1 ([I] - [B]) =1 [0.5 —0.25 0.0

0.0 0.50 0.0]

Example 3.4.2

Consider the uniform deformation of a square block B of side length 2 units, initially centered
at X = (0,0), as shown in Fig. 3.4.5. The deformation is defined by the mapping

X(X) = (18 4+ 4X; +6X2)é1 + 5 (14 + 6X2)é + X3és.



3.4. STRAIN MEASURES 105

Xy, %5 A

6.0
5.0

4.0

T >X,, %
ol 2.0 3.0 40 50 60 7.0 80
-1-1)  @1-D

Fig. 3.4.5: Undeformed (ko) and deformed (k) configurations of a rectangular block.

(a) Sketch the deformed configuration x of the body B.
(b) Compute the components of the deformation gradient F and its inverse.

(¢) Compute the components of the right Cauchy—Green deformation tensor C and Cauchy

strain tensor B.

(d) Compute Green’s and Almansi’s strain tensor components (Er; and e;;).

Solution:
(a) A sketch of the deformed configuration of the body is shown in Fig. 3.4.5.

(b) Note that the inverse transformation is given by (X3 = x3)
X2 T 6 0 4 X2 a 14 - 3 7 310 2 T2 ?

or
X (%) = (—1+z1 — 22)B1 + (=7 + 222)Es + 23 Es.

The matrix form of the deformation gradient and its inverse are

dxy Oz 9X; 90Xy
o =1t 3w =m0
8X21 8X22 20 3 3::712 8122 810 2

[F] =

(¢) The right Cauchy—Green deformation tensor and Cauchy strain tensor are, respectively,
2 3 13 9
c=mE =43 3], m=wwer =11 5.
(d) The Green and Almansi strain tensor components in matrix form are, respectively,

[m:éOHWH—Unziﬁ ﬂ, M:;Qufqumﬂ):%{g_ﬂ_




106 KINEMATICS OF CONTINUA

3.4.5 Transformation of Strain Components

The tensors E and e can be expressed in any coordinate system much like any
second-order tensor. For example, in a rectangular Cartesian system, we have

E= E[J E]EJ, e = eijéiéj' (3.4.28)
Further, the components of E and e transform according to Eq. (2.5.21):
Ery=lixliL Exr, € = lix Lo exs, (3.4.29)

where £1; (¢;;) denotes the direction cosines [see Eq. (2.2.71)].

Example 3.4.3

Derive the transformation equations between the strain components FE;; referred to
(X1, X2,X3) and Ers in the new coordinate system (X1, X2, X3), which is obtained by ro-
tating the former about the X3-axis counterclockwise by the angle 6.

Solution: The two coordinate systems are related by [see Eq. (2.2.70)]

Xi cosf sinf 0 X4 X1
Xy p= | —sinf cosf 0 Xo p=[L]{ X2 ;. (3.4.30)
X5 0 0 1] | Xs Xs

Transformation of strain tensor components follows those of a second-order tensor [see Eq.
(2.5.21), and note that [L]™" = [L]T]

[E] = [LI[ENL]Y;  [E] = [L]"[E][L). (3.4.31)

Carrying out the indicated matrix multiplications and expressing the result in single-column
format, we have

En [cos?6 sin®’6 0 0 0 —isin207] ( B
gm sin cos?0 0 0 0 Llsin20 %2
33 — 0 0 1 0 0 0 733 ) 3.4.32
2E03 0 0 0 cosf sinf 0 2Es3 ( )
2E3 0 0 0 —siné cosf 0 2E13
2B | sin20 —sin200 0 0 cos20 | (2Emn
The inverse relations are
E [ cos’0 sin?60 0 0 Lsin20]
F11 2 Evy
gm sin?0 cos200 0 0 —Lsin26 gw
33\ _ 0 0 1 0 0 0 33 L 3.4.33
2Es23 0 0 0cosf —sinf 0 2E3 ( )
2FE13 0 0 O0sinf cosf 0 2E13
2F12 | —sin26 sin20 0 0 0 cos20 | 2E0

Example 3.4.4

Consider a rectangular block (B) ABCD of dimensions a x b x h, where h is the thickness (very
small compared to a and b). Suppose that block B is deformed into the diamond shape ABCD
shown in Fig. 3.4.6(a), without a change in its thickness. Determine the deformation mapping,
displacements, and strains in the body. Assume that the mapping is a linear polynomial
in X; and X,. A complete linear polynomial in X; and X is of the form p(X;,X2) =

ao + a1 X1 + a2 Xo + a3 X1 Xo.
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%y, Xy %y, X,

pe— S —y
~
|

(@ (b)

Fig. 3.4.6: Undeformed (ko) and deformed (k) configurations of a rectangular block. Typical
material lines inside the body are also shown.

Solution: Let (X1, X2, X3) denote the coordinates of a material point in the reference con-
figuration, k9. The Xgz-axis is taken out of the plane of the page and not shown in the
figure. By assumption, the geometry of the deformed body can be described by the mapping
X(X) =x1€1 + x2€5 + 23 ég, where

z1 = ao + a1 X1 + a2 Xz + az X1 X2,

T2 = bo + b1 X1 + b2 Xo + b3 X1 Xo,

T3 = X3a
and ag, a1, a2, as, bo, b1, b2, and bs are constants to be determined using the values of (X1, X2)
from the undeformed configuration and the corresponding values of (z1,z2) from the deformed
configuration shown in Fig. 3.4.6(a). The eight constants are determined using the 8 conditions

provided by the coordinate values at points A, B, C, and D. Since point A is at the origin of
the coordinate system, we immediately obtain ap = by = 0. Next, we have

(X1,X2) = (a,0), (z1,22) = (a,e2) = a1 =1, 51:%2,
(X1, X2) = (0,b), (w1,22) = (e1,b) — a2=%1, by =1,

(X1, X2) = (a,b), (z1,22) =(a+e1,b+e2) — a3 =0, b3=0.
Thus, the deformation is defined by the transformation
X(x) = (X1 4+ k1 X2)é1 + (Xz2 + k2X1)é2 + X3 é3, (1)
where k1 = e1/b and k2 = ez/a. The inverse mapping is given by
X '(X) = =7 (81 — k1we) Bi + = (—kew1 + 22) Bz + 23 Bs. (2)
Thus, the displacement vector of a material point in the Lagrangian description is
u=kXoE) + ko X1 Es. (3)
The only nonzero Green strain tensor components are given by
Ei1 = 1k3, 2BEn=ki+ks, FEo=3iki. (4)

For the infinitesimal case (that is, k1 and k2 are small), we only have the shear strain 2e12 =
k1 + k2. The components of the deformation gradient are

1 k1 O
[F]= |k 1 0
0 0 1

The case in which k3 = 0 is known as the simple shear. The Green’s deformation tensor C is

1+k? ki+k O
C=F"-F - [C]=[F|"[F]=|ki+k:s 1+k5 0],
0 0o 1

and 2E = C — I yields the results given in Eq. (4).
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The displacements in the spatial description are
u =1 — X1 =k Xo = 1_’,2% (—kez1 + x2),
uz = x2 — X2 = k2 X1 1_’;%(%1 — kix2), (5)

U3::L‘3—X3:0.

The Almansi strain tensor components are

kike 1]/ kika \? ke )\’
Cll = ==——— = = aF s
1 — kiko 2 1 — kiko 1 — kiks
ki1 + k2 kika (k1 + k2)
1 —kiko (17k1k2)2 ’

o kaks L[ kiks Pk d

2T T 1 kike 2 [\1—kike 1— kiks
Alternatively, the same results can be obtained using the elementary mechanics of materials
approach, where the strains are defined as the ratio of the difference between the final length
and original length to the original length. A line element AB in the initial (undeformed)

configuration ko of the body B moves to position AB (pomt A is the same as point A), a;
shown in Fig. 3.4.6(a). Then the Green strain in line AB is given by

Ell—EAB—M \/Cﬁfl_\/j
() e () -

where cubic and higher powers of es/a are considered to be smaller than es/a and e3/a® and
thus neglected. Similarly,

e1)? e1\?
ea=13(3) 4 [ 1m 4 () -4
The shear strain 2FE72 is equal to the change in the angle between two line elements that were

originally at 90°, that is, change in the angle DAB. The change is equal to, as can be seen from
Fig. 3.4.6(b)

2e12 =

2F12 = /ZDAB — /DAB = %+ 2 = k1 + ko.
a

Thus, the strains computed using mechanics of materials approach, when terms of order higher
than e /b® and e3/a” are neglected, yield the same as those in Eq. (4). On the other hand, if
we define E1; and Fs2 as (consistent with the definition of the Green—Lagrange strain tensor),

(17&B7)2 _ (1 &B)Q LI2 e% 63 2
2E1; = (AB)? ="z = 2= k5,
(AD— )2 — (4 ‘D)2 v’ + @% e% 2
2 — Tk = 71:172:]@1,

we obtain the results in Eq. (4) directly, without making any order of magnitude assumption.
Thus, in general, the engineering strains defined in mechanics of materials and the Green—
Lagrange strains are not the same.

The axial strain in line element AC is [see Fig. 3.4.6(b)]

AC—AC
AC  a24p?

= \/ﬁ a? + b2 + €? + €2 + 2ae1 + 2bes — 1

1+e%+e§+2ael+2beg 71Nlef+e§+2ael+2bez
a2 + b2 2 a2 + b2
[a®k3 + 2ab(ky + k2) + b°K7] .

Viet+e)2+(b+e)? -1

Eac =

_ 1
T 2(a2+b2)
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The axial strain Fac can also be computed using the strain transformation equations
(3.4.29). The line AC is oriented at § = tan™"'(b/a). Hence, we have

511=cos(9=#, 512:sin0=L,
,/a2+b2 ,/a2+b2
b a
= —sinf = ——, =cosf = ————,
P va? + b2 oz va? + b?

and

Eac = Ev1 = B1if1;Eij = B11B11B11 + 28111212 + Biafiz2 Bz
= sz [@°K3 + 2ab(k1 + k2) + KT

which is the same as that computed previously.

3.4.6 Invariants and Principal Values of Strains

The principal invariants of the Green—Lagrange strain tensor E are [see Egs.
(2.5.16) and (2.5.17)]

Ji=trE, Jo=+[trE)? -t (E)], J =B (3.4.34)
2

where the trace of E, tr E, is defined as the double-dot product of E with the
identity tensor [see Eq. (2.5.15)]

trE=E:L (3.4.35)

In terms of the rectangular Cartesian components, the three principal invariants
of E have the form

J1=Er, Jo=3(EnEs —EjEn), Js=|El. (3.4.36)

It is of considerable interest (e.g., in the design of structures) to know the
maximum and minimum values of the strain at a point. The eigenvalues of the
matrix of the strain tensor (see Section 2.5.6), when ordered from large to small,
characterize the maximum and minimum normal strains, and the eigenvectors
represent the planes on which they occur. The maximum shear strains can be
determined once the maximum normal strains are determined. The eigenvalues
of a strain tensor are called the principal values of strain, and the corresponding
eigenvectors are called the principal directions of strain.

The eigenvalue problem associated with the strain tensor E is to find p and
X such that

EX = pX forall X #0; |[[E]—ull]|=0, (3.4.37)

where p are the principal values and {X} are the principal directions. The
characteristic equation is of the form

—u + Jip? = Jop+ J3 = 0. (3.4.38)

Three eigenvalues 1, p2, and ps provide the three principal values (one of them
is the maximum and one of them is the minimum) of normal strain.
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The maximum shear strains E, s are computed from (for additional discussion
see Section 4.3.3)

(é1 £ &),

=
I

B2, =Y(u1 — po)? for
(e1 +é3), (3.4.39)

CEXE

=
Il
S-S S

i

E2, = Y(u —ps)? for
EZ = %(ug - M3)2 for n
The largest shear strain is given by

(Ens)max = %(Nmax - ﬂmin), (3440)

where fimax and fimin are the maximum and minimum principal values of strain,
respectively. The plane of the maximum shear strain lies between the planes of
the maximum and minimum principal strain (that is, oriented at +45° to both
planes).

Example 3.4.5 deals with the computation of principal strains and their di-
rections.

Example 3.4.5

The state of strain at a point in an elastic body is given by (10~ in./in.)

[B] = | -

o
oo
wo o

Determine the principal strains and principal directions of the strain.

Solution: In this case, we know from the given matrix that p = 3 is a root with eigenvector
X®) = +Ej3. The principal invariants of [E] are

J1=440+3=7, Jo=3[1"-4>-3"-2x (-4 =-4, Js=|E|=-48.
Hence, the characteristic equation is
P AT A —48=0 — (—p®+4u+16)(u—3)=0.
Then the roots (the principal strains) of the characteristic equation are (10™2 in/in.)
p1=3, p2=2(1+v5), ps=2(1-v5).

The eigenvector components X§1) associated with Fi = u1 = 3 are calculated from

4-3 -4 0 b

-4 0-3 0 x®Py=¢0¢,
— 1

0 0 3-3] [ x( 0

which gives Xfl) = 4X2(1) = 0 and 74X1(1) = 3X§1) = 0, or Xl(l) = Xz(l) = 0. Using the
normalization (X{l))2 + (Xél))2 + (Xél))2 = 1, we obtain X:)EU = 1. Thus, the principal
direction associated with the principal strain E; = 3 is {XV}T = £{0,0,1} or XV = +E.
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The eigenvector components associated with principal strain Es = ps = 2(1 + v/5) are
calculated from
A—py —4 0 x® 0
-4 —pz 0 X p=40¢,
— 2
0 0 3—p] | x® 0

—0.851
x® = #2650 _1618x0, xP =0, = {XP)=4+ { g.ggg } .

which gives

Similarly, the eigenvector components associated with principal strain Es = usz = 2(1 — v/5)
are obtained as

0.526
X = 2256503 — 1618xY, XxP =0, = {XD}=2= { g.ggé } :

Note that the eigenvectors X(1)7 X(2), and X® are mutually orthogonal, as expected.

3.5 Infinitesimal Strain Tensor and Rotation Tensor
3.5.1 Infinitesimal Strain Tensor

When all displacement gradients are small, that is, |[Vou| << 1, we may neglect
the nonlinear terms in the definition of the Green—Lagrange strain tensor E and
obtain the linearized strain tensor €, called the infinitesimal strain tensor. To
derive € from E, we must linearize E by using a measure of smallness.

We introduce the nonnegative function

€(t) = [Voulls = sup [Voul, (3.5.1)
Xekr

where “sup” stands for supremum or the least upper bound of the set of all
absolute values of Vou defined for all X € x. If f(Vou) is a scalar-, vector-, or
tensor-valued function in the neighborhood of Vou = 0 so that there exists a
constant ¢ such that

1F(Vou)[loe < ce,

we say that f is of the order €”, as € — 0, and write f = O(€").
If E is of the order O(e) in Vpu, then we mean

aa;g]:O(e) as € — 0.
If terms of the order O(e?), as € — 0, can be omitted in Eq. (3.4.12), then
E[J _ % 8’LL[ 4 aUJ T 8’LLK 8uK
0X; 0Xr 0X;0Xy

can be approximated as

Ou a“J) = O(e) as € — 0. (3.5.2)

Erymil 24—
1 2<8XJ+8X1
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Next consider

% B 8"LL] 8XK N 8u1 axK _ 8UK
8a;j N BXK (9.%']‘ N 8XK (%cj 8a:j
_ Oup 9
= E(SKJ_FO(G ) aS€—>0,
8114' o 8114 8mk o 8u, 8uk + an
8XJ_6xk8XJ_axk (‘3XJ 8XJ
8ui

- Oz,

Sy +O(?) as € — 0.

Thus, when terms of the order O(e?), as € — 0, are neglected, it is immaterial
whether the partial derivative of the displacement field u is taken with respect
to z; or X; so that g;”; = g—%; that is, |Vu| = |Vou| = O(e). In other
words, in the case of infinitesimal strains, no distinction is made between the
material coordinates X and the spatial coordinates x, and it is not necessary to
distinguish between the Green—Lagrange strain tensor E and the Eulerian strain

tensor e. The infinitesimal strain tensor e is defined as [see Eq. (3.5.2)]

Exe=1[Vou+ (Vou)']. (3.5.3)
The rectangular Cartesian components of the infinitesimal strain tensor are
8u1 QUJ
1
=5 | =+ == 3.5.4
€1J 2<6XJ+6X]>’ ( )
or, in expanded form,
el — 8u1' o — 8u2‘
11_7{9X1’ 22—78X2,
Ous 1 [ Our Oug
€33 X €12 2<8X2+8X1 ; ( )

1 8U1 8U5 1 8U2 8U3
es=5 50+t )5 =350 + 5o |-
3X3 8X1 aX?, 8X2
The strain components €11, €92, and £33 are the infinitesimal normal strains and

€12, €13, and o3 are the infinitesimal shear strains. The shear strains 192 = 2¢19,
Y13 = 2€13, and 723 = 293 are called the engineering shear strains.

3.5.2 Physical Interpretation of Infinitesimal Strain Tensor
Components

To gain insight into the physical meaning of the infinitesimal strain components,
we write Eq. (3.4.10) in the form

(ds)? — (dS)? = 2dX - € - dX = 2¢;; dX; dX;,
and dividing throughout by (dS)?, we obtain

(ds)? — (dS)? dX; dX;
—_— Y = 26@' —_— .
(dS)? ds ds
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Let dX/dS = N, the unit vector in the direction of dX. For small deformations,
we have ds 4+ dS = 2dS, and therefore we have

ds —dS
ds

=N-e-N=¢g;N;Nj. (3.5.6)

The left side of Eq. (3.5.6) is the ratio of change in length per unit original
length for a line element in the direction of N. For example, consider N along
the X;i-direction. Then we have

ds — dS B
as o

Thus, the normal strain €17 is the ratio of change in length of a line element
that was parallel to the Xj-axis in the undeformed body to its original length.
Similarly, for a line element along Xs direction, (ds — dS)/dS is the normal
strain €92, and for a line element along the X3 direction, (ds — dS)/dS denotes
the normal strain e33.

To understand the meaning of shear components of infinitesimal strain ten-
sor, consider line elements dX ) and dX(® at a point in the body, which deform
into line elements dx™) and dx(®, respectively. Then we have [see Eqs. (3.3.1)
and (3.4.3), and the first line of Eq. (3.4.11)]:

dxW . dx@ = gXO . FT.F.gX® = ¢x® . C.aXx®
=dXW . (14 2E) - dx?
=dXW . dX® 4 24XV . E . aX®). (3.5.7)

Now suppose that the line elements dX(®) and dX® are orthogonal to each
other. Then
dxW . dx? = 24XV . E . dX?,

or

2dXM . E . dX® = dzWdz? cosd = daMdz? cos(§ — 71 — 72)
= dzWdz® sin(y; + 72) = deMdz? sin~, (3.5.8)

where 6 is the angle between the deformed line elements dz™ and dz(® and
v = 71+ 72 is the change in the angle from 90°. For small deformations, we take
siny = ~, and obtain

1 2
dXW o dX® ) ®

o B = , (3.5.9)

"}/:

where N = dX® /dz() and N@ = dX® /dz2) are the unit vectors along the
line elements dX () and dX?), respectively. If the line elements dX) and dX?)
are taken along the X; and X5 coordinates, respectively, then we have 219 = 7.
Thus, the engineering shear strain yj2 = 2e13 represents the change in angle

between line elements that were perpendicular to each other in the undeformed
body.
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3.5.3 Infinitesimal Rotation Tensor

The displacement gradient tensor can be expressed as the sum of a symmetric
tensor and a skew symmetric tensor. We have

(Vu)' =2 (Vo' +Vu] + L [(Vu)T - Vu] =&+ Q, (3.5.10)

where the symmetric part is similar to the infinitesimal strain tensor (and &€ =~ €
when |Vu| ~ |Vou| << 1), and the skew symmetric part is known as the
infinitesimal rotation tensor
Q=1[(Vu)-WVu]. (3.5.11)

We note that there is no restriction placed on the magnitude of Vu in writing
Eq. (3.5.10); & and 2 do not have the meaning of infinitesimal strain and
infinitesimal rotation tensors unless the deformation is infinitesimal (that is,
|Vou| =~ |Vul).

From the definition, it follows that €2 is a skew symmetric tensor, that is,
QT = —Q. In Cartesian component form we have

Q5 = % (Ui,j - uj,i)7 Q5 = —Qy;. (3.5.12)

Thus, there are only three independent components of €2:

0 Q2 s
[Q] = —-Q1 0 Qo3|. (3513)
—13 =23 0

The three components can be used to define the components of a vector w,

=-€ w or w:—%é’:ﬂ,

1 (3.5.14)
QZ] = _ez]k Wk or W; = ) el]k Q]k?

where £ is the permutation (alternating) tensor, £ = e;;;,€;€;€;. In view of Eqgs.
(3.5.11) and (3.5.14), it follows that

0
w; = %ij P or w= %V X U. (3.5.15)
8£Ej
Infinitesimal displacements of the form du = € - dx, where €2 is independent of

the position x, are rigid-body rotations because
dui = Qij d.Tj = —C€ijk Wk d$j = —(dX X w)l = (w X dX)Z or du=w X dx.

Thus, w represents the infinitesimal rotation vector; its magnitude is the angle of
rotation and its direction gives the axis of rotation. We also note that V-w = 0.
Such vectors are called solenoidal. A rigid-body motion is one in which the
relative distance between points is preserved.

Certain motions do not produce infinitesimal strains but they may produce
finite strains. For example, consider the following deformation mapping:

X(X) = (b1 + X1 + 2 X3 — c3X2) &1 + (b2 + Xo + 3 X1 — ¢1X3) &
+ (bg + X34+ 1 X9 — CQXl) ég, (3516)
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where b; and ¢; (i = 1,2, 3) are arbitrary constants. The displacement vector is

u(X) = (b1 + c2X3 — c3Xa) €1 + (b + c3X1 — c1X3) &

+ (b3 + 1 Xo — 02X1> és. (3.5.17)
Therefore, we have

8U1 —0 8u1 - ¢ 8u1 —©c

X, 0Xa Y 0Xs ¥

Oup _  Oup o Oup

X, ¥ 09X, O 0Xs "

OQus _ Ous _  Ous _

X, 70Xy, V" 0Xs3

Then the components of the deformation gradient F and left Cauchy—Green
deformation tensor C associated with the mapping are

1 —C3 C2 1+ C% + C% —C1C2 —C1C3
[F] = cs 1—-c1|, [C]= —cicg 1+E+ c% —coc3 ,
—cg 1 1 —cic3 —cocg 1+ c% + c%

and the matrix of Green—Lagrange strain tensor components is

C% + cg —C1Cy —C1C3
[E] = 5 | —ae A+ —cacs |- (3.5.18)
—C1C3 —C2C3 c% + c%

Note that the linearized strains are all zero. Thus, for nonzero values of the
constants ¢;, the mapping produces nonzero finite strains. When all of the
constants ¢; are either zero or negligibly small (so that their products and squares
are very small compared to unity), then [F] = [I] and [C] = [I], implying that
the mapping F = R represents a rigid-body rotation [that is, U = I; see Section
3.3.1). Figure 3.5.1 depicts the deformation for the two-dimensional case, with
b1 = 2, by = 3, c3 = 1, and all other constants zero. Thus, the finite strain tensor
and deformation gradient give true measures of the deformation. The question
of smallness of ¢; in a given engineering application must be carefully examined
before using linearized strains.

X, A

Fig. 3.5.1: A mapping that produces zero infinitesimal strains but nonzero finite strains.
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Next, consider the mapping

X(X) = (u1 + Xy cos0 — Xosinf) & + (ug + X sinf + Xo cosf) & + X3 é3,
(3.5.19)

where u; and us denote the horizontal and vertical displacements of the point
(0,0,0), as shown in Fig. 3.5.2.

X2 A x2 4

x(X) =linear in X, and X,

> X

1

Fig. 3.5.2: A mapping that produces nonzero infinitesimal strains but zero finite strains.

The components of the deformation gradient F and left Cauchy—Green de-
formation tensor C are

cosf) —sinf 0
[F]= |sinf cosf 0|, [C]=
0 0 1

(3.5.20)

O O =
O = O
= o O

Since C = I, we have E = 0, indicating that the body does not experience
stretching or shearing. The mapping is a rigid-body motion (both rigid-body
translation and rigid-body rotation).

If we linearize the deformation mapping by making the approximations cos § ~
1 and sin f ~ 0, we obtain

1-6 0 1462 0 0
[Fl=160 1 0|, [C]= 0 1+6* 0
0 0 1 0 0 1

Thus, the Green strain tensor components are no longer zero. The principal
stretches \; = A = 1 + 62 are not equal to 1, as required by the definition of
rigid-body motion. Owing to the artificial stretch induced by the linearization
of the mapping, the stretches get larger and larger as the block rotates.

3.5.4 Infinitesimal Strains in Cylindrical and Spherical
Coordinate Systems

The strains defined by Eq. (3.5.3) are valid in any coordinate system. Hence,
they can be expressed in component form in any given coordinate system by
expanding the strain tensors in the dyadic form and the operator Vg = V in
that coordinate system, as given in Table 2.4.2 (see also Fig. 2.4.5).
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3.5.4.1 Cylindrical coordinate system

In the cylindrical coordinate system we have

u = u,€ + uypey + u.e,, (3.5.21)
.0 1 0 0

Vo= eraf + 89 + eZ& , (3.5.22)
8éT oA aeg - ~
80 = e@, % = _er . (3523)

Using Eqgs. (3.5.21)—(3.5.23), we obtain [see Eq. (2.5.27)]
ou, oug 1, . (Ou,
Vou=e.& —— or +erep—— or + eeer <89 - UG)

. Ou, ou, 1 oug \ . .
+ee,—— +ez T +; Ur + — | €g€p

or 0z o0
1 8u N 8’& ~ auz
+ egez 50 + é,69— 5, +é.é,—— 5, (3.5.24)
ou ou 1 ou
T A A T ~ 0 ~ T
(Vou) —erer—ar + &pé, e + ereg (80 ue)
—I-eéa +é.é 8ur+1éé —I-%
2Cr or r€z Oz 0€p | Ur 90
ou, . . Ouy ou,
+ ezeg 90 + épé,— 5, +é,6,— o (3.5.25)

Substituting the above expressions into Eq. (3.5.3) and collecting the coefficients
of various dyadics (that is, coefficients of &,€,, é,&g, and so on) we obtain the
infinitesimal strain tensor components

. _ Ouy . 1 16ur+%_@
" o “m2\r00 "o )
ou, Ou, u, 10ug
Ery = % < g I or ) , €Epg=—+— -0 (3.5.26)
@72\, "r90 ) "F 9z
3.5.4.2 Spherical coordinate system
In the spherical coordinate system, we have
u:URéR+U¢é¢+UQég, (3.5.27)
0 1 0 1 0
Vo= ¢ ¢ 3.5.28
0= R T R% T Remo ™ 90 (3:5.28)
9er _ 4 aél =singeé 8i e
96 " 00 R v (3.5.29)
9y _ b é 9¢ _ _ béR — oS ¢
59 — 0050y, g = —singer —cosdéy
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Using Eqgs. (3.5.27)-(3.5.29), we obtain [see Eq. (2.5.29)]

our . . Oug Oug
Vou = 8ReR €eRr + aReRe¢—|—ﬁeRe9
1(%ur _, Solnt L(Ouo  Vepent+ 6,0
R\ 9¢ ¢)7°°H ¢ )0 T Rag 0
1 8uR . A 1 8U¢ A A
+Rsin¢<—uesmqﬁ>egeR+ Rsin¢<&9—uacos¢)ege¢
1 0
Rsm(b( u9+uRsm<b+u¢cosd>>e9e9, (3.5.30)
ou Ouyg Ouyg
T _ R A gHe
(Vou)" = —éreén + OR% ér + aReeeR
+l8u7R—u éé—l——ai—ku ee—i—laueé
R\ 96 ¢ |CRCo oo R )€¢Co R 06 0 Co
1 Oug ) . 1 Oug S
+Rsin¢<—uasmq§>e3eg Rs1n¢< uecosq§>e¢,e9
1 0
+ Rsm(b( Yo 4 UR sin ¢ + uy cos qb) €y €. (3.5.31)

Substituting the above expressions into Eq. (3.5.3) and collecting the coefficients
of various dyadics, we obtain the following infinitesimal strain tensor components
in the spherical coordinate system:
Oup 1
cun =iz <o = (5 +ua).

enp =1 (LOur | Ous _us
2\ R 9¢ OR R)’
1 Ou ou U
1 R 0 0
_1 o Uo 5.32
GO =3 (Rsinqb 96 ' OR R)’ (3:5.32)
1 1 Ou ou
—1- G T
€00 = 3R <sin¢) 20 0% uecotd)),
€op = ! 8u +u Sin ¢ + ug cos ¢
ea_Rsmgb R ¢

3.6 Velocity Gradient and Vorticity Tensors
3.6.1 Definitions

In fluid mechanics, the velocity vector v(x,t) is the variable of interest. Similar
to the displacement gradient tensor [see Eq. (3.5.10)], we can write the velocity
gradient tensor L as the sum of symmetric D and skew-symmetric W tensors:
L=(Vv) =3 [(V)T+Vv] +1[(VV)T - Vv] =D+ W, (3.6.1)
where D is called the rate of deformation tensor (or rate of strain tensor) and

W is called the vorticity tensor or spin tensor:

D=1[(Vvv)'+Vv], W=1[Vv)-Vyv]. (3.6.2)



3.6. VELOCITY GRADIENT AND VORTICITY TENSORS 119

It follows that
D=1(L+L"), W=3(L-L"). (3.6.3)

The skew-symmetric tensor W (i.e., W' = —W), has only three indepen-
dent scalar components; they can be used to define the scalar components of a
vector w, called the azial vector of W, as follows:

0 —w3 W2
Wij = —eijrpwy,  [W]=| ws 0 —wi|. (3.6.4)
— w2 w1 0

The scalar components of w can be expressed in terms of the scalar components

of W as
1 1 vy 1
w; = —5eiEWik = 3ijhy,~ OF W= 53V xv. (3.6.5)
J
Thus, w is also known as the vorticity vector. Note that V -w = 0 by virtue
of the vector identity (that is, divergence of the curl of a vector is zero). Thus,
the vorticity vector is divergence-free. As discussed in Section 3.5.3, if a velocity
vector v is of the form v = W -x for some skew symmetric tensor W that
is independent of position x, then the motion is a uniform rigid-body rotation
about the origin with angular velocity w. Also note that the first and third
principal invariants of W are zero, and the second principal invariant is equal
to wi + w3 + w%.

3.6.2 Relationship Between D and E

Note that the rate of deformation tensor D is not the same as the time rate of
change of the infinitesimal strain tensor € [see Eq. (3.5.1)], that is, the strain
rate &, where the superposed dot signifies the material time derivative. However,
D is related to E, the time rate of change of Green—Lagrange strain tensor E,
as shown in the following paragraphs.
Taking the total time derivative of the expression in Eq. (3.4.10), we obtain

d d dE .

—[(ds)? — (dS)*] = —[(ds)*] =2dX - — -dX =2dX -E - dX 3.6.6

JL(ds)” = (dS)7] = — [(ds)7] o , (3.6.6)
where we used the fact that dX and dS are constants. On the other hand, the
instantaneous rate of change of the squared length (ds)? is

d 9, d d
ﬁ[(ds) | = $[dx ~dx] =2dx - ﬁ(dx) =2dx - dv. (3.6.7)
Because
L=(Vv)l = dv=L-dx, (3.6.8)
Eq. (3.6.7) takes the form [we make use of Eq. (3.6.1)]
d
a[(dS)Z] =2dx-L-dx=2dx-(D+ W) -dx=2dx-D-dx. (3.6.9)

The second term is zero because of the skew symmetry of W. Now equating the
right-hand sides of Egs. (3.6.6) and (3.6.9) and noting dx = F - dX = dX - FT
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dX -E-dX=dx-D-dx=dX -FT.D F.dX,

we arrive at the result

E=F'.D.F. (3.6.10)
Next consider (dx = F - dX)
dVZ%(dx): [iﬂ .dX+F~d(;l§():F-dX+O, (3.6.11)
because dX = 0. Then from Eqgs. (3.6.8) and (3.6.11) we have
F-dX =L-dx. (3.6.12)
We also have p
F = a(VOX)T = (Vov)'. (3.6.13)

Note that Vv is the gradient of the velocity vector v with respect to the
material coordinates X, and it is not the same as L = (Vv)™'. From Eq. (3.6.12)
or from Eq. (3.6.13) and the identity [see Problem 3.36]

(Vov)' =L -F, (3.6.14)
we obtain

F=L.F or L=F.-F % (3.6.15)

3.7 Compatibility Equations
3.7.1 Preliminary Comments

The task of computing strains (infinitesimal or finite) from a given displacement
field is a straightforward exercise. However, sometimes we face the problem of
finding the displacements from a given strain field. This is not as straightforward
because there are siz independent partial differential equations (that is, strain-
displacement relations) for only three unknown displacements, which would in
general over-determine the solution. We will find some conditions, known as
Saint-Venant’s compatibility equations, that will ensure the computation of a
unique displacement field from a given strain field. The derivation is presented
for infinitesimal strains. For finite strains the same steps may be followed but
the process is so difficult that it is never attempted (although some general
compatibility conditions may be stated to ensure integrability of the six nonlinear
partial differential equations).

To understand the meaning of strain compatibility, imagine that a material
body is cut up into pieces before it is strained, and then each piece is given a
certain strain. The strained pieces cannot be fitted back into a single continuous
body without further deformation. On the other hand, if the strain in each
piece is related to or compatible with the strains in the neighboring pieces, then
they can be fitted together to form a continuous body. Mathematically, the six
strain—displacement relations that connect six strain components to the three
displacement components should be consistent.
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3.7.2 Infinitesimal Strains

The infinitesimal strain tensor E ~ € is defined in terms of the displacement
vector u as [see Eq. (3.5.3)]

Ou;  Ou;
_1 T 1 9u j
£=3 [Vou—i—(Vou) } , Eij =5 <8Xj + OXz) . (3.7.1)

We begin with infinitesimal strains in two dimensions. We have the following
three strain-displacement relations:

8U1 — .
6X1 — <11,
6uz
— = 3.7.2
X, €22, ( )
aul 8’&2
= == = 2epo.
ox, Tox, T

If the given data (e11,€22,£12) are compatible (or consistent), any two of the
three equations should yield the same displacement components. For example,
consider the following infinitesimal strain field:

e11 = €22 =0, €12 =X1Xo.

In terms of the displacement components w1 and us, we have

8u1 au2 6u1 871«2
(9X1 ’ 8X2 ’ 8X2 * aXl 2

Integration of the first two equations gives
ur = f(X2), uz=g(X1).

On substitution into the shear strain, we obtain

daf dg
dix'g + di)(l =2X1Xo,

which cannot be satisfied; if 15 is specified as €15 = 1 X1 + 3 X5, it would be
possible to determine f and g, and then u; and we. Thus, not all arbitrarily
specified strain fields are compatible.

The compatibility of a given strain field can be established as follows. Dif-
ferentiate the first equation with respect to Xo twice, the second equation with
respect to X; twice, and the third equation with respect to X; and Xs each,

and obtain

83u1 . 82811
0X,0X2  0X2’
3 2
Oy _ 0o (3.7.3)
0X,0X2  0X
Buy Pusy D%e19

=2 .
OXZ0X, | 0X20X;  ~0X10X3
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Using the first two equations in the third equation, we arrive at the following
relation among the three strains:
%11 0%ex D%e12

oxz toxe =250, (3.7.4)

Equation (3.7.4) is called the strain compatibility condition among the three
strains €11, €22, and €12 that ensures the integrability of Eqs. (3.7.2) to determine
the displacement components (u,uz).

A similar procedure can be followed to obtain the strain compatibility equa-
tions for the three-dimensional case. In addition to Eq. (3.7.4), five more such
conditions can be derived, as given below:

2 2 2
0 €11 0 €33 —9 0 €13 7 (3'7'5)
0X; ' 0X}  T0X10X3
0? 0? 0?
e R S (3.7.6)
X2 ' 0XZ  T0X20X3
82 82 82 02
€11 i 6223 _ €13 i €12 : (3.7.7)
0X20Xs = 0X?  0X10X>  0X10X3
2 2 2 2
0 €922 + 0 8123 _ 0 £923 + 0 €12 : (3.7.8)
0X10X3  0X3 0X10Xs 0X20X3
2 2 2 2
0%e33 0%c12 N 0%c13 4 0%ea3 (3'7.9)

0X10X; 0X2  0X20X3; 0X10X3 '

Equations (3.7.4)-(3.7.9) can be written as a single relation using the index
notation

828mn 825ij B 828im 826jn

OX.0X,  0XndX,  0X;0X, | 0X:0Xp
which yields (3)* = 81 equations but only 6, shown in Eqs. (3.7.4)—(3.7.9),
are distinctly different. These conditions are both necessary and sufficient to
determine a single-valued displacement field. Similar compatibility conditions
hold for the rate of deformation tensor D. The vector form of Egs. (3.7.4)—(3.7.9)
is given by [see Problem 3.39]

Vo x (Vo x E)T =0 or epgrejscijr =0. (3.7.11)
Example 3.7.1 illustrates how to check the compatibility of a given strain
field.

(3.7.10)

Example 3.7.1

Given the following two-dimensional, infinitesimal strain field:

enn =Xy (X7 +X3), exn= %C2Xf, e12 = c3 X Xo,
where c1, c2, and c3 are constants, determine if the strain field is compatible.
Solution: Using Eq. (3.7.4) we obtain

0%c11 | O%ex d%e1z
— 2 =2c1X1 + 2¢2 X1 — 4e3 X
oX2 + oX? X105 C1A1 + 2c2.X C3X1

Thus the strain field is not compatible, unless ¢1 + ca — 2¢3 = 0.
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Example 3.7.2 illustrates how to determine the displacement field from a
compatible strain field.

Example 3.7.2

Consider the problem of an isotropic cantilever beam bent by a load P at the free end, as shown
in Fig. 3.7.1. To study the beam problem as a two-dimensional elasticity problem, consider
the strain field [strains €11 and €12 are known from a book on mechanics of solids; see, e.g.,
Fenner and Reddy (2012)]:

_ PX1X, _ (A+)P s o _ —
€11 = B 2= Yohi (h" — X3), €22 =—ven =

VPX1X2
EI

(3.7.12)

where I is the moment of inertia about the Xs-axis (I = 2bh3/3), v is the Poisson ratio, E is
Young’s modulus, 2h is the height of the beam, and b is the width of the beam. Determine if the
strain field is compatible and, if it is compatible, find the two-dimensional displacement field
(u1,u2) that satisfies the kinematic boundary conditions and, therefore, is free of rigid-body
translation and rotation.

X,
: L
| %
\
X3m ------------------------------ R, X )‘ oy
r o
l« L =i J X, M,

Fig. 3.7.1: Cantilever beam bent by a point load.

Solution: (a) Substituting €;; into the compatibility equation (3.7.4), we obtain 0 + 0 = 0.
Thus the strains in Eq. (3.7.12) satisfy the compatibility conditions for a two-dimensional state
of deformation. One can verify that the three-dimensional strains are not compatible; one can
show that all of the compatibility equations except Eq. (3.7.9) are satisfied.

(b) Integrating the strain-displacement equations, we obtain

our  PXiX» _ PXiX,
X, =£11 = Bl or u; = SE] ar f(Xg), (3713)
ous  vPX1Xs _ vPX1X3
X, ~ 2= Bl or ux =y + g(X1), (3.7.14)

where f(X2) and g(X1) are functions of integration. Substituting u; and wus into the definition
of 2e12, we obtain

dui | duy _ PX{ N df N vPX2 dg

= = . 7.1
0X2 0Xy 2E1  dX» 2E1 dX; (8.7.15)

But this must be equal to the shear strain known from Eq. (3.7.12):

P 2 df vP 2 dg . (1+V) 2 2
2E1X1 Al dXo E 2E1X2 = dX1 EI =2,

Separating the terms that depend only on X; and those depend only on X (the constant term
can go with either one), we obtain

2
dg o 2 x2 (I+v)Ph*  df 2+v)P

- - = _ =TT %2 71
dX, ' 2EI"! EI dXs 2B ? (@716)



124 KINEMATICS OF CONTINUA

Since the left side depends only on X; and the right side depends only on X2, and yet the
equality must hold, it follows that both sides should be equal to a constant, say co:

af  (2+v)P » dg P ., (1+v)Ph?
e 2B1 2 “gx; Tamrt El o
Integrating the expressions for f and g, we obtain
2 P
[(X2) = ( erf) X23+COX2+61,
GET (3.7.17)
P 1+ v)Ph? o
g(X1) = 6EIX:13_7( E; X1 — coX1 + c2,

where ¢; and ¢z are constants of integration. Thus, the most general form of displacement field
(u1,u2) that corresponds to the strains in Eq. (3.7.12) is given by

P 2+4+v)P
U1(X1,X2)=—7X12X2+ﬂx23+cox2+017
2ET1 6ET1 (3.7.18)
(14 v)Ph? vP 2 P g3 o
X1, Xo)=—1—-~—X — X1 X —— X7 —coX .
uz (X1, X2) Bl 1+2E1 1 2+6E] 1 —CoX1 + C2

(c) The constants co, c1, and c2 are determined using suitable boundary conditions. We impose
the following boundary conditions that eliminate rigid-body displacements (that is, rigid-body
translation and rigid-body rotation):

U1(L, 0) = 0, UQ(L, 0) = 0, Q12

1 GUQ 8’&1
= =0 3.7.19
<8X1 aXQ)Xl—L,Xg—O ( )

X1=L,X3=0 2

Imposing the boundary conditions from Eq. (3.7.19) on the displacement field in Eq. (3.7.18),

we obtain
u1(L,0) =0 = ¢ =0,

(1+v)Ph*L PL3

L = L — =
2O =0 = al=e EI ' 6EI’ (3.7.20)
Ouz  Our PL? (1+v)Ph?
(O _ om) 0, > o PL_(Liw)PR
0X1 0Xo/ X1=L,X5=0 2E1 2E1
Thus, we have
_ PL* (1+v)PK® B _ PL?  (1+v)PR’L
“=3Er  2mI 70 @=3E7 2FT (3.7.21)
Then the final displacement field in Eq. (3.7.18) becomes
PL2X, X2 X2 B2
(3.7.22)

PL? X X3 X3 h? X
uz (X1, Xz) = o= {2—371 (1 —VL—j> + L—; +3(1+2) 5 (1 - Tl)] :

In the Euler-Bernoulli beam theory (EBT), where one assumes that L >> 2h and v = 0,
we have u; = 0, and us is given by

pr? X, X3
00 %) = g5 (29 4 33 )

while in the Timoshenko beam theory (TBT) we have u; = 0 [E = 2(1 +v)G, I = Ah?/3, and
A = 2bh], and us is given by

TR pPL3 X, X3 PL X,
o (XX = (23t ) traa\lT T )

Here K, denotes the shear correction factor. Thus, the Timoshenko beam theory with shear
correction factor of K, = 4/3 predicts the same maximum deflection, u2(0,0), as the two-
dimensional elasticity theory [see Reddy (2002) for more details on the Timoshenko beam
theory]. Both beam theory solutions, in general, are in error compared to the elasticity solution
(primarily because of the Poisson effect).
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3.7.3 Finite Strains

In the case of finite strains, the compatibility conditions in terms of the defor-
mation tensor® are derived from the mathematical requirement that the curl of
a gradient be zero. Since F is the gradient of x with respect to X, we require
that

Vo x FT =0, (3.7.23)

or, equivalently,

821'1' - 82:@
0X;0Xrx OXg0X,

Fijx = Fik,j or (3.7.24)

We close this section with a note that the compatibility conditions arise only
when the strains (or stresses) are used to formulate the problem and displace-
ments are to be determined. An example of such a situation arises in plane
elasticity where stresses are expressed in terms of a single function, called stress
function. When boundary value problems in mechanics are formulated in terms
of the displacements or velocities, the question of strain compatibility never
arises.

3.8 Rigid-Body Motions and Material Objectivity
3.8.1 Superposed Rigid-Body Motions
3.8.1.1 Introduction and rigid-body transformation

A rigid-body motion is one that preserves the relative distance between points.
Intuitively, rigid-body motions of a whole body should have no effect on the
values of computed strains, as they are based on the change of length and ori-
entation of line elements in a small neighborhood of a point. However, mathe-
matically, various measures of strains with superposed rigid-body motions may
be expressed in different ways, although the computed values are independent
of the rigid-body motion of the body”.
Consider the motion mapping from Eq. (3.2.1), x : ko — &,

x = x(X,t). (3.8.1)

Then a material particle X of a body, occupying position X in the reference
configuration kg, now occupies a position x in k at time t, as specified by the
motion (3.8.1). Under a superposed rigid-body motion, the particle X that is at
X at time t moves to a place x* at time t* = t + a, where a is a constant. In
the following discussion, we shall use an asterisk (*) on all quantities with the
superposed motion. Thus,

x" = x"(X,t") = x"(X,1). (3.8.2)

5The derivation of compatibility conditions in terms of the right Cauchy—Green deformation
tensor C or the Green-Lagrange strain tensor E is quite involved and not attempted here.
"The discussion presented here closely follows that by Naghdi (2001).
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Next, consider another material particle Y of the body in the reference con-
figuration that occupies a position y in x at time t, as specified by the motion
(3.8.1)

v =x(Y,1). (3.8.3)
Under the superposed motion the material particle that is at y at time ¢ moves
to a place y* at time ¢*. Then we have

v* = x (Y, ) = x* (Y, 1). (3.8.4)

We can use the inverse mapping x~! to write X and Y in terms of x and vy,
respectively. Hence, we have

X" = X*(X(X7 t): t) = Y* (Xv t)> y* = X* (Y(Y7 t)v t) = 7* (Y7 t)' (3'8'5)

The superposed rigid-body motions of a whole body should preserve the
distance between all pairs of material particles of the body for all times 0 < ¢ <
T, where T is a finite final time; therefore, we have

T

X"(x,0) =X (y. )] - [X*(x,1) =X (y,0)] = (x—y) - (x—y),  (3.806)

or
(x* -y (x*—y)=(x—y)t - (x—y) forall x,y in k at time ¢. (3.8.7)

Noting that x and y are independent of each other, we can differentiate with
respect to x and y successively and obtain

2 [ax;(;c,t)r‘ [aX*(y’t)] — oI, (3.8.8)

or

ox N
Because the left side of the equality depends only on (x,t) and the right side
depends only on (y, t), both must be equal to a function of time only, say QT (¢):

{8x*<x,t)r B [8x*(y,t)]‘1.

ox*(x,t T ox*(y,t -t
{(;X >] = [a(y )= Q' (1), (3.8.9)
for all x and y in x at time t. Let us set
axa(;(,t) = Q(t) for all x in k at time ¢. (3.8.10)

Then we must also have (because y is also in x at time t)

ox*(y,1)

= Q).

Therefore, we have

Q' Q=1 (3.8.11)
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Thus, Q is an orthogonal tensor with |Q| = £1. Since the motion under con-
sideration must include the special case X* = x, for which case Q = I, we have
|Q| = £1. Therefore, Q is a proper orthogonal tensor.

Integrating Eq. (3.8.10) with respect to x, we obtain

X =x*(x,t) = Q- x +c(t), (3.8.12)

where c(t) is a vector-valued function of time ¢. Equation (3.8.12) represents a
rigid transformation that includes translation ¢ and rotation Q. Thus, at each
instant of time a rigid-body motion is a composition of rigid-body translation
c and a rigid-body rotation Q about an axis of rotation, as well as a time shift
a = t* —t. Figure 3.8.1 shows a sequence of deformation followed by rigid-
body transformation. For pure rigid-body rotation, Eq. (3.8.12) reduces to
x* = Q- x. The transformation in Eq. (3.8.12) preserves the distance between
any two material particles as well as the angle between material lines in the
small neighborhood of a material particle, as established next.

Consider the distance between two material particles occupying positions x
and y in the deformed configuration,

X =y = (x" -y (X -y =Q (x—y)- Q- (x )
=(x-y)-(Q" Q) (x-y)=(x-y) (x—y) =x—-y/*
Thus, the distance between any two points is preserved.
Next, we consider two material line segments in the neighborhood of point

X, one connecting x to y and the other connecting x to z. The angle between
the two line segments is

(x—-y) (x-2)
x—yllx—z|

cosf =

Now consider the angle between the lines after superposed rigid-body motion:

(x"—y") (X' —2z")
x*—y*| x* -z

cos 0% =

Rigid body motion
r*xn=c(t)+Q(t) x=x*

Deformation L~
x=2(X,1)

Fig. 3.8.1: Deformation followed by superposed rigid-body motion.
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Since the distances are preserved, we have
Q- x-y)]- Q- (x—2)
x* —y*| [x* —z*]
_(x-y) Q- Q) (x—12)
x —y| [x —z|

_(x-y)-(x-2)
x—yl ]2

cosf* =

= cos 0.

The transformation in Eq. (3.8.12) preserves the distance between two material
points and the angle between material lines in the neighborhood of every point
in the body; hence, the transformation also preserves areas and volumes under
the superposed rigid-body motion. Thus, when two frames of references are
involved in measuring deformations (and forces) with one frame of reference
moving rigidly with respect to the other, the measures will be unaffected.

3.8.1.2 Effect on F

To see the effect of superposed rigid-body motion on the deformation gradient,
consider the most general rigid-body mapping in Eq. (3.8.12). Taking the
derivative of Eq. (3.8.12) with respect to X, we obtain

ox* ox
and therefore we have
F* = (Q(t) alT—F QT=Q-F (3.8.13)
= 5% = = ) 8.

Thus, the deformation gradients before and after superposed rigid-body motions
are related by
F*(X,t) = Q(t) - F(X, ). (3.8.14)

Because F is a two-point tensor from a reference configuration, which is inde-
pendent of the observer, to the current configuration, it transforms like a vector.
The respective Jacobians are given by

J=|F|, J*=|F|=|QI|F| = J, (3.8.15)

where the fact that |Q| = 1 is used. Thus the volume change is unaffected by
superposed rigid-body motion.

3.8.1.3 Effect on C and E

To see how the right Cauchy—Green deformation tensor C and the Green—
Lagrange strain tensor E change due to superposed rigid-body motion, consider

c'=F)" F=(F"-Q") (Q F)=F".F=C, (3.8.16)
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where Eq. (3.8.14) and the property QT - Q = I of an orthogonal matrix Q is
used. Hence, by definition [see Eq. (3.4.11)], the Green—Lagrange strain tensor E
and the right Cauchy—Green deformation tensor C, being defined with respect to
the reference configuration, are unaffected by the superposed rigid-body motion:

E=E*, C=C" (3.8.17)

However, the velocities and accelerations of a material point are affected by the
superposed rigid-body motion. For example, consider velocity after imposing
the rigid-body motion (note that dt/dt* = 1)
KKk dx* d . -
vi(x* ") = e (ct)+Q(t) - x)=¢(t)+ Q) - x+Q(t) - v, (3.8.18)
which shows that v* and v are not the same, but one can be calculated from
the other when ¢ and Q are known for the superposed rigid-body motion.

3.8.1.4 Effect on L and D

Here we examine the effect of a superposed rigid-body motion on the velocity
gradient tensor L. We begin with Eq. (3.6.15)

—Q-Q"+Q-F-F'Q'=Q-Q"+Q-L-Q", (3819)

where we have used the following identities:

QF'=F'Q' Q'=Q", Q-Q'=L
From Problem 3.48, it is follows that Q - QT is skew symmetric.
Next consider the symmetric part of L, namely, D. We have

D =1L+ @) =4|Q-Q"+Q-L-Q"+Q"-Q+Q-LT-Q"]
=1/Q-L-Q"+Q-LT-Q"]=q@ -D-Q". (3.8.20)

3.8.2 Material Objectivity
3.8.2.1 Observer transformation

In continuum mechanics each frame of reference represents an observer and,
therefore, transformations between moving frames are termed observer transfor-
mations. The concept of frames of reference should not be confused with that
of coordinate systems, as they are not the same at all. An observer is free to
choose any coordinate system as may be convenient to observe or analyze a sys-
tem’s response. The equations of mechanics are used in different problems and
places and, therefore, they must be independent of frames of reference, that is,
invariant with respect to an observer transformation. A change of observer may
be viewed as certain rigid-body motion superposed on the current configuration,
as illustrated in Fig. 3.8.1.
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In the analytical description of physical events, the following two require-
ments must be followed:

(1) Invariance of the equations with respect to stationary coordinate frames
of reference

(2) Invariance of the equations with respect to frames of reference that move
in arbitrary relative motion

The first requirement is readily met by expressing the equations in vector /tensor
form, which is invariant. The assertion that an equation is in “invariant form”
refers to the vector form that is independent of the choice of a coordinate sys-
tem. The coordinate systems used in the present study were assumed to be
relatively at rest. The second requirement is that the invariance property holds
for reference frames (or observers) moving arbitrarily with respect to each other.
This requirement is dictated by the need for forces and deformations to be the
same as measured by all observers irrespective of their relative motions. Invari-
ance with respect to changes of observer is termed material frame indifference
or material objectivity.

3.8.2.2 Objectivity of various kinematic measures

Let F denote a reference frame with origin at O in which the x is the current
position of a particular particle at time t. Let F* be another reference frame with
origin at O* with time denoted with t*. Let ¢ be a scalar field when described in
the frame F and ¢* is the same scalar field described with respect to the frame
F*, and let (u,u*) and (S,S*) be the vector and tensor fields, respectively, in
the two frames. Scalar, vector, and tensor fields are called frame indifferent or
objective if they transform according to the following equations:

1. Events x"=c(t)+Q(t) - x, t'=t—a

2. Scalar field O*(x*, %) = P(x, 1)

3. Displacement vector ut(x*,t") = Q(t) - u(x, t) (3.8.21)
4. General second-order tensors S*(x*,t*) = Q(t) - S(x,t) - QL (¢)

5. Two-point second-order tensors F*(x*,t*) = Q(t) - F(x,1)

where Q(t) is a proper orthogonal tensor that rotates frame F* into frame F,
c(t) is a vector from O to O* that depends only on time ¢, and a is a constant.
For example, x and x* refer to the same motion, but mathematically x* is the
motion obtained from x by superposition of a rigid rotation and translation.
The mapping x* = c(t) + Q(t) - x, derived in Eq. (3.8.12), may be interpreted
as one that takes (x,t) to (x*,t*) as a change of observer from O to O*, so that
the event that is observed at place x at time ¢ by observer O is the same event
as that observed at place x* at time t* by observer O*, where t* =t — a, and a
is a constant. Thus, a change of observer merely changes the description of an
event. In short, the objectivity ensures that the direction(s) and magnitude are
independent of the coordinate frame used to describe them.
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We have already established in Section 3.8.1, under the following general
rigid-body mapping

X (X, 1) = c(t) + Q(t) - x, 1), t' =1 —a, (3.8.22)

between observer O and observer O*, that (if the reference configuration is in-
dependent of the observer) the right Cauchy—Green deformation tensor C and
the Green—Lagrange strain tensor E do not change under the observer transfor-
mation, that is, they are objective:

E=E", c=C" (3.8.23)
In addition, the symmetric part of L, namely, D is also objective in the sense
D*=Q-D-QT. (3.8.24)

We have noted that the two observers’ views of the velocity and acceleration of
a given motion are different, even though the rate of change at fixed X is the
same in each case. Thus, velocity and acceleration vectors are not objective.

3.8.2.3 Time rate of change in a rotating frame of reference

Next, consider two frames of reference with both having the same origin, but
one is nonrotating and the other is rotating with respect to the other with an
angular velocity w. Let us use no bars on quantities in the nonrotating system
and bars on quantities in the rotating system. Then the time derivatives of a
vector-valued function A(t) in the two coordinate frames are

; DA dA? .
A(t) = A'e;, Dr = g & nonrotating system, (3.8.25)
. DA dA'  _.de .
A(t) = A'e;, r = @ o +A e rotating system.  (3.8.26)
The rate of change de;/dt is given by
de;
di; —wx&, (3.8.27)

because the change is brought about by a rigid-body rotation. To an observer
in the rotating frame, however, the basis vectors appear to be constant:

dA! dA
7_1' = —_— . 8.2
it © <dt ) (3:8.28)

The relationship of the time derivatives in the two frames is thus given by

dA dA .
D . — A" _i
< dt >nonrot ( dt >rot " (w e )

dA
=(— A. 3.8.29
< dt )rot e ( )

Thus, in general, the time rates of change of vectors and tensors in the two

frames are related by
d d
— == . 3.8.30
(dt> nonrot (dt>rot e ( )
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3.9 Polar Decomposition Theorem
3.9.1 Preliminary Comments

Recall that the deformation gradient F transforms a material vector dX at X into
the corresponding spatial vector dx, and it characterizes all of the deformation,
stretch (elongation) as well as rotation, at X. Therefore, it forms an essential
part of the definition of any strain measure. Another role of F' in connection with
the strain measures is discussed here with the help of the polar decomposition
theorem of Cauchy. The polar decomposition theorem enables one to decompose
F uniquely into the product of a proper orthogonal tensor and a symmetric
positive-definite tensor and thereby decompose the general deformation into pure
stretch and pure rotation.

3.9.2 Rotation and Stretch Tensors

Suppose that F is nonsingular so that each line element dX from the reference
configuration is transformed into a unique line element dx in the current config-
uration, and conversely. Then the polar decomposition theorem states that F
has a unique right and left (multiplicative) decompositions of the form (see Fig.
3.9.1)

F=R-U=V: R (Fi;=RixUkr =VijRj), (3.9.1)
so that
dx =F-dX=(R-U)-dX=(V-R)-dX, (3.9.2)
where U is the symmetric and positive-definite right Cauchy stretch tensor
(stretch is the ratio of the final length to the original length), V is the sym-
metric and positive-definite left Cauchy stretch tensor, and R is the orthogonal
rotation tensor,

RT-R=1, U=UT, v=vT (3.9.3)
A, —
=4 |5
| |
U | e il _I f
R
/ y \
Stretched prism
Reference
configuration \ / Deformed
(unit cube) R v configuration
Rotated unit cube

Fig. 3.9.1: The roles of U, V, and R in stretching and rotating a unit volume of material in
the neighborhood of X; A; (I =1,2,3) denote the principal stretches.
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In Eq. (3.9.2), U - dX describes a pure stretch deformation in which there
are three mutually perpendicular directions along which the material element
dX stretches (that is, elongates or compresses) but does not rotate. The three
directions are provided by the eigenvectors of U. The role of the rotation tensor
R is to rotate the stretched element, R - U - dX. These ideas are illustrated in
Fig. 3.9.2, which shows® the material occupying the spherical volume of radius
|dX| in the undeformed configuration being mapped by the operator U into
an ellipsoid in the deformed configuration at x. Then R rotates the ellipsoid
through a rigid-body rotation.

x,, X, The ratio of PQ to PQ is the stretch 6, rotation angle in 2D
PQ=dX PQ=U dX

BQ

> x, X,
X

X 3

39

Fig. 3.9.2: The roles of U and R in transforming an ellipsoidal volume of material in the
neighborhood of X.

From Egs. (3.9.1) and (3.9.3) it follows that
U=R ' F=RT.F, V=F.-R!'=F-R", (3.9.4)

U’=U.U=UT.U=F' " R-R).F=F'.F=C,
) T L T T (3.9.5)
VZ=V.V=V.VI=F.(R!.R).-FT =F.FT =B,

where C and B denote the right and left Cauchy—Green deformation tensors,
respectively. We also note that

F=R-U=(R-U)-(RT-R)=(R-U-RT). R=V-R
=V.-R=R-RH) (V.-R) =R - (RT-V.-R)=R-U, (3.96)

which show that
U=R'" - V.R, V=R -U-RT. (3.9.7)
Since C = FT.F and B = F - FT, we have |C| = |B| = |F|?> = J? and
therefore |U| = |V| = /|C| = +J (positive because U and V are positive-

definite matrices). In view of Eq. (3.9.1), it follows that |R| = +1, implying
that R is a proper orthogonal tensor. Because F' - F is real and symmetric,

8For clarity, the figure shows stretch and rotation only in the X; — X» plane.
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there exists an orthogonal matrix A that transforms C = FT . F into a diagonal
matrix C:

) M0 o0 3.
C=ATCA=]0X0|=>) NNIND, (3.9.8)
0 0] =1

where )\% are the eigenvalues of C = FT.F = U? and A is the matrix of normal-
ized eigenvectors N (spectral theorem; see Section 2.5.6.3). The eigenvalues
Ar are called the principal stretches and the corresponding mutually orthogonal
eigenvectors are called the principal directions. The tensors U and V have the
same eigenvalues [see Eq. (3.9.7) and note |R| = 1], and their eigenvectors differ
only by the rotation R; Problem 3.56 for a proof. Thus (U = v/C)

B )\1 0 0 B 3 ) )
U=|0Xx 0|, U=sAUAT=> \NUOND), (3.9.9)
0 0 As I=1

where N is the normalized eigenvector associated with eigenvalue A; in the
reference configuration. Once the stretch tensor U is known, the rotation tensor
R can be obtained from Eq. (3.9.1) and left stretch tensor V from Eq. (3.9.4)
as

R=F.-U!, V=F -R". (3.9.10)

In view of Eq. (3.9.8), the Lagrangian and Eulerian strain tensors can be
expressed in terms of U and V as

3
E=1(U-T)=3) (A7 —1)NOND, (3.9.11)
I=1
3 . .
e=3(I-V7?)=1> (1-x7%)a%a", (3.9.12)
=1

where n(¥ is the normalized eigenvector in the current configuration. Next, we
consider two examples of the use of the polar decomposition theorem.

Example 3.9.1

Consider the deformation mapping of Example 3.2.1,
CE1ZX1+AtX2, $2:){2—A7§){17 3 = X3.

It was shown in Example 3.2.1 that this mapping stretches a unit cube in the X; and Xs
directions and rotates about the Xs-axis, as shown in Fig. 3.2.5. Use the polar decomposition
to determine the components of the symmetric right Cauchy stretch tensor U, the rotation
tensor R, and the symmetric left Cauchy stretch tensor V associated with the deformation for
A=0.25and t = 2.

Solution: The matrices associated with the deformation gradient F and the right Cauchy—
Green deformation tensor C (depend only on A and ¢, as can be seen from Example 3.2.1) for
A =0.25and t =2 are

1.0 0.5 0.0
[F]=|—-0.5 1.0 0.0
0.0 0.0 1.0 0.00 0.00 1.00

1.25 0.00 0.00
, [l =[F"[F] = {0.00 1.25 0.00].
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Thus, [F] is independent of the position X and, therefore, the deformation is homogeneous.
The eigenvalues associated with [C] are A2 = 1.25, A3 = 1.25, and A} = 1.0 for any point in
the body. The matrix of normalized eigenvectors associated with these stretches is the identity
matrix (the jth column is the eigenvector corresponding to the jth eigenvalue)

1.0 0.0 0.0
[A]= {00 1.0 0.0
0.0 0.0 1.0

Then the matrix of the symmetric right stretch tensor U is determined from ([C] = [C] and
[U] = [U)):

X0 0 At 00
UP=[C]=]0 A 0| or U=|[0 X 0],
0 0 M 0 0 s

where A1 = Ao = 1.1180 and A3 = 1. The matrix of eigenvectors remains the same, and we
have
U = \1é1e;1 + \2€265 + \3ésés.

We note that A\; = 1.1180 is the stretch of a line parallel to the Xj-axis, A2 = 1.1180 is
the stretch of a line parallel to the Xs-axis, and A3 = 1 is the stretch of a line parallel to
the X3-axis (that is, the body did not undergo deformation in the thickness direction) in the
undeformed body. The stretches can be verified independently by considering, as an example,
the line X; = 0 (of unit length) in the undeformed body. In the deformed body the line has
a length of [ = 1/cosa = 1.1180, where tan o = At = 0.5 (or a = 26.565° = 0.46365 rad.), as
shown in Fig. 3.9.3.

The matrix associated with the rotation tensor R is determined from Eq. (3.9.10) (1/A\1 =
0.894427) as

10 05 00 [x 0 O 0.8944 0.4472 0.0
[Rl=[F[U]'=|-05 1.0 0.0 | 0 &£ 0 |=|-04472 08944 0.0
0000 10| |0 0 L 00 00 10

A3

We note that the rotation tensor is of the form ( = —a = —26.565°)

cosf —sinf 0 0.8944 0.4472 0.0
[R] = | sinf cosf 0| = | —0.4472 0.8944 0.0 |,
0 0 1 0.0 0.0 1.0

which agrees with the rotation shown in Fig. 3.9.3.

Xy, X,

1.0 undeformed

deformed
0.5+

-1.0 | T T T T %, X,

Fig. 3.9.3: Stretch and rotation of a unit square under the mapping, x1 = Xi + At Xo,
To = X2 o AtXl, Tr3 = X3.
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The left Cauchy stretch tensor components are determined using Eq. (3.9.10):

1.0 0.5 0.0] [0.8944 —0.4472 0.0 A 00
[V]=I[F][R]" = | -05 1.0 0.0| | 0.4472 0.8944 00| = |0 X2 O
0.0 0.0 1.0 | | 0.0000 0.0000 1.0 0 0 X3

Example 3.9.2

Consider the deformation mapping
1 =3[4X1+(9-3X1 —5Xo — X1 Xo)t], w2=1[4Xo+ (16+8X1)t], =z3= Xa.
For (X1, X2, X3) = (0,0,0) and time ¢ = 1,
(a)
(b) find the stretches A1 and A2 and the associated eigenvectors N® and N(z),
)

(c

determine the deformation gradient F and right Cauchy—Green deformation tensor C,

use the polar decomposition to determine the components of the symmetric right Cauchy
stretch tensor U, the rotation tensor R, and the symmetric left Cauchy stretch tensor
V, and

(d) use the polar decomposition to determine the components of Green—Lagrange strain
tensor E.

Solution: We note that the deformation is nonhomogeneous because of the term X; X5 in

the mapping. The material point (X1, X2, X3) = (0,0,0) in the initial (that is, at ¢ = 0)
configuration occupies the location (z1,z2,z3) = (2.25,4,0) at t = 1.0, as shown in Fig. 3.9.4.

Xy, Xy
C: (1.0, 7.0
7 ( )
6 — B: (2.5, 6.0)
5 D A : =
(1.0,5.0) Configuration at ¢ =1
C _
4+ A: (2.25, 4.0)
3 D B: (1.75, 3.0)
Configuration at t =0.5
2 A (1.125, 2.0)
C: (1.0, 4.0)
L D C D: (0.5, 3.0)
" = Configuration at t =0
I i T x;, X,
0 1 2 3 4

Fig. 3.9.4: Nonhomogeneous deformation of a unit square under the mapping, z; =
025 (9 + Xl — 5X2 — X1X2), o = 025 (16 + 8X1 + 4X2), xr3 = Xg.
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(a) The components of the deformation gradient F and right Cauchy—Green strain tensor C
are

65 27 0
, [C1=[F"Fl=% |27 41 0

0 016

[F] =

IS
S 0o =
O =~ Ot
= O O

(b) The eigenvalues A7, A3, and A3 of matrix [C] are determined by setting
[C] = N[I]]=0 — A} =5.15916, X5 =1.46584, X\ =1,

and A\ = 2.27138, A\ = 1.21072, and A3 = 1. The eigenvectors are (in component form)

0.83849 0.54491 0.0
(NOy={ 054491 5, (NP} =1{ —0.83849 b, {N®} =1 0.0
0.0 0.0 10

(¢) The matrix of the right Cauchy stretch tensor is computed using Eq. (3.9.9):

0.83849 0.54491 0.0 A1 0 0 0.83849 0.54491 0.0
[U] = | 0.54491 —0.83849 0.0 0 X2 O 0.54491 —0.83849 0.0
0.0 0.0 1.0 0 0 A3 0.0 0.0 1.0

1.95644 0.48462 0.0
0.48462 1.52566 0.0 |,
0.0 0.0 1.0

and the principal stretches are A1 = 2.27138, Ao = 1.21072, and A3 = 1.
The tensor form of U is

U = A NOND 1 L,RON@ 4 A, NON®
=X\ (Nl‘”él +NWPe, + Ngl)ég) (Nl(l)él +NPe, + N§1>é3)
+ e (NPe1 + N{&s + N ) (N1 + Nes + N§es)
s (N1 + NP8z + NP ) (NVe1 + NfVes + N{Pes ),
or
U= (/\1 [N 4 0[NP 4 A5 [NP)] ) 818) + (Al[NQ(”F O[NP+ ,\3[N2<3>]2) 8285
()\1 [NV + X2 [NPT? + As[NP)? ) 8383 + (/\1N1(1)N2(1) + ,\QNF)N;?)) (618 + 6261)
( MNOND 4 A NONE >) (8185 + &381) + (A2N§2’N§2> + A3N§3>N§3>) (8285 + &382)
= 1.95648181 + 0.4846 (818, + 8281) + 1.5257@28, + 8385.

The matrix of the rotation tensor R is determined from Eq. (3.9.10) as

0.3590 —0.9333 0
[R] = [F][U]™* = [0.9333 0.3590 0
0.0 00 1

It follows that the rotation angle is § = 68.96°. The left Cauchy stretch tensor components are
determined using Eq. (3.9.10):

0.25 —1.25 0.0 0.3590 0.9333 0.0 1.2564 —0.2153 0.0
[V]=[F][R]T = | 2.00 1.00 0.0 | |—0.9333 0.3590 0.0 | = | —0.2153 2.2256 0.0
0.00 0.00 1.0 0.0000 0.0000 1.0 0.0000  0.0000 1.0
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(d) The Green—Lagrange strain components at point (X1, X2) = (0,0) are computed using Eq.
(3.9.11). We have [which can be verified using E = 0.5(C — I)]

Bu =1 [0 -1) MO NO + (3 - 1) N2 N

= 1 (4.15916 x 0.83849 x 0.83849 + 0.46584 x 0.54491 x 0.54491) = 1.5312,
B = [(0 = 1) N§Y NV + (A3 — 1) N NS

= 1 (415916 x 0.54491 x 0.54491 + 0.46584 x 0.83849 x 0.83849) = 0.7812,
B =1 [0 - 1) MO NP + (33 - 1) N N

= 1 (4.15916 — 0.46584) x 0.83849 x 0.54491 = 0.8437.

3.9.3 Objectivity of Stretch Tensors
Using the unique polar decomposition in Eq. (3.9.1), we can write
F*=R*-U"=R"- V¥, (3.9.13)
and objectivity of F' gives
FF=Q-F=Q - (R-U)=Q-(V-R). (3.9.14)
Since Q and R are (proper) orthogonal tensors, we have
(Q-R)-(Q-R)"=Q-(R-R")-Q" =1, |Q-R|=|Q|[R|=1. (3.9.15)

Thus, Q- R is also orthogonal. Therefore, in analogy to the two-point tensor F,
we can define R to be objective when [recall from the definition in Eq. (3.9.1)
that R is a two-point tensor]

R*=Q R. (3.9.16)

Then it follows from Eq. (3.9.14) that the right Cauchy stress tensor U, be-
ing defined with respect to the reference configuration, remains unaltered by a
superposed rigid-body motion and hence objective

U* =U. (3.9.17)

As far as the left Cauchy stretch tensor is concerned, the transformation law for
it to be objective is derived as follows:

FF=V" " R"=V".Q-R=Q-F=Q- VR,
from which we arrive at the result
VvV =Q-Vv- Q. (3.9.18)

Thus, V transforms like a second-order tensor defined in the current configura-
tion and is therefore objective.

We shall make use of the ideas presented in this section to develop the con-
stitutive relations among the stress and strain measures (see Chapter 6).
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3.10 Summary

In this chapter, deformation mapping x of a material point occupying posi-
tion X in a reference configuration to position x in the current configuration
is introduced; two descriptions of motion, namely, the spatial (Eulerian) and
material (Lagrange) descriptions of motion are described; and displacement u
of a material point is defined as u = x — X. The deformation gradient F is
introduced as a two-point tensor between the reference configuration and the
current configuration, F = (Vx)T. The deformation tensor is nonsingular and
hence invertible. Isochoric, homogeneous, and inhomogeneous deformations are
discussed in terms of the deformation mapping and the deformation gradient.
Changes of volume and surface in going from the reference configuration to the
current configuration are derived.

Several strain measures, including the Green—Lagrange strain tensor E, Cauchy
strain tensor B, Euler or Almansi strain tensor e, right Cauchy—Green deforma-
tion tensor C, the left Cauchy—-Green deformation (or Finger) tensor B, and the
Cauchy strain tensor B = B! are introduced. A physical interpretation of the
normal and shear strain components is also presented. Determinations of the
principal strains and principal directions of strain are discussed with the help
of the eigenvalue problem of Section 2.5.6. The infinitesimal strain tensor € is
obtained from E by retaining terms |Vou| of order € = || Voul|» and omitting
terms of order 2. Thus, in the infinitesimal case, the distinction between the
Green—-Lagrange strain tensor E and the Euler strain tensor e disappears. The
displacement gradient tensor (Vu)?' is expressed as a sum of the symmetric
strain tensor € and the skew symmetric rotation tensor 2. Similarly, the rate of
deformation tensor L = (Vv)T, where v is the velocity vector, is expressed as
the sum of the symmetric part, namely, the rate of deformation tensor D, and
the skew symmetric part, the vorticity tensor W.

The effect of superposed rigid-body motion and the concept of frame in-
difference that ensures nondependency on the frame of reference in measuring
displacements, velocities, accelerations, and various strain measures is briefly
discussed. It is shown that the measures of displacements and various measures
of strains obey the frame indifference principle (i.e., they are independent of the
coordinate frame of reference), while the velocities and accelerations are depen-
dent on the coordinate of frame of reference. It is also found that the time rate
of change of the displacement as well as strain measures are not objective, unless
the rigid-body rotation Q is independent of time.

Finally, the polar decomposition theorem is presented that allows the unique
(multiplicative) left and right decompositions of the deformation gradient F into
pure stretch and pure rotation, F = R-U and F = VR, where U and V are the
symmetric, positive-definite right and left Cauchy stretch tensors, respectively,
and R is the proper orthogonal rotation tensor. Compatibility conditions on
infinitesimal strain tensor € and deformation tensor F that ensure a unique
determination of displacements from a given strain field are also presented.

Numerous examples are presented throughout the chapter to illustrate the
concepts introduced.
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Problems

DESCRIPTIONS OF MOTION
3.1 Given the motion
xx,t)=x=(1+t)X1é1+(1+¢) X282+ Xzé3, 0<t< o0,

(a) determine the velocity and acceleration fields of the motion, and
(b) sketch deformations of the line Xo = 2X7, for fixed X3 =1 at t = 1,2, and 3.

3.2 Determine the deformation mapping that maps a unit square into the quadrilateral
shape shown in Fig. P3.2. Assume that the mapping is a complete polynomial in X1
and X2 up to the term X;X> (note that the constant term is zero for this case).

Xy, X,
4 3, 4)
4 @,3) )
3 ’ Deformation mapping
1 x, =a, +a X, +a,X, +a; X, X,
9 x, =by +b6X, +0,X, +b,X X,

1 -f---(1, 1)

1
1
1
1
L

Fig. P3.2

3.3 Show that in the spatial description the acceleration components in the cylindrical co-
ordinates are

“ 73vr+v 8UT+Ui8vT+U 3%7%
T oot "or  r 00 "0z r’
g = 20 4o, Q08 Ve OV Ve Urte

oot v or r 00 vz 0z r
v, v,  wp Ov, v,
=% "o Y0 T 0,
3.4 Show that in the spatial description the acceleration components in the spherical coor-
dinates are

oy Ovgr

=g YR TR (Tqﬁ_%) " Rsing (W‘”””“Q ’
agp = %‘F’UR%JF% (%‘F'UR) + o (av¢ — Vo COS¢) ’

ot OR " R \ 8¢ Rsing \ 60
_Ove e Vo0 ve (Ov ‘
=2 TR TR 06 +Rsin¢<86 tun Sln¢+”¢’cos¢> '

ANALYSIS OF DEFORMATION AND STRAIN MEASURES
3.5 The motion of a continuous medium is given by
T, = (1 +eat) X1, x2= (1 + 672at) Xo, x3=X3, 0<t< o0,

where a is a positive constant. Determine
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a
b

the components of the deformation gradient F and the inverse mapping,

—_ o~

the velocity components in the spatial description,

d

e

o~

)
)
c¢) the velocity components in the material description, and
) the acceleration components in the spatial description.
)

—

Then verify the results of (d) by calculating first the acceleration components in
the material coordinates and then using the inverse transformation in (a) to obtain
the components in the spatial description.

3.6 For the deformation shown in Problem 3.2 (see Fig. P3.2), determine
(a) the components of the deformation gradient F and its inverse, and
(b) the components of the displacement vector.

3.7 The motion of a body is described by the mapping
X(X) = (X1 +t*Xa)é1 + (Xo +t°X1) &2+ X383, 0<t< 0.

Determine
(a) the components of the deformation gradient F and its inverse,
(b) the components of the displacement, velocity, and acceleration vectors,

(c) the position (X1, X2, X3) of the particle in undeformed configuration that occupies the
position (z1,z2,x3) = (9,6,1) at time ¢ = 2 in the deformed configuration, and

(d) the location at time ¢ = 2 of the particle that later will be located at x = (2,3, 1) at time
t=3.

(e) Then plot the deformed shape of a body at times ¢t = 0, 1,2, and 3, assuming that it is
initially a unit cube.

3.8 Homogeneous stretch. Consider a body with deformation mapping of the form
X(X) = k1 X181 + kaXo & + k3 X3 &3,

where k; # 0 are constants. Determine the components of
(a) the deformation gradient F, and
(b) the right and left Cauchy—Green deformation tensors C and B.
3.9 Homogeneous stretch followed by simple shear. Consider a body with deformation map-
ping of the form
X(X) = (k1 X1 + eok2X2) &1 + ko X2 €2 + k3 X3 €3,

where k; # 0 and eg are constants. Determine the components of
(a) the deformation gradient F, and
(b) the right and left Cauchy—Green deformation tensors C and B.

(c) Then plot representative shapes of a deformed unit square (let k1 = ks = 1) that are
achievable with this mapping; the suggested cases are (i) k2/k1 = 1.5, eo = 0.1; (ii)
k2/k1 = 1.5, ep = 0,25; (iii) kg/k’l = 1.25, ep = 0.5; and (iV) ]ﬂg/lﬁ = 1.25, ep = 1.0.

3.10 Suppose that the motion of a continuous medium is given by
x1 = X1 cos At + Xo sin At,
x2 = — X1 sin At + X cos At,
$3:(1+Bt)X3, O§t<oo,
where A and B are constants. Determine the components of
(a) the displacement vector in the material description,

(b) the displacement vector in the spatial description,
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3.11

3.12

3.13

3.14

3.15

3.16

3.17

(c) displacement vector components in the spatial description with respect to a cylindrical
basis, and

(d) the Green—Lagrange and Eulerian strain tensors in the Cartesian coordinate system.

If the deformation mapping of a body is given by
x(X) = (X1 4+ AX2)é1 4+ (Xo+ BX1)é2 + Xz és,

where A and B are constants, determine
(a) the displacement components in the material description,
(b) the displacement components in the spatial description, and
(c) the components of the Green—Lagrange and Eulerian strain tensors.

For the deformation mapping in Problem 3.2, determine the components of the Green—
Lagrange strain tensor.
For the deformation field given in Problem 3.7, determine the Green—Lagrange strain
tensor components.
For the deformation mapping given in Problem 3.9, determine the current positions
(21, z2) of material particles that were on the circle X12 —|—X22 = R? with radius R in the
undeformed body.
The motion of a continuous medium is given by
— 1 1
T1=3 2
T2 = %(Xl —|—X2)€t — %(X1 — Xz)e_t,
T3 = X37
for 0 <t < co. Determine
(a) the velocity components in the material description,
(b) the velocity components in the spatial description, and

(¢) the components of the rate of deformation and vorticity tensors.

Nanson’s formula Let the differential area in the reference configuration be dA. Then
NdA = dX® x dX® or NrdA=erxdXVax?,

where dX® and dX(® are two nonparallel differential vectors in the reference configu-
ration. The mapping from the undeformed configuration to the deformed configuration
maps dX® and dX® into dxV and dx®, respectively. Then nda = dx™® x dx®.
Show that

fAda = JF T .NdA.

Consider a rectangular block of material of thickness h and sides 3b and 4b, and having
a triangular hole as shown in Fig. P3.17. If the block is subjected to the deformation
mapping given in Eq. (3.3.14),

x(X) = (X1 +vX2)é1 + X2 é2 + X3 és,

determine
(a) the equation of the line BC in the undeformed and deformed configurations,
(b) the angle ABC in the undeformed and deformed configurations, and

(c) the area of the triangle ABC in the undeformed and deformed configurations.
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X(X) = (X, + ’YXz)é1 + X, éz + Xsés

X, X X9
A /Z( )\
4b 4b
©
A B
> X
3b !
Fig. P3.17

NOTE: In Problems 3.18-3.22, undeformed and deformed configurations of bodies in
equilibrium are given. In all cases, the deformation mapping can be determined uniquely
with the suggested form of the mapping and the boundary data. Therefore, details of
material constitution, material homogeneity, and loads causing deformation are not
required to determine the kinematics of deformation.

3.18 Consider a unit square block of material of thickness h (into the plane of the paper), as
shown in Fig. P3.18. If the block is subjected to a loading that deforms the square block
into the shape shown (with no change in the thickness), (a) determine the deformation
mapping, assuming that it is a complete polynomial in X; and X2 up to the term
X1Xa2, (b) compute the components of the right Cauchy—Green deformation tensor C
and Green—Lagrange strain tensor E at the point X = (1,1,0), and (¢) compute the
principal strains and directions at X = (1, 1,0) for v = 1.

Xy, X,

Fig. P3.18

3.19 Determine the displacements and Green—Lagrange strain tensor components for the
deformed configuration shown in Fig. P3.19. The undeformed configuration is shown in
dashed lines. Assume that the deformation mapping is a linear polynomial of X; and
X2 (note that for this case the constant terms are zero).

Xy, X,

Fig. P3.19
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3.20 Determine the displacements and Green—Lagrange strain components for the deformed

3.21

3.22

configuration shown in Fig. P3.20. The undeformed configuration is shown in dashed

lines. Use the suggested form of the deformation mapping, as implied by the deformed
configuration.

X, =0, X, +a4X§’
X, =b X, +b,X,,

Fig. P3.20

Determine the displacements and Green—Lagrange strains in the (x1,x2,x3) system for
the deformed configuration shown in Fig. P3.21. The undeformed configuration is shown

in dashed lines. Use the suggested form of the deformation mapping (for this case the
constant terms are zero).

Xy, X,

i % =a,X, +a,X, +a, X, X,,
xy, =0 X, +0,X, +0, X X,,
Xy =X,.

> e— o —g

= B >, X;

Fig. P3.21

Determine the displacements and Green—Lagrange strains for the deformed configuration
shown in Fig. P3.22. The undeformed configuration is shown in dashed lines. Use the

suggested form of the deformation mapping (note that constant terms are zero for this
case).

Ko K
A: (X,,X,)=(0,0) A: (x,,%,) = (0,0)
B: (X,,X,)=(1,0) B: (x,,x,) = (0.8,0.2)
C:(X,,X,)=(1,1) C: (x,,%,) = (1.3,1.2)
D: (X,,X,)=(0,1) D: (x,,%,) = (0.5,0.9)

al

X =a, +a X +a,X, +a, X, X,; x, =b, +bX, +b,X, +b, X, X,; x; =X,

Fig. P3.22
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3.23 Given the following displacement vector in a material description using a cylindrical
coordinate system

u = Aré, + Brzéyg + Csinfé,,

where A, B, and C are constants, determine the infinitesimal strains. Here (r,0, 2)
denote the material coordinates.

3.24 Show that the components of the Green—Lagrange strain tensor in cylindrical coordinate
system are given by

_ Oup | Aur \ 2 Oug 2 A, \ 2
ETT_6T+2|:<8T>+(8T)+ or ’

1 (1 Our  Oug ug  10ur Our = 10us dug
E.g = 2

r o0 Tor 7 Trar 90 Tror o0

r or 00 * r Or r Or
1 <8ur Ou.  Ouy Our = Oug Oug . Ous Buz)
Erz =3 a. a. )

1 0u, Ou. ur Oug  Ug 8ur>

0z + or + or 0z + or 0z or 0z
1 du, 2 1 Oug 2 1 0u. 2
r 00 r 00 r 00

- R A (9 ()]

18ue+1
2

U
Egg = — +
T

9z 'r o0 " r o0 8z ' r 0 Oz

B 1 <8u9 1 ou. 1 Ou, Ou, 1 Qug Oug
0z — 3

r 00 0z r 0z r 9z

_Ouz | | [ Our 2 dug \ > ou.\’
Ezz@z+2|:<8z)+(8z>+ 0z ’

Here (7,0, z) denote the material coordinates (see Fig. P3.24).

1 Ou. Ou,  ug Our Ur 8u9>

E., is the component of strain in the £-direction on the 77-plane

Fig. P3.24

3.25 The two-dimensional displacement field in a body is given by

ur(X) = X1 [X7X2 + 1 (265 + 365 X2 — X3)],
3 1 3
ua(X) = —Xo <2c§ + 5chz - 1XS’ + §CIX12X2> ,
where ¢; and ¢y are constants. Find the linear and nonlinear Green—Lagrange strains.
3.26 Find the axial strain in the diagonal element, AC, of Problem 3.19, using
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3.27

3.28

3.29

3.30

(a) the basic definition of normal strain, and
(b) the strain transformation equations.

The biaxial state of strain at a point is given by €11 = 800 x 10~ in./in., g22 = 200X 10~
in./in., £12 = 400 x 107° in./in. Find the principal strains and their directions.

Show that the invariants Ji, J2, and Js of the Green—Lagrange strain tensor E can be
expressed in terms of the principal values A; of E as

Ji=A+ A2+ A3, J2 = A da + A2z + Az, J3 = A2 )s.

Of course, the above result holds for any second-order tensor.
Given the displacement field in the cylindrical coordinate system

ur =U(r), wp=0, wu,=0,

where U(r) is a function of only r, determine the Green-Lagrange strain components.
Given the displacement field in the spherical coordinate system

ur =U(R), ug =0, ug=0,

where U(r) is a function of only r, determine the Green-Lagrange strain components.

VELOCITY GRADIENT, RATE OF DEFORMATION, AND VORTICITY TENSORS

3.31

3.32

3.33

3.34

3.35

3.36

3.37

Show that the components of the spin tensor W in the cylindrical coordinate system

are
Wr@zi(;ﬁf7far>szera
Wrz = 1 (avr - avz) = _sz‘z

2\ 0z or
1 (10v. Ove\ _
W= (155 e ) =W

If D = 0, show that
v=wXxx+c (v;=ejrwjTr+c),

where both w (vorticity vector) and c are constant vectors.

Show that 1 :
o Lo 1ien T
E=C 2(F F+F F)
and 1
W:§<F-F’1—F’T-FT).
Verify that
. ov 1
V—E+§V(v~v)+2W~v
_Ov

1
—E+§V(v~v)+2wxv,

where W is the spin tensor and w is the vorticity vector [see Eq. (3.6.5)].
Show that

DJ
Hints: Dthi = v; and g;;ij = g:; g;’”] See also the list of properties of determinants

highlighted in Section 2.3.6.
Establish the identities

dv=L-dx, and (Vov)' =L-F.

Show that C = 2FT.D-F, where C, D, and F are the right Cauchy—Green deformation
tensor, rate of deformation tensor, and deformation gradient, respectively.
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3.38 Show that the Eulerian strain rate is given by
e=D— (e-L+LT-e),
and [see Eq. (3.5.10) for the definition of &]

¢=D.
COMPATIBILITY CONDITIONS
3.39 Use the index notation to establish the compatibility conditions in Eq. (3.7.11)

Vox (Voxe) =0

for the infinitesimal strains. Hint: Begin with Vo x € and use Eq. (3.5.15).
3.40 Show that the following second-order tensor is symmetric:

S=Vox(Voxe).

3.41 Let [see the compatibility conditions in Egs. (3.7.4)—(3.7.9)]

_ _ D*c11 OPex ?c12
—Sa = Rs = X2 " 0X2  T0X.0X,’ W
o _ 62611 82633 82513
9 = = ey T 5% T2 axax, @
_ _ 32522 32533 82623
—Sn =t = 0X2 T OXZ  CoX20Xs ®)
82811 8 (9623 8613 8512
_ — =~ - — 4
S =U = 5% 0%, T ax ( 90X, ' 0Xy ' 0X3)’ )
o o 82&‘22 0 6523 8813 8812
o == e, T axs \axs o, T 09X, ) ®)
o . 82533 (9 8523 8513 8612
o=l = 55ox T ax, (axl 0Xs 0X3)° ©)
Show that
OR, | 0Us | 0Us _
X1 0X. 0X;
Us  ORy  OU;
0X1 + 0Xs  0X3 0. @
oU» n oU1  ORs 0.

oX: | 0X> | 0Xs
These relations are known as the Bianchi formulas.
3.42 Consider the following infinitesimal strain field:

2 2
enn =Xy, exn=aXi, 2c2=-c2X1Xo,

€31 = €32 = €33 =0,
where ¢1 and c2 are constants. Determine

(a) ¢1 and c2 such that there exists a continuous, single-valued displacement field that
corresponds to this strain field,

(b) the most general form of the corresponding displacement field using ¢1 and cz
obtained in (a), and

(c) the constants of integration introduced in (b) for the boundary conditions u = 0

and @ =0 at X =0 (ie, u =uz = 0 and S — §%2 =0 at X; = X» = 0).
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3.43

3.44
3.45

3.46

KINEMATICS OF CONTINUA

Determine whether the following strain fields, under the assumption of infinitesimal
strains, are possible in a continuous body:

X3(X?+X3) 2X1X2X3 X3

X2 X2 X X 3 1 2
(@) [ = | X ) = | 2xixex, X3 X
12 2 X; X, X2

Evaluate the compatibility conditions Vo x (Vo x E)T = 0 in cylindrical coordinates.
Given the infinitesimal strain components

g11 = f(X2,X3), €22 — €33 = —l/f(X2,X3), €12 = €13 = €23 =0,

determine the form of f(X5, X3) in order that the strain field is compatible.
Given the strain tensor E = E,,€,€, + Ep9€9€p in an axisymmetric body (i.e., F,, and

Egg are functions of r and z only), determine the compatibility conditions on E,, and
FEogg. Hint: See Example 2.5.1.

Ri1GID-BoDy MOTION AND OBJECTIVITY

3.47

3.48

3.49

3.50

3.51

3.52

3.53

3.54

Determine the effect of the superposed rigid-body motion on the left Cauchy—Green
deformation tensor B = F - FT.

If Q(2) is an orthogonal tensor-valued function of a scalar ¢ [i.e., Q! = Q7], show that

Q- QT = —(Q-Q")T. That is, show that Q - QT is skew symmetric.

Show that the spin tensor W under superposed rigid-body motion becomes
W'=Q-W-Q'+Q,

where € is the skew symmetric rotation tensor, 2 = Q - Q" [see also Eq. (3.8.19)].
Suppose that the second-order tensor T is objective in the sense that it satisfies the
condition T* = Q - T - Q, where quantities with and without an asterisk belong to two
different frames of reference. Then show that the following second-order tensor S is
objective (i.e., show that S* = S):

S=F'.T F 7,

where Q is a proper orthogonal tensor.
Prove or disprove if the following second tensor satisfies objectivity:

T=S-U+U-S,

where S* = R-S-RT, U = RT . F is the right Cauchy stretch tensor, and F is the
deformation gradient.

Using the transformation rule F* = Q- F, show that the Euler stain tensor e transforms
according to the rule under superposed rigid-body motion

e =Q-e-Q".
Show that the spatial gradient of a vector u(x,t) is objective, that is, prove

Viu*(x",t") = Q(t) - Vu(x,t) - QT(t).

Show that the material time derivatives of objective vector and tensor fields, u and S,

are not objective.

PoLAR DECOMPOSITION

3.55

3.56

Establish the uniqueness of the decomposition F = R - U = V - R. For example, if
F =R, -U; =Ry - Uy, then show that R; = Rz and U; = Us.

Show that the eigenvalues of the left and right Cauchy stretch tensors U and V are the
same and that the eigenvector of V is given by R - n, where n is the eigenvector of U.
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3.57 (a) If A is the eigenvalue and n is the eigenvector of U, show that the eigenvalue of C
is A2 and the eigenvector is the same as that of U. (b) Show that a line element in the
principal direction n of C becomes an element in the direction of R - n in the deformed
configuration.

3.58 Show that the spin tensor W can be written as

oW = 2R-RT +R.- (U-U_l—U_l-U) R7,

where R is the (proper) orthogonal rotation tensor R ! = RT and U is the symmetric
positive-definite right Cauchy stretch tensor. Also show that for rigid-body motion, one
has W =R - R".

3.59 Prove the symmetry and positive-definiteness of the right Cauchy—Green deformation
tensor C =FT . F.

3.60 Calculate v/C when

3.61 Given that

determine the right and left stretch tensors.
3.62 Given that
V31
[Fl=| 0 2
0 0
determine the right and left stretch tensors.
3.63 Calculate the left and right Cauchy stretch tensors U and V associated with F of
Problem 3.11 for the choice of A =2 and B = 0.






4
STRESS MEASURES

Most of the fundamental ideas of science are essentially simple, and may, as a rule, be expressed

in a language comprehensible to everyone. —— Albert Einstein (1879-1955)

4.1 Introduction

In the beginning of Chapter 3, we briefly discussed the need for studying de-
formations and stresses in material systems that we may design for engineering
applications. All materials have certain thresholds to withstand forces, beyond
which they “fail” to perform their intended function. The force per unit area,
called stress, is a measure of the capacity of the material to carry loads, and all
designs are based on the criterion that the materials used have the capacity to
carry the working loads of the system. Thus, it is necessary to determine the
state of stress in a material.

In this chapter we study the concept of stress and its various measures. For
instance, stress can be measured per unit deformed area or undeformed area.
As we shall see shortly, stress at a point in a three-dimensional continuum can
be measured in terms of nine quantities, three per plane, on three mutually
perpendicular planes at the point. These nine quantities may be viewed as
the components of a second-order tensor, called a stress tensor. Coordinate
transformations and principal values associated with the stress tensor and stress
equilibrium equations are also discussed.

4.2 Cauchy Stress Tensor and Cauchy’s Formula
4.2.1 Stress Vector

First we introduce the true stress, that is, the stress in the deformed configu-
ration x that is measured per unit area of the deformed configuration x. The
surface force acting on a small element of (surface) area in a continuous medium
depends not only on the magnitude of the area but also on the orientation of
the area. It is customary to denote the direction of a plane area by means of a
unit vector drawn normal to that plane. The direction of the normal is taken
by convention as that in which a right-handed screw advances as it is rotated
according to the direction of travel along the boundary curve or contour. Let
the unit normal vector be denoted by fi. Then the area is expressed as A = An.

If we denote by df(n) the force on a small area nda located at position x,
the stress vector can be defined, shown graphically in Fig. 4.2.1, as

§(h) = Af(5)

= A A (42.1)
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Point forces

F, Continuous
rigid support

-n
o Af 5 ; ; (i
1 — 1@ (-h) _ _4(R) (-n)
[AgoAa_t .t ——t] It

Fig. 4.2.1: Cuts through a point of a material body by planes of different orientations. The
figure also shows a stress vector on a plane whose normal is n.

We see that the stress vector t is a point function of the unit normal n, which
denotes the orientation of the plane on which t acts. Because of Newton’s third
law for action and reaction, we see that t(—n) = —t(n). It is fruitful to establish
a relationship between t and n.

4.2.2 Cauchy’s Formula

To establish the relationship between t and n for the infinitesimal deformation!,
we set up an infinitesimal tetrahedron in Cartesian coordinates. The tetrahedron
can come either from an interior point or from a boundary point, as indicated in
Fig. 4.2.2(a). If —t1, —t9, —t3, and t denotes the stress vectors in the outward
directions on the faces of the infinitesimal tetrahedron whose areas are Aaz,
Aag, Aasz, and Aa, respectively, as shown in Fig. 4.2.2(b) (i.e., —t; acts on the
plane perpendicular to the negative xz;-axis), we have by Newton’s second law
for the mass inside the tetrahedron,

t Aa —t1 Aap —ta Aas —tz Aag + pAvf =pAva, (4.2.2)

where Aw is the volume of the tetrahedron, p is the density, f is the body force
per unit mass, and a is the acceleration. Because the total vector area of a
closed surface is zero (by the gradient theorem), we have

Aan — Aal él - ACLQ éz - Aag ég =0. (423)
It follows that

Aa1 = (é1 : fl)Aa, Aa2 = (ég . fl)Aa, Aag = (ég . ﬁ)Aa (424)

!The Cauchy formula can be established for the finite deformation case by considering a tetra-
hedron with curved faces.
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(a)

Interior of
the body

(b)

X A~
b ¢ oy,

Fig. 4.2.2: A tetrahedral element with stress vectors on all its faces.

The volume of the element Av can be expressed as

Av = —Aa, (4.2.5)

where Ah is the perpendicular distance from the origin to the slant face.
Substitution of Eqs. (4.2.4) and (4.2.5) into Eq. (4.2.2) and dividing through-
out by Aa yields

t = t1(& - 0) + ta(& - D) + t3(és - 0) + pS(a—f). (4.2.6)
In the limit as the tetrahedron is shrunk to a point, Ah — 0, we obtain
t=1t1(é1-n)+ta(é-n)+tz(éz-n)=t;(& n). (4.2.7)
4.2.3 Cauchy Stress Tensor
It is convenient to display Eq. (4.2.7) as
t=(t1e; +taé2+tz3é3) n. (4.2.8)

The terms in the parentheses should be treated as a dyadic, called stress dyadic
or stress tensor (because its components transform like a second-order tensor),
denoted o

o=t é1 +t2é2+t3é3 :tj éj. (4.2.9)
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The stress tensor is a property of the medium that is independent of the unit
outward normal vector n. Thus, from Eqgs. (4.2.8) and (4.2.9), we have

& (ti = 045 nj), (4.2.10)
and the dependence of t on n has been explicitly displayed. Equation (4.2.10) is
known as the Cauchy stress formula, and o is termed the Cauchy stress tensor.
Thus, the Cauchy stress tensor o is defined to be the current force per unit
deformed area, df = tda = o - da, where Cauchy’s formula, t = o - n, and
da = nda are used.

In Cartesian component form, the Cauchy formula in Eq. (4.2.10) can be
written as ¢; = 0;jn;, and it can be expressed in matrix form as

tth)=oc-n=n-o

ty 011 012 013 ni
t2 — | 021 092 0923 ng 0 (4.2.11)
t3 031 032 033 ng

It is useful to resolve the stress vectors tq,ts, and tg into their orthogonal
components in a rectangular Cartesian system:

tj =€101; +€09 +€303; =€ 04, j=12,3. (4.2.12)
Hence, the stress tensor can be expressed in the Cartesian basis as
g = tj éj = O'ijéiéj' (4213)

The component o;; represents the stress in the x;-coordinate direction and on a
plane perpendicular to the x; coordinate, as shown in Fig. 4.2.3 on the faces of
a point cube (i.e., the faces of the cube can be imagined as the planes passing
through a point). We note that the symmetry of o is not assumed.

The stress tensor can be expressed in any coordinate system. For example,
in the cylindrical coordinate system, the nonion form of o is (see Fig. 4.2.4)

o = 0,66 + UreéréG + U@réeér +0,.€r€, + 0,,€.8,

+ 0p9p€e€y + 09.€9€, + 0,9€,€9 + 0,,€,€,. (4.2.14)
x. . R R
ts ’ t; =e,0y; +€,0y5 + €40y,
\ A O33
t, \ o ~ ~ “
N ? A e 032/ ty =e,0y, +€,0y + €50,
1 O, 1
i fe, / :»)013 / _
, _
: A';—’ Xy ; 8L ™09 tj = €%
; él ez g 1 019 A A A
A L2 _ PRy e co=t.e. =co.e.e.
t= | f -,% i€ T %%
/ 7" 7 @i
x, t, = e,0y; +€,0y + €30y

Fig. 4.2.3: Display of stress components in Cartesian rectangular coordinates.
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0, denotes the component of stress in the ¢-direction on the 7-plane

Fig. 4.2.4: Display of stress components in cylindrical coordinates.

Note that t(n), in general, is not in the direction of n. The component of t
that is in the direction of n is called the normal stress. The component of t that
is normal to i (i.e., the component lies in the surface) is termed the (projected)
shear stress. According to the vector identity in Eq. (2.2.26), the stress vector
t can be represented as the sum of vectors along and perpendicular to the unit
normal vector n, as shown in Fig. 4.2.5:

t=(t-n)n+nx(txn)=ty, + t,s. (4.2.16)

Stress vectors on a plane are called traction vectors. The traction vector t,,
normal to the plane and its magnitude t,,, are

tnn = (t . fl)fl, tnn =t-n= tmi = nj 03ji n; = Oij n; TLj, (4217)

and the shear traction vector t,s (i.e., projection of t along the plane) and its
magnitude ¢, are

tns =t — tun;  [tns| = tns = V[E2 = 12,,. (4.2.18)
The tangential component lies in the n — t plane but perpendicular to n, as
shown in Fig. 4.2.5. Example 4.2.1 illustrates the ideas presented here.

Fig. 4.2.5: The normal and shear stress vectors at a point x on a plane.
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Example 4.2.1

With reference to a rectangular Cartesian system (z1,z2,23), the components of the stress
dyadic at a certain point of a continuous medium B are given by (see Fig. 4.2.6)

200 400 300
[c] = | 400 O 0| psi
300 0 —100

Determine the stress vector t and its normal and tangential components at the point on the
plane, ¢(z1,z2,x3) = z1 + 2x2 + 223 = constant, which is passing through the point.

Solution: First, we should find the unit normal to the plane on which we are required to find
the stress vector. The unit normal to the plane defined by ¢(x1,x2,23) = constant is

. Vo 1/n R R
n= —— = =(e; +2e + 2e3).
v 5 )
The components of the stress vector are
t1 200 400 300 | 4 [1 1 | 1600
ta » = | 400 O 0| =<2} =~ 400 » psi,
ts 300 0-100|3|2) 3| 100

or
t(fl) = %(16 e +4ey+ ég) psi.
The traction vector normal to the plane is given by
and the traction vector projected onto the plane (i.e., shear traction) is given by
tns = t(0) — ton = 120(1186; — 16&; — 43é3) psi.
The magnitudes are
[tnn| = tnn = 2520 = 288.89 psi, |tns| = tns = 468.91 psi.

One can also determine ¢,s from

tns = /62 — 12, = 120/(256 + 16 + 1)9 — 26 x 26 psi = 468.91 psi.

F, Plane, x, +2x, 4 2x, = constant

0,, = —100 psi
0,, =0 psi

Ty 0,5 = 300 psi
2 0,, = 300 psi
y 0,, = 400 psi

Xx.

i
= i op 0, =200 psi
0,, = 400 psi ® L
0,, =0 psi — —

0, =0 psi

Dimensionless point cube at P

Fig. 4.2.6: Stress vector and its normal and shear components.
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4.3 Transformations of Stress Components and
Principal Stresses

4.3.1 Transformation of Stress Components

Since the Cauchy stress tensor o is a second-order tensor, all of the properties
of a second-order tensor that were discussed in Chapter 2 apply. In particular,
we can define the principal invariants Iy, I, and I3; transformation laws for the
components of o; and eigenvalues (principal values) and eigenvectors (principal
planes) of the Cauchy stress tensor.

4.3.1.1 Invariants

The invariants of stress tensor o are defined by [see Eqgs. (2.5.16) and (2.5.17)]
L=trlo], Iry=3[(tr[o])* —tr([o]*)], I5=]ol, (4.3.1)

and in terms of the rectangular Cartesian components

Il = Ojj, IQ = % (Uii O'jj — O'ij O'ji)a Ig = |0“ (4.3.2)

4.3.1.2 Transformation equations

The components of the Cauchy stress tensor o in one rectangular Cartesian
coordinate system (Z1, T2, T3) are related to the components in another rectan-
gular Cartesian system (z1,z2,23) according to the transformation law in Eq.
(2.5.21):

Oij = Lk éjg Oy Or [5] = [L} [0’] [L}T, (433)

where /;; are the direction cosines

on

éij =e€;- éj. (4.3.4)

In Examples 4.3.1 and 4.3.2, symmetry of the stress tensor, which will be
established in Chapter 5, is used in deriving the stress transformation equations
(4.3.7) and (4.3.8) for a special coordinate transformation, whereas Eq. (4.3.3)
is valid for the rectangular components of any second-order tensor and for a
general coordinate transformation.

Example 4.3.1

Consider a rectangular, unidirectional fiber-reinforced composite layer shown in Fig. 4.3.1,
where the fibers are symbolically shown as black lines. The rectangular coordinates (z,y, z)
are taken such that the z-coordinate is normal to the plane of the layer, and the z and y
coordinates are in the plane of the layer but parallel to the edges of the layer. Now suppose we
define a new rectangular coordinate system (z1, 2, zs) such that the zs-coordinate coincides
with the z-coordinate and the xi-axis is taken along the fiber direction; that is, the x1x2-plane
is obtained by rotating the zy-plane about the z-axis in a counterclockwise direction by an
angle 6. Determine the relations between the stress components referred to the (z,y, z) system
and those referred to the coordinates system (z1,z2,x3).

Solution: The coordinates of a material point in the two coordinate systems are related as
follows (z = z3):
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X1

Fig. 4.3.1: Stress components in a fiber-reinforced layer referred to different rectangular
Cartesian coordinate systems: (x,y, z) are parallel to the sides of the rectangular lamina, while
(z1,x2,z3) are taken along and transverse to the fiber direction.

1 cosf sinf 0O T T
Tz p= | —sinf cosf 0 yr=[L]<y p. (4.3.5)
T3 0 0 1 z z

Next, we establish the relationship between the components of stress in the (z,y, z) and
(xl,xg,mg) coordinate systems. Let o;; be the components of the stress tensor o in the
(z1, z2, z3) coordinate system, and o4z, Oyy, Oy, €tc. be the stress components in the (z,y, z)
coordinate system. If we view (z1,x2,%3) as the barred coordinate system, then ¢;; are the
direction cosines defined by

o>

lij = €; - &,
where €; and &; are the orthonormal basis vectors in coordinate systems (z1, z2, x3) and (z, y, ),
respectively. Then using Eq. (4.3.3), we can write

6] = [LI]IL]T,  [o] = [L]"[G)(L], (4.3.6)

where [L] is the 3 x 3 matrix of direction cosines defined in Eq. (4.3.5). Carrying out the
indicated matrix multiplications in Eq. (4.3.6) and rearranging the equations in terms of the
column vectors of stress components (azy = Oyz, Ogz = Ozz, Oyz = Ozy, 012 = 021, 013 = 031,
and 23 = 032), we obtain

o11 cos? 0 sin?60 0 0 0 sin 260 @
022 sin? 0 cos’0 0 0 0 — sin 20 o
o33 | _ 0 0 1 0 0 0 Oz
o3 [ 0 0 0 cosf —sinf 0 Oy> (43.7)
013 0 0 0 sinf@ cos 6 0 (o
012 —% sin 260 %sin 20 0 O 0 cos 20 Oxy
and
fo cos? 0 sin?0 0 0 0 —sin26 011
a sin® @ cos’f 0 0 0 sin 20 022
022 | _ 0 0 1 0 0 0 033
ayz [ 0 0 0 cosf sinf 0 o023 [’ (i)
Ouz 0 0 0 —sinf cosf 0 013
Ozy %sin 20 —% sin26 0 0 0 cos 260 012

The result in Eq. (4.3.8) can also be obtained from Eq. (4.3.7) by replacing 6 with —.

Example 4.3.2

Consider a thin, closed, filament-wound circular cylindrical pressure vessel shown in Fig. 4.3.2.
The vessel has an internal diameter D; = 63.5 cm (25 in.) and thickness h = 2 c¢m, and is
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pressurized to p = 1.379 MPa (200 psi). If the filament winding angle is § = 53.13° from the
longitudinal axis of the pressure vessel, determine the shear and normal forces per unit length
of the filament winding. Assume that the material used is graphite—epoxy with the following
material properties [material properties are not needed to solve the problem; see Reddy (2004)]:

E1 = 140 MPa (20.3 x 10° psi), E» = 10 MPa (1.45 x 10° psi),

4.3.9
G12 = 7 MPa (1.02 x 10° psi), vi2 = 0.3, (4.39)

where MPa denotes mega (10°) Pascal (Pa) and Pa = N/m? (1 psi = 6,894.76 Pa).

Y Xy . =
¢ o1
I Ta2
x2 v O / O o
} / 4—& -T—» 12

o. Cp)
T~ 9=53.13 oo o

Fig. 4.3.2: A filament-wound cylindrical pressure vessel.

Solution: First, we compute the stresses in the pressure vessel using the formulas from a book
on mechanics of materials [see, e.g., Fenner and Reddy (2012)]. The longitudinal (0z,) and
circumferential (o) stresses are given by (the shear stress ogy is zero)

_pDi__pD:
*4}]]7 9972h7

(4.3.10)

Ozxx

where p is internal pressure, D; is the internal diameter, and h is the thickness of the pressure
vessel. Note that the stresses are independent of material properties and depend only on the
geometry and loads. We calculate the longitudinal and circumferential stresses to be

1.379 x 0.635 1.379 x 0.635
e = —2 1P XDD99 4 946 MPa = 2209 X059 _ 9 599 MPa.
g 4% 0.02 0.946 MPa , - oyy 2% 0.02 892 MPa

Next, we determine the shear stress oi2 along the fiber-matrix interface and the normal
stress 011 in the fiber direction using the transformation equations in Eq. (4.3.7). Noting that
sinf = 0.8, cos§ = 0.6, and sin 20 = 0.96 for § = 53.13°, we obtain

011 = 10.946 x (0.6)% 4 21.892 x (0.8)> = 17.951 MPa,
022 = 10.946 x (0.8)% + 21.892 x (0.6)° = 14.886 MPa,
012 = 3 (21.892 — 10.946) x 0.96 = 5.254 MPa.

Thus, the normal and shear forces per unit length along the fiber—matrix interface are Fay =
14.886 h MN and Fi2 = 5.254 h MN, whereas the force per unit length in the fiber direction is
Fi1 = 17.951 h MN (MN = 10°N).
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4.3.2 Principal Stresses and Principal Planes

For a given state of stress, the determination of maximum normal stresses and
shear stresses at a point is of considerable interest in the design of structures
because failures occur when the magnitudes of stresses exceed the allowable
(normal or shear) stress values, called strengths, of the material. In this regard
it is of interest to determine the values and the planes on which the stresses
are the maximum. Thus, we must determine the eigenvalues and eigenvectors
associated with the stress tensor (see Section 2.5.6 for details).

It is clear from Fig. 4.2.5 that the normal component of a stress vector is
largest when t is parallel to the unit outward normal n; that is, t, = t = |t|n.
This amounts to finding the plane (i.e., n) on which t,, is largest. It turns out
there are three such planes on which the normal stress is the largest (and the
projected shear stress is zero). If we denote this value of the normal stress by A,
then we can write t = An, and by Cauchy’s formula, t = o - n. Thus, we have

t=c-n=Xn or (oc—A)-n=0. (4.3.11)

This is a homogeneous set of equations for the components of vector n; hence, a
nontrivial solution will not exist unless the determinant of the matrix [o] — A\[I]
vanishes. The vanishing of this determinant yields a cubic equation for A, called
the characteristic equation [see Eq. (2.5.42)]:

AN+ LN - LA+ I3=0. (4.3.12)

The solution of this cubic equation yields three values of A, which are called
the principal stresses, and the associated eigenvectors are called the principal
planes. That is, for a given state of stress at a given point in the body B, there
exists a set of planes n on which the stress vector is normal to the planes (i.e.,
there is no shear component on the planes).

The computation of the eigenvalues of the stress tensor is made easy by
seeking the eigenvalues of the deviatoric stress tensor [see Eq. (2.5.53)]:

o'=0— %tr(a) I (Uz,'j =04 — %Ukk (52]) (4.3.13)
Let o, denote the mean normal stress

Om = 3trlo] =10 (om = tow). (4.3.14)

Then the stress tensor can be expressed as the sum of the spherical or the
hydrostatic part and the deviatoric part of the stress tensor:

oc=onl+o. (4.3.15)

Thus, the deviatoric stress tensor is defined by

/

O'/ =0 — %Ill (Uij =045 — %&]Ukk) (4.3.16)

. . / ! / . .
The invariants I}, I,, and I of the deviatoric stress tensor are

’ / 1.0 / 1! ’ ’
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The deviatoric stress invariants are particularly important in the determination
of the principal stresses, as discussed in Section 2.5.6. Example 4.3.3 illustrates
the computation of principal stresses and principal planes.

Example 4.3.3

The components of a stress dyadic at a point, referred to the (z1,z2,z3) system, are:

12 9 0
6]=| 9-12 0|MPa.
0 0 6

Find the principal stresses and the principal plane associated with the maximum stress.

Solution: Clearly, A = 6 is an eigenvalue. Expanding the determinant |0 — A I| with the last
row or column, we obtain

(6—N[(12—A)(—12—X) —81]=0 = (A\*—225)(6—X) =0.

The remaining two eigenvalues are obtained from A\? — 225 =0 — X = £15; thus, the three
principal stresses are

g1 :)\1 =15MPa, 02=A2=6MPa7 03=A3:—15MPa.

The plane associated with the maximum principal stress A\ = 15 MPa can be calculated
from

12-15 9 0 n1 0
9 -—12-15 0 ny $=40%,
0 0 6-15| | ns 0

which gives
—3n1+9n2 =0, 91 —2Tny =0, —9nz =0 — ng =0, ni1 = 3nsg

n =36 +é& or AV =L (36 +é).

l

The eigenvector associated with A2 = 6 MPa is n® = és3. Finally, the eigenvector associated
with A3 = —15 MPa is

n(3> = :I:(é1 — 3é2) or ﬁ<3> = ﬂ:\/%—o(él - 3é2)

The principal plane 1 is depicted in Fig. 4.3.3.

52 0,, = —12 MPa
o,, =0 MPa 0, =9 MPa
0, =9 MPa

;—»an =12 MPa

I
iR
1
0'33:6MPa—7/__; [ Ko, —0MPa % — \A——2 (38, +8&,)

X
Xq Oy = 0 MPa

pl — \/ﬁ
0., =0 MPa
— -1 °
Dimensionless point cube 0,,= cos (%) =18.435"(ccw)
05— cos™! (f ﬁ) =108.435°(ccw)

Fig. 4.3.3: Stresses on a point cube at the point of interest and orientation of the first principal
plane.
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4.3.3 Maximum Shear Stress

In the previous section, we studied the procedure to determine the maximum
normal stresses at a point. The eigenvalues of the stress tensor at the point are
the maximum normal stresses on three perpendicular planes (whose normals are
the eigenvectors), and the largest of these three stresses is the true maximum
normal stress. Recall that the shear stresses are zero on the principal planes. In
this section, we wish to determine the maximum shear stresses and their planes.

Let A1, A2, and A3 denote the principal (normal) stresses and n be an arbi-
trary unit normal vector. Then the stress vector is t = A\jni1€1+ Aansés + Aznsés
and t,, = t;n; = Aln% + )\2??,% + )\371%. The square of the magnitude of the shear
stress on the plane with unit normal n is given by

12,(0) = [6]> — £2,, = A2n? + A3n3 + Adnd — (Ain? + Aand + Agn3)”. (4.3.18)

We wish to determine the plane n on which ¢, is the maximum. Thus, we
seek the maximum of the function F(nj,ng,n3) = t2,(n1,n2,n3) subject to the
constraint

nt+n3+ni—1=0. (4.3.19)

One way to determine the extremum of a function subjected to a constraint
is to use the Lagrange multiplier method, in which we seek the stationary value
of the modified function

Fr(n1,n2,n3) = t2(n1,n2,n3) + Ap(nf + n3 +n3 — 1), (4.3.20)

where Ap is the Lagrange multiplier, which is to be determined along with nq,
no, and ng. The necessary condition for the stationarity of Fy, is
OF L OF L OF L OF, L

0=dFy = Tnldnl + Dy dng + O dns + WCD\L’

or, because the increments dni, dno, dns, and d\;, are linearly independent of
each other, we have

OF L OF L OF L oF L

:O 7:() 7:0 7:0. 4.3.21

8n1 ’ (977,2 ’ 8713 ’ 8)\[, ( )
The last of the four relations in Eq. (4.3.21) is the same as that in Eq. (4.3.19).
The remaining three equations in Eq. (4.3.21) yield the following two sets of
solutions (not derived here):

(nl, no, 713) = (1, 0, 0), (0, 1, 0), (0, 0, 1), (4.3.22)
_ 1 1 1 1 1 1
(n1,n2,n3) = (W,iﬁ,o), <ﬁ,0,iﬁ), (0, ﬁ,iﬁ) (4.3.23)

The first set of solutions corresponds to the principal planes, on which the shear
stresses are the minimum, namely zero. The second set of solutions corresponds
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to the maximum shear stress planes. The maximum shear stresses on the planes
are given by

2, =1 = X)? for h=J5(e1+8&),
fo =1 (M —23)” for = J5(é1+é), (4.3.24)
fhs =1 = Xg)" for = J5 (& + &)

[

The largest shear stress is given by the largest o
Thus, we have

the three values given above.

>

(tns)max = %()\max - min), (4325)

where Amax and Apin are the maximum and minimum principal values of stress,
respectively. The plane of the maximum shear stress lies between the planes of
the maximum and minimum principal stresses (i.e., oriented at +45° to both
planes).

Example 4.3.4

For the state of stress given in Example 4.3.3, determine the maximum shear stress.

Solution: From Example 4.3.3, the principal stresses are (ordered from the minimum to the
maximum)

A =—15MPa, Xy =6MPa, A3 = 15MPa.

Hence, the maximum shear stress is given by
(tns)max = 2 (As — A1) = 2[15 — (=15)] = 15 MPa.

The planes of the maximum principal stress (A1 = 15 MPa) and the minimum principal stress
(A3 = —15 MPa) are given by their normal vectors (not unit vectors):

Il(1> = 3é; + éz, Il(3> =&, — 3és.
Then the plane of the maximum shear stress is given by the vector

n; = (n(l) - n(s)) = 2e; +4é5 or ng = %(é1 + 2é2).

A; =—15MPa ¢ S M =15 MPa

%, 0,, = —12 MPa {
,, =0 MPa 0, =9 MPa

x :/ 0,, =9 MPa

x5 O3 =0 MPa e L—»JH:lZ MPa
: / X, =0 MPa

0,, = 6 MPa—]

Fig. 4.3.4: Stresses on a point cube at the point of interest and orientation of the maximum
shear stress plane.
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4.4 Other Stress Measures

4.4.1 Preliminary Comments

The Cauchy stress tensor is the most natural and physical measure of the state
of stress at a point in the deformed configuration and, measured per unit area
of the deformed configuration. It is the quantity most commonly used in spatial
descriptions of problems in fluid mechanics. In order to use the Lagrangian
description, which is common in solid mechanics, the equations of motion or
equilibrium of a material body that are derived in the deformed configuration
must be expressed in terms of the known reference configuration. In doing so we
introduce various other measures of stress. These measures emerge in a natural
way as we transform volumes and areas from the deformed configuration to the
reference configuration. These measures are purely mathematical in nature but
facilitate the analysis.

4.4.2 First Piola—Kirchhoff Stress Tensor

Consider a continuum B subjected to a deformation mapping x that results in
the deformed configuration k, as shown in Fig. 4.4.1. Let the force vector on
an elemental area da with normal i in the deformed configuration be df. The
force df can be expressed in terms of a stress vector t times the deformed area
da as

df =t™da =0 nda=o-da, (4.4.1)

where o is the Cauchy stress tensor, and Cauchy’s formula (4.2.10) is invoked in
arriving at the last result. Now suppose that the area element in the undeformed
configuration that corresponds to da is dA. We define a stress vector T™) over
the area element dA with normal N in the undeformed configuration such that
it results in the same total force

df =t™ da = TN A, (4.4.2)

Clearly, both stress vectors have the same direction but different magnitudes
owing to the different areas. The stress vector T™) is measured per unit unde-
formed area, while the stress vector t™ is measured per unit deformed area.

Analogous to Cauchy’s formula relating the Cauchy stress tensor o to the
stress vector ™, we can introduce a stress tensor P, called the first Piola—
Kirchhoff stress tensor, to the stress vector TN that is

tW=0c.n;, TN=P.N. (4.4.3)
Then using Eq. (4.4.2) and Cauchy’s formulas for t( and T™N) | we can write
df =o-da=P-dA; da=dan, dA =dAN. (4.4.4)

The first Piola—Kirchhoff stress tensor, also referred to as the nominal stress
tensor or Lagrangian stress tensor, gives the current force per unit undeformed
area.
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df =TdA=P-NdA=P-dA df =tda=0-nda=0-da

. X R
N /z( )\ n

dA da

Undeformed body Deformed body

Fig. 4.4.1: Definition of the first Piola—Kirchhoff stress tensor.

The stress vector T™ is known as the pseudo stress vector associated with
the first Piola—Kirchhoff stress tensor. The Cartesian component representation

of tensor P is given by
P=PF;éE;. (4.4.5)

Clearly, the first Piola-Kirchhoff stress tensor is a two-point tensor (like F') in
the sense that it connects a point in the undeformed body to the corresponding
point in the deformed body.

To express the first Piola—Kirchhoff stress tensor P in terms of the Cauchy
stress tensor o, we must write da in terms of dA. From Nanson’s formula in
Eq. (3.3.25), we recall such a relation between da in terms of dA:

da=JF T.dA=JdA F} (4.4.6)

where J is the Jacobian, J = |F|. Substituting the relation into Eq. (4.4.4), we
obtain

P-dA=c-da=Jo -F T .dA. (4.4.7)
Thus, we arrive at the relation
1
P=Jo-F T o o= 5P FT. (4.4.8)

In general, the first Piola—Kirchhoff stress tensor P is unsymmetric even when
the Cauchy stress tensor o is symmetric (which is not yet established).

4.4.3 Second Piola—Kirchhoff Stress Tensor

Similar to the relationship between dx and dX, dX = F~!. dx, the force df
on the deformed elemental area da can be related, by analogy to the relation
between dx and dX, to a force dF on the undeformed elemental area dA by

dF =F~ 1. df. (4.4.9)

Then we can think of the existence of a stress tensor S, in the same way as in
Eq. (4.4.1), such that
dF =S -dA, (4.4.10)
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where S is called the second Piola—Kirchhoff stress tensor S. Thus, the sec-
ond Piola—Kirchhoff stress tensor S gives the transformed current force per unit
undeformed area.

The second Piola—Kirchhoff stress tensor S can be related to the first Piola-
Kirchhoff stress tensor P with the help of Eqgs. (4.4.4), (4.4.9), and (4.4.10)
as

S=F1'.P. (4.4.11)

The relation between S and o can also be established using Eqs. (4.4.4), (4.4.6),
(4.4.9), and (4.4.10) as

S-dA=F'.og.da=JF ' . 0. FT.4dA,

or

1
S=JF'!'o-F7T o a:jF-S-FT. (4.4.12)

Clearly, S is symmetric (i.e., S = ST) whenever o is symmetric. Cartesian
component representation of the tensor S is

S=S,EE,. (4.4.13)

All of the discussion in Section 4.3 concerning the transformation of components
and determination of eigenvalues and eigenvectors is valid for S.

We can introduce the pseudo stress vector T associated with the second
Piola—Kirchhoff stress tensor by

dF =TdA=S-NdA=S-dA or T=S-N. (4.4.14)

An interpretation of the second Piola—Kirchhoff stress tensor is possible in
the case of rigid-body motion, for which the polar decomposition theorem gives
F =R and J = 1. Hence, we have

S=JF'!. .- FT=R".0 R, (4.4.15)

which resembles the stress transformation equation (4.3.3). That is, the second
Piola—Kirchhoff stress components are the same as the components of the Cauchy
stress tensor expressed in the local set of orthogonal axes that are obtained from
rotating the global Cartesian coordinates by the rotation matrix [L] = [R]T.

We close this section with an example that illustrates the meaning of the first
and second Piola—Kirchhoff stress tensors and the computation of the first and
second Piola—Kirchhoff stress tensor components from the Cauchy stress tensor
components [see Hjelmstad (1997)].

Example 4.4.1

Consider a bar of cross-sectional area A = bH and length L. The initial configuration of the
bar is such that its longitudinal axis is along the X axis, as shown in Fig. 4.4.2(a). Suppose
that the bar is subjected to uniaxial tensile stress that produces a pure stretch A\ along the
length and a pure stretch p along the height of the bar and then rotates it, without bending,
by an angle 0, as shown in Fig. 4.4.2(a). Assume that the width b of the bar does not change
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during the deformation. Therefore, p denotes the ratio of deformed to undeformed height (or
cross-sectional area) of the bar. Determine (a) the deformation mapping and the components
of the deformation gradient and (b) the components of the Cauchy stress tensor as well as the
first and second Piola—Kirchhoff stress tensors.

Solution: (a) We use the deformed geometry to determine the deformation mapping. We have
from Fig. 4.4.2(b),

x(X) = ()\Xl cosf — puXs sin 9)é1 + ()\X1 sin 6 + uXs cos H)ég + X3 é3.

The ratio of volume in the deformed to undeformed configuration is (AL uH b)/(LHb) = p A.
The components of the deformation gradient and its inverse are

Acos® —psinf 0 1 pecosf pusing 0
[F]= | Asin@ pcosf 0|, [F]7'==|—-Asind Acos® 0 |,
0 0o 1 J 0 0

and the Jacobian is equal to J = p A, which is the ratio of volumes in the deformed and
undeformed configurations (i.e., v = JV).

(b) The unit vector normal to the undeformed cross-sectional area is N = E;, and the unit
vector normal to the cross-sectional area of the deformed configuration is

n=-cosfé; +sinbes.

The Cauchy stress tensor is 0 = oo nn and associated stress vector is t = oo 1, as shown in
Fig. 4.4.3(a). The components of the Cauchy stress tensor are

cos 0 cos’0 cosfOsing 0
[o] =< sinf 5 oo {cosfsinf 0} =o¢ | cosOsin® sin®0 0
0 0 0 0

(a)

Deformed area, a =buH

(b) — " > X, x

Fig. 4.4.2: (a) Undeformed and (b) deformed configurations of the bar of Example 4.4.1.
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The components of the first Piola-Kirchhoff stress tensor are computed using Eq. (4.4.8)

cos’f cosfsinf 0 pecosh —Asinf 0
[P] = J[o][F]"" =00 | cos@sinf sin?6 0 wsind  Acosf O
0 0 0 0 0 A

cosf 0 0
= poo | sind 0 0
0 00

Clearly, the matrix representing P is not symmetric. The first Piola—Kirchhoff stress tensor is

€1 T cosf 0 O ]?1
P = poo { €2 sinf 0 O E,
€3 0 0 0 Es

= poo (cosf &1 + sinf ég)ﬁ]l.
The associated stress vector is (N = E;)

T = P~N:,uao(cost9é1 + sinf &) = poo A,

as shown in Fig. 4.4.3(b).
The second Piola—Kirchhoff stress tensor components can be computed either using Eq.
(4.4.12) or (4.4.13). Using Eq. (4.4.12), we obtain

. pwecos@ pusin® 0 cosf 0 0O o
[S]:[F}_I[P]:M —Asin® Acosf O sin 0 0| =£%
J 0 Y 0 00 A

O O =
o OO
S OO

The second Piola—Kirchhoff stress tensor and the associated pseudo stress vector are [see Fig.
4.4.3(c)]
s=HFCg g, T=s-E=""%.
A A

In closing this example we note that the forces (occurring in the deformed body) that
produce the Cauchy stress tensor and the second Piola—Kirchhoff stress tensor (recall that the
Cauchy stress tensor is measured as the current force per unit deformed area while the second
Piola—Kirchhoff stress tensor is measured as the transformed current force per unit undeformed
area) are in equilibrium [see Figs. 4.4.3(a) and 4.4.3(c)], as expected. On the other hand, there
is no reason to expect pseudo forces due to the first Piola—Kirchhoff stress tensor, which is
measured as the current force per unit undeformed area, to satisfy the equilibrium conditions
in the undeformed body [see Fig. 4.4.3(b)].

n=cosf € +siné e,
0,0, g =0,hn
t=0-n= o'oﬁ

o

N

G ‘

Fig. 4.4.3: Various stresses in the bar of Example 4.4.1.
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4.5 Equilibrium Equations for Small Deformations

The principle of conservation of linear momentum, which is commonly known
as Newton’s second law of motion, is discussed along with other principles of
mechanics in Chapter 5. To make the present chapter on stresses complete, we
derive the equations of equilibrium of a continuous medium undergoing small
deformations (that is, strains are infinitesimal E & e, and the difference between
o and S and between X and x vanishes) using Newton’s second law of motion.
We isolate from the continuum an infinitesimal parallelepiped element with
dimensions dx1, dz2, and dxs along coordinate x1, x9, and x3, respectively, cen-
tered at point x. The stresses acting on various faces of the parallelepiped
element are shown in Fig. 4.5.1. The element is also subjected to body force
pof (measured per unit mass), where py denotes the mass density. The body
force components are pg f1, pof2, and pg f3 along the x1-, x9-, and x3-coordinates,
respectively. Setting the sum of all forces in the x;-direction to zero, we obtain
Ooy

! dl‘l)dl'g dxrs — 011 dxo drg + (012 +
8:61

@ dl’z) de‘l dl‘g

0= <0’11 + r

0
— o12dxy dxs + (0’13 + % dCL‘g)d.’El dry — 013 dry dxe + p0f1 dxr1 dxo dzs

Joy1 | Oo1a | 0013
= dxy dzo dzs. 4.5.1
< 8:31 + aZL‘Q + 8:33 + pOfl) L1 4%z 4T3 ( g )

On dividing throughout by dxi dxs dxs, we obtain

8011 80’12 8013 (90’1]'
=0 =0 4.5.2
T T v + pofi o D, + pof1 =0, (4.5.2)

for j = 1,2, and 3. Similarly, by setting the sum of forces in the xo- and
xg-directions to zero separately, we obtain

6021 8022 8023 802j
=0 —_—

8.231 + 833‘2 + 8.233 +p0f2 o 8.7}]'

80’31 80'32 80’33 80'3j
=0

dor T Dwy T omy TPOBE0 O G

+ pofo =0, (4.5.3)

+ pofs = 0. (4.5.4)

Equations (4.5.2)—(4.5.4) can be expressed in a single equation as

802-]-

895]-

+pofi=0, i,7=1,2,3. (4.5.5)

. do;

Noting that -+
form (another example of the use of the backward gradient operator):

Vot + pof = 0. (4.5.6)

The principle of conservation of angular momentum (i.e., Newton’s second

law for moments) can be used to establish the symmetry of the stress tensor
when no body couples exist in the continuum. Consider the moment of all

= (o- %)1 = (V-a"1);, we can express Eq. (4.5.5) in vector
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forces acting on the parallelepiped about the xz-axis (see Fig. 4.5.1). Using the
right-handed screw rule for positive moment, we obtain

d d
[(O’Ql + % d$1> dzo dw3:| ad + (UgldJ?Q dl‘g) il

ox1 2 2
0 d d

— o192 + ﬂ diL‘Q d.l‘l dl‘g ﬂ — (0'12 d.%'l d.%'g) ﬂ =0.
83?2 2 2

Note that the body force components do not have a moment because they
pass through the origin of the coordinate system. Dividing throughout by
%dxl dxo dxs and taking the limit dx; — 0 and dxes — 0, we obtain

091 — o019 = 0. (4.5.7)

Similar considerations of moments about the zi-axis and xo-axis give, respec-
tively, the relations

039 — 093 — 0, 031 — 013 = 0. (458)
CTTTTTTTgITTTTT T ! telog p)
X | O
i 8 ' 30, , O +—0dxy g, + By,
! : o5+ dx, 0x4 s
' pof;s\‘ dx, ! ox, 9o
A ; : Oy + 5 2,
E . : Pol X, O1s, axz
' X. - -] — | o.
: : i ) 22~ 0y, + — 2 dx,
' o ! %31 gy 0x
i < Pobh P Ot AN P 2
' x i X O3 + 9% 4.
[ttt el ' L ox,
Pofis Pofy» Pofs = body force components (per unit mass) Jdo oo
Origin is at the center of the parallelopiped o+ T 3 2 dx,
X X1

Fig. 4.5.1: Stress components on the faces of a parallelepiped element of dimensions dx1, dx2,
and dzs.

Thus, the stress tensor is symmetric (0;; = 0j;). Equations (4.5.7) and (4.5.8)
can be expressed in a single equation using the index notation as

Uﬂeijk:() = 04 = 0j; Or O'TZO', (459)

where e;;;, are the components of the third-order permutation tensor defined in
Egs. (2.2.49)—(2.2.51). The symmetry of stress tensor with real-valued com-
ponents has real principal values, and the principal directions associated with
distinct principal stresses are orthogonal (see Section 2.5.6). Next, we consider
two examples of application of the stress equilibrium equations.

Example 4.5.1

Given the following state of stress (o;; = 0;;) in a kinematically infinitesimal deformation,

2
011 = —2z7, 012=—-T+4r122 + 23, 013 =1+ 21 — 3T2,

022 = 3x7 — 2x5 + 523, 023 =0, 033 =5+ x1 + 3z + 33,
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determine the body force components for which the stress field describes a state of equilibrium.

Solution: The body force components are

. don | Qo1 | Oowz\ _ _
pofi = (8%1 3 o2 A 3x3>_ [(—4x1) + (421) + 0] = 0,

- 0012 | Oozz | Oo23\ _ _ _
pofa=— ( oty ar 91s ar 93 ) e [(4£C2) +( 4x2) JrO] =0,

. Oo31 , Oozz | Ooss
pof3 o (8%1 v 8322 v 8333

):—[1+0+3]:—4.

Thus, the body is in equilibrium for the body force components pofi = 0, pofe = 0, and
pofs = —4.

Example 4.5.2

Determine if the following stress field (o;; = 0;;) in a kinematically infinitesimal deformation
satisfies the equations of equilibrium:
2 2 2
o11 = x> + k(zi — x3), o012 = —2kz122, 013 =0,

022 ::c%+k(x§ —,’.E%), 023 :O, g33 :k(l’%—Fl}g)

Solution: We have

Oo11 | Oo12 | 0013
= (2k —2k =
o, O -+ 02 + pofi = (2kx1) + ( 1) + 0+ pofi =0,

Oo21 | Ooza | Ooas
= (—2k 2k =
52, s + D5 + pof2 = ( x2) + (2kz2) + 0+ pof2 =0,

8 9 9
o3 T782 4 TT88 | pofs =04 040+ pofs = 0.
o1 Oza 0x3

Thus the given stress field is in equilibrium in the absence of any body forces; that is, pof = 0.

4.6 Objectivity of Stress Tensors
4.6.1 Cauchy Stress Tensor

The Cauchy stress tensor is objective if we can show that 0* = Q- o - QT [see
Eq. (3.8.21) for the definition of the objectivity of various order tensors|. We

begin with the relations
t=0'n, t"=o0" n" t"=Q-t, n"=Q- n. (4.6.1)
Then
t"=0"-n"=0"-(Q n),
t"=Q-t=Q-0-n.
Then, we have
O'* . Q = Q )
from which it follows that
cF=Q o Q. (4.6.2)
Thus, the Cauchy stress tensor is objective.
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4.6.2 First Piola—Kirchhoff Stress Tensor

The first Piola—Kirchhoff stress tensor P is a two-point tensor, and it trans-
forms like the other two-point tensor F. To establish this, we begin with the
relation between P and o after superposed rigid-body motion and make use of
the relations F* = Q- F and J* = J,

P'=Jo" (F)'=JQ o Q) (QF)"
=JQ-o- Q- QN FT=JQ 0. FT=Q-P. (463)

Thus P, being a two-point tensor, transforms like a vector under superposed
rigid-body motion, and hence is objective.

4.6.3 Second Piola—Kirchhoff Stress Tensor

The second Piola—Kirchhoff stress tensor S is the stress tensor of choice in the
study of solid mechanics. Because it is defined with respect to the reference
configuration, rigid-body motion should not alter it. Using the relations F* =
Q-Fand o* =Q -0 -QT, we obtain

S*=J(F) ot (F) T =JF Q- (Q-0-QN)(QT-F )
=JF'!l.o.FT=8 (4.6.4)

Thus, S is not affected by the superposed rigid-body motion and, therefore, it
is objective.

4.7 Summary

In this chapter, the concept of stress in a continuum is introduced and stress
vector at a point is defined. It is shown that the stress vector t at a point depends
on the orientation of the plane (n) on which it acts. Then a relation between
the stress vector t acting on a plane with unit normal n and stress vectors (ti,
to, t3) acting on three mutually perpendicular planes whose normals are €1, éo,
€3 is established. It is here the Cauchy stress tensor o is introduced as a dyadic
with respect to the Cartesian basis (&1, €2, €3):

O'Etlél—i-tgég—i-tgég:tjéj, tjzaijéi — U:Uijéiéj.

The stress tensor o at a point x is shown to be related to the stress vector t on
a plane nn by t = o - 1, which is known as Cauchy’s formula.

We encounter stress vectors t in two instances: (1) stress vector at a point
x in the interior of the body on a plane whose outward normal is n; and (2)
stress vector at a point on the surface of the body, which is either specified or
to be determined. Cauchy’s formula is useful not only in relating the surface
traction to the state of stress inside the body at a boundary point, t = o -1, but
it also implies that when a material volume )y is removed from a body, then it
is possible to maintain €2 in its equilibrium state by merely applying a suitable
distribution of t on the boundary I'y of the volume g, as shown in Fig. 4.7.1.
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Fig. 4.7.1: Surface traction vector t and internal stress vector t(i).

Transformation relations for the components of the stress tensor in one coor-
dinate system to its components in another coordinate system are established,
and the determination of the principal values and principal planes of a stress
tensor is detailed. Then two other measures of stress, namely, the first and
second Piola—Kirchhoff stress tensors, P and S, are introduced. Whereas the
Cauchy stress tensor o is measured as the current force per unit deformed area,
the first Piola—Kirchhoff stress tensor P is measured as the current force per unit
undeformed area and the second Piola—Kirchhoff stress tensor S is measured as
the transformed current force per unit undeformed area. The first and second
Piola—Kichhoff stress tensors are related to the Cauchy stress tensor by

P=Jo-FT=F.8, S=F'.P=JF!.o.FT (4.7.1)

The stress equilibrium equations V - ¢* + pof = 0 in the case of infinites-
imal deformations are derived, and symmetry of the stress tensor, o1 = o, in
the absence of body couples, is established. Several examples are presented to
illustrate the concepts and ideas introduced.

It is also shown that under superposed rigid-body transformation x* = c(t)+
Q(t)-x, where c(t) is a constant vector characterizing the rigid-body translation
and Q(t) is a proper orthogonal tensor characterizing the rigid-body rotation,
the three stress tensors introduced in this chapter transform according to the
following relations and are objective:

c"*=Q-0-Qf, P"=Q-P, S=8" (4.7.2)

Problems
CAUCHY STRESS TENSOR AND CAUCHY’S FORMULA

4.1 Suppose that t?! and t®2 are stress vectors acting on planes with unit normals fi; and
ng, respectively, and passing through a point with the stress state . Show that the
component of t?1 along fy is equal to the component of t*2 along the normal f if and
only if o is symmetric.

4.2 Write the stress vectors on each boundary surface in terms of the given values and base
vectors i and j for the system shown in Fig. P4.2.
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4.3

4.4

4.5

4.6

3kN/m? 2 kN/m?

Yiviy
H G D Cl——>
F E >
> 5 kN/m?
2.5 kN/mZ/® ——>
—»>
——»>
—»>

The components of a stress tensor at a point, with respect to the (z1,z2,z3) system,
are (in MPa):

12 90 9 0 12 1 -3 V2
i) | 9-12 0f, (i) | 0-25 O, (ii) | -3 1 —V2
0 06 12 0 16 V2 V2 4
Find the following:
(a) The stress vector acting on a plane perpendicular to the vector 2&; — 2é; + &3

(b) The magnitude of the stress vector and the angle between the stress vector and the
normal to the plane

(¢) The magnitudes of the normal and tangential components of the stress vector

Consider a (kinematically infinitesimal) stress field whose matrix of scalar components
in the vector basis {&;} is

1 0 2z
0 1 4z, | (MPa),
21’2 4111 1

where the Cartesian coordinate variables X; are in meters (m) and the units of stress
are MPa (10° Pa = 105 N/m?).

(a) Determine the traction vector acting at point X = &; + 2é» + 3é3 on the plane
1 + 22 + 23 = 6.
(b) Determine the normal and projected shear tractions acting at this point on this plane.

The three-dimensional state of stress at a point (1,1, —2) within a body relative to the
coordinate system (z1,z2,z3) is

20 35 25
3.5 00 -15| MPa.
25 -15 1.0

Determine the normal and shear stresses at the point and on the surface of an internal
sphere whose equation is 7 + (z2 — 2)? + x5 = 6.
The components of a stress tensor at a point, with respect to the (x1,x2,23) system,

are
25 0 0
0 —30 —60 | MPa.
0-60 5
Determine

(a) the stress vector acting on a plane perpendicular to the vector 2&; + & + 2é&s, and

(b) the magnitude of the normal and tangential components of the stress vector.
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4.7 For the state of stress given in Problem 4.5, determine the normal and shear stresses on
a plane intersecting the point where the plane is defined by the points (0,0, 0), (2, —1, 3),
and (—2,0,1).

4.8 The Cauchy stress tensor components at a point P in the deformed body with respect
to the coordinate system (z1,z2,x3) are given by

1 4 -2
[c]=] 4 0 0| MPa.
-2 0 3

(a) Determine the Cauchy stress vector t® at the point P on a plane passing through the
point and parallel to the plane 2z1 + 3x2 + z3 = 4.

(b) Find the length of t® and the angle between t® and the vector normal to the plane.

(¢) Determine the components of the Cauchy stress tensor in a rectangular coordinate system
(Z1, T2, Z3) whose orthonormal base vectors e; are given in terms of the base vectors &;
of the coordinate system (x1,x2,x3)

ézzﬁ(él—é;;), é3=%(2é1—é2+2é3).

4.9 The Cauchy stress tensor components at a point P in the deformed body with respect
to the coordinate system (z1,x2,x3) are given by

2 53
[0]=|5 1 4| MPa.
3 43

(a) Determine the Cauchy stress vector t™® at the point P on a plane passing through the
point whose normal is n = 3é; + é2 — 2és.

(b) Find the length of t® and the angle between t™® and the vector normal to the plane.

(¢) Find the normal and shear components of t* on the plane.
4.10 Suppose that at a point on the surface of a body the unit outward normal is n =
(é1+6é2 —é3)/\/§ and the traction vector is P(€1+2€&3), where P is a constant. Determine
(a) the normal traction vector t, and the shear traction vector t,s at this point on the
surface of the body, and
(b) the conditions between the stress tensor components and the traction vector components.
4.11 Determine the traction free planes (defined by their unit normal vectors) passing through

a point in the body where the stress state with respect to the rectangular Cartesian basis

is

o N

1 1
[c]=12 o0 0| MPa.
1 -3

o

What is the value of og?

TRANSFORMATION EQUATIONS

4.12 Use equilibrium of forces to derive the relations between the normal and shear stresses
on and os on a plane whose normal is n = cos0é; + sin 6és to the stress components
o011, 022, and 012 = 021 on the €; and &x planes, as shown in Fig. P4.12:

On = 011 €0S> 0 + 022 8in® 0 + 012 sin 20, (1)
o5 = —%(0'11 — 0'22) sin 260 + 012 cos 26.
Note that 6 is the angle measured from the positive xi-axis to the normal to the inclined
plane (the same as that shown in Fig. 4.3.2). Then show that (a) the principal stresses
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at a point in a body with two-dimensional state of stress a

STRESS MEASURES

re given by

o11 + 022 011 — 022\ 2
Up1:0'max:7+ - a

2 2

) +U%23

011 + 022 011 — 022\ 2
Op2 = Omin = ————— — —_

2 2

and that the orientation of the principal planes is given by

2012 ]

1 _
0, = £= tan™" [7

2 o11 — 022
and (b) the maximum shear stress is given by

(05), = iw

) +U%27

Also, determine the plane on which the maximum shear stress occurs.

Fig. P4.12

4.13 through 4.16 Determine the normal and shear stress components on the plane indicated

in Figs. P4.13-4.16.

10 MPa

Hitd

10 MPa

Ll

\

50 MPa

INEREREN

Fig. P4.13

30 MPa

LEEEEEY o

N
<+ \\ja=450£: -« — -— -

Fig. P4.14

100 MPa

-] 5 <+
g \\ E 60 MPa E

b I (= pat
T bl

N —»

Fig. P4.15

Fig. P4.16
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4.17

Find the values of o5 and o922 for the state of stress shown in Fig. P4.17.

30 MPa
40 MPa
Os
o =45°
—
o 20 MPa
Fig. P4.17

PRINCIPAL STRESSES AND PRINCIPAL DIRECTIONS

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

For the stress state given in Problem 4.4, determine

(a) the principal stresses and principal directions of stress at this point, and

(b) the maximum shear stress at the point.

Find the maximum and minimum normal stresses and the orientations of the principal
planes for the state of stress shown in Fig. P4.15. What is the maximum shear stress
at the point?

Find the maximum and minimum normal stresses and the orientations of the principal
planes for the state of stress shown in Fig. P4.16. What is the maximum shear stress
at the point?

Find the maximum principal stress, maximum shear stress and their orientations for the
state of stress given.

12 90 3 5 8
() [o]=| 9-12 0| MPa. (b) [o]=|5 1 0| MPa.
0 06 8 0 2

(Spherical and deviatoric stress tensors) The stress tensor can be expressed as the sum
of spherical or hydrostatic stress tensor & and deviatoric stress tensor o’
1 1 1
oc=61+0', 6=-tro==I, ¢ =0 —=-I1L
+o, 3 371 311
For the state of stress shown in Fig. P4.16, compute the spherical and deviatoric com-
ponents of the stress tensor.
Determine the invariants I; and the principal deviator stresses for the following state of
stress

2 -1 1]
[7]=|-1 0 1| MPa.
1 1 2]

Given the following state of stress at a point in a continuum,

(7 0 147
6]=]0 8 0| MPa,
|14 0 —4 |

determine the principal stresses and principal directions.
Given the following state of stress (oi; = 0j;),

2
o011 = —227, o012 =—7+4x122 + 23, 013 =1+21 — 322,

022:3$%—2$3+5$3, 0'23:07 0'33:—5—|—561 +3LE2+3$3,

determine
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(a) the stress vector at point (z1,22,23) on the plane z1 + 22 + x3 = constant,
(b) the normal and shearing components of the stress vector at point (1, 1, 3), and
(c) the principal stresses and their orientation at point (1, 2, 1).
4.26 The components of a stress tensor at a point P, referred to the (z1,z2,z3) system, are
57 0 24

050 0 | MPa.
24 043

Determine the principal stresses and principal directions at point P. What is the max-
imum shear stress at the point?
4.27 Given the following state of stress at a point in a continuum,

0 0 Al’z
[c]=1] O 0 —Bzs| MPa,
A:L'z *Bl‘g, 0
where A and B are constants. Determine
(a) the body force vector such that the stress tensor corresponds to an equilibrium state,
(b) the three principal invariants of o at the point x = Bés + Aégs,

(c) the principal stress components and the associated planes at the point x = Béy + Aés,
and

(d) the maximum shear stress and associated plane at the point x = Béy + Aés.

EQUILIBRIUM EQUATIONS (associated with infinitesimal deformations)

4.28 Derive the stress equilibrium equations in cylindrical coordinates by considering the
equilibrium of a typical volume element shown in Fig. P4.28. Assume that the body
force components are (not shown in the figure) po fr, pofo, and pof. along the r, 6, and
z coordinates, respectively.

Fig. P4.28

4.29 Given the following state of stress at a point in a continuum,

1 0 2z2
[c]=1] 0 1 4z | MPa,
2o 41 1

determine the body force vector such that the stress tensor corresponds to an equilibrium
state.
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4.30 Given the following state of stress at a point in a continuum,

5Tox3 Swg 0
[o]=| 323 0 —=x1 | MPa,
0 —I1 0

determine the body force vector such that the stress tensor corresponds to an equilibrium
state.
4.31 Given the following state of stress at a point in a continuum,

A(l’l — 1'2) B$%$2 0
[o] = Bz2xo —A(z1 —x2) 0| MPa,
0 0 0

determine the constants A and B such that the stress tensor corresponds to an equilib-
rium state in the absence of body forces.
4.32 Given the following state of stress at a point in a continuum,

Azizo AB?* —x3)z; 0
[0] = | A(B? — 23)z1 C(z3 —3B%2s 0 MPa,
0 0 2Bx?

where A, B, and C' = A/3 are constants, determine the body force components necessary
for the body to be in equilibrium.
4.33 Given the following Cauchy stress components (oi; = 0;),
o11 :7258%, o12 = —7+4zx122 + 23, o013 =14 21 — 322,
022:3IE%*2$%+5$3, 0'23:0, 033 :75+LE1+3$2+31}3,
determine the body force components for which the stress field describes a state of
equilibrium.
4.34 Given the following stress field, expressed in terms of its components referred to a
rectangular Cartesian basis,
g11 = :L'%(L'Q, g12 = (02 — m%)ml, g13 = O,
1, .
022 = 3 (:ES - 302332) , 023=0, o033= 2C$§7
where c is a constant, find the body-force field necessary for the stress field to be in
equilibrium.
4.35 The equilibrium configuration of a deformed body is described by the mapping

X(X) = AX18&, — BX3é: + CXs &3,

where A, B, and C are constants. If the Cauchy stress tensor for this body is

000
[c]=10 0 0 | MPa,
0 0 oo
where oy is a constant, determine
(a) the deformation tensor and its inverse in matrix form,
(b) the matrices of the first and second Piola—Kirchhoff stress tensors, and

(c) the pseudo stress vectors associated with the first and second Piola—Kirchhoff stress
tensors on the és-plane in the deformed configuration.

4.36 A body experiences deformation characterized by the mapping

X(X,t) =x=AXse;1+BX 16 +CX3 é3,
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4.37

4.38

4.39

4.40
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where A, B, and C are constants. The Cauchy stress tensor components at certain point
of the body are given by

0 00
[c] =0 oo 0| MPa,
0 00

where g is a constant. Determine the Cauchy stress vector t and the first Piola—
Kirchhoff stress vector T on a plane whose normal in the current configuration is i = é.
Express the stress equilibrium equations in Eq. (4.5.6) in terms of the stress components
and body force components in the (a) cylindrical and (b) spherical coordinate systems.
Equation (4.2.7) can also be written

t=(fl-éi)tiZﬁ-(é1t1+é2t2+é3t3). (1)
The terms in the parenthesis can be defined as the stress dyadic or stress tensor T':
TEé1t1+é2t2+é3t3:éiti. (2)

Show that T is the transpose of o defined in Eq. (4.2.13).
Show that the material time derivative of the Cauchy stress tensor is not objective, unless
the superposed rigid-body rotation is time-independent (that is, Q is not a function of
time); that is, show

¢ #Q-¢-Q,
unless Q is independent of time.
Prove that if the stress tensor is real and symmetric, o;; = 0, then its eigenvalues are
real. Also, prove that the eigenvectors of a real and symmetric o;; are orthogonal.



5

CONSERVATION AND
BALANCE LAWS

Although to penetrate into the intimate mysteries of nature and thence to learn the true causes
of phenomena is not allowed to us, nevertheless it can happen that a certain fictive hypothesis
may suffice for explaining many phenomena. —— Leonard Euler (1707-1783)

Nothing is too wonderful to be true if it be consistent with the laws of nature.
—— Michael Faraday (1791-1867)

5.1 Introduction

Virtually every phenomenon in nature can be described in terms of mathemati-
cal relations among certain quantities that are responsible for the phenomenon.
Most mathematical models of physical phenomena are based on fundamental
scientific laws of physics that are extracted from centuries of observations and
research on the behavior of mechanical systems subjected to the action of natural
forces. The most exciting thing about the laws of physics, which are also termed
principles of mechanics, is that they govern biological systems as well (because
of mass and energy transports). However, biological systems may require ad-
ditional laws, yet to be discovered, from biology and chemistry to reasonably
complete their descriptions.

This chapter is devoted to the study of fundamental laws of physics and
resulting mathematical models as applied to mechanical systems. The laws
of physics are expressed in analytical form with the aid of the concepts and
quantities introduced in the previous chapters. The principles of mechanics to
be studied are (1) the principle of conservation of mass, (2) the principle of
balance of linear momentum, (3) the principle of balance of angular momentum,
and (4) the principle of balance of energy. These principles allow us to write
mathematical relationships — algebraic, differential, or integral type — between
quantities such as displacements, velocities, temperature, stresses, and strains
that arise in mechanical systems. The solution of these equations, in conjunction
with the constitutive relations and boundary and initial conditions, represents
the response of the system. The equations developed here not only are used
not only in the later chapters of this book, but they are also useful in other
engineering and applied science courses. In addition, the equations developed
herein form the basis of most mathematical models employed in the study of
a variety of phenomena. Thus, the present chapter is the heart and soul of a
course on continuum mechanics and elasticity.

181
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5.2 Conservation of Mass
5.2.1 Preliminary Discussion

It is common knowledge that the mass of a given system cannot be created or
destroyed. For example, the mass flow of the blood entering a section of an
artery is equal to the mass flow leaving the artery, provided that no blood is
added or lost through the artery walls. Thus, mass of the blood is conserved
even when the artery cross section changes along the length.

The principle of conservation of mass states that the total mass of any part
0B of the body B does not change in any motion. The mathematical form of
this principle is different in spatial and material descriptions of motion. Before
we derive the mathematical forms of the principle, certain other identities need
to be established.

5.2.2 Material Time Derivative

As discussed in Chapter 3 [see Egs. (3.2.4) and (3.2.5)], the partial time deriva-
tive with the material coordinates X held constant should be distinguished from
the partial time derivative with spatial coordinates x held constant due to the
difference in the descriptions of motion. The material time derivative, denoted
here by D/Dt, is the time derivative with the material coordinates held con-
stant. Thus, the time derivative of a function ¢ in material description (i.e.,
¢ = ¢(X,t)) with X held constant is nothing but the partial derivative with
respect to time [see Eq. (3.2.4)]:

D 0 0
Do _ (% _ 9% (5.2.1)
Dt ot X —const ot
In particular, we have
Dx ox ox
= _ [ Z= = = | = 5.2.2
Dt ( ot ) X=const < ot ) v ( )
where v is the velocity vector. Similarly, the time derivative of v is
Dv ov ov
Dt ( ot >X:const < ot > * (5 3)

where a is the acceleration vector.
In the spatial description, we have ¢ = ¢(x,t) and the partial time derivative

<8¢) is different from ((%) .
ot X=const ot x=const

< > = 1
X=cons

denotes the local rate of change of ¢. If ¢ = v, then it is the rate of change of
v read by a velocity meter located at the fixed spatial location x, which is not
the same as the acceleration of the particle just passing the place x.
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To calculate the material time derivative of a function ¢ of spatial coordinates
X, ¢ = ¢(x,t), we assume that there exists differentiable mapping x(X,t) =
x(X,t) so that we can write ¢(x,t) = ¢[x(X,t),t] and compute the derivative
using the chain rule of differentiation:

Do _ (9 (o0 (0w 2%
Dt ot X =const, - ot x=const ot X =const axl
_ (99 99
- < at > x=const " v 81’7,

_ (99 .
_ <at>x_mst+v Vo, (5.2.4)

where Eq. (5.2.2) is used in the second line. Thus, the material derivative
operator is given by

D 0
— == V. 2.
Dt <8t>xconst o v (5 5)

Example 5.2.1 illustrates the calculation of the material time derivative based
on the material and spatial descriptions.

Example 5.2.1

Suppose that a motion is described by the one-dimensional mapping, = (1 + ¢)X, for ¢ > 0.
Determine (a) the velocities and accelerations in the spatial and material descriptions, and (b)
the time derivative of a function ¢(X,t) = X t2 in the spatial and material descriptions.

Solution: The velocity v = Dx /Dt can be expressed in the material and spatial coordinates as

T
1+¢°

v(X,t) = % = % =X, ou(z,t)=X(z,t)=

The acceleration a = Dv/Dt in the two descriptions is

_ Du(X,t) _Ov —0
B Dt ot ’
a:Dv(:c,t):@ v@
- Dt ot ox

qE iz 1

0.

02 " 1+i1+¢
The material time derivative of ¢ = ¢(X,¢) in the material description is simply

Do(X,1) _ 98(X,1)

= 2Xt.
Dt ot

The material time derivative of ¢ = ¢(x,t) = X (z,t)t*> = xt*/(1 +t) in the spatial description
is

oz 1+¢)\14¢) 1+t

@_@jLU@d)_thi xt? + T = 2xt
Dt ot Oz 1+t (1+1t)2

which is the same as that calculated before, except that it is expressed in terms of the current
coordinate, x.
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5.2.3 Vector and Integral Identities

In the sections of the chapter that follow, we will make use of several vector
identities and the gradient and divergence theorems [see Tables 2.4.1 and 2.4.2

and Eqs. (2.4.45)—(2.4.47)]. For a ready reference, some key results are provided
here.

5.2.3.1 Vector identities

For any scalar function F(x), vector-valued function A(x), and tensor-valued
functions S(x), the following identities hold:

V. (FA)=FV-A+VF-A, (5.2.6a)

A - VA=IV(A-A)-Ax(VxA), (5.2.6b)
V- (S-A)=(V-S)-A+S:VA, (5.2.7)
S:(VA)=S8¥1. (VA 4 gskew . (g A)skew, (5.2.8)

where : denotes the double-dot product defined in Eq. (2.5.13), and the super-
scripts sym and skew denote the symmetric and skew symmetric parts of the
enclosed quantity [see Eq. (2.5.25)]. In addition, the del operator V and the
divergence of A and S in the rectangular Cartesian, cylindrical, and spherical
coordinates [see Figs. 2.4.4(b) and 2.4.5 for the coordinate systems| have the
forms given here (see Chapter 2 for details).

Cartesian coordinates [x = (x1, x2,x3)]

0 04 98y
V = el% s V- A= 8$Z V-S= axl €;. (529)

Cylindrical coordinates [x = (1,0, z)]

o 1. 0 0

"o + eg 90 + eza ,

8(TAT) n 0Ag N r@AZ}
or 00 0z |’

V=6 (5.2.10)
1

(5.2.11)

S, 105, 0., 1 )
o o6 " os +T(SW_S€9)} er

r
|:8Sr9 10599 0S5, 1

or r 00 0z

rz 1 z zz 1 A~
o5 109 0% 1g)o T o

+ - + + ; (ST9 + 597"):| é9

or r 00 0z

Spherical coordinates [x = (R, ¢,0)]
0 1. 0 1 0

YV =engpt 5050+ an s op (5.2.13)
_ ,Ar  0AR 1 O0(Agsing) 1 04y
V-A=2 R * OR  Rsing 0 Rsing 00’ (5.2.14)
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- 6SRR 185¢R 1 8561%
v S_{ 9R R 06 ' Rsmo 00

— [QSRR — S¢¢ — Spp + Sd)R cot ¢]}éR

(9SR¢ n l 8S¢¢ " 1 88@¢
OR R 0¢ Rsing 00

[(5¢¢ — S@g) cot ¢ + S¢R + QSqu]}

OSRe n 19840 1 0Sps
OR R 0¢ Rsing 00

_l’_

+

+

[(Spo + Soe) cot ¢ + 2SR + S@R]} (5.2.15)

5.2.3.2 Integral identities

The following relations hold for a closed region €2 bounded by surface I' with
outward unit normal vector n

%ﬁSds: / VS dx (Gradient theorem) (5.2.16)
r Q

jg ¢pn-Sds = / V - (¢S)dx (Divergence theorem)  (5.2.17)
r Q

fxx(ﬁ.S)ds:/[xx(v-S)+5:S]dx, (5.2.18)
r Q

where x is the position vector, S is a tensor-valued function of position, £ is the
third-order permutation tensor [see Eq. (2.5.23)], ¢ is a scalar-valued function,
dx denotes a volume element, and ds is an area element on the surface.

5.2.4 Continuity Equation in the Spatial Description

Let an arbitrary region in a continuous medium B be denoted by 2, and the
bounding closed surface of this region be continuous and denoted by I'. Let
each point on the bounding surface move with velocity vs. It can be shown that
the time derivative of the volume integral of some continuous function ¢(x,t) is
given by

/d)xt dx_— d)dx+?{¢ﬁ-vsds,
r

This expression for the differentiation of a volume integral with variable limits
is sometimes known as the three-dimensional Leibnitz rule.

Let each element of mass in the medium move with the velocity v(x,¢) and
consider a special region 2 such that the bounding surface I' is attached to a
fixed set of material elements. Then each point of this surface moves with the
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material velocity, that is, vy = v, and the region 2 thus contains a fixed total
amount of mass because no mass crosses the boundary surface I'. To distinguish
the time rate of change of an integral over this material region, we replace d/dt
by D/Dt and write

D 0 A
Dt/QMX,t)dXE/Qafdx%—jg(ﬁn'vds, (5.2.20)

which holds for a material region, that is, a region of fixed total mass. In some
books, Eq. (5.2.20) is referred to as the Reynolds transport theorem. The relation
between the time derivative following an arbitrary region and the time derivative
following a material region (fixed total mass) is

qutdx_— p(x,t)dx+ ¢ ¢pn-( ds. (5.2.21)
i, pi Jy 0

The velocity difference v — v is the velocity of the material measured relative
to the velocity of the surface. The surface integral

j{d)ﬁ- (v —vs)ds,
r

thus measures the total outflow of the property ¢ from the region 2.
Let p(x,t) denote the mass density of a continuous region. Then the principle
of conservation of mass for a fixed material region {2 requires that

D
B / pdx = 0. (5.2.22)

Then from Eq. (5.2.21), with ¢ = p, it follows that for a fixed spatial region
(i.e., vs = 0) the principle of conservation of mass can also be stated as

jt pdx = — % pn-vds. (5.2.23)
r

Thus, the time rate of change of mass inside a region €2 is equal to the mass inflow
(because of the negative sign) through the surface into the region. Equation
(5.2.23) is known as the control volume formulation of the conservation of mass
principle. In Eq. (5.2.23), 2 denotes the control volume (cv) and I' the control
surface (cs) enclosing ().

Using Eq. (5.2.19) with ¢ = p, Eq. (5.2.23) can be expressed as

dp 7{ R
dx = — n-vds.
/Qat Fp

Converting the surface integral to a volume integral by means of the divergence
theorem (5.2.17), we obtain

/Bf+v (o )]dx—O.
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Since this integral vanishes for any continuous medium occupying an arbitrary
region {2, we deduce that this is true only if the integrand itself vanishes identi-
cally, giving the following local form of the principle of conservation of mass:

ZQ’ ) = (5.2.24)
This equation, also known as the continuity equation, expresses local conserva-
tion of mass at any point in a continuous medium.

An alternative derivation of Eq. (5.2.24) that is found in fluid mechanics
books is presented next. Consider an arbitrary control volume € in space where
flow occurs into and out of the control volume. Conservation of mass in this
case means that the time rate of change of mass in €2 is equal to the mass inflow
through the control surface I' into the control volume 2. Consider an elemental
area ds with unit normal n around a point P on the control surface, as shown in
Fig. 5.2.1. Let v and p be the velocity and mass density, respectively, at point
P. The mass outflow (slug/s or kg/s) through the elemental surface is pv - ds,
where ds = nds. The total mass inflow through the entire surface of the control
volume is

ﬁ(_pv”)d‘s B ‘ﬁpﬂ‘vds = —/QV‘(pV) dx, (5.2.25)

where the divergence theorem (5.2.17) is used in arriving at the last expression
in Eq. (5.2.25). If a continuous medium of mass density p fills the region 2 at
time ¢, the total mass in Q is M = [, p(x,t) dx. The rate of increase of mass in

the fixed region ) is
oM ap
= | —dx.

ot Jo ot
Equating Eqgs. (5.2.25) and (5.2.26), we obtain

[[2%49 w0

which results in the same equation as the one in Eq. (5.2.24).

(5.2.26)

Mo o
e

Xl’ Xy r

X, x, (a) 3-D

Fig. 5.2.1: A control volume for the derivation of the continuity equation.
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Equation (5.2.24) can be written in an alternative form as follows [see Eq.
(5.2.6a)]:

O:g;)—i-V‘(pv):Z—i—v-Vp—i—pV-v:gi_)—i-pV-v, (5.2.27)
where the definition of material time derivative, Eq. (5.2.5), is used in arriving
at the final result.

The one-dimensional version of the local form of the continuity equation
(5.2.24) can be obtained by considering flow along the z-axis (see Fig. 5.2.2).
The amount of mass entering (i.e., mass flow) per unit time at the left section
of the elemental volume is:

density x cross-sectional area x velocity of the flow = (p Avy),.

The mass leaving at the right section of the elemental volume is (p Avy)z+Az,
where v, is the velocity along the x-direction. The subscript denotes the distance
at which the enclosed quantity is evaluated. It is assumed that the cross-sectional
area A is a function of position x but not of time t. The net mass flow into the
elemental volume is

(AP Vg )z — (AP V)2t Ac-

On the other hand, the time rate of increase of the total mass inside the elemental
volume is ) )
1 Pli+at — (Pt
AANg——""———
At ’
where p and A are the average values of the density and cross-sectional area,
respectively, inside the elemental volume.
If no mass is created or destroyed inside the elemental volume, the rate of
increase of mass should be equal to the mass inflow:

flAmW = (Apvy)s — (ApVs)rtAg-

Dividing throughout by Az and taking the limits At — 0 and Az — 0, we
obtain
lim A(P)tJrAt — (P 4 (Apvz)atas — (Apva)s
At, Az—0 At Az

=0,

elemental volume, AV = A Ax

7
_

4

outlet
D —

}Ax|<—

Fig. 5.2.2: Derivation of the local form of the continuity equation in one dimension.
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or (p = pand A — A as Ax — 0)

20p  9(Apra)

=0. 2.2
ot Ox 0 (52.28)

Equation (5.2.28) is the same as Eq. (5.2.24) when v is replaced with v =
v;€, and A is a constant. Note that for the steady-state case, Eq. (5.2.28)
reduces to

d(Apvz)

3 =0 — Apv, = constant = (Apvg)1 = (Apuvg)e = = (Apug)i,
x

(5.2.29)
where the subscript i refers to ith section along the direction of the (one-
dimensional) flow. The quantity @ = Awv, is called the flow, whereas p Av,
is called the mass flow.

The continuity equation in Eq. (5.2.24) can also be expressed in orthogonal
curvilinear coordinate systems as [see Egs. (5.2.10)—(5.2.15); Problems 5.4-5.6
are designed to obtain these results]

Cylindrical coordinate system (r,0, z)

_9p  1[0(rpvy)  O(puve) = O(pv:)
=it Tt et e | (5.2.30)

0

Spherical coordinate system (R, ¢, 0)

0= @+L3(PRQUR) 1 O(pvgsing) 1 d(pve)
0t R?2 OR Rsin ¢ 00 Rsing 00

(5.2.31)

For steady state, we set the time derivative terms in Eqgs. (5.2.24), (5.2.30),
and (5.2.31) to zero. The invariant form of continuity equation for steady-state
flows is (so-called divergence-free velocity field)

V.(pv)=0. (5.2.32)
For materials with constant density, we set Dp/Dt = 0 and obtain (the so-called

divergence-free condition on the velocity field)

pV-v=0 or V-v=0. (5.2.33)
Thus the motion is isochoric, and the velocity field is said to be solenoidal.
Next, we consider two examples of application of the principle of conservation
of mass in spatial description.

Example 5.2.2

Consider a water hose with a conical-shaped nozzle at its end, as shown in Fig. 5.2.3(a). (a)
Determine the pumping capacity required for the velocity of the water (assuming incompressible
for the present case) exiting the nozzle to be 25 m/s. (b) If the hose is connected to a rotating
sprinkler through its base, as shown in Fig. 5.2.3(b), determine the average speed of the water
leaving the sprinkler nozzle.
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(@

nozzle exit

(20 mm dia.)
12.5 mm dia.

(b)

Fig. 5.2.3: (a) Water hose with a conical head. (b) Water hose connected to a sprinkler.

Solution: (a) The principle of conservation of mass for steady one-dimensional flow requires
prA1v1 = p2Azva.

If the exit of the nozzle is taken as the section 2 and the inlet is taken as the section 1 [see Fig.
5.2.3(a)], we can write (for an incompressible fluid, p1 = p2)

7(20 x 107%)2

Q1= A1v1 = Asvp = 1 ) 25 = 0.00257 m®/s.

(b) The average speed of the water leaving the sprinkler nozzle can be calculated using the
principle of conservation of mass for steady one-dimensional flow. We obtain

3 o 2Q1 0005
Ql = 2A21)2 — Vg = 2 = 7(12.5 > 1073)2 =32 m/s.

Example 5.2.3

A syringe used to inoculate large animals has a cylinder, plunger, and needle combination, as
shown in Fig. 5.2.4. Let the internal diameter of the cylinder be d and the plunger face area
be A,. If the liquid in the syringe is to be injected at a steady rate of Qo, determine the speed
of the plunger. Assume that the leakage rate past the plunger is 10% of the volume flow rate
out of the needle.

Solution: In this problem, the control volume (shown in dotted lines in Fig. 5.2.4) is not
constant. Even though there is a leakage, the plunger surface area can be taken as equal to
the open cross-sectional area of the cylinder, A, = 7rd2/4. Let us consider Section 1 to be the
plunger face and Section 2 to be the needle exit to apply the continuity equation.

Assuming that the flow through the needle and leakage are steady, application of the global
form of the continuity equation, Eq. (5.2.23), to the control volume gives

0= i pdx—i—?{pn vds

d
dt/ pdx+pQO+leeak (1)
The integral in the above equation can be evaluated as follows:
d d de
2 | pdx =2 (pzdp+pVa) = p Ay = —p Apup, (2)
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f’lung/er Secti/oi ED_ _ Section @
A\ 0,=0,
d, dia.

Control volume

Fig. 5.2.4: The syringe discussed in Example 5.2.3.

where z is the distance between the plunger face and the end of the cylinder, V;, is the volume
of the needle opening, and v, = —dxz/dt is the speed of the plunger that we are after. Noting
that Qieax = 0.1Q0, we can write the continuity equation (1) as

—pApvp +1.1pQo = 0,

from which we obtain 0 440
=112 = 220
vP Ap 7Td2 (3)

For Qo = 250 cm® /min and d = 25 mm, we obtain

4.4 x (250 x 10%)

= 560 in.
Up (25 X 25) mm/min

5.2.5 Continuity Equation in the Material Description

Under the assumption that mass is neither created nor destroyed during motion,
we require that the total mass of any material volume be the same at any instant
during the motion. To express this in analytical terms, we consider a material
body B that occupies configuration xo with density pp and volume {2y at time
t = 0. The same material body occupies the configuration x with volume 2 at
time t > 0, and it has a density p. As per the principle of conservation of mass,

we have
/ podX = / pdx. (5.2.34)
Q0 Q

Using the relation between dX and dx, dx = J dX, where J is the determinant
of the deformation gradient tensor F, we arrive at

/ (po — J p)dX = 0. (5.2.35)
Qo

This is the global form of the continuity equation. Since the material volume €2
we selected is arbitrarily small, we can shrink the volume to a point and obtain
the local form of the continuity equation

po = J p. (5.2.36)

Example 5.2.4 illustrates the use of the material time derivative in computing

velocities and use of the continuity equation to compute the density in the
current configuration.
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Example 5.2.4
Consider the motion of a body B described by the mapping

X1

Tt}(l’ CC2:X2, CC3:X3.

Ir1 =

Determine the material density as a function of position x and time ¢.

Solution: The inverse mapping is given by

- 1—2f$17

X1 XQ = X2, X3 = I3. (1)

We then compute the velocity components

7= % o % . e Dmi o 81‘1 (2)
a Dt B at X=ﬁxed7 t Dt B at X=ﬁxed'

Therefore, we have

X
1+ tX1)2

v = — = —:tc?7 vo =0, v3=0. (3)

Next, we compute Dp/Dt from the continuity equation (5.2.27)

Dp _ . 8?)1 8112 31)3 o

and in the material coordinates
Dp . X 1

=
Dt~ Piyix,

Integrating the above equation (for fixed X1), we obtain

1 X3
- Dp=2| ——— Dt = Inp=2In(1 +tX 1
/p p 15X, np n(l+¢X1)+Inc,

where c is the constant of integration. If p = po at time ¢t = 0, we have Inc = In pp. Thus, the
material density in the current configuration is

p:po(1+tX1)2:(1f+1)2. (6)

It can be verified that the material time derivative of p gives the same result as in Eq. (4),

Dy _op 0
Dt~ ot ' lom
2p0 T1 2 2pot 2poz1
_ _ - = 2pas.
G-t T A~ G—ta)? 2™

The mass density in the current configuration can also be computed using the continuity
equation in the material description, po = p J. Noting that

1 tXl 1 dl‘1 1
e dXy - dX = ————— dXy, J=
(IT+tXy) ' @A+tx)2 T Q+tx)? Y

T dx, o (14+tXx0)2

dxl =

we obtain .
p=7po=po(l+X1)*.
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5.2.6 Reynolds Transport Theorem

The material derivative operator D /Dt corresponds to changes with respect to
a fixed mass, that is, pdx is constant with respect to this operator. Therefore,
from Eq. (5.2.20) by substituting for ¢ = p F(x,t), where F is an arbitrary
function, we obtain the result

D
s pF(x t)dx = gt/dex—l—jgpFﬁ-vds, (5.2.38)

or
D OF op
Dt/ﬂpF(x,t)dx—/[ E+ E+V (va)} dx

:/{ (aa];Jrv VF>+F<2'Z+V-(pv))]dx. (5.2.39)

Now using the continuity equation (5.2.24) and the definition of the material
time derivative, we arrive at the result

D
Dt/deX /pdx (5.2.40)

Equation (5.2.40) is known as the Reynolds transport theorem. Equation (5.2.40)
also holds when F'is a vector- on tensor-valued function.

5.3 Balance of Linear and Angular Momentum
5.3.1 Principle of Balance of Linear Momentum

The principle of balance of linear momentum, also known as Newton’s second law
of motion, applied to a set of particles (or rigid body) can be stated as follows:
The time rate of change of (linear) momentum of a collection of particles equals
the net force exerted on the collection. Written in vector form, the principle
implies
d

mv F 5.3.1
S (mv) =P, (5.1
where m is the total mass, v is the velocity, and F is the resultant force on the
collection of particles. For constant mass, Eq. (5.3.1) becomes

dv

F = m—y = ma, (5.3.2)

which is the familiar form of Newton’s second law.
Newton’s second law for a control volume €2 can be expressed as

F = % Qv(pclx) + ﬁv(pv - ds), (5.3.3)

where F is the resultant force and ds denotes the vector representing a surface
area element of the outflow. Several simple examples that illustrate the use of
Eq. (5.3.3) are presented next.
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Example 5.3.1

Suppose that a jet of fluid with cross-sectional area A and mass density p issues from a nozzle
with a velocity v and impinges against a smooth inclined flat plate, as shown in Fig. 5.3.1.
Assuming that there is no frictional resistance between the jet and the plate, determine the
distribution of the flow and the force required to keep the plate in position.

Tangential
direction

Fig. 5.3.1: Jet of fluid impinging on an inclined plate.

Solution: Since there is no change in pressure or elevation before and after impact, the velocity
of the fluid remains the same before and after impact, but the flow to the left and right would
be different. Let the amount of flow to the left be @1 and to the right be @Qr. Then the total
flow @ = vA of the jet is equal to the sum (by the continuity equation):

Q=0QL+Qr (1)

Next, we use the principle of balance of linear momentum to relate Q1 and Qr. Applying
Eq. (5.3.3) to the positive tangential direction to the plate, and noting that the resultant
force is zero and the first term on the right-hand side of Eq. (5.3.3) is zero by virtue of the
steady-state condition, we obtain (note that the control surface has three segments that have
nonzero flow across the boundary)

0= % ve pv-ds = vcosO(—pvA) + v(pvAL) + (—v)(pvAR), (2)

where the minus sign in the first term on the right side of the equality is due to the fact that
the mass flow is into the control volume, and the minus sign in the third term is due to the
fact that the velocity is in the opposite direction to the tangent direction (but the mass flow
is out of the control volume, that is, positive). With Arv = Qr, Arv = Qr, and Av = Q, we

obtain
QL — Qr = Qcosb.
Solving the two equations for Q1 and Qr, we obtain
Qr=31+cos0)Q, Qr=73(1—cosh)Q. (3)

Thus, the total flow @ is divided into the left flow of @1 and right flow of Qr, as given above.

The force exerted on the plate is normal to the plate. By applying the balance of linear
momentum in the normal direction (hence, the flow along the plate has zero component normal
to the plate), we obtain

F-n= %(v -1n)(pv-ds) = (vsinf)(—pvA),
or (v, = vsinf)

—F, = ?{ vn(pv - ds) = (vsinf)(—pvA) — F, = pQusinf = p Av’sin6. (4)
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Example 5.3.2

When a free jet of fluid impinges on a smooth (frictionless) curved vane with a velocity v, the
jet is deflected in a tangential direction as shown in Fig. 5.3.2, changing the momentum and
exerting a force on the vane. Assuming that the velocity is uniform throughout the jet and
there is no change in the pressure, determine the force exerted on a fixed vane.

Fig. 5.3.2: Jet of fluid deflected by a curved vane.

Solution: For the steady-state condition, applying Eq. (5.3.3), we obtain

F:?{ v(pv-ds),
—Fyé,+ Fyé, =vé; (—pvA) +v(cosfé, +sinbéy) (pvA), (1)

or
F, = pv’A(1l —cosl), F,=puv’Asiné. (2)

When a jet of water (p = 10® kg/m?) discharging 80 L/s at a velocity of 60 m/s is deflected
through an angle of § = 60°, we obtain (Q = vA)

F, = 10° x 0.08 x 60 (1 — cos 60°) = 2.4 kN,
F, = 10% x 0.08 x 60sin 60° = 4.157 kN.

When the vane moves with a horizontal velocity of vo < v, Eq. (5.3.3) becomes
F= § (v=vo)lp(v — vo) - ds],
—Fré,+Fy e, = (v—wo)[—plv—vo)Aés]+ (v— o) (coshé&, +sinhe,) p(v—wvo)A,
from which we obtain

Fp = p(v—0)?A(1 —cosb), F,=p(v—uwo)>Asin. (3)

Example 5.3.3

A chain of total length L and mass p per unit length slides down from the edge of a smooth
table with an initial overhang ¢ to initiate motion, as shown in Fig. 5.3.3. Assuming that the
chain is rigid, find the equation of motion governing the chain and the tension in the chain.

Solution: Let = be the amount of chain sliding down the table at any instant ¢. By considering
the entire chain as the control volume, the linear momentum of the chain is

p(L—2) Té; —px-T8&y.
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] L—x—~
I i
1 |
y pg
H>L T—»x
bz TR,

Fig. 5.3.3: Chain sliding down a table.

The resultant force in the chain is —pg = €,. The principle of balance of linear momentum gives

. d . .

—pgréy = [p(L—2)i8& —prdéy], 1)
or

0= (L—a)i—i®, —gz=—xi—i.

Eliminating 42 from the two equations, we arrive at the equation of motion:

:'tf%m:O. (2)

The solution of this second-order differential equation is

z(t) = Acosh At + Bsinh At, where A =

=

The constants of integration A and B are determined from the initial conditions
z(0) = o, x(0) =0,
where xo denotes the initial overhang of the chain. We obtain

A:l'o, BZO,

z(t) = zo cosh At, = \/% (3)

The tension 7' in the chain can be computed by using the principle of balance of linear
momentum applied to the control volume of the chain on the table as well as hanging

7= 5 [ Vod + § vipv-as)

_ % (L = 2)3] + pii

and the solution becomes

_ . PyY
= p(L - 2)i = 2L(L — 2y, (4)

where Eq. (2) is used in arriving at the last step.
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Example 5.3.4

Consider a chain of length L and mass density p per unit length that is piled on a stationary
table, as shown in Fig. 5.3.4. Determine the force F' required to lift the chain with a constant
velocity v.

Fig. 5.3.4: Lifting of a chain piled on a table.

Solution: Let x be the height of the chain lifted off the table. Taking the control volume to be
that enclosing the lifted chain and using Eq. (5.3.3) at a point, we obtain

F—pgx= Q/ v(pdx)—f—?{v(pv-ds)
at Jq T

P
= o (pv) + pvv =0+ pv’, (1)

or
F:p(ga:+v2).

The same result can be obtained using Newton’s second law of motion:

Ffpgx:%(mv):mi;+n'w:0+n'w, (2)

where the rate of increase of mass m = pz is m = p& = po.

5.3.1.1 Equations of motion in the spatial description

To derive the equation of motion applied to an arbitrarily fixed region in space
through which material flows (i.e., control volume), we must identify the forces
acting on it. Forces acting on a volume element can be classified as internal and
external. The internal forces resist the tendency of one part of the region/body
to be separated from another part. The internal force per unit area is termed
stress, as defined in Eq. (4.2.1). The external forces are those transmitted by
the body. The external forces can be further classified as body (or volume) forces
and surface forces.

Body forces act on the distribution of mass inside the body. Examples of
body forces are provided by the gravitational and electromagnetic forces. Body
forces are usually measured per unit mass or unit volume of the body. Let f
denote the body force per unit mass. Consider an elemental volume dx inside
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). The body force of the elemental volume is equal to pdxf. Hence, the total
body force of the control volume is

/ pfdx. (5.3.4)
Q

Surface forces are contact forces acting on the boundary surface of the body,
and they are measured per unit area. If t is the surface force per unit area,
the surface force on an elemental surface area ds is t ds. The total surface force
acting on the closed surface of the region 2 is

f; ¢ ds. (5.3.5)

The principle of balance of linear momentum applied to a given mass of a
medium B, instantaneously occupying a region 2 with bounding surface I', and
acted upon by external surface force t per unit area and body force f per unit
mass, can be expressed as

D
— pvdx:j{tds—k/pfdx, (5.3.6)
Dt Jq r Q

where pvdx denotes the linear momentum associated with elemental volume
dx, v being the velocity vector.

Since the stress vector t on the surface is related to the (internal) stress
tensor o by Cauchy’s formula t = o - 11, [see Eq. (4.2.10)], where n denotes the
unit normal to the surface, we can express the surface force as

j{a-ﬁds:%ﬁ-chds:/Vﬁ'de, (5.3.7)
r r Q

where the divergence theorem (5.2.17) is used to convert the surface integral
into volume integral. Thus Eq. (5.3.6) takes the form

D
— [ pvdx = / (Vo +pf) dx. (5.3.8)

Using the Reynolds transport theorem, Eq. (5.2.40), we arrive at

D
0—/ [V-UT+pf—pv] dx, (5.3.9)
0 Dt

which is the global form of the equation of motion. The local form is given by

Dv Duv;
T _ S o i
V.o +pf P 0ijj +p fi P D (5.3.10)
or
0
V-aT+pf:p<8‘t’+v-Vv>. (5.3.11)
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Equation (5.3.11) is known as Cauchy’s equation of motion. In Cartesian rect-
angular system, we have

30'@']' 81]7; 6’01‘
; = — ; . 5.3.12
oz, TP p<8t+vj(9xj (5:3.12)
In steady—state conditions, Eq. (5.3.11) reduces to
00 ov;
T
V.o +pf=pv Vv, axj—kpfi:pvja—x;. (5.3.13)
When the state of stress in the medium is of the form o = —pI (i.e., hydrostatic
state of stress), the equation of motion (5.3.10) reduces to
Vp+pf = p—s (5.3.14)
ptprf=po-. 3.

5.3.1.2 Equations of motion in the material description

To derive the equation of motion applied to an arbitrarily fixed material of
density pg, occupying region (g in the reference configuration, we express Eqgs.
(5.3.4), (5.3.7), and (5.3.8) in terms of quantities referred to the reference con-
figuration. We have (dx = J dX, and po = pJ)

Qo
%U-ﬁds:]é P -NdS = Vo PTdX, (5.3.15)
T T'o Qo
D ou 0%u
- dx = —dX —dX
Dt Jo "V 8t/ﬂop°at /p08t2

where P is the first Piola—Kirchhoff stress tensor. In arriving at the above results
we have made use of Eqgs. (4.4.7) and (3.3.20):

oc-da=P-dA, dv=JdV (ordx=JdX). (5.3.16)

Then the principle of balance of linear momentum yields

9%u

Pt f=py =
Vo + o v

(5.3.17)

Then using Eq. (4.4.11), namely, S=F ! . P or P = F - S, we can express the
equation of motion in terms of the second Piola—Kirchhoff stress tensor S

9*u

Vo (ST-F") +pof = po 5 (5.3.18)

Expressing the deformation tensor F in terms of the displacement vector u [see
Eq. (3.3.8)], we obtain

0%u
Vo [ST-(I+Vou)] +pof = po iz (5.3.19)
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In rectangular Cartesian component form, we have

0
0X

2
[SKJ <5K1+88;;>:| +p0fI:po%, 1=1,2,3, (5.3.20)
where vy = (Jur/0t). Clearly, the equations of motion expressed in terms of
the second Piola—Kirchhoff stress tensor are nonlinear, because of the term
Sk j(0ur/0X k), and this nonlinearity is in addition to the nonlinearity in the
strain-displacement relations (see Chapter 3) and constitutive relations (to be
discussed in Chapter 6).

For kinematically infinitesimal deformation, no distinction is made between
X and x and between the second Piola—Kirchhoff stress tensor S and the Cauchy
stress tensor o, that is, X ~ x and S ~ o. In this case, Eq. (5.3.20) reduces
to

9’u oy 0?u;
T ij 7
. f=po—5; — 5.3.21
V.o +po poatg ' Ba; =+ po fi = po o ( )
For bodies in static equilibrium, Eq. (5.3.21) reduces to [see Eq. (4.5.6)]
0
V.ol +pf=0 a% +po fi = 0. (5.3.22)
Lj

Applications of the stress equilibrium equation, Eq. (5.3.22), for kinemati-
cally infinitesimal deformation were presented in Examples 4.5.1 and 4.5.2. Here
we reconsider an example of application of Eq. (5.3.20).

Example 5.3.5

Given the following state of stress (Srs = Syr),

511 :—2X12, 512:_7+4X1X2+X3, 513:1+X1_3X27
Sao =3X7 —2X5 +5X3, Sa3=0, Ssz3=-5+X1+3Xz+3Xs,

and displacement field,
=AXs, wus=BXi, uz=0,

where A and B are arbitrary constants, determine the body force components for which the
stress field describes a state of equilibrium.

Solution: Using Eq. (5.3.20), the body force components are

_ aSIJ 1o} (911,1 8u1 (9’&1 _
po fr = X, 9X, (SlJaX +S2J8X +S3J8X3>, 1=1,2,3.

‘We have

. 0511 8512 08513
pofi = (axl toxs T axg)

5] Our
_8X (Sna +S218X +S318X3

= 9 (512 Ou + S22 Ouy + S32 Ou )
2
4

09X 0X1 0X3 0X3

8 8U1 8ul 3’LL1
A, (S138X1 + 5238X + 5336X3

—[(—=4X1) + (4X1) + 0] — A[(4X2) + (-4X3) + 0] =0,
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_ 0521 0S22 = 0823
pof2 == (axl toox, T 8X3>

0 1o} 0 0
T X, ( v + S21 2 + S31 e

"ax, X 8X3)
0 5]
(512 X + Soo — LR 532 )

T 00X, 0X> 0X3

. 0 S BUQ 8UQ auQ
X3 \"ox,

= —[(4X2) + (=4X2) + 0] — B[(—4X1) + (4X1) + 0] =0,

__ (0Ss1 | 0S32 | 0Ss3
po fa = (axl tox, t axg)

9 (511 Ous + 521 - Ous +531%)

X, 0X 0Xo 0X3
6 8%3 (9’(,L3 8u3
T X, <Sl25'X1 +5223X +5328X3)
8 8 8’&3 8U3
8X3 (5138X +S238X +5338X3)
=—[1+0+3]+0=—4.

Thus, the body is in equilibrium for the body force components po fi = 0, po fo = 0, and
po fz3 = —4.

5.3.2 Spatial Equations of Motion in Cylindrical and Spherical
Coordinates

Here we express the equations of motion in the spatial description, Eq. (5.3.11),
in terms of the components in the cylindrical and spherical coordinate systems
(see Figure 5.3.5). The equations are also valid for kinematically infinitesimal
deformations in the material description, with the density p replaced with pg
(also, contributions from the term v - Vv should be omitted).

zt éz zA R
=10 CR
e ~ e
4
A r,@:’ ! €
1 a1 A A
1 e e
@ 1 [Rf|T b) o/l %
! Zlplk_ 2, 2 R | R=R
:/"' -~ :‘R‘ r+z Line parallel A ’ie
A\ A R
t ! =y to e(-) N\~ o
\«f 0 “t-.. x Line parallel
- 1o €,

Yy
X X

Fig. 5.3.5: (a) Cylindrical and (b) spherical coordinate systems.



202 CONSERVATION AND BALANCE LAWS

5.3.2.1 Cylindrical coordinates

To express the equations of motion (5.3.11) in terms of the components in the
cylindrical coordinate system, the operator V, velocity vector v, body force
vector f, and stress tensor o are written in the cylindrical coordinates (r, 6, z)
as

voe?ile 00
" or T %o0 T oz

V = €,v, + €gug + €, vy,

f=e.f, +epfo+e.f., (5.3.23)

O = 0 €€, + 0,9 €:€9 + 0y, €€,
+ 0gyr €€, + 0gg €€y + 0p, €€,
+0.-€,6.+0,9€,69+ 0,,€.€6,.
Substituting these expressions into Eq. (5.3.11), we arrive at the following equa-

tions of motion in the cylindrical coordinate system (from the solutions of Prob-
lems 2.49 and 4.28; see also Table 2.4.2 for the gradient of a vector):

80,~,«+1607a9 30TZ+1(U — o9) + pf
or r 00 0z ro 00 Pl

y <8vr v, vy Ovy Ovy vig )

ot " Uor Thae T T
Oogr  10ogg  Oop.  oor + 00
or r 00 0z

+ pfo

_ (v Dv v gDy Dvp (5.3.24)
ot "o T T ee T2 )
aUzT 1 60—29 80’22 . Our N pfz

or r 00 0z r
_ (%, 90 V0O OV
P\ Tar T 00 T %02 )

5.3.2.2 Spherical coordinates
In the spherical coordinate system (R, ¢,6), we write

VZéRi+lé¢f+%egf,
OR R "0¢ Rsing 00
vV = €rUR + édﬂ}d) + €guyp,
f=erfr+esfs+eofo, (5.3.25)
O':URRéRéR+0R¢éRé¢+O'RQéRé9

0 1 0

+ OyR €4€R + Tpp €4€4 + 0gp €4€4
+ 0oRr €4€0 + 09y €9€y + Tpp€sey.
Substituting these expressions into Eq. (5.3.11), we arrive at the following equa-

tions of motion in the spherical coordinate system (from the solution to Problem
2.51 and Table 2.4.2):
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OoRR 1 80R¢ 1 Ooge 1
1 L
oR TR 06 T Remg o9 T R \PORR T %e0 ~ 000+ oo cotd) + pfr

ov ov Vg OV vg Ov v2 + 7
:p<af+vR R+¢ R 0 R ¢ 9>7

OR ' R 8¢ ' Rsing 00 R
dogr 1 0ogy 1 Oog 1

R R (900 = 2
orR VR 06 T Reng 00 T R \(Tee ~ o0)coté+ong +200m] + pfy

=p [M—sz{a%%—% (%—FUR) + l (8% —U0C05¢>:| )

ot OR R \ 0¢ Rsing \ 90
0ogR 1 Dogy 1 Oogg 1
oR TR 00 T Rend 00 + 3 [(9g0 + 005) cot & + ore] + pfo

o (9’[)9 87)9 ) 609 Vo (91)9 VYUR
_p{ ot ""RoR TR 99 T Reino <ae +”¢’C°S¢> TR }
(5.3.26)

5.3.3 Principle of Balance of Angular Momentum
5.3.3.1 Monopolar case

This book is concerned primarily with monopolar continuum mechanics, where
the topological features of the arrangement of matter at a micro scale, such as
the distributed couples and couple stresses present at the molecular level, are
overlooked. The monopolar continuum mechanics describes only macroscopic
features of motion, which is sufficient in a vast majority of problems of mechanics.

The principle of balance of angular momentum for the monopolar case can
be stated as follows: The time rate of change of the total moment of momentum
for a continuum is equal to the vector sum of the moments of external forces
acting on the continuum. The principle as applied to a control volume 2 with a
control surface I' can be expressed as

0
moment of external forces = 815/ pr X v dx +/ prx v (v-ds), (5.3.27)
cv Cs

where cv and cs denote the control volume and control surface, respectively. An
application of the principle is presented in Example 5.3.6.

Example 5.3.6

Consider the top view of a sprinkler as shown in Fig. 5.3.6. The sprinkler discharges water
outward in a horizontal plane (which is in the plane of the paper). The sprinkler exits are
oriented at an angle of # from the tangent line to the circle formed by rotating the sprinkler
about its vertical centerline. The sprinkler has a constant cross-sectional flow area of A and
discharges a flow rate of @ when w = 0 at time ¢ = 0. Hence, the radial velocity is equal to
vr = Q/2A. Determine w (counterclockwise) as a function of time.

Solution: Suppose that the moment of inertia of the empty sprinkler head is I, and the resisting
torque due to friction (from bearings and seals) is T’ (clockwise). The control volume is taken
to be the cylinder of unit height (into the plane of the page) and radius R, formed by the
rotating sprinkler head. The inflow, being along the axis, has no moment of momentum. Thus
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the time rate of change of the moment of momentum of the sprinkler head plus the net efflux
of the moment of momentum from the control surface is equal to the torque 7"

+ 2R (pQ> (wR — vy cos 9)] €.,

d [ > dw
—Teé, = [2— A I,—
e {dt/ pwr” dr + 5

o dt

where the first term represents the time rate of change of the moment of momentum [moment
arm times mass of a differential length dr times the velocity: 7 X (pAdr)(wr)], the second
term is the time rate of change of the angular momentum, and the last term represents the
efflux of the moment of momentum at the control surface (i.e., exit of the sprinkler nozzles).
Simplifying the equation, we arrive at

(I. + %pARg) % + pQR*w = pQRu, cosf — T.

The above equation indicates that for rotation to start pQRv, cos@ — T > 0. The final value
of w is obtained when the sprinkler motion reaches the steady state, that is, dw/dt = 0. Thus,
at steady state, we have

U cosf T
wp = B L
=R pQR2
ér
é
cs _ 2
- ~

\
“ ‘97’ A /?{i’ \ Fluid velocity, v,
L C=z 1
)
T x \TAY ». Discharge, @ (m®/s)
\ S ge,
\_/ /Jf;

Fig. 5.3.6: A rotating sprinkler system.

The mathematical statement of the principle of balance of angular momen-
tum as applied to a continuum is

D
%(x x t)ds + / (x x pf)dx = — / (x X pv)dx, (5.3.28)
r Q Dt Jo
where t denotes the stress vector and f denotes the body force vector (measured
per unit mass). Equation (5.3.28) can be simplified with the help of the index
notation in rectangular Cartesian coordinates (but the result will hold in any
coordinate system). In index notation (kth component) Eq. (5.3.28) takes the
form

D
%eijk xit; ds+/ (peijk i fj)dx = Dt/ P €ijk T; V; dX. (5.3.29)
r Q Q

We use several steps to simplify the expression. First replace t; with t; = nyop;
(Cauchy’s formula). Then transform the surface integral to a volume integral
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and use the Reynolds transport theorem, Eq. (5.2.40), for the material time
derivative of a volume integral to obtain

D
/ €iji (Ti ojp) , dx + / (peijr i f) dx = / peijipy; (21 05) dx,
Q Q Q

where (), = 0(-)/0x,. Carrying out the indicated differentiations and noting
Dx;/ Dt = v;, we obtain

Dw;
/ eijk (i Ojpp + Oip 0jp + pa; f5) dx = / P €ijk (Ui vj + x5 Dtj) dx,
Q Q

or (noting that e;;r v; v; = 0):

Du;
/ {eijk |:513z (Ujp,p +pofi— thjﬂ + €ijk O'ji} dx = 0.
Q

which, in view of the equations of motion (5.3.10), yields

eijkoji=0 or £:0 =0. (5.3.30)
Thus, in the absence of body couples, we have
T (or a45 = aju). (5.3.31)
From Eq. (4.4.12) it follows that the second Piola—Kirchhoff stress tensor

is also symmetric, S = ST, whenever ¢ is symmetric. Also, when o = o, it
follows from Eq. (4.4.8) that

E:0'=0 = o0=0

P-F'=F -PT (ie, P-FT is symmetric). (5.3.32)

5.3.3.2 Multipolar case

In multipolar continuum mechanics, a molecule may be represented by a “de-
formable” particle, undergoing its own internal strains (so-called “microstrains”),
which represent certain types of collective behavior of the sub-particles of a
molecule!. A multipolar continuum also contains an angular momentum vector
pp and a body couple vector pc (both measured per unit mass) inside the body,
in the same way as the linear momentum vector pv and the body force vector
pf, and a couple traction vector m on the boundary, in the same way as the
traction vector t. Analogous to Cauchy’s formula, the couple traction vector m
is related to the couple stress tensor M according to

m=M.n (orm; = M;n;). (5.3.33)

By the principle of balance of linear momentum, body and surface couples
do not enter the calculation and therefore the equation of motion (5.3.10) is
unaffected. However, for a multipolar case the principle leads to additional
equations. For the sake of completeness, we present these additional equations,
although their use is not illustrated in this book.

!See Jaunzemis (1967) and Eringen and Hanson (2002) for further discussion.
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The principle of balance of angular momentum for the multipolar case can
be stated as follows: The time rate of change of the total moment of momentum
for a continuum is equal to vector sum of couples and the moments of external
forces acting on the continuum. The principle as applied to a control volume €2
with a control surface I can be expressed as [see Eq. (5.3.28)]

D
%(xxt#—m)ds—k/(xxpf%—pc)dx:m[/(xx;1v+pp)dx . (5.3.34)
r Q v

In index notation (kth component of), Eq. (5.3.34) takes the form

f (€ijk xit; +my) ds+ / (peijkxi fj + peg) dx
T Q

D

=D (p eijk T; vj + ppr) dx. (5.3.35)

Using Cauchy’s formulas, t; = oj,n, and my = Mjy,n,, and the divergence
theorem, we arrive at the result

/Q [eijk (iojp) , + Mipyp + peijixi f; + Pck} dx

_ D Dpy,
_AphﬂD“@%H m]w. (5.3.36)

After simplification using Dx;/Dt = v; and e;j;, v; v; = 0, we obtain

Dv Dpy,
€ijk Ti| Cjmm +pfi —p )+Mk + ek oi +peg — p] dx =0,
/Q[” Z( e ’ Dt bR S Dt

or in vector form

Dv Dp
f— M7t _ dx —
/Q[XX<V ol +p th>+V +&:0"+pc th} x =0,
(5.3.37)

where £ is the third-order permutation tensor. Using the equation of motion
(5.3.10), we deduce the following local form, known as Cosserat’s equation:

Dp

V- M'+€:07 = p——.
tero T pe=0Tpy

(5.3.38)

Thus, for a multipolar continuum, the stress tensor is no longer symmetric.

5.4 Thermodynamic Principles
5.4.1 Introduction

The first law of thermodynamics is commonly known as the principle of balance
of energy, and it can be regarded as a statement of the interconvertibility of
heat and work, while the total energy remains constant. The law does not place
any restrictions on the direction of the process. For instance, in the study of
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mechanics of particles and rigid bodies, the kinetic energy and potential energy
can be fully transformed from one to the other in the absence of friction and
other dissipative mechanisms. From our experience, we know that mechanical
energy that is converted into heat cannot all be converted back into mechani-
cal energy. For example, the motion (kinetic energy) of a flywheel can all be
converted into heat (internal energy) by means of a friction brake; if the whole
system is insulated, the internal energy causes the temperature of the system
to rise. Although the first law does not restrict the reversal process, namely
the conversion of heat to internal energy and internal energy to motion (of the
flywheel), such a reversal cannot occur because the frictional dissipation is an
irreversible process. The second law of thermodynamics provides the restriction
on the interconvertibility of energies.

5.4.2 Balance of Energy

The first law of thermodynamics states that the time rate of change of the total
energy is equal to the sum of the rate of work done by the external forces and the
change of heat content per unit time. The total energy is the sum of the kinetic
energy and the internal energy. The principle of the balance of energy can be

expressed as

D

E(K%—U):W%—Qh. (5.4.1)
Here, K denotes the kinetic energy, U is the internal energy, W is the power

input, and @)y, is the heat input to the system.

5.4.2.1 Energy equation in the spatial description

The kinetic energy of the system is given by
K = ;/va -vdx, (5.4.2)

where v is the velocity vector. If e is the energy per unit mass (or specific
internal energy), the total internal energy of the system is given by

U:/pedx. (5.4.3)
Q

The kinetic energy (K) is the energy associated with the macroscopically ob-
servable velocity of the continuum. The kinetic energy associated with the (mi-
croscopic) motions of molecules of the continuum is a part of the internal energy;
the elastic strain energy and other forms of energy are also parts of the internal
energy, U.

Here we consider only the nonpolar case, that is, body couples are zero and
the stress tensor is symmetric. The power input consists of the rate of work
done by external surface tractions t per unit area and body forces f per unit
volume of the region {2 bounded by I':

W:ft-vds—i—/pf-vdx. (5.4.4)
r Q
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The rate of heat input consists of conduction through the boundary I' and
heat generation inside the region Q (possibly from a radiation field or transmis-
sion of electric current). Let q be the heat flux vector and rp, be the internal
heat generation per unit mass. Then the heat inflow across the surface element
ds is —q - nds, and internal heat generation in volume element dx is prpdx.
Hence, the total heat input is

Qn = —% fl-qu—}—/prhdx. (5.4.5)
T Q

Substituting expressions for K, U, W, and @, from Egs. (5.4.2)—(5.4.5) into
Eq. (5.4.1), we obtain

D 1
Di Qp<2v-v+e>dxz?{t-vds—i—/ﬂpf-vdx

—ffyqu—k/prh dx. (5.4.6)
r Q

Equation (5.4.6) can be simplified using a number of previously derived equations
and identities, as explained next.
We begin with the expression for W (symmetry of o allows us to write

oc-n=n-o)

jgt-vdsqL/pf-vdx:j{(ﬁ-a)-vds+/,0f-vdx
r Q T Q

:/[V-(a-v)—i—pf‘v]dx:/[(V'a—i-pf)-v—ka':Vv]dx
Q Q

w

Dv
= —_ Vv )d 5.4.7
/Q (p oV +o V) X, ( )

where : denotes the “double-dot product” S : T = §;;Tj; [see Eq. (2.5.13)].
The Cauchy formula, vector identity in Eq. (5.2.7), and the equation of motion
(5.3.10) are used in arriving at the last step. We note that [see Eq. (5.2.8)]

oc:Vv=0c"":D -V . W,

where D is the symmetric part, called the rate of deformation tensor, and W
is the skew symmetric part, called the vorticity (or spin) tensor, of (Vv)? [see
Eq. (3.6.2)],

D=1[Vv+(Vv)'], W=1[(Vvv)-Vyv], (5.4.8)

and o™ and %V are the symmetric and skew symmetric parts of . When

o is symmetric, we have o™ = ¢ and o**V = 0. Hence, Eq. (5.4.7) becomes

D D
Wzl/ —(v-v dx—|—/o':Ddx:1 V-VdX+/GZDdX,

where the Reynolds transport theorem, Eq. (5.2.40), is used to write the final
expression. Next, (), can be expressed as

r Q Q
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With the new expressions for W and Qp, Eq. (5.4.6) can be written as

D
O:/ <p€—0':D+V-q—prh> dx, (5.4.10)
o \"Dr

which is the global form of the energy equation. The local form of the energy
equation is given by
De
pﬁza:D—V-q—i-prh, (5.4.11)
which is known as the thermodynamic form of the energy equation for a contin-
uum. The term o : D is known as the stress power, which can be regarded as

the internal work production.

5.4.2.2 Energy equation in the material description

To derive the energy equation in the material description, we write K, U, W,
and @y in the material description:

K:%/pv-vdx:%/ poVv-vdX, (5.4.12)
Q Qo
U= pedX:/ po edX, (5.4.13)
Qo
W = t~vds—i—/pf-vdx: T-vdS—i—/ pof-vdX
Q o Qo
(N-PT)-vdS+/ pof-vdX= [ [Vo (P -v)+pof v]dX
0 Q() QO

[(Vo-PT +pof) - v+PT:Vyv]dX

0

[%pogt (V . V) + PT . VOV:| dX, (5.4.14)

I

Qh:—jéﬁ-qu—i—/p?“hdx:— N'Q0d5+/ porpdX
T Q To Qo

= /Q [=Vo a0+ porn]dX, (5.4.15)
0

where Eqgs. (5.3.15) and (5.3.17), and the following relations are used to write
the final expressions for K, W, and Qp:

fnds=JF T.NdS=JN-F'dS, pdx=pydX, (5.4.16)

and all variables are now function of X, the material coordinates.

Substitution of expressions from Egs. (5.4.12)—(5.4.15) into Eq. (5.4.1), we
obtain the following local form of the energy equation in the material descrip-
tion:

Oe
POg = P':Vov— Vo qo+porn. (5.4.17)
In terms of the second Piola—Krichhoff stress tensor, we have
Oe
poa = (S . FT) . VOV — VO - qo + poTh- (5418)
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5.4.3 Entropy Inequality

The concept of entropy is a difficult one to explain in simple terms; it has its
roots in statistical physics and thermodynamics and is generally considered as
a measure of the tendency of the atoms toward a disorder. For example, carbon
has a lower entropy in the form of diamond, a hard crystal with atoms closely
bound in a highly ordered array.

Temperature cannot be decreased below a certain absolute minimum. We
introduce 0 as the absolute temperature whose greatest lower bound is zero. We
also recall that in an admissible deformation, the deformation gradient tensor F
should be nonsingular, that is, J = |F| # 0. Thus each thermodynamic process
should satisfy the conditions

9>0, |F| 0.

5.4.3.1 Homogeneous processes

Let us denote total entropy by the symbol H, and define internal dissipation,
D, as .
D=0H — Qy, (5.4.19)

where @}, denotes the rate of heat supply to the body; 0H is interpreted as the
time rate of change of the heat content of the body. The ratio of D to 0 is called
the internal entropy production,

D . Qn
I'=—
0

=H-=. (5.4.20)
0

The second law of thermodynamics states that the internal entropy production

is always positive, which is known as the Clausius—Duhem inequality, and it is

expressed, for homogeneous processes, as
D=0H-Qp>0. (5.4.21)

If D = 0, then the process is said to be reversible, and we have H = Qn/9;
otherwise, the process is said to be irreversible. The processes in which @, = 0,
hence H > 0, are said to be adiabatic. Processes in which H = 0 (i.e., Qp <0)
are called isentropic. The second law of thermodynamics essentially states that
the time rate of change of the heat content 6 H of a body can never be less than
the rate of heat supply Q.

5.4.3.2 Nonhomogeneous processes

To derive the Clausius-Duhem inequality for nonhomogeneous processes (that
is, processes that depend not only on time but also on position), let us introduce
the entropy density per unit mass, 7, so that

H:/pndx. (5.4.22)
Q
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We define the entropy production as [in the same form as Eq. (5.4.20) for the
homogeneous case]

D PTh
I'= Di pndx—[ j{eq nds —1—/9 7 dx]
_ [ 2 () PR
e dx—l—/ [V (0) y }dx. (5.4.23)

Then, the second law of thermodynamics requires I' > 0, giving

/ Dy < /KPZL)_V.(;)}dx_ (5.4.24)

The local form of the Clausius—Duhem inequality, or entropy inequality is

lgz_e—;v-(‘;) or pG%—prh—FV-q—%q-VHZO. (5.4.25)
The quantity q/6 is known as the entropy flur and r,/0 is the entropy supply
density.

The sum of internal energy (e) and irreversible heat energy (—6n) is known

as the Helmhotz free energy density:
U =e—0On. (5.4.26)

Substituting Eq. (5.4.26) into Eq. (5.4.11), we obtain

— =0:D—-p—n-D, 4.2
Py =9 P o™ (5.4.27)
where D is the symmetric part of the velocity gradient tensor [see Eq. (5.4.8)],
and D is the internal dissipation

Dn
D=pl— -q— . 4.2
POtV -a—pry (5.4.28)
In view of Eq. (5.4.25) we can write
1
D—5q-V6=0. (5.4.29)

We have D > 0 for an irreversible process, and D = 0 for a reversible process.
Expressing the entropy inequality (5.4.25) in terms of the Helmholtz free energy
density, we obtain

o:L—pbn—p¥ — %q - V60 >0, (5.4.30)

where the superposed dot denotes the material time derivative, and L is the
velocity gradient tensor, L = (Vv)T = D + W, W being the skew symmetric
spin tensor in Eq. (5.4.8). Note that when o is symmetric, we have o : L = o :
D.



212 CONSERVATION AND BALANCE LAWS

5.5 Summary
5.5.1 Preliminary Comments

This chapter was devoted to the derivation of the field equations governing a
continuous medium using the principle of conservation of mass and balance of
momenta and energy, and therefore constitutes the heart of the book. The
equations are derived in invariant (i.e., vector and tensor) form so that they
can be expressed in any chosen coordinate system (e.g., rectangular, cylindrical,
spherical, or curvilinear system). The principle of conservation of mass results
in the continuity equation; the principle of balance of linear momentum, which
is equivalent to Newton’s second law of motion, leads to the equations of mo-
tion in terms of the Cauchy stress tensor; the principle of balance of angular
momentum yields, in the absence of body couples, the symmetry of the Cauchy
stress tensor; and the principles of thermodynamics — the first and second laws
of thermodynamics — give rise to the energy equation and Clausius—Duhem in-
equality.

In closing this chapter, we summarize the invariant form of the equations
resulting from the application of conservation principles to a continuum. The
variables appearing in the equations were already defined and are not repeated
here. In this study, we will be concerned only with monopolar media, where no
body couples and body moments are accounted for. This amounts to assuming
the symmetry of the stress tensors:

c=0c', S=ST, P.FT=F.P".

5.5.2 Conservation and Balance Equations in the Spatial
Description

Conservation of mass

9p
—+V. =0 5.5.1
V() (551)
Balance of linear momentum
ov
V.o+pf=p §+V~Vv (5.5.2)
Balance of angular momentum
ol =0 (5.5.3)
Balance of energy
D
pﬁj:a:D—V-q—Fprh (5.5.4)

Entropy inequality

Dn 1
g1 V.q--q-V0> 5.
oy pry + q4- 44 >0 (5.5.5)
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5.5.3 Conservation and Balance Equations in the Material
Description

Conservation of mass

po=pJ (5.5.6)
Balance of linear momentum
0%u
Vo-(S-FT) +pof =po 5z (5.5.7)
Balance of angular momentum
sT =5 (5.5.8)
Balance of energy
Oe T
p()a: (SF ) :Vov—=Vo-dqo+poro (5.5.9)
Entropy inequality
D 1
Poeﬁz —poro+ Vo qo— 5do- Vot 20 (5.5.10)

We shall return to these equations in the subsequent chapters as needed.
These equations may be supplemented by other field equations, such as Maxwell’s
equations governing electromagnetics, depending on the field of study.

5.5.4 Closing Comments

The subject of continuum mechanics is concerned primarily with the determi-
nation of the behavior (e.g., F, 6, VO = g, etc.) of a body under externally
applied causes (e.g., f, rp, and so on). After introducing suitable constitutive
relations for o, e, 7, and q (to be discussed in Chapter 6), this task involves
solving the initial-boundary-value problem described by partial differential equa-
tions (5.5.1)—(5.5.4) under specified initial and boundary conditions. The role
of the entropy inequality in formulating the problem is to make sure that the
behavior of a body is consistent with the inequality (5.5.5). Often, the con-
stitutive relations developed are required to be consistent with the second law
of thermodynamics (i.e., satisfy the entropy inequality). The entropy principle
states that constitutive relations be such that the entropy inequality is satisfied
identically for any thermodynamic process.

An examination of the conservation principles presented in this chapter shows
that all of the mathematical statements resulting from the principles share a
common mathematical structure. These all can be expressed in terms of a
general balance (or conservation) equation in the spatial description as

/¢xtdx—7{¢xtnds+/fxt (5.5.11)

where ¢ is a tensor field of order n measured per unit volume; ¥ (x,t,n) is a
surface tensor of order n — 1, measured per unit current area and depends on the
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surface orientation n; and f(x,t) is a source tensor of order n, also measured per
unit volume (n = 0,1). The variables ¢, 1, and f associated with the balance
equations resulting from the principles of conservation of mass, balance of linear
and angular momentum, and the first and second laws of thermodynamics are
presented in Table 5.5.1.

Table 5.5.1: Expressions for variables ¢, ¢, and f in Eq. (5.5.11) for the four conservation
principles.

No. o(x,t) P(x,t,n) f(x,t) number
1. p 0 0 (5.2.22)
2. pv t pf (5.3.6)
3. XXpV x Xt px xf (5.3.28)
4. p(v?/2+¢€) t-v—n-q pf-v+pr (54.6)
5. PN —an er (5.4.23)

To complete the mathematical description of the behavior of a continuous
medium, the conservation equations derived in this chapter must be supple-
mented with the constitutive equations that relate o, e, n, and q to F, 8, and
g = V0. The strain (or strain rate) measures (e, D, E, F, C) introduced in
Chapter 3 and the stress measures (o, P, S) introduced in Chapter 4 are objec-
tive and, therefore, they are suitable candidates for the description of material
response, which should be independent of the observer. Chapter 6 is dedicated
to the discussion of the material constitutive relations. Applications of the gov-
erning equations to linearized elasticity problems and fluid mechanics and heat
transfer problems are discussed in Chapters 7 and 8, respectively.

Problems
CONSERVATION OF MASS

5.1 The acceleration of a material element in a continuum is described by
— =—+v-Vyv, (1)

where v is the velocity vector. Show by means of vector identities that the acceleration
can also be written as

Dv _ 0 ?

V_Ov o (U

?)—VXVXV7 vP=v-v. (2)

Dt — ot

5.2 Show that the local form of the principle of conservation of mass, Eq. (5.2.22), can be
expressed as

D
Dt (pJ) = 0.
5.3 Use the equation
D
— (pJ)=0
o (P1) =0,
to derive the continuity equation
D
2Py v =0.

Dt
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5.4 Derive the continuity equation in the cylindrical coordinate system by considering a
differential volume element shown in Fig. P5.4.

(pv.)...

AH/ (pvg )9+A€

Fig. P5.4

5.5 Express the continuity equation (5.2.24) in the cylindrical coordinate system (see Table
2.4.2 for various operators). The result should match the one in Eq. (5.2.30).

5.6 Express the continuity equation (5.2.24) in the spherical coordinate system (see Table
2.4.2 for various operators). The result should match the one in Eq. (5.2.31).

5.7 Determine if the following velocity fields for an incompressible flow satisfy the continuity
equation:

z z
(a) wvi(z1,22) = fr—; ,  v2(m1,m2) = fr—i where 72 = x? +x§.
2

(b) v =0, vg =0, vzzc(1, r )

&

where ¢ and R are constants.
5.8 The velocity distribution between two parallel plates separated by distance b is

vg;(y):%vo—c%(l—%), vy =0, v;=0, 0<y<b,

where y is measured from and normal to the bottom plate, z is taken along the plates, v,
is the velocity component parallel to the plates, vg is the velocity of the top plate in the
z direction, and c is a constant. Determine if the velocity field satisfies the continuity

equation and find the volume rate of flow and the average velocity.

BALANCE OF LINEAR MOMENTUM

5.9 Calculate the force exerted by a water (p = 10% kg/m?) jet of diameter d = 8 mm and
velocity v = 12 m/s that impinges against a smooth inclined flat plate at an angle of
45° to the axis of the jet, as shown in Fig. P5.9.

Fig. P5.9
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5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

CONSERVATION AND BALANCE LAWS

Calculate the force exerted by a water (p = 10° kg/m?) jet of diameter d = 60 mm and
velocity v = 6 m/s that impinges against a smooth inclined flat plate at an angle of 60°
to the axis of the jet. Also calculate the volume flow rates Qr and Qr.

A jet of air (p = 1.206 kg/m?) impinges on a smooth vane with a velocity v = 50 m/s
at the rate of @ = 0.4 m®/s. Determine the force required to hold the plate in position
for the two different vane configurations shown in Fig. P5.11. Assume that the vane
splits the jet into two equal streams, and neglect any energy loss in the streams.

60

SESUEN st
t
f

(a)

Fig. P5.11

In Example 5.3.3, determine (a) the velocity and accelerations as functions of z, and
(b) the velocity as the chain leaves the table.

Using the definition of V, vector forms of the velocity vector, body force vector, and
the dyadic form of o [see Eq. (5.3.23)], express the equation of motion (5.3.11) in the
cylindrical coordinate system as given in Eq. (5.3.24).

Using the definition of V, vector forms of the velocity vector, body force vector, and
the dyadic form of o [see Eq. (5.3.25)], express the equation of motion (5.3.11) in the
spherical coordinate system as given in Eq. (5.3.26).

Use the continuity equation and the equation of motion to obtain the so-called conser-
vation form of the linear momentum equation

7] . ™
a(pv) + div (pvvfa ) = pf.

Show that b )
pﬁ(%):v-V-UTerv-f (v =|v]).
Deduce that
VX(%)EDD—‘;V—&—WV-V—W-VV, (a)

where w = %V x v is the vorticity vector. Hint: Use the result of Problem 5.1 and the
identity (you need to prove it)

VXx(AxB)=B-VA-A-VB+AV-B-BV A. (2)

If the stress field o in a continuum has the following components in a rectangular
Cartesian coordinate system

Iz (b —x3)z1 0
o] =a | (b°—z3)z1 (253 —3b%)z2 O |,
0 0 2bx?

where a and b are constants, determine the body force components necessary for the
body to be in equilibrium.

If the stress field o in a continuum has the following components in a rectangular
Cartesian coordinate system

T1T2 m% —T2
2
[e]=1] =i O 0 ,
2 2
—x2 0 x7+ x5

determine the body force components necessary for the body to be in equilibrium.
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5.20

5.21

5.22

5.23

5.24

A two-dimensional state of stress o exists in a continuum with no body forces. The
following components of stress tensor are given (c21 = 012):

_ 3 2 _ 3 _ 2 2
011 = C1T5 + C2X1T2 — €C3T1, O22 = C4T5 — C5, O12 = CeT1T5 + C7TIT2 — Cg,

where ¢; are constants. Determine the conditions on the constants so that the stress
field is in equilibrium.

Given the following stress field with respect to the cylindrical coordinate system in a
body that is in equilibrium (og, = 09):

Orr = 2A (r—i— 53 — g) sin 6,
T r

o9 = —2A <r + Es — 9) cos b,
T r

where A, B, and C are constants, determine if the stress field satisfies the equilibrium
equations when the body forces are zero. Assume that all other stress components are
Zero.

Given the following stress field with respect to the spherical coordinate system in a body
that is in equilibrium:

B C
O'RR:*<A+E)7 U¢¢=099:*(A+ ﬁ)’

where A, B, and C are constants, determine if the stress field satisfies the equilibrium
equations when the body forces are zero and all other stress components are zero.

For a cantilevered beam bent by a point load at the free end, for kinematically infinites-
imal deformations, the bending moment M3 about the zs-axis is given by M3 = —Px,
(see Fig. P5.23). The bending stress o11 is given by

Mgl‘g PCL‘l:L‘Q

o1 = =
I3 Is 7’

where I3 is the moment of inertia of the cross section about the xs-axis. Starting with
this equation, use the two-dimensional equilibrium equations to determine stresses 22
and 012 as functions of z; and x2.

s P
14
\1:
................................... —p xl I,: O-ll
/ >
o
L '| x, M,
J

Fig. P5.23

For a cantilevered beam bent by a uniformly distributed load (see Fig. P5.24), for
kinematically infinitesimal deformations, the bending stress o11 is given by [because
Mz = —qox?/2]
M3£U2 _ 7(]01'%1‘2

I 203’
where I3 is the moment of inertia of the cross section about the xs-axis. Starting with
this equation, use the two-dimensional equilibrium equations to determine the stresses
029 and o2 as functions of 1 and z».




218

5.25

5.26

CONSERVATION AND BALANCE LAWS

Xy, W

Fig. P5.24

Given the following components of the second Piola—Kirchhoff stress tensor S and dis-
placement vector u in a body without body forces:

Si1 =1 X5 + X7 Xo —c3X1, Soo=caXs —cs5, Si2=csX1X5 +er X7 Xo — cs,

S13 =523 =533 =0, u1 =coXz2, u2 =c10X1, uz =0,

where c¢; are constants, determine the conditions on the constants so that the stress field
is in equilibrium.

Given the following components of the second Piola—Kirchhoff stress tensor S and dis-
placement vector u in a body without body forces (expressed in the cylindrical coordi-

nate system):

0
Sr'r = —C1 o8 ’ S’r9 = SGG - 0>
T

Uy = C2 log(f) cos + c30sinf, up = —ca log(f) sinf + c3 @ cos — cqasin b,
a a
where ¢; are constants, determine the conditions on the constants so that the stress
field is in equilibrium for (a) the linear (i.e., infinitesimal deformations) case and (b) the
finite deformation case. Assume a two-dimensional state of stress and deformation in r
and 6 coordinates.

CONSERVATION OF ANGULAR MOMENTUM

5.27 A sprinkler with four nozzles, each nozzle having an exit area of A = 0.25 cm?, rotates

at a constant angular velocity of w = 20 rad/s and distributes water (p = 10 kg/m?)
at the rate of @ = 0.5 L/s (see Fig. P5.27). Determine

(a) the torque T required on the shaft of the sprinkler to maintain the given motion
and

(b) the angular velocity wo at which the sprinkler rotates when no external torque is
applied. Take r = 0.1 m.

Fig. P5.27
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5.28

Consider an unsymmetric sprinkler head shown in Fig. P5.28. If the discharge is @ = 0.5
L/s through each nozzle, determine the angular velocity of the sprinkler. Assume that

no external torque is exerted on the system. Take A = 104 m?.

Nozzle exit area, A
1

{ A - =0.35
m// 6:—’|r -
[Eoc==—-oCo===o=o=es i
) "
7 =025m 12

Discharge, @ = 0.5 (L/s)

Fig. P5.28

BALANCE OF ENERGY

5.29

5.30

5.31

5.32

5.33

Show that for a multipolar continuum the Clausius—Duhem inequality (5.4.24) remains
unchanged.
Establish the following alternative form of the energy equation (o = o):

D v?
Py e+ —|=V-(o-v)+pf-v+prn—V-q.

2
Establish the following thermodynamic form of the energy equation (¢* = &):
D
pD—:=V-(o-~v)fv-V-0'+prh7V4q.

The total rate of work done by the surface stresses per unit volume is given by V- (o -v).
The rate of work done by the resultant of the surface stresses per unit volume is given
by v -V - o. The difference between these two terms yields the rate of work done by
the surface stresses in deforming the material particle, per unit volume. Show that this
difference can be written as o : D, where D is the strain rate tensor defined in Eq.
(5.4.8).

The rate of internal work done (power) in a continuous medium in the current configu-
ration can be expressed as

W:%/QO':Ddx7 (1)

where o is the Cauchy stress tensor and D is the strain rate tensor (i.e., symmetric part
of the velocity gradient tensor)

_dx

D:%[(VV)T—Q—VV], V=

(2)

The pair (o, D) is said to be energetically conjugate because it produces the (strain)
energy stored in a deformable medium. Show that

(a) the first Piola-Kirchhoff stress tensor P is energetically conjugate to the rate of
deformation gradient F', and

(b) the second PiolafKirch.hoff stress tensor S is energetically conjugate to the rate
of Green strain tensor E.
Hints: Note the following identities:
1

dx=JdX, L=(Vv)'=F.F ', P=JF'.o, a:jF~S~FT.
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CONSTITUTIVE
EQUATIONS

The truth is, the science of Nature has been already too long made only a work of the brain
and the fancy. It is now high time that it should return to the plainness and soundness of
observations on material and obvious things. —— Robert Hooke (1635-1703)

There are two possible outcomes: If the result confirms the hypothesis, then you’ve made a
measurement. If the result is contrary to the hypothesis, then you’ve made a discovery.
—— Enrico Fermi (1901-1954)

6.1 Introduction
6.1.1 General Comments

The kinematic relations developed in Chapter 3, and the principles of conserva-
tion of mass, balance of momenta, and thermodynamic principles discussed in
Chapter 5, are applicable to any continuum irrespective of its physical consti-
tution. The kinematic variables such as strains and temperature gradient, and
kinetic variables such as stresses and heat flux were introduced independently of
each other. Constitutive equations are those relations that connect the primary
field variables (e.g., p, 0, VO, u, Vu, v, and Vv) to the secondary field vari-
ables (e.g., e, 1, q, and o), and they involve the intrinsic physical properties of a
continuum. Constitutive equations are not derived from any physical principles,
although they are subject to obeying certain rules and the entropy inequality.
In essence, constitutive equations are mathematical models of the real behavior
of materials that are validated against experimental results. The differences be-
tween theoretical predictions and experimental findings are often attributed to
an inaccurate mathematical representation of the constitutive behavior. Fluid
mechanics, which deals with liquids and gases, and solid mechanics, which deals
with metals, fiber-reinforced composites, rubber, ceramics, and so on, share the
same field equations (developed in Chapter 5), but their constitutive equations
differ considerably.

The main objective of this chapter is to study the most commonly known
phenomenological constitutive equations that describe the macroscopic nature
of the material response of idealized continua. Constitutive equations from solid
mechanics, fluid mechanics, and heat transfer are discussed. We begin with
certain terminologies that can be found in introductory texts on mechanics of
materials and fluid mechanics.

221
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CONSTITUTIVE EQUATIONS

e A continuum is said to be homogeneous if the material properties are the

same throughout the continuum (i.e., material properties are independent
of position). In a heterogeneous continuum, the material properties are a
function of position.

An anisotropic continuum is one that has different values of a material
property in different directions at a point, that is, material properties are
direction dependent.

An isotropic material is one for which a material property is the same in
all directions at a point.

An isotropic or anisotropic material can be nonhomogeneous or homogeneous.

6.1.2 General Principles of Constitutive Theory

Constitutive equations are often postulated based on experimental observations.
Although experiments are necessary in the determination of various parameters

(e.g.,

elastic constants, thermal conductivity, thermal coefficient of expansion,

and coefficients of viscosity) appearing in the constitutive equations, the for-
mulation of the constitutive equations for a given material is guided by certain
rules. The approach typically involves assuming the form of the constitutive
equation and then restricting the form to a specific one by appealing to certain
physical requirements, which are summarized here.

(1)

(2)

Consistency (or physical admissibility). All constitutive equations should
be consistent with the conservation of mass, balance of momenta and en-
ergy, and the entropy inequality.

Coordinate frame invariance. The constitutive equations should not de-
pend on any particular choice of coordinate frame. Although they may
have different forms in different coordinate systems, the actual response
should be independent of the chosen coordinate system.

Material frame indifference. The constitutive equations must be invariant
with respect to observer transformations (see Section 3.8). That is, the
form of the constitutive function should not change if the material is stud-
ied in a different frame of reference. The consequences of this are more
apparent in the three-dimensional setting.

Material symmetry. The constitutive equations must be form-invariant
with respect to a group of unimodular transformations of the material
frame of reference. That is, the constitutive equations should reflect ma-
terial symmetries such as isotropy (infinite number of planes of symmetry)
and orthotropy (three mutually perpendicular planes of symmetry).

Equipresence. A quantity appearing as an independent variable in one
constitutive equation should appear in all constitutive equations, unless
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the appearance contradicts the balance laws or the second law of thermo-
dynamics. That is, all dependent variables should be functions of the same
list of independent variables; one should not a priori omit any independent
variable.

(6) Determinism. The values of the constitutive variables (e.g., stress, heat
flux, entropy, and internal energy) at a material point at any time are
determined by the histories of motion and temperature of all points of the
continuum.

(7) Local action. The constitutive variables at a point x are not apprecia-
bly affected by the values of the dependent variables (e.g., displacements,
strains, temperature, pressure, etc.) at points distant from x.

(8) Dimensionality. The constitutive functionals should be dimensionally con-
sistent in the sense that all terms appearing on either side of the constitu-
tive equations should be the same.

(9) Fading memory. The current values of the constitutive variables are not
appreciably affected by their values at past times. This is the time domain
counterpart of the axiom of local action.

(10) Causality. The variables entering the description of motion of a continuum
and temperature are considered as the self-evident observable effects in ev-
ery thermomechanical behavior of a continuum. The remaining quantities
(i.e., those derivable from the motion and temperature) that enter the
expression of entropy production are “causes” or dependent constitutive
variables.

These principles/axioms ensure that the initial value problems resulting from
the conservation principles, constitutive equations, and physically meaningful
boundary and initial conditions are well-posed in the sense that the solution
exists and it is unique.

In a continuum theory of constitutive equations, one begins with a general
form of functional constitutive equations; seeks to determine if certain variables
should be included in the constitutive equation based on some general rules,
such as those listed above; and then specializes the equations to certain type,
as dictated by the material response being studied. This kind of formal ap-
proach enables one to account properly for all possible coupling effects (e.g.,
thermomechanical, electromechanical, electromagnetics, and so on). An exten-
sive discussion of this formal approach is beyond the scope of this introductory
book on continuum mechanics and elasticity [see Truesdell and Knoll (1965) for
a comprehensive treatment).

6.1.3 Material Frame Indifference

The effect of superposed rigid-body motion x* = ¢(t) + Q - x, where ¢ de-
notes rigid-body translation and Q is a proper orthogonal tensor that repre-
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sents rigid-body rotation, and the importance of frame indifference in calculat-
ing/measuring various quantities introduced in the kinematic and kinetic de-
scriptions of a continuum were discussed in Chapters 3 and 4 [see Eq. (3.8.21)].
In summary, the following relations were established to show that the displace-
ment vector u, deformation gradient F, the right Cauchy—Green deformation
tensor C, the Green—Lagrange strain tensor E, the rate of deformation tensor
D, the Cauchy stress tensor o, the first Piola—Kirchhoff stress tensor P, and the
second Piola—Kirchhoff stress tensor S are objective:

w=Q u F*=QF, C"=C, EE=E, D=Q-D-Q°
:Q'G'QTa P*:QP7 S*:S)

where quantities with an asterisk (*) are those with superposed rigid-body mo-
tion; that is, they are the quantities observed in a frame of reference that is
undergoing a rigid-body motion with respect to a stationary frame of reference
in which quantities without an asterisk are observed. The central idea of the
(principle of) material frame indifference is that the constitutive equations re-
lating the quantities introduced in the kinematic description to those appearing
in the kinetic description must be independent of the frame of reference (i.e.,
invariant under observer transformations). One must make sure that the quanti-
ties entering any constitutive equation must be the same type — objective or not
— on both sides of the equation.

6.1.4 Restrictions Placed by the Entropy Inequality

To ensure thermodynamic equilibrium of the processes under consideration, its
constitutive equations must be derived using the entropy inequality; if derived
in other ways, the constitutive equations must satisfy the conditions resulting
from the entropy inequality. Following the axioms discussed in Section 6.1.2 and
by examining the momentum and energy equations and the entropy inequality,
it can be concluded that the stress tensor o, Helmholtz free energy density W,
specific entropy 7, and heat flux vector q must be the dependent variables in the
constitutive models for a homogeneous and isotropic material. The arguments
of these variables depend on the physics of the process. For isotropic and homo-
geneous materials, F is a measure of the deformation, the temperature gradient
vector g is needed because of q, and the temperature 6 is an obvious choice as
an argument for thermoelastic solids. Hence, we have the following functional

forms based on the principle of equipresence’:

o(x,t) = F,[F,0,g],

W(x.t) = FolF.0,g).
n(x.t) = F,[F.0.g), (6.1.1)
a(x.t) = F,[F.0.g].

where F denotes the functional mapping, referred to as the response function,
whose actual form will become apparent in the following discussion. Any of

'One can use either U or e, as they are interdependent.
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the three arguments (F, 6, g) that contradict the constitutive axioms, especially
material symmetry, objectivity, or the entropy inequality, will be removed from
the argument list in any of the response functions listed in Eq. (6.1.1). The
entropy inequality provides guidelines for the form of the constitutive relations.

For example, suppose that ¥ is a function of F, 0, and g, ¥ = U(F,0, g).
The entropy inequality from Eq. (5.4.30) is

. .1
—p\II+U:L—p9n—§q~gZO, (6.1.2)

where g = V0; L is the velocity gradient tensor, L = (Vv)T = D + W; D is
the symmetric part; and W is the skew symmetric part of the velocity gradient

tensor L. We can write

ov . ov . ovU

=— FlT4+ 94+ — g 1.
oF o0 T og 8 (6.1.3)

Substituting for F from Eq. (3.6.15) into Eq. (6.1.3) and the result into Eq.
(6.1.2), we obtain (note that o : L = o : LT when o is symmetric)

ov ovy . ov . 1
(U—paF-FT>:LT—p<n+89>0—ag~g—0q-gZO. (6.1.4)

In index notation, we have

¥

ov oy . ov 1
(mj_p@]:’“(FjK) Lij_p<n+89>9_agigi_9qigi ZO (615)

Since L, 6, and g are linearly independent of each other, it follows that

o~ Pom F'=o, (6.1.6)
ov

N+ g =0, (6.1.7)

—g: =0, (6.1.8)

—q-g>0. (6.1.9)

Equation (6.1.8) implies that ¥ is not a function of the temperature gradient g.
Also, Eq. (6.1.9) implies that

q-g<o0. (6.1.10)
Therefore, q is proportional to the negative of the gradient of the temperature
g = V0, as we will see shortly from the Fourier heat conduction law. Equation
(6.1.7) implies that 7 can be determined from ¥ and, hence, cannot be a de-
pendent variable in the constitutive model. Furthermore, we conclude from Eq.

(6.1.6), because ¥ is a function of only F and 6, that o can depend only on F
and ¢. Thus, Eq. (6.1.1) is modified to read

\I/(X,t) = f\I/[FveL
n(x,t) = FylF,0], (6.1.11)
q(x,t) = F,4[F,0,g].
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6.2 Elastic Materials
6.2.1 Cauchy-Elastic Materials

A material is called Cauchy-elastic or elastic if the stress field at time ¢ depends
only on the state of deformation and temperature at that time, and not on the
history of these variables. The constitutive relation for an elastic body under
isothermal conditions (i.e., no change in the temperature from the reference
configuration) relates the Cauchy stress tensor o(x,t) at a point x = x(X,?)
and time ¢ to the deformation gradient F(X,t) [see Eq. (6.1.1)]:

o(x,t) = F[F(X,t),X], (6.2.1)

where F is the response function, and o denotes the value of F, which char-
acterizes the material properties of an isothermal Cauchy-elastic material. The
requirement that the response function F be unaffected by superposed rigid-
body motions places a restriction on F.

Consider the Cauchy stress tensor after superposed rigid-body motion [see
Eq. (6.1.1) for the transformation equations of objective quantities|:

oc"=FF)=FQ-F), (6.2.2)
but
c"=Q oc-Q'=Q - F(F)-Q". (6.2.3)
These two relations place the following restriction on F:
FQ F)=Q F(F) Q" (6.2.4)

Using the right-hand polar decomposition of F, F = R - U, in Eq. (6.2.4),
we obtain

FQ-R-U)=Q-F(F) Q" (6.2.5)

Since R is a proper orthogonal rotation matrix, we can take Q = RT and obtain
F(Q-Q'-U) = F(U). Thus, from Eq. (6.2.5), we have

F@F)=R. F(U) R, (6.2.6)

which constitutes the restriction on the response function in order that it is
objective.

6.2.2 Green-Elastic or Hyperelastic Materials

A hyperelastic material, also known as the Green-elastic material, is one for
which there exists a Helmholtz free-energy potential ¥ (measured per unit vol-
ume) whose derivative with respect to a strain gives the corresponding stress and
whose derivative with respect to temperature gives the heat flux vector. When
V¥ is solely a function of F, C, or some strain tensor, it is called the strain energy



6.2. ELASTIC MATERIALS 227

density function and denoted by Uy (measured per unit mass). For example, if
Uy = Up(F), we have [see Eq. (6.1.6)]

. 8U0(F) o Uy
P = po F (PzJ = o 6Fu> ; (6.2.7)
_ l T _ 8UO(F) T
o= P-F = P F F-, (6.2.8)
Uy (F)

S=F1.P=pF!. (6.2.9)

OF

For an incompressible elastic material (i.e., material for which the volume
is preserved and hence J = 1), we postulate the existence of a strain energy
density function in the form

po Uy = po Up(F) —p(J — 1), (6.2.10)

where p denotes a hydrostatic pressure, and UO(F) is the strain energy density
for the case J = 1. Equation (6.2.10) can be viewed as one in which the strain
energy density for the case J = 1 is constructed from Uy by treating J—1 =0 as a
constraint, and using the Lagrange multiplier method to include the constraint;
it turns out that the Lagrange multiplier is A = —p. Then the constitutive
equation for incompressible hyperelastic material is (J = 1):

~ OU(F) _r OUo(F)
P=py—pe = —pF "+ po—, (6.2.11)
o=P F' = —pI+p, aUé’éF) -FT, (6.2.12)
S=F 1. P=—pF L. FT4pF'. aU;)PEF), (6.2.13)

where the derivative of J with respect to F is (the reader is asked to verify this)

g—b{ =JF T (6.2.14)

6.2.3 Linearized Hyperelastic Materials: Infinitesimal Strains

Here we present the constitutive equations for the case of infinitesimal deforma-
tion (ie., |[Vu| = O(e) << 1). Hence, we do not distinguish between various
measures of stress and strain, and use S = o for the stress tensor and E = € for
the strain tensor in the material description used in solid mechanics. For such
materials, the Helholtz free energy density ¥ is the same as the strain energy
density Up, and it is more meaningful to assume that the strain energy density
is a function of the strain, e, rather than the deformation gradient, although
one may also assume that Up is a function of the strain invariants.

The constitutive equation to be developed here for stress tensor o does not
include creep at constant stress and stress relaxation at constant strain. Thus,
the material coefficients that specify the constitutive relationship between the
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stress and strain components are assumed to be constant during the deforma-
tion. This does not automatically imply that we neglect temperature effects on
deformation. We account for the thermal expansion of the material, which can
produce strains or stresses as large as those produced by the applied mechanical
forces.

The constitutive equation for linearized hyperelastic materials can be derived
using

S ﬁlg)f) <%. = po ggj) . (6.2.15)

As indicated earlier, here we assume that Uy is a function of € and expand it in
Taylor’s series about the strain € = 0 in the reference configuration,

1 1
poUg = Co + Cij €5 + QC”M €ij Eke + gcijkgmn €ij €L EMN T .-+, (6.2.16)

where Cp, Cjj, Cijre, and so on are material stiffness coefficients that are in-
dependent of the deformation. For linear elastic materials Uy is a quadratic
function of the strain tensor, and for nonlinear elastic materials, Uy is a cu-
bic function of the strain tensor €. For linear elastic materials, the mechanical
pressure is the same as the negative of the mean normal stress.

This chapter is focused primarily on constitutive relations for Hookean solids
(linear elastic solids), Newtonian fluids (fluids with linear relations between
stress and strain rate), and Fourier heat conduction law (a linear relation be-
tween the heat flux vector and the temperature gradient vector). The con-
stitutive equations presented in Section 6.3 for elastic solids are based on an
assumption of small strain. Nonlinear constitutive relations for elastic solids are
briefly discussed in Section 6.4. In Section 6.5, constitutive relations for Newto-
nian fluids are presented, and in Section 6.6 differential and integral generalized
Newtonian constitutive relations are reviewed. The Fourier heat conduction
law is presented in Section 6.7. Finally, constitutive relations for coupled prob-
lems, for example, electromagnetics, electroelasticity, and thermoelasticity , are
presented in Section 6.8.

6.3 Hookean Solids
6.3.1 Generalized Hooke’s Law

To develop the stress—strain relations for a linear elastic solid, we set up a coor-
dinate system in which the material parameters are measured. This coordinate
system is termed the material coordinate system, not to be confused with the
material description of Chapter 5. The coordinate system used to write the
equations of motion and strain-displacement equations is called the problem co-
ordinates to distinguish it from the material coordinate system. In the remaining
discussion of this section, we use the Lagrangian description with coordinates
(x,y, z) to describe the kinematics, stress state, and the field equations, and use
the material coordinate system (x1, x2, x3) to describe the constitutive response.
The material coordinate system is one that is aligned with the planes of material
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symmetry (to be defined shortly), so that measurement of material parameters
becomes simple. Of course, the constitutive relations have to be transformed
to the problem coordinates in order to solve the final boundary-value problem.
When no preferred planes of material symmetry exist, the material is called
isotropic, and the material coordinates are taken to be the same as the problem
coordinates. All tensor quantities measured in (x1, x2, x3) will have integer sub-
scripts, for example, oy, €;;, and so on, whereas those measured in (z,y, z) will
have letter subscripts, for example, 0z, 0zy, -+ -, and €44, €4y, - -+ , and so on.
We begin with the quadratic form of Uy in the material coordinate system:

poUp = Co + Cij €ij + %Cijkg €ij Ekts (6.3.1)

where Cj is a reference value of Uy from which the strain energy density function
is measured. From Eq. (6.2.15), we have

Uy
n= P H— = Cij Omi 6nj + 3Cijie (Eke Sim Sjn + €ijOkmOen)
= Crn + 3Crnke €kt + 2Cijmn €ij = Comn + & (Crnij + Cijmn) €35
= Cmn + Crnij €ijs (6.3.2)
where
92U, 02U,

1 B o o

Cmnij = 5 (Crmnij + Cigmn) = po S — P0 e Cijmn-  (6.3.3)

Clearly, C,,,,, have the same units as o,,,, and they represent the residual stress
components of a solid. We shall assume, without loss of generality, that the
body is free of stress prior to the load application so that we may write
o=C:¢ (Jij = Cijkg Ekt)- (6.3.4)
Equation (6.3.4) is known as the generalized Hooke’s law. The coefficients
Cijke are called elastic stiffness coefficients. In general, there are 3% = 81 scalar
components of the fourth-order tensor? C. The number of coefficients is signifi-
cantly reduced because (a) the components Cjj, satisfy the symmetry conditions
implied by Eq. (6.3.3), and (b) the stress and strain tensors are symmetric, re-
quiring Eq. (6.3.4) to be valid when subscripts 7 and j are interchanged as well
as k and ¢ are interchanged. Thus, we have

Cijke = Creij, Cijie = Chikes Cijor = Cijre,  Cijke = Ciien, (6.3.5)

and the stress—strain relations (6.3.4) take the form

(o011 [C1111 Crizz Crizs Crizz Criiz Criie | ( en
0922 Co220 (233 Co203 Ca013 Cao12 €922
o33 | _ C3333 C3323 C3313 C3312 €33 (6.3.6)
023 C2323 Ca313 Caz12 2e03 - h
013 symmetric Ci313 C1312 213

[ 012 | Ci212] \ 2612

2In this chapter C denotes the fourth-order elasticity tensor C, not the right Cauchy-Green
deformation tensor C.
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Thus the number of independent coefficients Cjjy, is only 6+54+4+3+241 = 21.
Materials that obey Eq. (6.3.6) are called triclinic materials.

We can express Eq. (6.3.4) in an alternative form using a single subscript
notation for stresses and strains and a two subscript notation for the material
stiffness coefficients:

01 =011, 02 = 022, 03 =033, 04 = 023 , 05 = 013, 06 = 012,

(6.3.7)
€1 = €11, €2 = €22, €3 = €33, €4 = 2693, €5 = 2€13, €6 = 2€12.

11—-1 2252 3—-3 23—+4 13—=5 12 —=6. (6.3.8)

It should be cautioned that the single subscript notation used for stresses and
strains and the two-subscript components C;; render them non-tensor compo-
nents; that is, 0y, €;, and Cj; do not transform like the components of a tensor,
o; # lijo;. The single subscript notation for stresses and strains is called the
engineering notation or the Voigt—Kelvin notation. Equation (6.3.6) now takes
the form

o1 [ C11 Ci2 C13 Ciy C15 Cig €1
o) Ca1 Cag Ca3 Coy C5 Cog €2
o3 | _ | C31 C32 U3z C34 O35 Csg €3 (6.3.9)
04 C41 Cyz Cy3 Cyy Cy5 Cap eq (7 o
o5 Cs1 Cs2 Cs3 Cs4 Cs5 Csg €5
o6 | C61 Co2 Co3 Coa Cos Cos ] \ €6
or simply
g; = Cij €5, (6.3.10)

where summation on repeated subscripts is implied (now ¢ and j take values
from 1 to 6). Note that the coefficients C;; are symmetric, C;; = Cj;, a property
inherited from Eq. (6.3.6).

We assume that the stress—strain relations (6.3.10) are invertible. Thus, the
components of strain are related to the components of stress by

E; = SZ']' 04, (6.3.11)

where S;; = S;; are the material compliance coefficients with [S] = [C]7! [i.e.,
the compliance tensor is the inverse of the stiffness tensor: S = C™!]. In matrix
form, Eq. (6.3.11) becomes

€1 [ S11 S12 S13 S1a S15 S16| [ 01

€2 So21 S22 S23 So4 Sos Sa26 o)

€3 | _ | 531 532 533 S34 S35 S36 o3 (6.3.12)
€4 Sa1 Saz S43 Sa4 Sas Sae oy - o

€5 S51 Ss2 S53 Ss54 Ss5 S56 a5

€6 | S61 S62 S63 Sea Ses Ses | \ 06 )

The strain—stress relations are more suitable in determining the material con-
stants in a laboratory because experiments involve the application of loads and
measurement of changes in the geometry (i.e., determine strains from an applied
stress state).
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6.3.2 Material Symmetry Planes

Further reduction in the number of independent stiffness (or compliance) pa-
rameters comes from the so-called material symmetry. When elastic material
parameters at a point have the same values for every pair of coordinate systems
that are mirror images of each other in a certain plane, that plane is called a
material plane of symmetry (for example, symmetry of internal structure due
to crystallographic form, regular arrangement of fibers or molecules, and so on).
We note that the symmetry under discussion is a directional property and not
a positional property. Thus, a material may have a certain elastic symmetry at
every point of a material body and the properties may vary from point to point.
Positional dependence of material properties is what we called inhomogeneity of
the material.

In the following, we discuss various planes of symmetry and forms of asso-
ciated stress—strain relations. Note that the use of components of stress and
strain tensors is necessary in the following discussion because transformation
equations are valid only for components of tensors from two different coordinate
systems. The components o0;; and ¢;; of second-order tensors o and € and the
components Cjjr; of a fourth-order elasticity tensor C transform according to
the relations

Oij = &p qu Opq, Eij = fip qu Epgs Cijkl = Eip qu Crr Uy Cpqm, (6313)
where ¢;; are the direction cosines associated with the coordinate systems (Z1, Z2, Z3)
and (z1, 9, rs), and C’ijkl and Cpqrs, for example, are the components of the
fourth-order tensor C in the barred and unbarred coordinates systems, respec-
tively [see Egs. (2.2.70), (2.2.71), (3.4.29), and (4.3.3)].

A trivial material symmetry transformation is one in which the barred co-
ordinate system is obtained from the unbarred coordinate system by simply
reversing their directions (i.e., mirror reflection): z; = —x1, T2 = —x2, and
T3 = —ux3; that is, ¢; = —&; and l;j = —6;; (it does not matter that it is a
left-handed coordinate system as it does not affect the discussion), as shown in
Fig. 6.3.1(a).

(a) (b)

X e—— o-r--f--1-0—1—>X --1r-0—T— X =X

. g

Fig. 6.3.1: (a) Transformation defined by &; = —&;, i = 1,2,3. (b) Transformation defined
by €a = €4, @ = 1,2, and e3 = —é3.
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Thus, the transformation matrix is

-1 0 0
L= 0 -1 0. (6.3.14)
0 0 -1

For this transformation, it follows that

0ij = (—0ip)(—0jq)opq = 0ij;  Eij = (—0ip)(—0jq)Epg = €ij,
Cijké = (_1)451'}7 (5jq 5kr 5@3 Cpqrs = Cijké-

Thus, the transformation /;; = —d;; does not alter the constitutive relation
(6.3.6) of triclinic materials.

6.3.3 Monoclinic Materials

When the elastic coefficients at a point have the same value for every pair of
coordinate systems that are the mirror images of each other with respect to a
plane, the material is called monoclinic at the point. For example, let (1, z2, x3)
and (Z1, T2, Z3) be two coordinates systems, with the x1, xo-plane parallel to the
plane of symmetry. Choose the T3-axis such that 3 = —x3 so that one system
is the mirror image of the other, as shown in Fig. 6.3.1(b). This symmetry
transformation can be expressed by the transformation matrix (z; = =1, Tz =
X9, T3 = —.Tg)

10 0
L]=1{0 1 0}, (6.3.15)
00 —1
or

gaﬁ = 50&[35 6304 = 07 €a3 = 07 633 = _]-a for O[,/B = ]-52

Then the stress and strain transformation equations

give the relations

0ij = 045, except for 013 = —013, 23 = —093,

€;j = €ij, except for &13 = —e13, 23 = —€23.
Now consider the stress—strain relations

o11 = Crin €11 + Cri22 €22 + Cri133 €33 + Cri23 €23 + Cri1z €13 + Crii2 €12,
11 = Cri11 €11 + Cri22 822 + Cr133 €33 + Cri123 823 + Cr113 €13 + Cri12 €12

= Cii11e11 + Crio2 €22 + Crizz €3z — Cr123 €23 — Cr113 €13 + Criiz €12.
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Since 011 = 711, from the preceding two relations it follows that
Cii23 €23 + Cr113 €13 = —Chi2z €23 — Cri13 €13,

which must hold for any independent set of strain components, 93 and €13. This
implies that Cy123 = 0 and C4113 = 0. Similarly, from the constitutive relations
for 099 and 99, 033 and &33, and 012 and G192 we obtain Cageg = Cag13 = 0,
C3323 = C3313 = 0, and C1223 = C1213 = 0.

Next consider the constitutive relations for o935 and a3 (note Cjjre = Cheij)

023 = Ca311 €11 + C2322 €22 + Ca333 €33 + Ca323 €23 + Caz13€13 + Caz12 €12
= (2323 €23 + Ca313€13
023 = Ca311 &11 + C2322 E22 + Ca333 £33 + Ca323 £23 + (2313 €13 + Ca312 812
= —(323 €23 — Co313€13.
Since 093 = —ad93, these two relations are consistent. In the same way, no new

conditions are obtained by considering the constitutive relations for o153 and &13.
In summary, for monoclinic materials, 8 of the 21 coefficients are zero:

Cii23 = Cr113 = Ca223 = Co213 = C3323 = C3313 = C1223 = Ci213 = 0.

Therefore, the stress—strain relations of Eq. (6.3.9) become

o1 [C11Ci12C13 0 0 Cis]| (€1
02 C12 Co2 U3 0 0 Co €2
o3 | | Ci3C3C33 0 0 Cs6 €3
04 o 0 0 0 044 045 0 €4 ’ (6'3.16)
g5 0 0 0 C45 C55 0 £5
o6 | C16 C26 C36 0 0 Cgs] \ €6

which has only 13 independent parameters. We note that monoclinic materials
exhibit shear-extensional coupling, that is, a shear strain can produce a normal
stress and a normal stress can produce a shear strain.

6.3.4 Orthotropic Materials

When three mutually orthogonal planes of material symmetry exist at a point,
the number of elastic coefficients is reduced to nine using arguments similar to
those given for a single material symmetry plane. Such materials are called
orthotropic at the point. The transformation matrices associated with the three
planes of symmetry are

10 0 100 1 00
LM =10 1 of, @ =] 0 1 of,L® =]0 -1 0. (6317
00 -1 00 1 0 0 1

Under these transformations, we obtain Ci112 = Cig = 0, Ca212 = Cos = 0,
(33120 = C36 = 0, and (313 = Cys = 0. In view of the aforementioned result,
the stress—strain relations for an orthotropic material take the form
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(01 [C11Ci12Ci3 0 0 0] (&1
02 Cip2CxC23 0 0 O €2
o3| [Ci3C3C33 0 0 O €3
g4 o 0 0 0 044 0 0 €4 (6'3'18)
g5 0 0 0 0 C55 0 %59
06 ) L 0 0 0 0 0 066_ [

As stated earlier, in practice we apply stresses and determine the strains.
Hence we must write the inverse of the relations in Eq. (6.3.18):

(€1 [S11 512513 0 0 0] (o1
€9 S12 822523 0 0 0 op!
ez | | S13523533 0 0 0 o3
€4 - 0 0 0 544 0 0 04 ) (6'3.19)
e 0 0 0 0 Ss5 0 | |os
\ €6 L 0 0 0 0 0 866_ 06 )

The material compliance coefficients S;; are often determined in a laboratory
in terms of engineering material parameters such as Young’s modulus, shear
modulus, and so on. These constants are measured using simple tests such
as a uniaxial tension test or a pure shear test. Because of their direct and
obvious physical meaning, engineering constants are used in place of the abstract
compliance coefficients S;;. Next, we discuss how the compliance coefficients S;;
are determined in terms of the engineering parameters.

One of the consequences of linearity (both kinematic and material lineariza-
tions) is that the principle of superposition applies. That is, if the applied loads
and geometric constraints are independent of deformation, the sum of the dis-
placements (and hence strains) produced by two sets of loads is equal to the
displacements (and strains) produced by the sum of the two sets of loads. In
particular, the strains of the same kind as produced by the application of in-
dividual stress components can be superposed. For example, the extensional
strain 5511) in the material coordinate direction z1 due to the stress oq; in the
same direction is 011/FE1, as shown in Fig. 6.3.2; here F; denotes Young’s mod-
ulus of the material in the x; direction. The extensional strain 5521), experienced
as a result of the Poisson effect, due to the stress o99 applied in the x5 direction,
is —u9) (022/E»), where v is Poisson’s ratio (note that the first subscript in
Vij, © # j, corresponds to the load direction and the second subscript refers to
the direction of the strain)

€11
€11 = —V21€22 Or Vo1 = ———,
€22
and Fs is Young’s modulus of the material in the z9 direction. Similarly, o33
(3)

produces a strain e equal to —wv3; (033/FE3). Therefore, the total strain e1;

due to the simultaneous application of all three normal stress components is
) 2) (3) o1 022 033
enn=epy +ejy Fel = o — Va1 —as — V31
11 11 11 11 El 21 EQ 31 E3

= S11011 + S12092 + S13033 (6.3.20)
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Fig. 6.3.2: Strains produced by applied (a) normal stress o11 and (b) shear stress 21 = 012
in a cube of material.

where the direction of loading is denoted by the superscript. Similarly, we can
write
o1 | 022 033
€22 = —Vi2—— + - — V32— = 521011 + 522022 + S23033,
Ev o By Es (6.3.21)
33 = —vi3 0t 0224—@:50 + S39092 + S330 a
33 13, 2L, s 31011 32022 33033.
The simple shear tests with an orthotropic material give the results
012 13 023
2e12 = ~— = Se6012, 2613 = - = S55013, 2823 = —— = Sy023. (6.3.22)
Gis Gas

Recall from Section 3.5.2 that 2e;; (i # j) is the reduction in the right angle
between two material lines parallel to the z1 and xy directions at a point, o;;
(i # j) denotes the corresponding shear stress in the z;—x; plane, and G;; (i # j)
is the shear moduli in the z;—x; plane.

Writing Eqs. (6.3.20)—(6.3.22) in matrix form, we obtain

[ A —l-mo0 0 0]
. B B,  Es oy
€3 B -E % 0 0 0 03

! 2 e} =[SH{o}), (6.3.23

SE S IFCR I S | §41 ICEICIDINCEED
5 0 0 0 04 0[P
€6 1 1 \0-6)

[0 0 0 0 0 &

where F1, F>, and F3 are Young’s moduli in 1, 2, and 3 material directions,
respectively; v;; is Poisson’s ratio, defined as the ratio of transverse strain in
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the jth direction to the axial strain in the ith direction when stressed in the
i-direction; and Ga3, G13,G12 are the shear moduli in the 2-3, 1-3, and 1-2
planes, respectively. Because [S] is the inverse of [C] and [C] is symmetric, then
[S] is also a symmetric matrix. This in turn implies that the following reciprocal
relations hold [i.e., compare the off-diagonal terms in Eq. (6.3.10)]:

o1 _MN2, Va_ N3, Va2 Vs
E2 El7 E3 E17 E3 E2 ’
Or V. . V..
1] Je
= ==, 6.3.24
- (6.3.24)
for i,7 = 1,2,3. The nine independent material coefficients for an orthotropic
material are

Ey, Ez, Es, Gaz, Gi3, Gia, V12, 113, V3. (6.3.25)

Inversion of the strain-stress relations (6.3.23) give the stress—strain relations
in Eq. (6.3.18) with

E E E

Ci = al) (1 —vo3v32), Cr2= al) (V21 + va3va1) = 6(2] (v12 + v13v32)
E E

Ciz = Co (V31 + v21132) = Uz (13 +viaveg), Coo = 62 (1 —v1zw31),

E E E
Coz = Fz (V32 + v31112) = ?2 (vo3 + va1r13), Csz = ?2 (1 —v12v21),
Ci4 = Gz Cs5 = G31, Ces = G2,
Co =1 — viav21 — Vo332 — V3113 — 2U21V32113. (6'3'26)

The difference between 19 and o1 for an orthotropic material is illustrated

in Fig. 6.3.3 with two cases of uniaxial stress for a square element of length a.

First a stress o171 is applied in the z1-direction as shown in Fig. 6.3.3(a). The
resulting strains are - ,

) = % ell) = —Eifan, (6.3.27)

where the direction of loading is denoted by the superscript and the negative

sign indicates compression. Next, a stress g9y is applied in the xo-direction as

shown in Fig. 6.3.3(b). The strains are

(2) (2) 022

17 = _Eam’ g5 = 5 (6.3.28)
The displacements associated with each of the loads are
Agl) = aﬂa Agl) = —aﬂfﬁh
Er Er (6.3.29)
AR G AR 022 -
1 E2 22, 2 EQ 9

and the reciprocal relation (6.3.24) gives, when o1; = 099, the equality Agl) =

A?), which is the statement of Mazwell’s reciprocity relation, which is discussed
in Section 7.4.3.
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Fig. 6.3.3: Distinction between v12 and v21. (a) Application of o11. (b) Application of o22.

6.3.5 Isotropic Materials

Isotropic materials are those for which the material properties are independent
of the direction; that is, there exists an infinite number of material symmetry
planes. An isotropic fourth-order tensor can be expressed as [see Eq. (2.5.24)]

Cijkg = )\5ij5k€ + M((Sik(sjz + 5i€5jk) + R((Sik(sjg — 52'Z5jk:)7 (6.3.30)

where u, A, and k are called the Lame constants, and summation on repeated
indices is implied. In view of the symmetry of Cjjx, with respect to the first two
and the last two indices, the coefficient of x is zero, giving

Cijke = N0ijOke + 24016 0. (6.3.31)
Therefore, Eq. (6.3.4) takes the simple form
o =2ue+ Ar(e)l, 0ij = 2uei; + Negk 51‘3‘, (6.3.32)

where tr(-) denotes the trace (sum of the diagonal elements) of the enclosed
tensor. Thus, only two material parameters, i and A, are needed to characterize
the mechanical response of an isotropic material. The Larhe constants p and A
are related to E' and v by

_ _F _ vE _ _ (A—vE
L=s5ity0 A= ool 2P+ A= ooy (6.3.33)

The stress—strain relations (6.3.32) can be expressed in terms of E and v as

7= 1%6 s (1+V)Vg—2'/) tr(e)T, oy = 1%%’ + (1+Vl)/(Elj—21/) ek 0ij,  (6.3.34)
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and the inverse relations are
€ = (H—TI/) o — %tr(a) I, €ij = (%) Oij — % OLk 5ij7 (6.3.35)
1)

The strain energy density poUp in Eq. (6.3.
form

for an isotropic material takes the

A
polo(e) = 5(“"5)2 +utr(e-e), pololes;) = peseij + 3A(ere)®.  (6.3.36)
Note that the strain energy density Uy is positive-definite, that is,
Uo(e) > 0 whenever € # 0, and Uy(e) = 0 only when € = 0. (6.3.37)

The coefficients Cj; [see Eqs. (6.3.26) and (6.3.9) for the correspondence
between the two-subscripted and four-subscripted C’s] of Eq. (6.3.26) simplify
to [Wlth Ei=EFEy=FE3s=FE, Gia=Gi13=Go3=G = E/2(1 —|—I/), V19 = V93 =
vig=v,and Cop =1 — 32 — 203 = (1 + v)?(1 — 2v)]

- _ B B (1-v)E
Ci1=0Cp=03=2u+= (TR
vE
Cra=Ci3=0Cop == A7)0 -2) (6.3.38)
FE
044—055—066—M—G—m.

The stress—strain relations (6.3.34) for an isotropic material can be expressed in
matrix form as

(o1 ) [1—v v v 0 0 0 7 (e

o9 v 1—v v 0 0 0 €9

o3 | _ E v v 1—v 0 0 0 €3

o [ (A+v)1-2¢v)| 0 0 0 2 0 0 €4

o5 0o 0 o0 o0 &2 o0 &5

[ 06 Lo 0 0o o0 0 =] s
(6.3.39)

If the only nonzero normal stress component is 011 = ¢ and the only nonzero
shear component is 019 = 7, and if we denote €17 = € and 2e12 = ~, then Eq.
(6.3.35) gives the uniaxial strain-stress relations,

E:%a — o=Fc¢ 7:2(1;V)T

In summary, application of a normal stress to a rectangular block of isotropic
or orthotropic material results in only extension in the direction of the applied
stress and contraction perpendicular to it, whereas a monoclinic (or anisotropic)
material experiences extension in the direction of the applied normal stress,
contraction perpendicular to it, and shearing strain, as shown in Fig. 6.3.4.
Conversely, the application of a shearing stress to a monoclinic material causes
shearing strain as well as normal strains. Also, a normal stress applied to an
orthotropic material at an angle to its principal material directions causes it to
behave like a monoclinic material.

- 7=G7. (6.3.40)
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Fig. 6.3.4: Deformation of orthotropic and anisotropic rectangular blocks under uniaxial
tension and pure shear.

Example 6.3.1

Consider the thin, filament-wound, closed circular cylindrical pressure vessel in Example 4.3.2,
as shown in Fig. 6.3.5. The vessel has an internal diameter of D; = 63.5 cm (25 in.), thickness
h =2 cm (0.7874 in.), and pressurized to p = 1.379 MPa (200 psi). Assuming a two-dimensional
state of stress, determine

(a) stresses ouz, Oyy, and o,y in the problem coordinates (z,y, 2);

(b) stresses 011, 022, and 012 in the material coordinates (x1,z2,z3), with z1 being tangent
to the filament direction;

(c) strains €11, €22, and 2e12 in the material coordinates; and

(d) strains gz, €yy, and 7ay in the problem coordinates.

Y X =0, 6 =€
o
»
115 &1
T 995 €99

0

~ v -

Oyq,E9; P22 €22
\\ 9=53.13° Ou, & P

> x Ty

Fig. 6.3.5: A filament-wound cylindrical pressure vessel.
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Use a filament winding angle of § = 53.125° from the longitudinal axis (x) of the pressure
vessel and the following material properties with respect to the material coordinates (typical
of graphite-epoxy material): E; = 140 GPa (20.3 Msi), FE> = 10 GPa (1.45 Msi), Gi2 =
7 GPa (1.02 Msi), and v12 = 0.3.

Solution: (a) In Example 4.3.2, the longitudinal stress (04z) and circumferential stress (oyy)
in the thin-walled cylindrical pressure vessel were calculated using the formulas

pD; pD;
_E: Uyy:ﬁv Ozy = 0. (1)

to be 0z = 10.946 MPa and oy, = 21.892 MPa.

Oxx =

(b) Next, we determine the stresses in the material coordinates (so that we have the shear
stress 012 at the fiber—matrix interface, tensile stress 11 in the fiber, and the stress 022 normal
to the fiber) using the stress transformation equations (4.3.7)

011 = Oz cos® 0 + Oyy sin” 0 + Oy Sin 26,
029 = Oz SIN° O + 0y cOS° O — 04y sin 26, (2)
O12 = % (0yy — Ouz)sin20 + 04y cos 20.
We obtain (sinf = 0.8, cos @ = 0.6, sin 20 = 0.96, and cos 26 = —0.28 for § = 53.13°)
o11 = 10.946 x (0.6)> + 21.892 x (0.8)° = 17.951 MPa,

022 = 10.946 x (0.8) + 21.892 x (0.6)° = 14.886 MPa,
o12 = 1 (21.892 — 10.946) x 0.96 = 5.254 MPa.

(c) The strains in the material coordinates can be calculated using the strain—stress relations
(6.3.23). We have (v21/E2 = vi2/En)

011 o2 17.95 x 10 14.885 x 10°

=2 =22 = —0.3 =0.0963 x 10~°
M= E YRR T 110 x 100 140 x 109 % m/m,

_ o1, o2 17.95 x 10° | 14.885 x 10° 3
6227—1/12E71+E727—0.3 140)(109 + 10)(109 = 1.4502 x 10 IIl/rIl7

012 5.254 x 10°
2G12 2 X7 x 109

(d) The strains in the (z,y) coordinates can be computed using the transformation equations
[see Eq. (3.4.32)]

=0.3753 x 107>,

€12

2 -2 5
€11 €08” 0 + €22 8in” O — €15 sin 20,

Exax =
Eyy = €11 Sin29+822 COS29+512 SinQa7 (3)
Eoy = % (€11 — €22) sin 20 + £12 cos 26.

We obtain
€2z = 107° [0.0963 x (0.6)* + 1.4502 x (0.8)* — 0.3753 x 0.96] = 0.6023 x 10~° m/m,
eyy = 1077 [0.0963 x (0.8)% + 1.4502 x (0.6)” + 0.3753 x 0.96] = 0.9440 x 10~° m/m,
€2y = 1072 [(0.0963 — 1.4502) x 0.48 + 0.3753 x (—0.28)] = —0.7549 x 10>,

The strains (g, €yy, £2y) can also be determined directly from the stresses (0za, Oyy, Oay)
using the strain—stress relations
Exx = gll Ozz + 512 Oyy = 516 Ozy,
Eyy = S12 Ozz + 522 Oyy + §26 Oy, (4)
Exy = 5'16 Oza + 5‘26 Oyy ar 566 Ozy,
where S;; are the transformed elastic compliances referred to the problem coordinates (z, v, 2).
A transformation law consistent with the tensor transformation equations in Eq. (6.3.13) must

be used to write S;; in terms of S;; and the angle 6. See the answer to Problem 6.2 for the
transformation relations between S;; and S;; and between Cj; and Cjj.
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6.4 Nonlinear Elastic Constitutive Relations

Most materials exhibit nonlinear elastic behavior for certain strain thresholds,
that is, the stress—strain relation is no longer linear, but recovers all its deforma-
tion upon the removal of the loads, and Hooke’s law is no longer valid. Beyond
certain nonlinear elastic range, permanent deformation ensues and the material
is said to be inelastic or plastic, as shown in Fig. 6.4.1. Here we briefly review
constitutive relations for two well-known nonlinear elastic materials, namely the
Mooney—Rivlin and neo-Hookean materials. Further discussion can be found in
Truesdell and Noll (1965).

Stress, o
A Yield point..
i P
1 .
i Unloading
1
I Elastic limit
1
y l
/ Nonlinearly elastic
Proportionality limit
-1, P _P
Linear elastic &= I o= 4
0
— .
Permanent strain Strain, &

Fig. 6.4.1: A typical stress—strain curve.

Recall from Eq. (6.2.8) that for a hyperelastic material under isothermal
conditions there exists a strain energy potential ¥ = W(F) such that

ov

o(F) :/)87]?

-FT, (6.4.1)
where p is the material density. Some materials (e.g., rubber-like materials)
undergo large deformations without appreciable change in volume (i.e., J =~ 1).
Such materials are called incompressible materials. For incompressible elastic
materials, the stress tensor is not completely determined by deformation. The

hydrostatic pressure p affects the stress. For incompressible elastic materials,
we have [see Eq. (6.2.12)]

ov

o(F)=—pI+ PoF FT, (6.4.2)

where p is the hydrostatic pressure.
For a hyperelastic elastic material, Eq. (6.4.1) can also be expressed as

ov

where the free energy potential ¥ is written as ¥ = ¥(B) and B is the left
Cauchy-Green (or Finger) tensor B = F - FT [see Eq. (3.4.4)]. Equations

o(B) B, (6.4.3)
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(6.4.1)-(6.4.3), in general, are nonlinear. The free energy potential ¥ takes dif-
ferent forms for different materials. It is often expressed as a linear combination
of unknown parameters and principal invariants of Green strain tensor E, defor-
mation gradient F, or left Cauchy—Green deformation tensor B. The parameters
characterize the material and they are determined through suitable experiments.

For incompressible materials, the free energy potential W is taken as a linear
function of the principal invariants of B:

\I/ch(IB—?))—i—CQ(IIB—?)), (6.4.4)

where C1 and C5y are constants and Ig and IIg are the two principal invariants
of B (the third invariant [IIp is equal to unity for incompressible materials).
Materials for which the free energy potential is given by Eq. (6.4.4) are known
as the Mooney—Rivlin material. The stress tensor in this case has the form

oc=-pl+aB+ 3B, (6.4.5)

where a and § are given by

ov ov
04—210@ =2pCi, B= —2,0@

= —2p(Cs. (6.4.6)
The Mooney—Rivlin incompressible material model is most commonly used to
represent the stress—strain behavior of rubber-like solid materials.

If the free energy potential is of the form ¥ = C;(Ip — 3), that is, Cy = 0,
the constitutive equation in Eq. (6.4.5) takes the form

oc=-pI+2pC;B. (6.4.7)

Materials whose constitutive behavior is described by Eq. (6.4.7) are called the
neo-Hookean materials. The neo-Hookean model provides a reasonable predic-
tion of the constitutive behavior of natural rubber for moderate strains.

6.5 Newtonian Fluids
6.5.1 Introduction

All bulk matter in nature exists in one of two forms (even before they are sub-
jected to forces): solid or fluid. A solid body is characterized by relative im-
mobility of its molecules, whereas a fluid state is characterized by their relative
mobility. Fluids can exist either as gases or liquids. In this section we present the
constitutive relations for fluids that exhibit the property that stress is propor-
tional to velocity gradients, that is, strain rates. The proportionality parameter
is known as the wiscosity of the fluid, and the relationship is known Newton’s
law of viscosity. Fluids that behave according to Newton’s law of viscosity are
called Newtonian fluids. For such fluids, the constitutive equations for o cannot
be derived using the condition (6.1.6) resulting from the entropy inequality. The
physics of such fluids requires the symmetric part of the velocity gradient, D, to
be an argument, in place of F used for solids, in the list of dependent variables.
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It is assumed that the Eulerian description is used to derive all equations of
mechanics.

For viscous fluids the total stress o is decomposed into equilibrium and de-
viatoric parts. Then the conditions resulting from the entropy inequality permit
derivation of constitutive relations for compressible fluids with the equilibrium
stress as thermodynamic pressure p(p, 6), which for an incompressible fluid be-
comes the mechanical pressure p(f); the entropy inequality only places the re-
striction that work done by the deviatoric stress be positive but provides no
mechanism for its constitutive relation. Thus, o is assumed to be of the form?

o= —p(p,0) I+ F(D), for compressible fluids,

o = —p(0) I+ F (D), for incompressible fluids, (6.5.1)
where p is the spatial density and 6 is the absolute temperature. A fluid is said
to be incompressible if the volume change is zero:

V.-v=0, (6.5.2)

where v is the velocity vector. A fluid is termed inwviscid if the viscosity is zero.

6.5.2 Ideal Fluids

An ideal fluid is one that is incompressible and has zero viscosity. The most
general constitutive equation for an ideal fluid is of the form

o= —p(p,0)L (6.5.3)
The dependence of p on p and 6 has been experimentally verified many times
over several centuries. The thermomechanical properties of an ideal fluid are
the same in all directions, that is, the fluid is isotropic. It can be verified that
Eq. (6.5.3) satisfies the frame indifference requirement because

c"=Q 0-Q"'=-pQ-1-Q" =—pL

An explicit functional form of p(p,8), valid for gases over a wide range of
temperature and density, is
p = Rpb/m, (6.5.4)

where R is the universal gas constant, m is the mean molecular mass of the gas,
and 6 is the absolute temperature. Equation (6.5.4) is known to define a perfect
gas. When p is only a function of density, the fluid is said to be “barotropic,”
and the barotropic constitutive model is applicable under isothermal conditions.
If p is independent of both p and 6 (p = constant), p is determined from the
equations of motion [see Eq. (5.3.14)].

3The dependence of F on the vorticity tensor W is eliminated to satisfy the frame indifference
requirement.
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6.5.3 Viscous Incompressible Fluids

The general constitutive equation for stress tensor in a fluid motion is assumed
to be of the general form in Eq. (6.5.1). Analogous to isotropic materials,
isotropic fluids are those for which the shear stress—strain rate relations are of
the form [compare with Eq. (6.3.4)]

F(D) =7=C:D (Tij e Ciij DU) (655)
Here 7 is the viscous stress tensor, C denotes the fourth-order tensor of vis-

cosities, and D is the strain rate tensor [symmetric part of the velocity gradient
tensor L; see Egs. (3.6.1) and (3.6.2)]:

ov;  Ov;
D=L [Vv+ (V)] [DU 1 ( o g )] , (6.5.6)

where v is the velocity vector.

In a majority of cases a viscous fluid is characterized as an isotropic fluid. For
an isotropic fluid, we have the constitutive relation [compare with Eq. (6.3.35)]

o = _p(pv 9)I+Ta T = 2“’(:0’ G)D +>‘(p7 9) tl"(D)I, (657)
or in rectangular Cartesian component form

Ojj = —p (Sij + T, Tij = 2u Dij + A Dy 6ij7 (6.5.8)

where p is the spatial density, 6 is the absolute temperature, and A and p are
the Larhe parameters that have the meaning bulk viscosity and shear viscosity,
respectively.

Equations (6.5.7) and (6.5.8) can be expressed in terms of the deviatoric
components of stress and rate of deformation tensors,

o'=0-6I, D=D-1tr(D)I, &=1tr(o). (6.5.9)

We note that ¢}, = 0 and D), = 0. Then the Newtonian constitutive equation
(6.5.8) takes the form

o' =2uD' + (2p+ A) tr(D)I— (6 +p)1,

. 6.5.10
oj; = 2uDy; + (510 + A) Drwdij — (6 + p) 0y, ( )

from which it follows (because o}, = 0 and D, = 0) that
(2/1/4-3)\) Dk:k — 3(5-1—]?) =0. (6.5.11)

Hence, the last two terms in Eq. (6.5.10) vanish together and we obtain
o' =2uD', o}; =2uDj;. (6.5.12)

Note that the mean stress ¢ is equal to the thermodynamic pressure —p if
and only if one of the following two conditions is satisfied (Dgr, = V - v):

Fluid is incompressible: V. .v=0, (6.5.13)
Stokes condition: K=2u+3)\=0. (6.5.14)
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In general, the Stokes condition does not hold. Thus, the constitutive equation
for viscous, isotropic, incompressible fluids reduces to

o=-pl+7, 7T=2uD, (Uij = —p(sij + Tij, Tij = 2,U,Dij), (6.5.15)
and p represents the mean normal stress or hydrostatic pressure. For inviscid
fluids, the constitutive equation for the stress tensor has the form

g = —pI (Jij = —péij). (6516)

We note that Eq. (6.5.15) does not hold for compressible fluids, unless the Stokes
condition (6.5.14) is satisfied. Equation (6.5.7) is valid for compressible fluids,
with p being the thermodynamic pressure.

6.6 Generalized Newtonian Fluids
6.6.1 Introduction

Fluids for which the viscosity of the fluid may be a function of the strain rate
tensor (or its invariants) but the form of the constitutive equations is similar to
those of the Newtonian fluid are called generalized Newtonian fluids. Generalized
Newtonian fluids include motor oils and high molecular weight liquids such as
polymers, slurries, pastes, and other complex mixtures. The processing and
transporting of such fluids are central problems in the chemical, food, plastics,
petroleum, and polymer industries. We note that the generalized Newtonian
constitutive models presented in this section for viscous fluids are only a few of
the many available in literature [see Reddy and Gartling (2001)].

Most generalized Newtonian fluids exhibit a shear rate dependent viscosity,
with “shear thinning” characteristic (i.e., decreasing viscosity with increasing
shear rate). Other characteristics associated with generalized Newtonian fluids
are elasticity, memory effects, the Weissenberg effect, and the curvature of the
free surface in an open channel flow. A discussion of these and other non-
Newtonian effects is presented in the book by Bird, Armstrong, and Hassager
(1971).

Generalized Newtonian fluids can be classified into two groups: (1) inelastic
fluids or fluids without memory and (2) viscoelastic fluids, in which memory
effects are significant. For inelastic fluids the viscosity depends on the rate of
deformation of the fluid, much like nonlinear elastic solids. Viscoelastic fluids ex-
hibit time-dependent “memory”; that is, the motion of a material point depends
not only on the present stress state, but also on the deformation history of the
material element. This history dependence leads to very complex constitutive
equations.

The constitutive equation for the stress tensor for a generalized Newtonian
fluid can be expressed as

o=-pl+71 (Uij = —pdij + Tij)a (661)

where 7 is known as the viscous or extra stress tensor.
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6.6.2 Inelastic fluids
The viscosity for inelastic fluids is found to depend on the rate of deformation

tensor D. Often the viscosity is expressed as a function of the principal invariants
of the rate of deformation tensor D

w=p(J1,J2,J3), (6.6.2)
where the Ji, Jo, and J3 are the principal invariants of D,

Jl =tr (D) = Diz’a
1 1

2
J2 = 5tr (D7) = 5 Dy Dy, (6.6.3)
1 1
J3 = gtr (Dg) = gDiijkD]ﬂ',

where tr(-) denotes the trace of the enclosed tensor. Note that J; and J3 defined
above are different from J, = % (J7 —D:D) and J; = |D| defined in Eq.
(3.4.36).

For an incompressible fluid, J; = V - v = 0. Also, there is no theoretical
or experimental evidence to suggest that the viscosity depends on J3; thus, the
dependence on the third invariant is eliminated. Equation (6.6.2) reduces to

= p(J2). (6.6.4)

The viscosity can also depend on the thermodynamic state of the fluid, which
for incompressible fluids usually implies a dependence only on the temperature.
Equation (6.6.4) gives the general functional form for the viscosity function,
and experimental observations and a limited theoretical base are used to pro-
vide specific forms of Eq. (6.6.4) for non-Newtonian viscosities. A variety of
inelastic models have been proposed and correlated with experimental data, as
discussed by Bird et al. (1971). Several of the most useful and popular models
are presented next; see Reddy and Gartling (2001).

6.6.2.1 Power-law model

The simplest and most familiar non-Newtonian viscosity model is the power-law
model, which has the form

p=KJ" 2 (6.6.5)

where n and K are parameters, which are, in general, functions of temperature;
n is termed the power-law index and K is called consistency. Fluids with an
index n < 1 are termed shear thinning or pseudoplastic. A few materials are
shear thickening or dilatant and have an index n > 1. The Newtonian viscosity
is obtained with n = 1. The admissible range of the index n is bounded below
by zero because of stability considerations.

When considering nonisothermal flows, the following empirical relations for
n and K are used:

n:no—l—B<9_60>, (6.6.6)
to

K = Kyexp (—A[0 — 6y]/60) , (6.6.7)
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where 6 denotes the temperature and the subscript 0 indicates a reference value;
A and B are material constants.

6.6.2.2 Carreau model

A major deficiency in the power-law model is that it fails to predict upper
and lower limiting viscosities for extreme values of the deformation rate. This
problem is alleviated in the Carreau model:

(n—1)/2
= oo + (0 — 1oo) (14 N J2J%) , (6.6.8)

wherein pg and poo are the initial and infinite shear rate viscosities, respectively,
and A is a time constant.

6.6.2.3 Bingham model

The Bingham fluid differs from most other fluids in that it can sustain an applied
stress without fluid motion occurring. The fluid possesses a yield stress, 7y, such
that when the applied stresses are below 7y no motion occurs; when the applied
stresses exceed 1y the material flows, with the viscous stresses being proportional
to the excess of the stress over the yield condition. Typically, the constitutive
equation after yield is taken to be Newtonian (Bingham model), though other
forms such as a power-law equation are possible. In a general form, the Bingham
model can be expressed as

1
T = <\;?7>2 + 2u> D  when itr(TQ) > 78, (6.6.9)
1
7 =0 when §tr(7'2) <73 (6.6.10)

From Eq. (6.6.9) the apparent viscosity of the material beyond the yield point
is (TO/\/.TQ + 2,u). For a Herschel-Buckley fluid the p in Eq. (6.6.9) is given by
Eq. (6.6.5). The inequalities in Egs. (6.6.9) and (6.6.10) describe a von Mises
yield criterion.

6.6.3 Viscoelastic Constitutive Models

For a viscoelastic fluid, the constitutive equation for the extra-stress 7 in Eq.
(6.6.1) is time dependent. Such a relationship is often expressed in abstract
form where the current extra-stress is related to the history of deformation in
the fluid as

T =FI[G(s), 0 <s < o], (6.6.11)

where F is a tensor-valued functional, G is a finite deformation tensor (related
to the Cauchy-Green tensor), and s = t — ¢’ is the time lapse from time ¢/
to the present time, t. Fluids that obey constitutive equations of the form in
Eq. (6.6.11) are called simple fluids. The functional form in Eq. (6.6.11) is
not useful for general flow problems, and therefore numerous approximations of
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Eq. (6.6.11) have been proposed in several different forms. Several of them are
reviewed here.

The two major categories of approximate constitutive relations include the
differential and integral models. For a differential model the extra-stress is
determined from a differential equation that relates the stress and stress rate to
the flow kinematics. The integral model represents the extra-stress in terms of an
integral over past time of the fluid deformation history. In general, the specific
choice is dictated by the ability of a given model to predict the non-Newtonian
effects expected in a particular application.

6.6.3.1 Differential models

Constitutive models for viscoelastic fluids in differential equation form are prefer-
able due to the ease with which they can be incorporated into the conservation
and balance equations, and the resulting equations are simple to handle in a
computational framework. Due to rheology of the fluid (fading memory) the
deviatoric part of the stress tensor, called extra-stress tensor, is time dependent,
and thus the constitutive models are differential equations in time between de-
viatoric stress tensor and the strain rate tensor.

The constitutive models for viscoelastic fluids in differential form can also
be constructed using a purely phenomenological approach based on our under-
standing of the physics. Such models, for example, one-dimensional spring and
dash-pot models discussed for viscoelastic solids in Chapter 9, serve to describe
the observed physical response. However, such models do not have a thermo-
dynamic basis, and their extension to two and three dimensions is based on an
analogy with elastic constitutive relations.

In this section, we consider differential constitutive theories using the de-
viatoric stress tensor (derived using the theory of generators and invariants)
for fluids. The well-known differential constitutive equations are generally as-
sociated with Oldroyd, Maxwell, and Jeffrey. First we define various types of
material time derivatives used in these models. In the spatial description the
material time derivative of a symmetric second-order tensor can be defined in
several ways, all of which are frame invariant. Let S denote a second-order ten-
sor. Then the upper-convected (or co-deformational or contravariant) derivative

is defined by

\Y%

S:?;—kv-VS—L'S—(L-S)T, (6.6.12)
and the lower-convected derivative is defined as

A 9S

S:E+V-VS+LT-S+ST-L, (6.6.13)

where v is the velocity vector and L is the velocity gradient tensor

L= (vv)T (Lij = g;’j) . (6.6.14)
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Since both Egs. (6.6.12) and (6.6.13) are objective (not shown here) convected
derivatives, their linear combination is also objective:

o v A
S=(1-a)S+aS, 0<a<l. (6.6.15)

Equation (6.6.15) can be viewed as the definition of a general convected deriva-
tive, which reduces to Eq. (6.6.12) for « = 0 and to Eq. (6.6.13) for a = 1.
When a = 0.5 [average of Eq. (6.6.12) and Eq. (6.6.13)] the convected deriva-
tive in Eq. (6.6.15) is termed a corotational or the Jaumann derivative. The
selection of one type of derivative over other is usually based on the physical
plausibility of the constitutive equation, that is, matching experimental data.
The simplest differential constitutive models are the upper- and lower-convected

Maxwell fluids, which are defined by the following equations:

Upper-convected Maxwell fluid: 7+ AT = 2uP D, (6.6.16)
Lower-convected Maxwell fluid: 7 + AT = 2P D (6.6.17)

where A is the relaxation time for the fluid, u? is its viscosity, and D is the rate
of deformation tensor. The upper-convected Maxwell model in Eq. (6.6.16) has
been used extensively in testing numerical algorithms; the lower-convected and
corotational forms of the Maxwell fluid predict physically unrealistic behavior
and are not generally used.

Johnson—Segalman model. By employing the general convected derivative (6.6.15)
in a Maxwell-like model, the Johnson—-Segalman model is produced:

T+ M = 24" D. (6.6.18)

Phan Thien—Tanner model. By slightly modifying Eq. (6.6.18) to include a
variable coefficient for 7, the Phan Thien—Tanner model is obtained:

Y(T)T 4+ AT = 24P D, (6.6.19)

where

Y(7) =14 (e\/pP) tr(T) (6.6.20)

and € is a constant. This equation is somewhat better than (6.6.18) in repre-
senting actual material behavior.

Oldroyd model. The Johnson—Segalman and Phan Thien—Tanner models suffer
from a common defect. For a monotonically increasing shear rate, there is a re-
gion where the shear stress decreases, which is a physically unrealistic behavior.
To correct this anomaly, the constitutive equations are altered using the follow-
ing procedure. First, the extra-stress is decomposed into two partial stresses, 7°
and 7P, such that

T=7"+7F, (6.6.21)
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where 7° is a purely viscous and 7P is a viscoelastic stress component. Then

7% and TP are expressed in terms of the rate of deformation tensor D, using the
Johnson—Segalman fluid as an example, as

=20 D, 7P+ AP =24 D. (6.6.22)

Finally, the partial stresses in Egs. (6.6.21) and (6.6.22) are eliminated to pro-
duce a new constitutive relation

T4+ =2(D + X f)), (6.6.23)

where i = (p® + pP) and N = A\p®/fi; and N is a retardation time. The con-
stitutive equation in Eq. (6.6.23) is known as a type of Oldroyd fluid. For
particular choices of the convected derivative in Eq. (6.6.23), specific models

can be generated. When a = 0 (7 — ¥), then Eq. (6.6.23) becomes the

Oldroyd B fluid, and a =1 (‘?’ — ?) produces the Oldroyd A fluid. In order to
ensure a monotonically increasing shear stress, the inequality p® > p?/8 must
be satisfied. The stress decomposition in Eq. (6.6.21) can also be used with the
Phan Thien—Tanner model to produce a correct shear stress behavior.

White—Metzner model. In all of the above constitutive equations the material
parameters, A and uP, were assumed to be constants. For some constitutive
equations the constancy of these parameters leads to material (or viscometric)
functions that do not accurately represent the behavior of real elastic fluids.
For example, the shear viscosity predicted by a Maxwell fluid is a constant,
when in fact viscoelastic fluids normally exhibit a shear thinning behavior. This
situation can be remedied to some degree by allowing the parameters A and u?
to be functions of the invariants of the rate of deformation tensor D. Using the
upper-convected Maxwell fluid as an example, then

T+ A(Jo) T = 24P (Jo)D, (6.6.24)

where J is the second invariant of the rate of deformation tensor D [see Eq.
(6.6.3)]. The constitutive equation in Eq. (6.6.24) is termed a White-Metzner
model. White-Metzner forms of other differential models, such as the Oldroyd
fluids, have also been developed and used in various situations.

6.6.3.2 Integral models

An approximate integral model for a viscoelastic fluid represents the extra-stress
in terms of an integral over the past history of the fluid deformation. A general
form for a single integral model can be expressed as

t
T = / 2m(t — " YH(t, ') dt’, (6.6.25)
—00
where t is the current time, m is a scalar memory function (or relaxation kernel),
and H is a nonlinear deformation tensor between the past time ¢’ and current
time ¢.



6.7. HEAT TRANSFER 251

There are many possible forms for both the memory function m and the
deformation tensor H. Normally the memory function is a decreasing function
of the time lapse s =t — /. Typical of such a function is the exponential given
by
_ o
=3z
where the parameters g, A, and s were defined previously. Like the choice of
a convected derivative in a differential model, the selection of a deformation
measure for use in Eq. (6.6.25) is somewhat arbitrary. One particular form that
has received some attention is given by

m(t —t') = m(s) e/, (6.6.26)

H = ¢1(J5, J3)B + ¢2(J5, Jp)B. (6.6.27)

In Eq. (6.6.27) B is the Cauchy strain tensor, B is its inverse, called the Finger
tensor [see Eq. (3.4.22)], and ¢; and ¢2 are scalar functions of the invariants of
the deformation tensors, Jp = tr(B) and Jg = tr(B). The form of the deforma-
tion measure in Eq. (6.6.27) is still quite general, though specific choices for the
functions ¢; and the memory function m lead to several well-known constitutive
models. Among these are the Kaye-BKZ fluid and the Lodge rubber-like liquid.

As a specific example of an integral model, we consider the Maxwell fluid.
Setting ¢1 = 1 and ¢ = 0 in Eq. (6.6.27) and using the memory function of
Eq. (6.6.26), we obtain a constitutive equation of the form

t
= % / exp [—(t — ') /)] [B(t') — 1] dt'. (6.6.28)
—0o0

The constitutive equation (6.6.28) is an integral equivalent to the upper-convected
Maxwell model shown in differential form in Eq. (6.6.16). Note that in this case,
the extra-stress is given in an explicit form but its evaluation requires that the
strain history be known for each fluid particle. Although the Maxwell fluid has
both differential and integral forms, this is generally not true for other consti-
tutive equations. A discussion of additional integral models can be found in the
book by Bird, Armstrong, and Hassager (1971).

6.7 Heat Transfer
6.7.1 Introduction

Heat transfer is a branch of engineering that deals with the transfer of thermal
energy within a medium or from one medium to another due to a temperature
difference. Heat transfer may take place in one or more of the three basic forms:
conduction, convection, and radiation. The transfer of heat within a medium due
to diffusion process is called conduction heat transfer. Fourier’s law states that
the heat flow is proportional to the temperature gradient. The proportionality
parameter is known as the thermal conductivity. Note that for heat conduction
to occur there must be temperature differences between neighboring points.
Convection heat transfer is the energy transport effected by the motion of
a fluid. The convection heat transfer between two dissimilar media is governed
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by Newton’s law of cooling. It states that the heat flow is proportional to the
difference of the temperatures between the two media. The proportionality
parameter is called the convection heat transfer coefficient or film conductance.
For heat convection to occur there must be a fluid or another medium that can
transport energy to and from the primary medium.

Radiation is a mechanism that is different from three transport processes we
discussed so far, namely, (1) momentum transport in Newtonian fluids that is
proportional to the velocity gradient, (2) energy transport by conduction that is
proportional to the negative of the temperature gradient, and (3) energy trans-
port by convection that is proportional to the difference in temperatures of the
body and the moving fluid in contact with the body. Thermal radiation is an
electromagnetic mechanism, which allows energy transport with the speed of
light through regions of space that are devoid of any matter. Radiant energy
exchange between surfaces or between a region and its surroundings is described
by the Stefan—Boltzmann law, which states that the radiant energy transmit-
ted is proportional to the difference of the fourth power of the temperatures of
the surfaces. The proportionality parameter is known as the Stefan—Boltzmann
parameter.

6.7.2 Fourier’s Heat Conduction Law

The Fourier heat conduction law states that the heat flow q is related to the
temperature gradient by the relation
00
a=-k-Vo (¢= —kijach),
where k is the thermal conductivity tensor of order two. The negative sign in
(6.7.1) indicates that heat flows downhill on the temperature scale. The balance

of energy (5.4.11) requires that (e = c6)

(6.7.1)

D6
pcﬁzé—v-q—‘,—p’rh, q):TZD7 (672)

which, in view of Eq. (6.7.1), becomes

pc%i =d+V. (k-VO)+prp, (6.7.3)
where prj, is the internal heat generation per unit volume, p is the density, and
c is the specific heat of the material (assumed to be independent of time t).
For heat transfer in a solid medium (v = 0), Eq. (6.7.3) reduces to
00
Pca
which forms the subject of the field of conduction heat transfer. For a fluid
medium, Eq. (6.7.3) becomes

pc(?f—}-v-V@):<I>+V~(k~V9)+P7’h7 (6.7.5)

where v is the velocity field, and ® is the viscous dissipation function.

=V .- (k-V0)+pr, (6.7.4)
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6.7.3 Newton’s Law of Cooling

At a solid—fluid interface the heat flux is related to the difference between the
temperature 6 at the interface and that in the fluid

gn =0-q=h(0—0auaq) , (6.7.6)
where n is the unit normal to the surface of the body and h is known as the
heat transfer coefficient or film conductance. This relation is known as Newton’s
law of cooling, which also defines h. Clearly, Eq. (6.7.6) defines a boundary
condition on the bounding surface of a conducting medium.

6.7.4 Stefan—Boltzmann Law

The heat flow from surface 1 to surface 2 by radiation is governed by the Stefan—
Boltzman law:

an =0 (01 — 03), (6.7.7)
where 61 and 65 are the temperatures of surfaces 1 and 2, respectively, and o is

the Stefan—Boltzman constant. Again, Eq. (6.7.7) defines a boundary condition
on the surface 1 of a body.

6.8 Constitutive Relations for Coupled Problems
6.8.1 Electromagnetics

Problems involving the coupling of electromagnetic fields with fluid and ther-
mal transport have a broad spectrum of applications ranging from astrophysics
to manufacturing and to electromechanical devices and sensors. A good intro-
duction to electromagnetic field theory is available in the textbook by Jackson
(1975). Here we present a brief discussion of pertinent equations for the sake of

completeness?.

6.8.1.1 Maxwell’s equations

The appropriate mathematical description of electromagnetic phenomena in a
conducting material region, (2¢, is given by the following Maxwell’s equations
[see Reddy and Gartling (2001) and Jackson (1975), and references therein]:

V xE = —%—E’, (6.8.2)
VxH:J+%—?, (6.8.3)
V-B=0, (6.8.4)
V-D=p, (6.8.5)

where E is the electric field intensity, H is the magnetic field intensity, B is
the magnetic flux density, D is the electric flux (displacement) density, J is the
conduction current density, and p is the source charge density. Equation (6.8.1)

4Note that the notation used here for various fields is standard in the literature; unfortunately,
some of the symbols used here were already used previously for other variables.
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is referred to as Faraday’s law, Eq. (6.8.2) as Ampere’s law (as modified by
Maxwell), and Eq. (6.8.4) as Gauss’ law. A continuity condition on the current

density is also defined by
9p
V. -J=—-. 6.8.5
5t (6.8.5)
Note that only three of the preceding five equations are independent; either Egs.
(6.8.1), (6.8.2), and (6.8.4) or Egs. (6.8.1), (6.8.2), and (6.8.5) form valid sets

of equations for the field variables.

6.8.1.2 Constitutive relations

To complete the formulation, the constitutive relations for the material are re-
quired. The fluxes are functionally related to the field variables by

D = Fp(E,B), (6.8.6)
H = Fy(E,B), (6.8.7)
J = F;(E,B), (6.8.8)

where the response functions Fp, Fp, and F; may also depend on external
variables such as temperature # and mechanical stress o. The form of the
material response due to applied E or B fields can vary strongly depending on
the microstructure and the strength of the material and on the magnitude and
time-dependent nature of the applied field.

Conductive and Dielectric Materials. For conducting materials, the standard
response function F; gives Ohm’s law, which relates the current density J to
the electric field intensity E

J=k, E, (6.8.9)

where k, is the conductivity tensor. For isotropic materials, we have k, = k,I,
where k, is a scalar and I is the unit tensor. In general, the conductivity may be
a function of E or an external variable such as temperature. This form of Ohm’s
law applies to stationary conductors. If the conductive material is moving in a
magnetic field, then Eq. (6.8.9) is modified to read

J=k, -E+k,(vxB), (6.8.10)

where v is the velocity vector describing the motion of the conductor and B is
the magnetic flux vector.

For dielectric materials, the standard response function Fp relates the elec-
tric flux density D to the electric field E and polarization vector P:

D=¢- E+P, (6.8.11)

where € is the permittivity of free space. The polarization is generally related
to the electric field through

P =¢S.-E+ Py, (6812)
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where S, is the electric susceptibility tensor that accounts for the different types
of polarization, and Py is the remnant polarization that may be present in some
materials.

Magnetic Materials. For magnetic materials, the standard response function
F i relates the magnetic field intensity H to the magnetic flux B

1
H=—B-M, (6.8.13)
Ho
where g is the permeability of free space and M is the magnetization vector.
The magnetization vector M can be related to either the magnetic flux B or
magnetic field intensity H by

1 S
M=——_""__.B+M,, 6.8.14
Ho (I+Sm) 0 ( )
M=S,, - H+ (I+S,)- My, (6.8.15)

where S,,, is the magnetic susceptibility for the material, My is the remnant
magnetization, and I is the unit tensor. If the susceptibility is negative, the
material is diamagnetic, whereas a positive susceptibility defines a paramag-
netic material. Generally, these susceptibilities are quite small and are often
neglected. Ferromagnetic materials have large positive susceptibilities and pro-
duce a nonlinear (hysteretic) relationship between B and H. These materials
may also exhibit spontaneous and remnant magnetization.

Electromagnetic Forces and Volume Heating.  The coupling of electromag-
netic fields with a fluid or thermal problem occurs through the dependence
of material properties on electromagnetic field quantities and the production
of electromagnetic-induced body forces and volumetric energy production. The
Lorentz body force per unit volume in a conductor due to the presence of electric
currents and magnetic fields is given by

Fp=pE+J xB, (6.8.16)

where, in the general case, the current is defined by Eq. (6.8.10). The first term
on the right-hand side of Eq. (6.8.16) is the electric field contribution to the
Lorentz force; the magnetic term J x B is usually of more interest in applied
mechanics problems. The energy generation or Joule heating in a conductor is
described by

Q;=J-E (6.8.17)

which takes on a more familiar form if the simplified (v = 0) form of Eq. (6.8.10)
is used to produce
Qr=0(J3-J), (6.8.18)

where ¢ is the conductivity. The aforementioned forces and heat source occur
in the fluid momentum and energy equations, respectively.
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6.8.2 Thermoelasticity

The use of the entropy density 1 as an independent variable is not convenient.
A more convenient thermal variable is the temperature 6, as it is fairly easy to
measure and control. The constitutive equations of thermoelasticity are derived
by assuming the existence of the Helmholtz free-energy potential ¥ = Uy(0,€) —
n(ei;) 0 = ¥(0,e):

1 Cy
po Y (eij,0) = po Uy —po (0 —6o)n = icijké €ij ke — PBijij (0—060) — £o (0 —6p)*

26,
(6.8.19)
such that
ov oV Lo Cy
%ij = P0G = Uikt ke Bij (0 —6o), pon = —Po 5y = Pijeij + TO(H —0),
(6.8.20)

where 6 is the temperature measured from a reference value 6p, 1 is the entropy
density, and f;; are material coefficients. In arriving at Eq. (6.8.20), it is
assumed that 7 and o0;; are initially zero (see the answer to Problem 6.35), and
¢y Bij, and Cjjpe are values at the reference state. Inverting the stress—strain
relations in Eq. (6.8.20), we obtain

€ij = Sijke ore + (6 — bo), (6.8.21)

where S;ji, are the elastic compliances, and «;; are the thermal coefficients of
expansion, and they are related to 3;; by

Bij = Cijke ke (6.8.22)

6.8.3 Hygrothermal Elasticity

The moisture adsorption problem is mathematically similar to the heat conduc-
tion problem. The moisture concentration ¢ in a solid is described by Fick’s law
(analogous to Fourier’s heat conduction law):

q;=-D-Ve (6.8.23)

and the diffusion process is governed by

ge =-V.qr+ ¢y, (6.8.24)
ot

where D denotes the mass diffusivity tensor of order two, q; is the moisture
flux vector, and ¢ is the moisture source in the domain. The negative sign
in Eq. (6.8.24) indicates that moisture seeps from a higher concentration to a
lower concentration. The boundary conditions involve specifying the moisture
concentration or the flux normal to the boundary:

c=¢(s,t) on Iy, (6.8.25)
n-qy=qs(s,t) on Iy, (6.8.26)
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where I' = T'y UT'9, and I' N Ty = (), and quantities with a hat are specified
functions on the respective boundaries.
The moisture-induced strains {¢} are given by

{3 = {aum}e, (6.8.27)

where {ap} is the vector of coefficients of hygroscopic expansion. Thus, the
hygrothermal strains have the same form as the thermal strains. The total
strains are given by

{e} = [S{o} + {ar}(0 — ) + {anr}(c — cp), (6.8.28)
where {ar} is the vector of coefficients of thermal expansion, and 6y and cg are
reference values of temperature and concentration, respectively, from which the
strains and stresses are measured. In view of the similarity between the thermal
and moisture strains, thermoelasticity and hygroelasticity problems share the
same solution approach.

6.8.4 Electroelasticity

Electroelasticity deals with the phenomena caused by interactions between elec-
tric and mechanical fields. The piezoelectric effect is one such phenomenon, and
it is concerned with the effect of the electric charge on the deformation. A struc-
ture with piezoelectric layers receives actuation through an applied electric field,
and the piezoelectric layers send electric signals that are used to measure the
motion or deformation of the laminate. In these problems, the electric charge
that is applied to actuate a structure provides an additional body force to the
stress analysis problem, much the same way a temperature field induces a body
force through thermal strains.

The piezoelectric effect is described by the polarization vector P, which rep-
resents the electric moment per unit volume or polarization charge per unit area.
It is related to the stress tensor by the relation

P=d .o or Pz = diijjIw (6829)

where d is the third-order tensor of piezoelectric moduli. The inverse effect
relates the electric field vector E to the linear strain tensor € by
e=E-d or Eij = dkijEk- (6830)

Note that dy;; is symmetric with respect to indices 7 and j because of the sym-
metry of €;; (note that 7,7,k =1,2,3).

The pyroelectic effect is another phenomenon that relates temperature changes
to polarization of a material. For a temperature change from a reference tem-
perature fp, the change in polarization vector AP is given by

AP =p(0 — 6y), (6.8.31)

where p is the vector of pyroelectric coefficients.

The coupling between the mechanical, thermal, and electrical fields can be es-
tablished using thermodynamical principles and Maxwell’s relations. Analogous
to the strain energy potential Uy for elasticity and the Helmholtz free-energy
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potential ¥ for thermoelasticity, we assume the existence of a function @, called
the electric Gibb’s free-energy potential or enthalpy function,

po®(cij, Ei,0) = poUp — po E - D — pon(6 — 6p)
1

= ioijkf €ij Eke — €ijk €ij B — Bij €ij (6 — o)
1 Cy
— ene Er By — pp En(0 — 00) — 200 — 6)%, (6.8.32)
2 26
such that 9% 9% 5%
i = PO Dy =—po—, = —p0—=, 6.8.33
% = P o Mo M= Mg, ( )

where o0;; are the components of the stress tensor o, D; are the components of
the electric displacement vector D, and 7 is the entropy. Use of Eq. (6.8.32)
in Eq. (6.8.33) gives the constitutive equations of a deformable piezoelectric
medium:

05 = Cijre€re — eijk Ex — Bij (0 — 6o), (6.8.34)

po Di, = ek €55 + €xe By + pr(0 — 6o), (6.8.35)
C

pon = Bij €ij + pr By + Pgov (0 — 6y), (6.8.36)

where Cjjie are the elastic moduli, e;;, are the piezoelectric moduli, ¢;; are
the dielectric constants, p, are the pyroelectric constants, ;; are the stress-
temperature expansion coefficients, ¢, is the specific heat (at constant strain or
volume) per unit mass, and 6 is the reference temperature. In single-subscript
notation for stresses and strains, Eqgs. (6.8.34)—(6.8.36) can be expressed as

o; = Cij 6]' — €k Ek — 51(9 — 00), (6837)
po Dy = e i+ epe Ep + pk(e — 90), (6838)
c
pon = Biei + i Ex + pgo” (0 — 6y). (6.8.39)
Note that the range of summation in Egs. (6.8.37)-(6.8.39) is different for differ-
ent terms: 4,5 = 1,2,---,6;k,¢ = 1,2,3. For the general anisotropic material,

there are 21 independent elastic constants, 18 piezoelectric constants, 6 dielectric
constants, 3 pyroelectric constants, and 6 thermal expansion coefficients.
Maxwell’s equation governing the electric displacement vector D is given by

V-D=0. (6.8.40)

It is often assumed that the electric field E is derivable from an electric scalar
potential function ¢:
E=-Vo¢. (6.8.41)

This assumption allows us to write Eq. (6.8.40), in view of Eq. (6.8.38), as
9 9¢ 0 d¢ d D
Y a e =0, 6.8.42
0x1 (6118331) * O0xa (622 8@) + Ox3 (633 O +f ( )

d
fo= o lexeee + (0 — 0p)] . (6.8.43)

where
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6.9 Summary

This chapter was dedicated to a discussion of the constitutive equations for
Hookean solids, Newtonian fluids, and heat transfer in solids. Constitutive
models of solids and fluids are derived using the entropy inequality or condi-
tions resulting from the entropy inequality. Beginning with a discussion of the
constitutive rules or axioms, frame indifference, and restrictions placed by the
entropy inequality, general constitutive relations for the stress tensor, entropy,
and heat flux were derived. Then the generalized Hooke’s law governing lin-
ear elastic solids, Newtonian relations for viscous fluids, and the Fourier heat
conduction equation for heat transfer in solids are presented. The generalized
Hooke’s law is specialized to monoclinic materials, orthotropic materials, and
isotropic materials using material symmetries. Constitutive relations for non-
linear elastic solids, generalized Newtonian fluids, and coupled problems (e.g.,
electromagnetics, thermoelasticity, hygrothermal elasticity, and electroelastic-
ity) are also presented for the sake of completeness.

The constitutive relations presented in this chapter along with the field equa-
tions developed in Chapter 5 will be used in Chapters 7 and 8 to analyze some
typical boundary-value problems of solid mechanics, fluid mechanics, and heat
transfer. The main results of this chapter that are of importance in the coming
chapters are summarized here.

Hookean deformable solids (infinitesimal strains)

o=2ue+ )\tI‘(E)I, 05 = 2,[1,51']‘ + Aepk (51']' (691)
_ 1 T - 1 8’&1 0uj
e=3 [Vu+ (Vu)'], &= 3 <8xj + 8xi) (6.9.2)
Newtonian fluids (compressible)
& = —p(p,0) T+ 24(p,0) D + A(p, 0) tr(D)T
Oij = —Pp (51‘]‘ +2u €ij + A €k 52‘3' (6.9.3)
Newtonian Fluids(incompressible)
o= —p(@) I+2uD, 05 = —p(e) 5ij + 2u Dz‘j (694)
1 1 (0v; Ovj
D=- T, Dj== Ly 9.
5 [Vv+(Vv)'], Dy 5 (axj + (%i) (6.9.5)
Heat transfer
=—-k- V0 -——k~ﬁ (6.9.6)
q= y i = ij 81‘]' -J.

In general, the derivation of constitutive equations of a fluid or solid matter
is quite involved. The presentation here is made simple keeping in mind the
introductory nature of the present course. For a detailed and advanced study of
the subject, the reader may consult the books by Truesdell and Toupin (1965)
and Truesdell and Noll (1965).
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Problems

HOOKEAN SOLIDS

6.1

6.2

6.3

6.4

6.5

6.6

Recall from Examples 3.4.3 and 4.3.1 that under the coordinate transformation
€1 =cosfé, +sinféy,
€y = —sinf é; + cosh &y, (1)

€3 :éz,

the stress components and strain components &; and o; are given in terms of the com-
ponents Ouq, Oyy, - and Ezq, Eyy, - - - by [see Egs. (3.4.33) and (4.3.7)]

€1 [ cos’@ sin?60 0 0 % sin 20 Exa
€2 sin?@ cos’00 0 0 —3sin26 Eyy
€3 o 0 0 1 0 0 0 Ezz - 0
ea [ 0 0 0cosf —sinf 0 eys [’ {e} =["I{et, (2)
€5 0 0 O0sinf cosf 0 Eaz
€6 | —sin260 sin20 0 0 0 cos 260 Exy
o1 [ cos?6 sin?60 0 0 0 sin 20 Ona
02 sin® @ cos’0 0 0 0 —sin26 Oyy
o3 | _ 0 0 1 0 0 0 Tz y_ipf
oa [ 0 0 0 cosf —sinf 0 oy: [’ {o} = B o}
o5 0 0 0 sinf cos@ 0 Ous
o6 | —3sin20 $sin20 0 0 0 cos20] | ouy
3)
Show that
G 9 01T ~ 9 01T
[S]=[T"][S][T°]",  [C]=[R][C][R"], (4)

where [9] is the matrix of compliance coefficients and [C] is the matrix of stiffness coef-
ficients with respect to the (z1, 2, z3) coordinates and [S] is the matrix of compliance
coefficients and [C] is the matrix of stiffness coefficients with respect to the (z,y, z)
coordinates.
Under the coordinate transformation

€1 = cosf & +sinfé,,

& = —sinfé&; + cosfés,

éS = é37
determine Sij in terms of S;; and Cij in terms of Cj;.
Given the transformation

€1 =&1, & =&, &3=—é3 (1)

determine the stress components &;; in terms of o;;, strain components &;; in terms of
€ij, and the elasticity coefficients C; in terms of Cj;.
Establish the following relations between the Lame’ constants p and A and engineering
constants F, v, and K:

vE E E
A =) “TCT ey KT su—ay

Determine the longitudinal stress o, and the hoop stress oy, in a thin-walled circular
cylindrical pressure vessel with closed ends; that is, establish Eq. (1) of Example 6.3.1.
Assume an internal pressure of p, internal diameter D;, and thickness h.

Determine the stress tensor components at a point in 7075-T6 aluminum alloy body
(F = 72 GPa, and G = 27 GPa) if the strain tensor at the point has the following
components with respect to the Cartesian basis vectors €;:

200 100 0O

[e] = | 100 300 400 | x 107° m/m .
0400 0
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6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

For the state of stress and strain given in Problem 6.6, determine the principal invariants
of the stress and strain tensors.
The components of strain tensor at a point in a body made of structural steel are

36 12 30
[e]=1]12 40 0| x107° m/m .
30 025

Assuming that the Lamé constants for the structural steel are A = 207 GPa (30 x 10°
psi) and g = 79.6 GPa (11.54 x 10° psi), determine the principal invariants of the stress
and strain tensors.

The components of a stress tensor at a point in a body made of structural steel are

42 12 30
[0]= |12 15 0| MPa.
30 0 -5

Assuming that the Lamé constants for structural steel are A = 207 GPa (30 x 10° psi)
and p = 79.6 GPa (11.54 x 106 psi), determine the principal invariants of the strain
tensor.

Plane stress-reduced constitutive relations. Beginning with the strain-stress relations in
Eq. (6.3.23) for an orthotropic material in a two-dimensional case (i.e., 033 = 013 =
023 = 0), determine the two-dimensional stress—strain relations.

023=0

—— X
G2z

Fig. P6.10

Given the strain energy potential

U(E) = %(trE)2 + ut(E-E),

determine the second Piola—Kirchhoff stress tensor S in terms of the Green strain tensor
E.

Given the strain energy potential for the case of infinitesimal deformations

U(e) = %(tr €)? + ptr(e - €),

determine the strain energy function ¥(o) in terms of the stress tensor o.

Assuming that the strain energy density ¥ = Uy(o) is positive-definite, that is, Uy > 0,
with Uy = 0 if and only if & = 0, determine the restrictions placed on the elastic
parameters F, K, and v by considering the following stress states: (a) uniaxial stress
state with o11 = o3 (b) pure shear stress state, o12 = 7; and (c¢) hydrostatic stress state,
011 = 022 = 033 = D.

A material is transversely isotropic at a point if it is symmetric with respect to an arbi-
trary rotation about a given axis. Aligned fiber-reinforced composites provide examples
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6.15

6.16

6.17

6.18

6.19

CONSTITUTIVE EQUATIONS

of transversely isotropic materials (see Fig. P6.14). Take the zs-axis as the axis of
symmetry with the transformation matrix

cosf sinf 0
[L]= | —sinf cos® 0],
0 0 1

where 0 is arbitrary. Show that the stress—strain relations of a transversely isotropic
material are of the form

g1 Ci1 Ci2Ciz 0 0 0 €1
o2 Ci2Ci1Ciz 0 O 0 €2
o3| _[Ci3CizCss 0 O 0 €3
g4 o 0 0 0 044 0 0 €4
o5 0 0 0 0 Cyu 0 €5
o6 0 0 0 0 0 i(Cu—C2) €6

Fig. P6.14

The stress—strain relations of an isotropic material in the cylindrical coordinate system
are

Orr = 20Err + X (€rr + €00 +€22),
000 = 2ptc00 + A (Err + €00 +€22),
Oz =2uez: + X (Err + €00 +€22),
Org = 2/4Erg, Orz = 2/LErz, Ogr = 2L Egs.
Express the relations in terms of the displacements (ur, ug, uz).
Express the stress—strain relations of an isotropic material in the spherical coordinate
system and express the result in terms of the displacements (ur, ug, ug).
Given the displacement field in an isotropic body

Uy = U(T)a ug =0, wu,=0, (1)

where U(r) is a function of only r, determine the stress components in the cylindrical
coordinate system.
Given the displacement field in an isotropic body

ur =U(R), uy =0, wup=0, (1)

where U(R) is a function of only R, determine the stress components in the spherical
coordinate system.

The Navier equations. Show that for an isotropic, incompressible solid with infinitesimal
deformations (i.e., o & S and F - S = S), the equation of motion (5.3.11), V - o + pof =
pol, can be expressed as

2

poa—t‘; = pof — Vp+ (A + 1) V(V - u) + pV2u.
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NEWTONIAN FLUIDS

6.20

6.21

6.22

6.23

6.24

6.25

6.26

6.27

6.28

6.29

Given the following motion of an isotropic continuum,
X(X) = (X1 + kt’X3) &1 + (Xo + ktXs) é2 + X3 &3,

determine the components of the viscous stress tensor as a function of position and time.

Express the upper and lower convective derivatives of Egs. (6.6.12) and (6.6.13) in
Cartesian component form.

Interpret the Larhe constant p by considering the flow field
v = f(:l,'g), V2 = O, V3 = O,

where f is a known function of ;.
For viscous compressible flows (in spatial description), show that

- 1 Dp
—p=(N+2 - =F
o-p=0+350) pp
where & = —0;;/3 is the mean stress and p is the thermodynamic pressure.

The Navier—Stokes equations. Show that for a compressible fluid, the Cauchy equations
of motion (5.3.10) can be expressed as

D
pﬁz =pf = Vp+ A+ p) V(V-v) +uViv.
Simplify the equation for (a) an incompressible fluid and (b) hydrostatic state of stress.
Show that for an incompressible fluid the equation of motion simplifies to

D

E(PV) =pf — Vp+pViv.

Show that for the two-dimensional flow of an incompressible Newtonian fluid with V x
f = 0, where f is the body force vector (measured per unit volume), the vorticity w [see
Eq. (3.6.5)] satisfies the diffusion equation

p%—vtv = uViw.

Stokesian fluid. A Stokesian fluid is one in which (a) the stress tensor o is a continuous
function of the rate of deformation tensor D and the local thermodynamic state (i.e.,
may depend on temperature), but independent of other kinematic variables; (b) o is
not an explicit function of position x; (c¢) constitutive behavior is isotropic; and (d) the
stress is hydrostatic when the rate of deformation is zero, D = 0. Consider the following
constitutive equation for a Stokesian fluid:

o=—pl+uD+ D D (0ij =—pdij + pDij + B Dir.Dy;).

Write the equations of motion (5.3.10) in terms of p and D for a Stokesian fluid. Note
that a linear Stokesian fluid is a Newtonian fluid.

Irrotational motion. The velocity field v is said to be irrotational when the vorticity is
zero, w = 0. Then there exists a velocity potential ¢(x,t) such that v = V¢. Show
that the Navier—Stokes equations of Problem 6.24 can be expressed in the form

0
Y {8—‘? + %(Vqs)ﬂ =pf—Vp+ (A +2u)V(V9).
Show that in the case of irrotational body force f = —VV and when p is a function only
of p
8¢ 1 2 1 2
ot (VA HVHP) = SO+ 2V = g(0),

where P(p) = p’; dp/p, po is a constant, and g(¢) is a function of time only.
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CONSTITUTIVE EQUATIONS

HEAT TRANSFER

6.30

6.31

6.32

6.33

6.34

Show that for an isotropic Newtonian fluid the energy equation can be expressed in the
form

D

pﬁj =V (kV0) —pJi + (A +2u)J2 — dpds + pr,

where J; and J» are the principal invariants of D [see Eq. (3.4.36)], and k is the
conductivity.

Show that for an isotropic Newtonian fluid the energy equation can be expressed in the
form

D
p@D—;] =V (kVO) + (A +2u)J? — 4y + pr,
where 0 is the absolute temperature, n is the entropy, Ji and J2 are the principal
invariants of D, and k is the conductivity. Hint: 6 dn = de+pd(1/p) and d/dt = D/Dt.

The thermal stress coefficients, f;;, measure the increases in the stress components per
unit decrease in temperature with no change in the strain, that is,

6' o 80’1']'
Y 90 le=const
Deduce from the above equation the result
on
/B’LJ - PO 857,] .

The specific heat at constant strain is defined by
_ Oe

Co = — .
Y 96 le=const

Deduce from the above equation the result

0*v

062

Consider a reference state at zero strain and temperature 6y, and expand ¥(6,¢€) in
Taylor’s series about this state up to quadratic terms in 6 and €;; to derive the consti-
tutive equations, Eq. (6.8.20), for linear thermoelasticity. Specialize the relations to the
isotropic case.

co = —0
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LINEARIZED ELASTICITY

You cannot depend on your eyes when your imagination is out of focus.
—— Mark Twain (1835-1910)
Research is to see what everybody else has seen, and to think what nobody else has thought.
—— Albert Szent-Gyoergi (1893-1986)

7.1 Introduction

This chapter is dedicated to the study of deformation and stress in solid bodies
under a prescribed set of forces and kinematic constraints. In a majority of
problems, we assume that stresses and strains are small so that linear strain-
displacement relations and Hooke’s law are valid, and we use appropriate govern-
ing equations derived using the Lagrangian description in the previous chapters
to solve them for stresses and displacements. In the linearized elasticity we as-
sume that the geometric changes are so small that we neglect squares of the dis-
placement gradients, that is, |[Vu/|? ~ 0, and do not make a distinction between
the deformed and undeformed geometries, between the second Piola—Kirchhoff
stress tensor S and the Cauchy stress tensor o, and between the current coor-
dinates x and the material coordinates X (and use o and x). Mathematically,
we seek solutions to coupled partial differential equations over an elastic domain
occupied by the reference (or undeformed) configuration of the body, subject
to specified boundary conditions on displacements or forces. Such problems are
called boundary value problems of elasticity.

Most practical problems of even linearized elasticity involve geometries that
are complicated, and analytical solutions to such problems cannot be obtained.
Therefore, the objective here is to familiarize the reader with certain solution
methods as applied to simple boundary value problems. Boundary value prob-
lems discussed in most elasticity books are about the same, and they illustrate
the methodologies used in the analytical solution of problems of elasticity. Al-
though is a book on a first course in continuum mechanics, typical solid me-
chanics problems discussed in most elasticity books, for example, Timoshenko
and Goodier (1970), Slaughter (2002), and Sadd (2004) are covered. The meth-
ods discussed here may not be directly useful in solving practical engineering
problems, but the discussion provides certain insights into the formulation and
solution of boundary value problems. These insights are useful irrespective of
the specific problems or methods of solution presented here.

265
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7.2 Governing Equations
7.2.1 Preliminary Comments

It is useful to summarize the equations of linearized elasticity for use in the later
sections of this chapter. The governing equations of a three-dimensional elastic
body involve (1) 6 strain-displacement relations among 9 variables, namely 6
components of strain tensor € and 3 components of displacement vector u; (2) 3
equations of motion among 6 components of stress tensor o, assuming symmetry
of the stress tensor; and (3) 6 stress—strain equations among 6 stress and 6 strain
components that are already counted. Thus, there are a total of 15 coupled
equations among 15 scalar field variables. These equations are listed here in
vector form and Cartesian, cylindrical, and spherical component forms for an
isotropic body occupying a domain €2 with closed boundary I' in the reference
configuration. Figures 7.2.1(a)—(c) show the normal stress components in the
three coordinate systems; shear stress components should be obvious (as well as
all of the strain components).

7.2.2 Summary of Equations

All of the equations derived in Chapters 3, 4, 5, and 6 in material description
are presented here. Throughout this chapter, we use the following notations:
x=X,e=E,ando=S.

7.2.2.1 Strain-displacement equations

The linearized strain-displacement relations are summarized here:

Vector form:

1
e =5 [Vu+t (Vu)'] (7.2.1)
Rectangular Cartesian component form: (ux,uy,uz)
_ Ouy 1 [Ouy  Ouy
frr = Ty Emy_2<8y+8w
ou ou ou
1 z z Yy
oy = = —Z, = 7.2.2
€ 2 ( 0. &L") Eyy By ( )
=2\ oz oy )’ =0z
Component form in cylindrical coordinates: (uy,ug,u)
_ Ou, 1 (10u  Oup ug
= o 6r6_2<7“89+87“ r
ou ou U 1 Ouy
1 r z T
rz = = 5 = — —_ 2
© 2<3Z+(97“> =00 r+r80 (723)

_ 1 (Ouwe  10u=) o Ous
£20 = 3 Oz r a8 ) F 0z



7.2. GOVERNING EQUATIONS 267

(@) (b)

Fig. 7.2.1: Components of a second-order tensor (stress) on a typical volume element in (a)
Cartesian, (b) cylindrical, and (c) spherical coordinate systems.

Component form in spherical coordinates: (ur,ug, ug)

0 1 [Ou

10ur  Ouy g
R 8¢ ' OR R
1

Our Oug ug )

(7.2.4)

1 _
RO =3 (Rsin¢ 0 TorR R
1 1 Ou ou
1= T8, YHE
0 =1g <sm¢ 260 " ag " COW)

1 Jug .
Epo = RTHQS <89 +'LLRSIH¢+U¢COS¢>

7.2.2.2 Equations of motion

The linearized equations of motion, under the assumption that o' = o, are
summarized. The equilibrium equations are obtained by setting the acceleration
terms to zero. Here f is the body force vector measured per unit mass.

Vector form

9%u

Rectangular Cartesian component form: (0gz, Oyy, Oy, - - )

00z n 00y 00, b opofs = 9%uy
ar | oy | 0z | PV T P
0oy,  Ooyy  Ooy, 82uy
= pg——2 7.2.6
837 + 8y + az + POfy pO (9152 ( )
00, 00y 00, 0%u,
+ =2y

ar "oy T o, TPl
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Component form in cylindrical coordinates: (rr, 0g9, Org, -+ )
0oy n 18@9 0o, n 1( _ oup) + pofs = 9%u,
or r 00 0z p 0T T 006) T POJr = P0Taum
Oog, 100g9 Oop, 0pr + 00 D%ug
z = pp——2 7.2.7
or r 90 9z + r +p0f9 £o o2 ( )
0oy 180—29 0o, 4 Ozr +pofs = a2uz
or r 00 0z r P02 T P
Component form in spherical coordinates: (CRR, Cpgs TRp, " - )
Oorr 1 Oore 1 Oopy 1
- — (20RR — 04p — t
9R TR 06 | Resme 00 R \ZORR 096 = 000+ orscotd)
aQUR
+pofr = PO
Oogr 1 00yg 1 Jogy 1
— - - t 2
or TR 96 " Reme oo | R \(060 ~00) 0o+ IRs + 200m]
0%u
+ pofe = POW;) (7.2.8)
dogr . 1 Dogg 1 Oopg 1
- - t
oR TR a0 T Remo oo T R0 T 00s) 0ot o)
D%uyg

+ pofo = POW

7.2.2.3 Constitutive equations

The stress—strain equations of a linear, isotropic, elastic body are presented here.

Vector form
o=2ue+ \(tre)l (7.2.9)

Rectangular Cartesian, cylindrical, and spherical component forms

o11 1-v v v 0 0 0 7 ( e1nn

g9292 1% 1—v v 0 0 0 £99

o33 | _ E v v 1—v 0 0 0 €33

o3 ([ (A+v)1—-22)| 0 0 0 =2 0 0 2693

013 0o 0 0 0 52 o0 213

[ 012 0 0 0 0 0 |2
(7.2.10)

Here the subscripts 1, 2, and 3 take z,y, and z for rectangular Cartesian co-
ordinates; r, 0, and z for cylindrical coordinates; and R, ¢, and 6 for spherical
coordinates. The Larme constants p and A are related to Young’s modulus F
and Poisson’s ratio v by

E vE
M:G:m, )\:(1+1/)(1—2y)' (7.2.11)
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Equations (7.2.1)-(7.2.10) are valid for all problems of linearized elasticity;
various problems differ from each other only in (a) geometry of the domain, (b)
boundary conditions, and (c) values of the material parameters E and v. The
general form of the boundary condition is presented next.

7.2.2.4 Boundary conditions

Vector form
u=uon Iy, n-o=t on I',. (7.2.12)

Component form
w; =14; on Ty, oynj=t; on Ty, (7.2.13)

where I'; and T, are disjoint portions (except for a point) of the boundary whose
union is equal to the total boundary I', and quantities with a hat are specified
values. Note that only one element of the pair (¢;, u;), for any i = 1,2, 3, may be
specified at a point on the boundary. The indices (1, 2, 3) may take the values
of (z,y,2), (r,0,z), and (R, ¢,0).

7.2.2.5 Compatibility conditions

In addition to the 15 equations listed in (7.2.1), (7.2.5), and (7.2.9), there are 6
compatibility conditions among 6 components of strain:

V x (V x E)T =0, eprejes€ijre =0. (7.2.14)

Recall that the compatibility equations are necessary and sufficient conditions
on the strain field to ensure the existence of a corresponding displacement field.
Associated with each displacement field, there is a unique strain field as given
by Eq. (7.2.1) and there is no need to use the compatibility conditions. The
compatibility conditions are required only when the strain or stress field is given
and the displacement field is to be determined.

In most formulations of boundary value problems of elasticity, one does not
use the 15 equations in 15 unknowns. Most often, the 15 equations are reduced
to either 3 equations in terms of displacement field or 6 equations in terms of
stress field. The two sets of equations are presented next.

7.2.3 The Navier Equations

The 15 equations can be combined into 3 equations by substituting strain-
displacement equations into the stress—strain relations and the result into the
equations of equilibrium. We shall carry out this process using the Cartesian
component form (in index notation) and then express the final result in vector
as well as Cartesian component forms.

The Cartesian component form of Eq. (7.2.9) is

oij = (Ui j + wji) + Aug 0i;. (7.2.15)
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Substituting into Eq. (7.2.5), we arrive at the equations

OQUZ'
PO = i + po fi

= p (i jj + wjij) + Mg ki + po fi

= pu; i + (1 + N ji + po fi- (7.2.16)
Thus, we have
2 0%u
puVu+ (p+ AV (V-u) +p0f:p0ﬁ,
82ui
i+ (0 + Mg gi + po fi = PO o (7.2.17)

These are called Lamé—Navier equations of elasticity, and they represent the
equilibrium equations expressed in terms of the displacement field. The bound-
ary conditions (7.2.13) can be expressed in terms of the displacement field as

[nju (um + Uj,i) + ni)\uk,k] = 12 on FU, U; = ’&i on Fu. (7.2.18)

Equations (7.2.17) and (7.2.18) together describe the boundary value problem
of linearized elasticity.

7.2.4 The Beltrami—Michell Equations

Alternative to the formulation of Section 7.2.3, the 12 equations from (7.2.5) and
(7.2.9) and 6 equations from (7.2.14) can be combined into 6 equations in terms
of the stress field. Substitution of the constitutive (strain-stress) equations

1
— [(1 + V)U,;j — Vakk(sij] (7219)

Eij:E

into the compatibility equations (7.2.14) yields

0 = eixrejes €ij ke
= eikrejes [(1 4+ V)04 ke — VOmm, ke0ij]
= (14 v)eirr€jesTij ke — Veikr€itsTmm ke
= (1 +v)eirrejesOijre — V (Okedrs — OksOer) Tmm ke
= (14 v)eirrejesTijie — V (0rsOmm kk — Ommrs) - (7.2.20)

In view of the identity
dij die Ois

€ikrCjts = | Okj Okt Oks | = 0ij0ke0rs — 0;0ksOrp — Okj0ip0rs + Ok 0redss
57‘j 5r€ 57‘5

+ 07j0ieOks — OrjOkedis, (7.2.21)
Eq. (7.2.20) simplifies to

Ors0iijj — Tiigrs — (1 + V) (0rs0ijij + Orsjii — Tisjir — Tiryis) = 0. (7.2.22)



7.3. SOLUTION METHODS 271

Contracting the indices r and s (s — r) gives
204i5; — (L+v) (05 + 0jjii) = 0.
Simplifying the above result, we obtain

1+v
Tiijj = El_V;Uz‘j,ij- (7.2.23)
Substituting this result back into Eq. (7.2.22) leads to

v
Tijk + 1 o Okkii = Ears,rséij + Okj ki + Oki k- (7.2.24)
Next, we use the equilibrium equations to compute the second derivative of
the stress components, 0,1 = —po fsx. We have
Ui‘kk‘i‘iakki':_ﬂfkkéi'_PO (fii+ fig), (7.2.25)
7> 14w ) 1—p’" J Js »J

or in vector form

V2o + 1iva (tro)] = — 22 (V- £)I— po [VE+ (VE)T].  (7.2.26)

1—v
The 6 equations in (7.2.25) or (7.2.26), called Michell’s equations, provide the
necessary and sufficient conditions for an equilibrated stress field to be compat-
ible with the displacement field in the body. The traction boundary conditions
in Eq. (7.2.13) are valid for this formulation.
When the body force is uniform, we have V-f = 0 and Vf = 0, and Michell’s

equations (7.2.26) reduce to Beltrami’s equations

1
l/akk’ij = 0. (7.2.27)

1
o+ 1+ v [ (tr U)] 0, Oijkk + 1+

7.3 Solution Methods
7.3.1 Types of Problems

The equilibrium problems, also called boundary value problems, of elasticity can
be classified into three types on the basis of the nature of specified boundary
conditions. They are outlined next.

Type I. Boundary value problems in which all specified boundary conditions
are of the displacement type

u=1u on I, (7.3.1)

are called boundary value problems of type I or displacement boundary value
problems.

Type II. Boundary value problems in which all specified boundary conditions
are of the traction type,

~

t=t on T, (7.3.2)
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are called boundary value problems of type II or stress boundary value problems.
Such boundary value problems are rare because most practical problems involve
specifying displacements that eliminate rigid-body motion.

Type III. Boundary value problems in which all specified boundary conditions
are of the mixed type,

u=uon I, and t=t on T, (7.3.3)

are called boundary value problems of type III or mized boundary value problems.
Most practical problems, including contact problems, fall into this category.

7.3.2 Types of Solution Methods

An ezxact solution of a problem is one that satisfies the governing differential
equation(s) at every point of the domain as well as the boundary conditions
exactly. In general, finding exact solutions of elasticity problems is not simple
owing to complicated geometries and boundary conditions. An approximate so-
lution is one that satisfies governing differential equations as well as the boundary
conditions approximately. Numerical solutions are approximate solutions that
are developed using a numerical method, such as the finite difference method,
the finite element method, the boundary element method, and other methods.
Often one seeks approximate solutions of practical problems using numerical
methods. The phrase analytical solution is used to indicate that the solution, ex-
act or approximate, is obtained using analytical means rather than by numerical
methods. Also, one may obtain exact solution to an idealized (or approximate)
mathematical model of the actual problem. Most of the exact solutions found
in textbooks fall into this category.

There are several types of solution methods for finding analytical solutions
[see Slaughter (2002)]. The most common methods are described here.

1. The inverse method is one in which one finds the solution for displacement,
strain, and stress fields by solving the governing equations of elasticity,
and then tries to find a problem with geometry and boundary conditions
to which the fields correspond. This approach is more common with math-
ematicians than with engineers.

2. The semi-inverse method is one in which the solution form in terms of
unknown functions is arrived at with the help of a qualitative understand-
ing of the problem characteristics. The unknown functions are determined
to satisfy the governing equations. In identifying a solution form, often
assumptions are made about the displacement or stress field (in addition
to the constitutive behavior) to reduce a three-dimensional problem to a
two-dimensional or even one-dimensional problem. Very few problems of
elasticity have exact solutions, and the assumed fields in most cases are ap-
proximate. The semi-inverse method is the most commonly used approach
in solid mechanics.
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3. The method of potentials is one in which potential functions (with un-
knowns) are introduced to trivially satisfy some or all of the governing
equations, and the functions are then determined using the remaining
governing equations as well as boundary conditions of the problem. The
potential functions are then used to determine stresses, strains, and dis-
placements.

4. Variational methods are those that make use of extremum (i.e., minimum
or maximum) and stationary principles, which are equivalent to the gov-
erning equations and some of the boundary conditions of the problem.
The principles are cast in terms of strain energy, work done by loads, and
kinetic energy of the system. The variational methods have the added
advantage of being approximate methods. Variational methods form the
basis of certain numerical methods such as the finite element method.

Other analytical methods include complex variable methods, integral trans-
form methods, perturbation methods, method of multiple scales, and so on. In
the remainder of this chapter, we consider mostly the semi-inverse method and
the method of potentials to formulate and solve certain problems of linearized
elasticity.

7.3.3 Examples of the Semi-inverse Method

In the first problem (spherical pressure vessel) considered in this section, the
displacement field is assumed in terms of an unknown function, and then the
equations of elasticity or their equivalents are used to determine differential
equations governing the unknown function. In the second problem (deformation
of a prismatic bar under its own weight), the state of stress is assumed in terms
of an unknown function and the equations of elasticity are used to determine the
unknown function, strains, and displacements. In the first problem, even though
the semi-inverse method is used, the assumed form of the solution happens to be
exact. This is not the case in most problems of elasticity. These two examples
illustrate the general methodology of solving elasticity problems by the semi-
inverse method. The key element of the approach is to gain sufficient qualitative
understanding of solution (displacements and stresses) before identifying the
solution form.

Example 7.3.1

Consider an isotropic, hollow spherical pressure vessel of internal radius a and outside radius
b. The vessel is pressurized at r = a as well as at » = b with pressures p, and py, respectively,
as shown in Fig. 7.3.1(a). Determine the displacements, strains, and stresses in the pressure
vessel.

Solution: We use the spherical coordinate system to formulate the problem. Based on the
spherical symmetry of the geometry, boundary conditions, and material properties, we note
that the solution also exhibits spherical symmetry, that is, the solution does not depend on ¢
and 6 coordinates [see Fig. 7.3.1(b)]. In fact, the only nonzero displacement is ug, and it is
only a function of the radial distance R. Thus, this three-dimensional elasticity problem can
be formulated as a two-dimensional one without any approximation.
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Fig. 7.3.1: A spherical pressure vessel.

For this problem, only the following stress boundary conditions (BVP type II) are known:

At R=a: nN=—€r, t=p,€r O ORR = —Pa, ORé¢ =ORo =0, (7.3.4)
At R=0b: n=¢€&r, t=—p,€ér or OrRr = —Do, OR¢ = 0re = 0. e

Based on our qualitative understanding of the solution to the problem, we begin with the

assumed displacement field
ur =U(R), up =ug =0, (7.3.5)

where U(R) is an unknown function to be determined such that the equations of elasticity and
boundary conditions of the problem are satisfied. If we cannot find U(R) that satisfies the
governing equations, then we must abandon the assumption in Eq. (7.3.5).

The only nonzero strains associated with the displacement field (7.3.5) are [see Eq. (7.2.4)]

dU 1
ERR = 5, € =00 = EU(R)' (7.3.6)
The nonzero stresses are
dU U
ORR = 2UERR + A (ERR + €¢¢ + €09) = (21 + A)ﬁ + 2)\§ ,
U dU 3.
0¢¢:2M6¢¢+>\(ERR+E¢¢+599):2(u+/\)§+>\ﬁ, (7.3.7)
gge = U¢¢.

The last two equations of equilibrium, Eq. (7.2.8) without the body force and acceleration
terms, are trivially satisfied, and the first equation reduces to

dorr 1 .
iR & (20rR — 0pg — 09s) = 0, (7.3.8)

which can be expressed in terms of the displacement function U(R) using Eq. (7.3.7)

d’U | 2XdU U
2 S 225 o=
CtNIm * Rar PR
1 dUu U dUu U
Simplifying the expression, we obtain
2
U LopU oy, (7.3.10)

dR? dR
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The linear differential equation (7.3.10) can be transformed to one with constant coeffi-
cients by a change of independent variable, R = ¢° (or £ = InR). Using the chain rule of

differentiation, we obtain

dU_dUde _1dU PU_d (1dU\_ 1 (dU &
dR d€dR Rdé’ drR? dR\Rde) R\ de " ae
Substituting the above expressions into (7.3.10), we obtain

d’U  dU
@ + T 2U = 0. (7.3.11)

Seeking solution in the form U(£) = ™ and substituting it into Eq. (7.3.11), we obtain
(m — 1)(m + 2) = 0. Hence, the general solution to the problem is

U(€) = cre® + cae™ 8. (7.3.12)
Changing back to the original independent variable R, the radial displacement is

(7.3.13)

where the constants c¢; and c are to be determined using the boundary conditions in Eq.
(7.3.4). Hence, we must compute orr,

2 1
orr = (2 + A) (01 — 62ﬁ> + 2\ (61 + 62§>
1
= (2u+3N)c1 — 4;102?. (1)

Applying the stress boundary conditions in (7.3.5) and (7.3.6), we obtain

4dpuc
@n+3Ner - L2 = —p,
Apics (2)
(2u —+ 3A)Cl — b3 = —Db.
Solving for the constants ¢; and cz2, we obtain
PR | paa® — ppb® o = @0 (Pa—py @)
T (2p+3N) b3 — a? T g\ —ad )
Finally, the displacement ur and stresses orr, 0¢¢, and oge in the sphere are given by
R paa3 - pb63 a®b? Pa — Db
= .3.14
ur(R) (21 + 3X) ( b® — a? + 4uR? \ b® —a?® )’ (7.3.14)
_ paa3 — pbb3 a®b? Pa — Pb
ORR = B3 — a3 TR \p3_a3 )’
(7.3.15)

Goo = oo = (P = Pob" | @D’ (pa—py
0 b — a? 2R* \ ¥ —a? )’
Since the off-diagonal elements of the stress tensor are zero, that is, org = ore = 0gs = 0,

ORR, Og¢, and ggg are the principal stresses, with €r, €4, and €y being the principal directions,
respectively.
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Example 7.3.2

Consider a prismatic bar with dimensions 2a x 2b X L and mass density p in a gravitational
field g = —gés3. The top surface of the bar is attached to a rigid support in such a way that
u=v=w=0atx=y=0,z= L, as shown in Fig. 7.3.2. Use the semi-inverse method to
determine the displacements i the body.

Fig. 7.3.2: Deformation of a prismatic bar under its own weight.

Solution: First we summarize the boundary conditions. We have
u(0,0,L) =0, t(z,y,0)=0, t(z,+b,2z)=0, t(+a,y,z)=0. (7.3.16)
Thus, we find that
Oy = Ty = Oy = @y = @z = )

on the boundary, except at the point z = y = 0 and z = L. Since there are no other geometric
constraints (that is, the body is free to change its geometry), it does not develop the stresses
Ozax, Oyy, Oxy, Ozz, and oy.. Thus, we use the semi-inverse method, where we assume that

Troe = NE)y Top = Ogy = Oay = Oaz = Gz = U (7.3.17)

The boundary conditions require that S(0) = 0. The first two equations of equilibrium are
satisfied trivially and the third equation reduces to

ds

5, = P9 = SE)=vz+e (v=pg) 1)
The constant of integration, ¢, is zero in order to satisfy the boundary condition S(0) = 0.
Thus, the stress field is

Ozz =72, Ogy = Oyy = Ogy = Oz, = Oy, = 0. (2)

The stress compatibility conditions in Eq. (7.2.26) are trivially satisfied.
The strains are given by

v

1
Eaz = Eyy z YZ, €zz= E’y Z, Exy = Exz = &yz =0. (3)

The corresponding displacement field is determined from the strain-displacement boundary
conditions:
1 1 2
€zz = 7YZ, — Uz= 57 7VZ +h($7y)7
_ Oug | Ou. Ouz _ Oh

2172_ :0’
¢ 0z +8x

8z oz’
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where h is a function to be determined. Integrating Eq. (4), we obtain

oh
uz——%z—i—g(m,y), (5)
where g is a function to be determined. Similarly,
_ Ouy | Ou, Ou,  Oh __ 0Oh
281!2_ 82 + ay _Oa 82 - 8y7 Uy = 8yz+.f(w7y)7 (6)

where f is a function to be determined. Now comparing £, from Eq. (3) with that computed
from Eq. (5), we obtain
v 0°h g

EV*T 02" oz
We see that, because it must hold for any z,

0*h v dg
= F 3,0 7 9=G). (M)
Similarly, comparing €y, from Eq. (3) with that computed from Eq. (6), we obtain

2
Vz_ah 87]”

BT ot gy
we see that, since it must hold for any z,
Ph v of

Tyz—ﬁ% a—y:O — f=F(x). (8)

From e,y = 0, we see that

?h 99 Of

—2 0xdy “ oy O

This gives the result
O*h dG | dF
— F = — + cs3. 1
210y 0, dy + . 0 —-Gy) =cy+ce, F(x) azx+cs (10)

Conditions in Egs. (6)—(8) imply that h is of the form

h(z,y) = % v(a® +y°) + caz + c5y + cs, (7.3.18)

where ¢; are constants. In summary, we have

oh v
Uy = ——2 + g(z,y) = —Efya:z — c4z + a1y + c2,

ox

oh v
Uy = —a—yz—i— flz,y) = —F 1Yz = CsZ = a1z + cs, (7.3.19)
Uy, = % [z2 + v(a? +y2)] + cax + 5y + c6-

The displacement boundary conditions in Eq. (7.3.16) give c2 = c3 = 0, and ¢s =
—~L?/2E, which correspond to the translational rigid-body motions. To remove the six rigid-
body rotations, we may require

Ouy Ouy Ouy Ou, Ouy Ougy Ou,

= = = S = = = = = =L
dy Oox 0z oy Bz Oz o 0 atz=y=0, and 2 ,

which yield all other constants to be zero, giving the final displacement field

oh v
Uy = — -2+ g(x,y) = — g 1%

ox
Oh v
__ v - _Z 7.3.20
Uy = 2 [22 SIS l/(x2 SIS y2)] .

2F
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7.3.4 Stretching and Bending of Beams

In this section, we use the semi-inverse method to formulate equations govern-
ing stretching and bending of prismatic members. Using a set of assumptions
concerning the kinematics of deformation of the members, the form of the dis-
placement field is identified. We consider the prismatic bar shown in Fig. 7.3.3.
The bar has a length L and has rectangular cross section of dimensions b x h,
b being the width and h being the height, such that b < h << L. We set up a
coordinate system such that the z-axis is along the length of the beam through
its geometric centroid, y-axis is transverse to the length of the beam, and the
z-axis is out of the plane of the page, as shown in Fig. 7.3.3. A distributed
load ¢(z) (measured per unit length) acts along the length of the beam in the
xy-plane in the positive y-direction, a distributed load f(z) (measured per unit
length) acts along the center line of the beam in the z-direction, and a point
load Fy acts at a distance x = a from the left end. The bar is geometrically
constrained at the right end in such a way that all three displacements are zero
there. Thus, the boundary conditions are

u(L,y,z2) =0, 0., =04, =0y, =0 on faces z = £b/2 for all z,y,
oyy(z,h/2,0) = q(x), oyy(x,—h/2,0) =0, ozy(x,£h/2,0)=0, (7.3.21)
O'yz(l'a :|:h/2, Z) =0, U:px(oaya Z) =0, axy((),y, Z) =0, U:I:z(oa Y, Z) =0.

YA q(x)

el S

Fig. 7.3.3: A prismatic bar under various loads.

Solving the problem for exact displacements, strains, and stresses that sat-
isfy the boundary conditions in Eq. (7.3.21) and the equilibrium equations of
elasticity is an impossible task. We can formulate it as an equivalent prob-
lem of finding the solution that satisfies statically equivalent! stress boundary
conditions and through-thickness-integrated equations of elasticity. Such for-
mulation reduces the three-dimensional elasticity problem to a one-dimensional
elasticity problem, known as the beam bending problem. Once again, we use the
semi-inverse method, and assume a form the displacement field.

We seek a solution (ug, uy,0) based on the following assumptions: the trans-
verse normal lines, such as AB shown in Fig. 7.3.4(a), (1) remain straight, (2)

!The phrase “statically equivalent” means that the two distributions of forces have the same
resultant force and resultant moment.
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are inextensible, and (3) rotate such that they remain normal to the middle
surface after deformation. These assumptions are known as the Euler—Bernoulli
hypothesis of beam bending. The first two assumptions together amount to ne-
glecting Poisson’s effect and the transverse normal strain (i.e., e,y = 0). The
third assumption is to neglect the transverse shear strain ;, = 0. We assume
that the deformation is only two-dimensional (in the plane of the page). This
requires that the applied loads be in the xy plane so that stretching and bending
are in the xy plane, and there is no rotation about the z axis.

The Euler—Bernoulli hypothesis is satisfied by the following form of the dis-
placement field:

0
u=|u(z) - y#] €, + Uy €y,
dv“f' (7.3.22)
Uy = u(x) — y%, uy =v(z), u,=0,

where u(x) and v(z) are functions to be determined by requiring that the equi-
librium equations of elasticity are satisfied in an integral sense, as explained
shortly. From the assumed form of the displacement field, we see that the dis-
placement component u, consists of two parts: stretching displacement u(x) of
all lines parallel to the z-axis and the displacement —y(dv/dz) due to bending
action, which is proportional to the distance y measured from the middle plane.
The transverse displacement u, = v(x) is independent of the y-coordinate, a
consequence of the inextensibility assumption.

Displacements and rotations
are exaggerated

\ q(x) q(x)
\% m ny 1% W V+AV

® N 7(1A a N+AN

N - —> o
\\ = M v+ am
Equilibrium at a point Equilibrium of an element

Fig. 7.3.4: Bending of a beam. (a) Kinematics of deformation. (b) Equilibrium of an element
of the beam.
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The only nonzero strain and corresponding stress components corresponding
to the assumed displacement field are [v = 0 in writing the stress—strain relation
Ozz = (214 + N)ezz = Eegy but not in the relation 2p = 2G = E/(1 + v)]

du d?v
Exx = % - yde, (7323)
du d*v

where F is Young’s modulus of the material.

Since we cannot satisfy the equations of equilibrium, Eq. (7.2.6), without the
inertia terms, at every point of the beam, we derive equations of equilibrium by
considering a typical element of the beam, as shown in Fig. 7.3.4(b). Summing
the forces and moments on the element, we obtain

dN
sum of the forces in the z-direction: P f(z) =0, (7.3.25)
x
av
sum of the forces in the z-direction: s q(z) =0, (7.3.26)
x
. dM
sum of the moments about the y-axis: e 0, (7.3.27)
x

where N(x) is the axial force, M(x) is the bending moment, and V' (z) is the
shear force. These quantities are known as the stress resultants, and they can
be defined in terms of the stresses 0., and oy as

N(z) = /A oo dA, M(z) = /A Y ouwdA, V(z) = /A ooy dA,  (7.3.28)

where A = bh is the cross-sectional area. One can show that the equilibrium
equations (7.3.25)—(7.3.27) are equivalent to the following two stress equilibrium
equations (0, = 0., = 0y, = 0; hence, the third equation of equilibrium is
trivially satisfied):

003y O0gy
Oz dy

00zy  Ooyy

ox oy =0

=0,

This is left as an exercise for the reader (see Problem 7.13).

From the constitutive relation 0., = 2Ge;,, we have 0., = 0 and, therefore,
V =0 from Eq. (7.3.28). Although the transverse shear force V' is zero from the
kinematic assumptions made here, in reality it cannot be zero as it is responsible
for supporting the applied vertical loads on the beam, as can be seen from Eq.
(7.3.27). This is the flaw in the Euler-Bernoulli beam theory, which can be
overcome by ignoring the definition of V' in Eq. (7.3.28) and calculating it using
Eq. (7.3.27). That is, substitute for V' from Eq. (7.3.27) into Eq. (7.3.26) and
obtain only two equations of equilibrium:

-~ @), -5 =) (7.3.29)
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The stress resultants (N, M) can be related back to the unknown functions
(u,v) as [because the z-axis is taken through the geometric centroid of the cross
section, we have [, ydA = 0]:

d

N(x):AUxdi:EAc;gz’ M(ﬂU)Z/AyamdA:—EI

d?v

T3 (7.3.30)

where I is the moment of inertia about the axis of bending (i.e., z-axis). From
Egs. (7.3.24) and (7.3.30), we can express o, in terms of the stress resultants

N and M as
N(x) | M)y

o 3 i T ( )
Finally, we have two equations of equilibrium governing « and v
d du d? d*v
—— | EFA— | = — | El— ) = . .3.32
= (B4%) =10, 1 (B155) —e@ (7.3.32)

Note that the two equations are not coupled, that is, each equation can be solved
independent of the other. Indeed, when no axial loads are applied on the beam,
we have u = 0 everywhere in the beam. Conversely, when no bending loads are
applied on the beam, we have v = 0 everywhere. The former case is known as
the beam bending problem and the latter as the bar problem. The two equations
in (7.3.32) are subjected to boundary conditions of the type

w=d, N=N; v=0, ——=60, M=M, V=V, (7.3.33)

Only one element of each of the following three pairs should be specified at a
boundary point:
(w,N), (v, V), (0,M). (7.3.34)

This completes the formulation of the Euler—Bernoulli beam theory. Next, we
consider an example.

Example 7.3.3

Consider the cable-supported beam shown in Fig. 7.3.5(a). The beam as well as the cable are
made of homogeneous, linear elastic, isotropic materials, with constant geometric properties.
Determine the displacements (u,v) and the force F. in the cable.

Solution: Figure 7.3.5(b) contains the effect of the cable force on the beam. We begin with the
first equation in (7.3.32) and integrate it twice with respect to z and obtain

EbAb% = ci, EbAbu(a:) = C1Z + C2, (1)

where the constants of integration, c¢; and cz2, are determined using the boundary conditions

u(Ly) =0, {EbAbZ—Z} = —F,.cosa. (2)
z=0

We obtain ¢; = —F. cosa and c3 = F.Lj cos a, and the solution becomes

- FcLb X
u(x) = Fud, <1 L—()) cos . (3)
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Elastic cable 7

E.,L,A, . A
Elastic F, = Force in the cable F = —#uc =—ku,
beam . e
E, Ay, 1, Fsina F. q u, = u(0)cos a+ v(0) sin v

‘ G

e
w yy: ‘ \AAAAAAA
= - r 7
1 _,'/j:j I » X ﬁ
[« L, » = L, >
Fcosa
(a) (b)

Fig. 7.3.5: A cable-supported beam.

Next, we consider the second equation in (7.3.32) and integrate it four times with respect

to z and obtain )
i (Ebfbdiv) = —qx + cs3,

dx dx?
d2 2
EbIbJ = qu— + c3x + ca,
dx? 2 (4)
EI@—— £+c—2+cx—|—c
bbdaci q6 32 4 55
4 3 2
T T T
Eylyv(z) = —d5; teag Feay sz o,

where the constants of integration, cs, c4, ¢5, and c¢ are obtained with the help of the boundary
conditions

V(0) = —F, sina, M(0) =0, {@} —0, v(Ly) = 0. (5)
dl’ x=Ly
We obtain
3 2 4
c3 = Fesina, ¢4 =0, %z%—%sina, cez—q—gb—i—chsinoz.
The solution is given by
4 4 3 3
qLy az T F.L; T T .
=— 3—4— — 2—-3— — . 6
(@) = 55,0 { I © (Lb) T Bl I, * <Lb) ] s ©)
The displacements at x = 0 are
F.Ly _qLy | FL}
u(0) B A, v(0) = AT (7)

To determine the cable force, F, first we note that
ue = u(0) cosa + v(0) sinq, (8)

and calculate F, from (u. is in the opposite direction to F;)

EcAc EcAc FcLb 2 Fch .2 ng .
F.=— = — 5 5 _ . 9
P L. Ue L. Fud, cos” a + 3B, sin” a 8B, sina |, (9)
or .
qLi . L. Ly, 2 s 1
e = . 1
SE, L, sin « {ECAC + oy cos” o + 3B, sin® o (10)
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7.3.5 Superposition Principle

An advantage of linear boundary value problems is that the principle of super-
position holds. The principle of superposition is said to hold for a solid body
if the displacements obtained under two sets of boundary conditions and forces
are equal to the sum of the displacements that would be obtained by applying
each set of boundary conditions and forces separately.

To be more specific, consider the following two sets of boundary conditions
and forces

Set 1: u=u" on I'y; t=t0 on Ty; £=f1 in Q (7.3.35)
Set 2: u=u® on I'y; t=t® on I'y; £=£f® in Q, (7.3.36)

where the specified data (u™), t0), 1)) and (u®, t@, £?)) are independent of
the deformation. Suppose that the solution to the two problems be u(l)(x) and
u® (x), respectively. The superposition of the two sets of boundary conditions
is

u=uP+u® on r,; t=tW+t® on 1,; £=fO4+£® in Q. (7.3.37)

Because of the linearity of the elasticity equations, the solution of the boundary
value problem with the superposed data is u(x) = u™™(x) + u®(x) in Q. This
is known as the superposition principle.

The principle of superposition can be used to represent a linear problem
with complicated boundary conditions and/or loads as a combination of linear
problems that are equivalent to the original problem. Example 7.3.4 illustrates
this point.

Example 7.3.4

Consider the indeterminate beam shown in Fig. 7.3.6(a). Determine the deflection of point A
using the principle of superposition.

Solution: The problem can be viewed as one equivalent to the two beam problems shown in Fig.
7.3.6(b). The sum of the deflections from each problem is the solution of the original problem.
Within the restrictions of the linear Euler—Bernoulli beam theory, the deflections are linear
functions of the loads. Therefore, the principle of superposition is valid. Thus, the transverse
displacement of the original beam can be determined as the sum of the displacements of the
individual beams shown in Fig. 7.3.6(b):

=[5+ ()] -5 o+ (D] 0

In particular, the deflection va at point A is equal to the sum of v% and v3 due to the distributed
load go and spring force Fj, respectively, at point A:

4 3
. . _qL* F.L
_ _ _ , 2
VA =UATUA S gpT T 3BT ()

Because the spring force F is equal to kva, we can calculate va from

qoL*

AT SEI(1+ kLY
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Y
9
F, = kv, (L) 1 1
(@ K A=
41 L -
v 9 ¥
(b) L
= A + A E
— X » X
L 74 F, %

Fig. 7.3.6: Representation of an indeterminate beam as a superposition of two determinate
beams.

7.3.6 Uniqueness of Solutions

Although the existence of solutions is a difficult question to answer, the unique-
ness of solutions is rather easy to prove for linear boundary value problems of
elasticity. Consider the problem of finding the solution to the Navier equations
(7.2.17) of linearized elasticity, for a given body force f and boundary conditions

u=1u on Iy, (7.3.38)
t=t on T,. (7.3.39)
Now suppose that for this set of loads and boundary conditions, there exist two
distinct solutions, u® (x, t) and u®(x, t). Associated with the two displacement
fields, we can compute the strains and stress fields (1), &™) and (e®, a(?).
Then the difference u?(x,t) = u"(x,t) — u®(x,t) satisfies the homogeneous

form of the Navier equation (with f¢ = f (1) —£2) = 0, because the applied forces
and boundary values are the same for both solutions)

pV2ul+ (p+ NV (V-u?)=0 in Q, (7.3.40)
as well as the homogeneous forms of the boundary conditions

u!=0 on I, (7.3.41)
t?=0 on T,. (7.3.42)

Because no work is done on the body by external forces (because f¢ and t¢ are
zero), the strain energy density Uy stored in the body is zero. Noting that the
strain energy density Uy (measured per unit volume)

A
Uo(E) = §(t1“ €>2 + ,utr(s . E), U()({:‘ij) = p€ij€i; + %)\(Ekk)Q, (7.3.43)

is a positive-definite function of the strains [see Eqgs. (6.3.36) and (6.3.37)],

Uo(e) > 0 whenever € # 0, and Up(e) = 0 only when € = 0, (7.3.44)
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we conclude that the strain field € is zero and hence the stress field o is also

zero:
el=cl) _c@ =90, ol=0cM-6® =0, (7.3.45)

implying that the strain and stress fields associated with the two distinct dis-
placements u¥ and u® are the same, that is, they are unique. Also, e = 0
implies that Vu¢ = 0, which corresponds to a rigid-body motion. For type
I and type III problems, the displacement boundary conditions eliminate the
rigid-body motion and, therefore, the displacements are unique for type I and
type III problems. For boundary value problems of type II, the displacements
are determined within the quantities representing rigid-body motions.

7.4 Clapeyron’s, Betti’s, and Maxwell’s Theorems
7.4.1 Clapeyron’s Theorem

The principle of superposition is not valid for energies because they are quadratic
functions of displacements or forces. In other words, when a linear elastic body B
is subjected to more than one external force, the total work done due to external
forces is not equal to the sum of the works that are obtained by applying the
single forces separately. However, there exist theorems that relate the work done
in linear elastic solids by two different forces applied in different orders. We will
consider them in this section.

Recall from Chapter 6 that the strain energy density due to linear elastic
deformation is given by?

.0
%Uij €ij- (7.4.1)

Uoz%s:C:s:

1
= 5 Cijri €k €ij

|| N[

The total strain energy stored in the body B occupying the region €2 with surface
I' is equal to

U:/Ug dX:%/O'ist:é/(Tijaij dx. (7.4.2)
Q Q Q

The total work done by the body force f (measured per unit volume) and surface
traction t (measured per unit area) in moving through their respective displace-
ments u is given by

WE:/f-udx+7{t~uds. (7.4.3)
Q r

When u = 0 on a portion I'y, of the boundary I', the surface integral in Eq.
(7.4.3) becomes

/t-uds, where I'y, =1 —T,.

2In this chapter Uy is measured per unit volume as opposed to per unit mass.
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Owing to the symmetry of the stress tensor, o;; = 0;;, we can write 0;je;; =
0;j u;j. Consequently, the strain energy U can be expressed as

1 1 1
U= 2/ 035 5ij dx = 4/ Oij (ui,j —I-Uj’i) dx = 2/ 044 ui,j dx
Q Q Q
= ;/ Oij,j Wi dx+%j{njaijui ds
T

Q
:;/fiuidx—l—éj({tiuids:%/f-udx—i—%ft‘uds,
Q r Q r

where, in arriving at the last line, we have used the stress equilibrium equation
0ij.; + fi = 0, Cauchy’s formula ¢; = o;;n;, and the divergence theorem. Thus,
the total strain energy stored in a body undergoing linear elastic deformation is
also equal to the one-half of the work done by applied forces

%/a:sdx:é/f-udx—k%j{tuds. (7.4.4)
Q Q r

The first term on the right-hand side represents the work done by body force
f in moving through the displacement u while the second term represents the
work done by surface force t in moving through the displacements u during the
deformation. Equation (7.4.4) is known as Clapeyron’s theorem. The next three
examples illustrate the usefulness of the theorem.

Example 7.4.1

Consider a linear elastic spring with spring constant k. Let F' be the external force applied on
the spring to elongate it and u be the resulting elongation of the spring (see Fig. 7.4.1). Verify
Clapeyron’s theorem.

Solution: The internal force developed in the spring is Fs = ku. The work done by F, in
moving through an increment of displacement du is Fs du. The total strain energy stored in
the spring is

U:/ F du:/ kudu = 1ku2. (7.4.5)
0 0 2

The work done by external force F' is equal to F u. But by equilibrium, F' = Fs = ku. Hence,

1 1
U = §ku2 = iF u,
which proves Clapeyron’s theorem.
F Applied force Spring force
F,=ku Sk
7 >
Displacement

Fig. 7.4.1: Strain energy stored in a linear elastic spring.
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Example 7.4.2

Consider a uniform elastic bar of length L, cross-sectional area A, and modulus of elasticity
FE. The bar is fixed at z = 0 and subjected to a tensile force of P at x = L, as shown in Fig.
7.4.2. Determine the axial displacement u(L) using Clapeyron’s theorem.

% EA [T~
}——> P o ““[
X, U

Fig. 7.4.2: A bar subjected to an end load.

Solution: If the axial displacement in the bar is equal to u(x), then the work done by external
point force P is equal to W = Pu(L). The strain energy in the bar is given by

1 L EA [* , EA [* (du)? 1 [t N?

Hence, by Clapeyran’s theorem we have

Pu(L) _ EA / du)’
2 2 J, \dz
To make use of the above equation to determine u(z), let us assume that w(zx) = u(L)x/L,
which certainly satisfies the geometric boundary condition, u(0) = 0. Then we have

n=22 () w=Zluwy,

or u(L) = PL/AE and the solution is u(z) = Pz/AE, which happens to coincide with the
exact solution to the problem.

Example 7.4.3

Consider a cantilever beam of length L and flexural rigidity £ I and bent by a point load F' at
the free end (see Fig. 7.4.3). Determine v(0) using Clapeyron’s theorem.

Solution: By Clapeyron’s theorem we have

7F (0) = // Ozo€ae dr dA.

But according to the Euler—Bernoulli beam theory, the strain and stress in the beam are given
by
d*v d*v

Exx *y@, T = BEms = 7Ey@7 (747)

where v is the transverse deflection. Then we have

1 1 2 1 2 d2U ?
—-F = E A== E — A
2 ’U(O) 2// €re dr d 2//0 Y (lQ) dAdx

1 d*v 1 [t m?
= EI == — A.
2/0 (d 2) dz 5/, I dz, (7.4.8)
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Sign convention

Fig. 7.4.3: A beam subjected to an end load.

where M(z) is the bending moment at z

d*v d*v
M(z) = /Ayam dA = —E/Agﬁ@ dA =Bl —. (7.4.9)

Equation (7.4.8) can be used to determine the deflection v(0). The bending moment at any
point z is M (z) = —Fz. Hence, we have

[ R F’L? FL?
F’U(O)—*/O Fz®dx = s57 & v(0) = SEL (7.4.10)

7.4.2 Betti’s Reciprocity Theorem

Consider the equilibrium state of a linear elastic solid under the action of two
different external forces, F; and F9, as shown in Fig. 7.4.4. Since the order
of application of the forces is arbitrary for linearized elasticity, we suppose that
force F; is applied first. Let W; be the work done by F;. Then, we apply
force Fo at some other point of the body, which does work Wy. This work is
the same as that produced by force Fo, if it alone were acting on the body.
However, when force Fy is applied, force F; (which is already acting on the
body) does additional work because its point of application is displaced due to
the deformation caused by force Fa. Let us denote this work by Wio, which is
the work done by force F; due to the application of force F5. Thus the total
work done by the application of forces F1 and Fo, F first and F9 next, is

W =Wy + Wy + Wio. (7.4.11)

Fig. 7.4.4: Configurations of an elastic body due to the application of loads F; and Fs.
— Undeformed configuration. - - - - Deformed configuration after the application of F;.
...... Deformed configuration after the application of Fa.
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Work Wio, which can be positive or negative, is zero if and only if the displace-
ment of the point of application of force F;i produced by force Fo is zero or
perpendicular to the direction of F;. Now suppose that we change the order of
application of the forces, that is, force Fy is applied first and force Fy is applied
next. Then the total work done is equal to

W =Wy + Wa + Way, (7.4.12)

where Wa; (note the order of the subscripts) is the work done by force Fy due
to the application of force Fy. The work done in both cases should be the same
because, at the end, the body is loaded by the same pair of external forces.
Thus, we have W = W, or

Wi = Woy. (7.4.13)
Equation (7.4.13) is a mathematical statement of Betti’s (1823-1892) reci-
procity theorem: If a linear elastic body is subjected to two different sets of
forces, the work done by the first system of forces in moving through the dis-
placements produced by the second system of forces is equal to the work done by
the second system of forces in moving through the displacements produced by the
first system of forces. Applied to a three-dimensional elastic body §2 with closed
surface s, Eq. (7.4.13) takes the form

/ £ . u® gx + 7{’5(1) u® ds = / £ . u® gx + %t@) ~uV) ds, (7.4.14)
Q s Q s

where u® are the displacements produced by body forces £(*) and surface forces
t(). The usefulness of Betti’s (also Maxwell’s) reciprocity theorem is that it
allows us to compute the the displacements or forces at points other than where
the forces are applied; that is, the theorem does not allow us to determine the
displacement of a point where the force is applied.

The proof of Betti’s reciprocity theorem is straightforward. Let Wis denote
the work done by forces (f1), t(1)) acting through the displacement u® produced
by the forces (f(*),t()) . Then

Wiy = / PORNC) dx+7§t(1> @ ds
Q s
/ FDu® x4 j{ (D g
:/fz.(l)u?(;2 dx+7{ aj(i)u@) ds
Q
_ [, @ (1), (2)
= s, dx+/ 0 u; dx
/Qf ( J ),j
_ (1) 1), (2)
—/Q<zuf> dX+/] JdX

= / o uf?) dx = / ot dx. (7.4.15)
Q Q
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Using Hooke’s law ai(;) = Cijre z—:,(jg), we obtain
Wio = / Cisneey) ety dx. (7.4.16)
Q

Since Cjjre = Cheij, it follows that

Wia = / Cijke 81(61[) 55]2-) dx = / Chreij 55]2-) El(flz) dx = / 0,(5)51(612 dx = Wa.
Q Q Q
(7.4.17)
Thus, we have established the equality in Eq. (7.4.14). From Eq. (7.4.17), we

also have
m_@ / 2)_(1)
0,065 dx = 0,6 dx,
/Q J Cij q W i

(7.4.18)
/ o) @ gy — / @ e gy,
Q Q

Example 7.4.4

(a) Consider a cantilever beam of length L subjected to two different types of loads: a concen-
trated load F' at the free end and a uniformly distributed load of intensity ¢ throughout the
span (see Fig. 7.4.5). Verify that the work done by the point load F' in moving through the
displacement v? produced by ¢ is equal to the work done by the distributed force ¢ in moving
through the displacement v produced by the point load F', Wia = Wa;.

(b) A load P = 4000 b acting at a point A of a beam produces 0.25 in. at point B and 0.75
in. at point C of the beam. Find the deflection of point A produced by loads 4500 1b and 2000
Ib acting at points B and C, respectively.

Solution: (a) The deflection v™ () due to the concentrated load alone is

F FIL? a8 x\3
= 2-3= 4+ (=
v (®) = 57 3L+(L) ’
and the deflection equation due to the distributed load is
4
as~ _ qL B ( x )4
== |3-4— = .
V(@) = 54m7 {3 1tz

The work done by load F' in moving through the displacement due to the application of the
uniformly distributed load g is

FqL*
— 900 —
Wia = Fov?(0) = SEL
Y, U Y, Uk
q
YYNYW [ F
A A
L—> x T '—> X L
7 =~ u ﬁ
EI = constant EI = constant
Load system 1 Load system 2

Fig. 7.4.5: A cantilever beam subjected to two different types of loads.
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The work done by the uniformly distributed ¢ in moving through the displacement field due
to the application of point load F' is

L L 4
F F 3 %) 3 FqL
= = — — 3L 2L =
Wa /0 qv" (z)dz /0 q 6El(x 3L°z +2L%) dx SEL’

which is in agreement with Wis.

(b) From Betti’s reciprocity theorem and the principle of superposition, we have
Fg - vpa + Fc - vca = Fa - vaB + Fa - vac = Fa - va
where va = vaB + vac, Fa =4,0001b, Fg =4,5001b, Fc = 2,000 lb. We obtain

Fs -vea + Fc-vca 4500 x 0.25 + 2000 x 0.75 .
= = = 0.65625 in .
Fa 4000 m

VA

7.4.3 Maxwell’s Reciprocity Theorem

An important special case of Betti’s reciprocity theorem is given by Maxwell’s
(1831-1879) reciprocity theorem. Maxwell’s theorem was given in 1864, whereas
Betti’s theorem was given in 1872. Therefore, it may be considered that Betti
generalized the work of Maxwell.

Consider a linear elastic solid subjected to force F! of unit magnitude acting
at point 1, and force F? of unit magnitude acting at a different point 2 of the
body. Let u;s be the displacement of point 1 in the direction of force F! produced
by unit force F2, and us; be the displacement of point 2 in the direction of force
F?2 produced by unit force F! (see Fig. 7.4.6). From Betti’s theorem it follows
that

F1 U1 = F2 U921 Or (7419)
uip = ugg. (7.4.20)

Equation (7.4.19) is a statement of Maxwell’s theorem. If €; and €2 denote
the unit vectors along forces F! and F?, respectively, Maxwell’s theorem states
that the displacement of point 1 in the €; direction produced by unit force acting
at point 2 in the &y direction is equal to the displacement of point 2 in the &5
direction produced by unit force acting at point 1 in the €; direction. We close
this section with several examples of the use of Maxwell’s theorem.

F! u

12

(b)

Fig. 7.4.6: Configurations of the body discussed in Maxwell’s theorem.
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Example 7.4.5

Consider a cantilever beam (E = 24 x 10° psi, I = 120 in.4) of length 12 ft. subjected to a
point load 4000 1b at the free end, as shown in Fig. 7.4.7(a). Use Maxwell’s theorem to find
the deflection at a point 3 ft. from the free end.

Solution: By Maxwell’s theorem, the displacement vgc at point B (x = 3 ft.) produced by the
4000-1b load at point C (z = 0) is equal to the deflection vcp at point C produced by applying
the 4000-1b load at point B. Let vg and 6g denote the deflection and slope, respectively, at
point B owing to load F' = 4000 1b applied at point B, as shown in Fig. 7.4.7(b). The deflection
at point B (z = b = 3ft.) caused by load F = 4000 Ib at point C (z = 0) is (vg = Fa®/3EI
and 0 = Fa?/2EI)

vBc = voB = uB + (3 X 12)0p

4000(9 x 12)3 N (3 x 12)4000(9 x 12)?
3ET 2B1

243 x 6000 x (12)°

= 0.8748 in.

24 x 106 x 120

F =40001b

Fig. 7.4.7: The cantilever beam of Example 7.4.5.

Example 7.4.6

Consider a circular plate of radius a with an axisymmetric boundary condition, and subjected
to an asymmetric loading of the type (see Fig. 7.4.8)

q(r,0) = qo + q1£ cos 0, (7.4.20)

where qo represents the uniform part of the load for which the solution can be determined for
various axisymmetric boundary conditions [see Reddy (2007)]. In particular, the deflection of
a clamped circular plate under a point load Fy at the center is given by

_ Fya? r? r? T
v(r) = 225 1= S5 +250n (5) . (7.4.21)

Use the Betti/Maxwell reciprocity theorem to determine the center deflection of a clamped
plate under an asymmetric distributed load.
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q(,6) = qo + g1, cosd

¥, ur) qo+q1
qo—q1 ,“’\’JL“~\
. a r<9 h
0
r

q1

qo

Fig. 7.4.8: A circular plate subjected to an asymmetric loading.

Solution: By Maxwell’s theorem, the work done by a point load Fy at the center of the plate
due to the deflection (at the center) v. caused by the distributed load ¢(r,6) is equal to the
work done by the distributed load ¢(r,0) in moving through the displacement wvo(r) caused
by the point load Fy at the center (it is not necessary to make Fy = 1 because it will cancel
out from both sides). The center deflection of a clamped circular plate under asymmetric load
given in Eq. (7.4.20) is v. = v(0):

_F0a2 27 ra il 2 -
Fove = /o (qo—|—;rcos9) 1—;(1—21115) rdr df

167D [,
2 ra 3 4
qoa T 2 3.1 qoa
= —— ——=r'Iln—|dr="———= 7.4.22
Y= 167D o <7“ a2 a2 a> " T 64D ( )

where the following integral identity is used in arriving at the result:

T’n+1 rn+l
/r" In(ar) dr = e In(ar) — (CESER o = constant. (7.4.23)

7.5 Solution of Two-Dimensional Problems
7.5.1 Introduction

In a class of problems in elasticity, due to geometry, material properties, bound-
ary conditions and external applied loads, the solutions (that is, displacements
and stresses) are not dependent on one of the coordinates. Such problems are
called plane elasticity problems. The plane elasticity problems considered here
are grouped into plane strain and plane stress problems. Both classes of prob-
lems are described by a set of two coupled partial differential equations expressed
in terms of two dependent variables that represent the two components of the
displacement vector. The governing equations of plane strain problems differ
from those of the plane stress problems only in the coefficients of the differential
equations, as shown shortly. The discussion here is limited to isotropic materials.
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7.5.2 Plane Strain Problems

Plane strain problems are characterized by the displacement field
Uu=u, €, +uy € [uy=uz(x,y), uy =uy(zr,y), u,=0], (7.5.1)

where (ug,uy, u,) denote the components of the displacement vector u in the
(x,y, z) coordinate system. An example of a plane strain problem is provided
by the long cylindrical member (not necessarily of circular cross section) under
external loads that are independent of the z-coordinate, as shown in Fig. 7.5.1.
For cross sections sufficiently far from the ends, the displacement u, is zero and
u, and u, are independent of z, that is, a state of plane strain exists.

Load and boundary
conditions do not
change with z

t:1
“"" . A typical cross section

with unit thickness
nto the plane
of the page

F,

Fig. 7.5.1: An example of a plane strain problem.

The displacement field (7.5.1) results in the following strain field:

Ouy Ouy ~ Ouy Ouy
= — 2 = B = —
Exx ox Exy By + oz’ Eyy dy .

(7.5.2)
Exz = Eyz = E22 = 0,

The stress components are calculated using the stress—strain relations [see Eq.
(7.2.9); also note A\/(p + A) = 2v]

Opz = (20 + N)ege + )\Eyya Oyy = (2p + >\)5yy + A€za, Ozy = 2 Eqy,
0o = ANEga + €yy) =V (Oga +0yy), 02z =0, 0y, =0. (7.5.3)

Writing in terms of E and v directly from Eq. (7.2.10), we have

Ozx B l—v v 0 Exx

Oyy ¢ = v 1—-v 0 Eyy ¢ - (7.5.4)
1 1-2 _

O':cy ( + V)< V> 0 0 (1 22V) 25zy

The equations of equilibrium of three-dimensional linear elasticity, with the
body force components

fas:fit(x?y)? fy:fy(xa?J)v fz:()v (755)
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reduce to the following two equations:

00zp 004y

ot =0, (7.5.6)
00zy 0oy, B
okt g+ fy=0. (7.5.7)

The boundary conditions are either the stress type

ty f OgaNy + OgyNy = éft } on F(” (758)
by = OgyNg + Oyyny =ty
or the displacement type
Uy = Uy, Uy =Ty on [y. (7.5.9)

Here (ng,n,) denote the components (or direction cosines) of the unit normal
vector on the boundary I', I', and I',, are disjoint (i.e., nonoverlapping) portions
of the boundary I' such that their sum is equal to the total boundary

=T, +T,, TI,NT,= empty, (7.5.10)

t, and fy are the components of the specified traction vector, and 1, and 1, are
the components of the specified displacement vector. Only one element of each
pair, (ug,t;) and (uy,t,), should be specified at a boundary point.

The preceding discussion can be extended to plane strain problems in cylin-
drical coordinates. We now consider an example of a plane strain problem.

Example 7.5.1

Consider an isotropic, hollow circular cylinder of internal radius a and outside radius b. The
cylinder is held between rigid supports such that u. = 0 at z = £L/2, pressurized at r = a as
well as at 7 = b, and is rotating with a uniform speed of w about its axis (i.e., the z-axis), as
shown in Fig. 7.5.2. Determine the displacements, strains, and stresses in the cylinder.

Fig. 7.5.2: Rotating cylindrical pressure vessel.
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Solution: Because of the geometry and boundary conditions (material is isotropic), the cylin-
drical coordinate system (7,0, z) is most convenient to formulate the problem. The rotation of
the cylinder about its own axis generates a radial (centrifugal) force of magnitude po w?r at a
distance 7. Thus, the body force vector is f = pow?ré,. Also, we find that the problem has
symmetry about z = 0, and the plane z = 0 has exactly the same boundary conditions as the
plane z = L/2. Therefore, we find that the problem has symmetry about z = L/4. This way,
it is clear that we can consider any section of unit length of the cylinder to determine the dis-
placements, strains, and stresses. In other words, it is a plane strain problem, and the solution
is independent of 0 (due to the axisymmetric geometry, forces, and material properties) and z.
In fact, the only nonzero displacement is u., and it is only a function of the radial coordinate
r. The problem has only stress boundary conditions (BVP type II),

Atr=a: n=-&, t=p,€& or o.r = —Pa, 0r9=0, (7.5.11)
Atr=b: n=¢,, t=—py&. or o = —pp, oo =0. (7.5.12)

We begin with the assumed displacement field
ur =U(r), up =u, =0, (7.5.13)

where U(r) is an unknown function to be determined such that the equations of elasticity and
boundary conditions of the problem are satisfied. The strains are [see Eq. (7.2.3)]

Err = d£7 €00 = g, €22 = Erg = Erz = Egz = 0. (7514)
dr r

The stresses are determined using the stress—strain relations in Eq. (7.2.9)

dUu U
Oryr = 2N€7'7' ¢ )\ (E'r’r' T 590) = (2/11 I A)W I )\77
U dUu
099 = 2ucps + A (err +200) = 2u + )\)7 + )\57 (7.5.15)
au U
Ozz = )\(Err"_EBG) = <§ = ?) .

All other stresses, o9, 0,2, and og, are zero.
The last two equations of equilibrium, Eq. (7.2.7) without the acceleration terms, are
trivially satisfied, and the first equation reduces to

dg;r Ak % (orr — 000) + p0w27“ =0,

which can be expressed in terms of U(r) using Eq. (7.5.15)

d’U d (U 2u (dU U 2

Simplifying the expression, we obtain

r2d2U AU 5 pow?
dr? dr 20+ X\

(7.5.17)

The linear differential equation (7.5.17) can be transformed to one with constant coefficients
by a change of independent variable, r = €4 (or € = Inr). Using the chain rule of differentiation,
we obtain

QU _dUde _1dU U _d (1dU\_ 1 (_dU  &U R
dr  dédr T dE’ dr2  dr \rdfé) r2 d¢  de?2 ) o
Substituting these expressions into Eq. (7.5.17), we obtain
2
TU = _ac. (7.5.19)

de?
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Seeking a solution in the form, U (&) = €™, we obtain m = +1, and the total solution to the
problem is

U(€) = cre® + cae™¢ — %e‘%. (7.5.20)

Changing back to the original independent variable r, the radial displacement is

up(r) =U(r) =car + 672 —g" (7.5.21)

where the constants ¢; and ce are to be determined using the boundary conditions in Eqgs.
(7.5.11) and (7.5.12). Hence, we must compute o,

_ e 3o, e _a
Urr*(z,u“v‘)\) (Cl 2 T>+>\(01+T2 87”)

8
=2(u+ Aer — 2u% - WT? (7.5.22)
Applying the stress boundary conditions in (7.5.11) and (7.5.12), we obtain
3 2
20+ Ny — 2.“% _ MQQ = —pa,
a 4
322 (7.5.23)
c fe!
2+ Ner — 2ps — 22 [R———
b 4
Solving for the constants ¢; and ca,
_ 1 paa? — pyb? 2 2y (Bu 4 2X) pow?
TSN K oz ) T Ty 1| (520
o= OV (Pa—p)  (Bp+2)) pow? -
2T o b? — a? 2u+XN) 4
Finally, the displacement u, and stress o,, in the cylinder are given by
1 paa® — pyb’ 2 2y (3 +2)) pow?
r= b 3
RARTPESY [( e IR oS v
272 _ 2 2
40 [(Pazpe)  But2Npow’ |1 _pow” s (7.5.25)
2u b? — a? 2u+X) 4 |r 82u+2A)
2 2 2
| (paa” — ppb 2 2 (B + 2X) pow
arr = [( b? — a2 > T ) Gy 2
272 _ 2
_a’h Do — Db (Bu+2)) pow”|  (Bp+ 2)\)ar2' (7.5.26)
2 b? — a? 2u+XN) 4 4

Similarly, stresses ogp and 0., can be computed.

7.5.3 Plane Stress Problems

A state of plane stress is one in which the stresses associated with one of the
coordinates (z) are zero and the other stresses are functions of the remaining
two coordinates (z and y):

Ogpz =0yz = Ozz = 0,

Oxx = O-SCCC(‘T7y)) Ogy = ny(x,y), Oyy = O'yy(fl,‘,y).

(7.5.27)
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An example of a plane stress problem is provided by a thin plate subjected to
loads in the zy plane that are independent of z, as shown in Fig. 7.5.3. The top
and bottom surfaces of the plate are assumed to be traction-free, and f, = 0

and u, = 0.
t
e

. Vi ¥
i
x .

Fig. 7.5.3: A thin plate in a state of plane stress.

The stress—strain relations of a plane stress state for an isotropic material
are obtained by inverting the strain-stress relations in Eq. (6.3.23):

Oxx E 1T v 0 Exx
Oy =15 |V 1 (1911) Eyy ¢ - (7.5.28)
Oxy 0 0 5 251‘y

The equations of equilibrium as well as boundary conditions of a plane stress
problem are the same as those listed in Egs. (7.5.6)—(7.5.9). Note that the
governing equations of plane stress and plane strain differ from each other only
on account of the difference in the constitutive equations for the two cases.

Example 7.5.2

Consider a thin, uniform, solid circular disk of radius a, spinning at a constant angular velocity
of w, as shown in Fig. 7.5.4. Use the semi-inverse method to determine the displacements,
strains, and stresses in the disk.

Solution: This problem is almost the same as the problem of the rotating cylinder considered
in Example 7.5.1. The difference is that the cylinder problem was one of plane strain and
the present thin disk problem is one of plane stress. First, we set up the polar cylindrical
coordinate system (r, #), with the origin at the center of the disk, r being the radial coordinate

Fig. 7.5.4: Thin, uniform, spinning solid disk.
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and 6 the circumferential coordinate. The boundary conditions are

ur(0,0) = finite, orr(a,d) = ore(a,d) =0. (1)
Because of the axisymmetry of the geometry, boundary conditions, and material, the disk
experiences only a radial displacement field that varies only with r. Using the semi-inverse
method, we assume

(2)

where U(r) is an unknown function to be determined such that the equations of elasticity and
boundary conditions of the problem are satisfied. The strains associated with the displacement
field (2) are

ur = U(r), wug =0,

Erp = Ccng, Eoo = g, grg = 0. (3)
The stresses are determined using the stress—strain relations for plane stress, Eq. (7.5.28). We
obtain
E E dU Ev U
0'1"7":1_]/2(57“7”4'1/509):1_1/2% 1_1/277
Ev dU E U )
700 =g Vet e) = T Yy

The shear stress o,¢ is zero.
The first two equations of equilibrium, Eq. (7.2.7) without the acceleration terms, are
trivially satisfied, and the first equation reduces to

dor n 1 (o
dr re

- 099) + P0w27" = 07

where po f = pow?r. The above equation can be expressed in terms of U(r) using Eq. (4)

B [0 4 (U\, Q- (W U\, .
1—2v2 | dr2 dr \ r r po T

dr r
Simplifying the expression, we obtain

i)

where we have used the identities

(U _U\_d (U d(du U _dfid
r \ dr r) dr\r )’ dr \dr r ) dr|rdr ’

The solution to Eq. (6) is given by

(8)

where the constants c¢1 and ¢z are to be determined using the boundary conditions in Eq. (1).
The fact that u, is finite (i.e., bounded) at r = 0 requires ¢z = 0. Then we have

C1 a 3

dU_ 3 2 C1 U_ 1 2 C1
=978 @ T 8M Tty T gty ©)

Computing o, using Eq. (4), we obtain
_E d£+yg _ Ea —3+Voc7"2+1+yc
T 1—v2 \ dr r) (1-1uv?2) 8 2 !

Then orr(a,0) = 0 gives
c1 = 1(3te aa®
a1+ ’

Orr
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Thus, the solution in Eq. (8) becomes

_1/3+v 2 a3z (1-v) 2 2 2
u(r)—4<1+y)aar Ay [2(3 + v)a” — (14 v)r"] pow™r. (12)
The stresses o,,- and ogg are
orr(1) = C _g v) (a® = r?) pow®
: (13)
ogo(r) = 3 [(B+ v)a® —(1+ 3u)r2] pow?

The values of the maximum displacement and maximum stresses are

tmmax = up(a) = L=OHY) 208
S8E
(3+0) (1
v
Omax = UTT(O) = 0'90(0) = Tpow2a2.

7.5.4 Unification of Plane Strain and Plane Stress Problems

The equilibrium equations (7.5.6) and (7.5.7), which are valid for both plane
stress and plane strain, can be expressed in index notation as

0ga,8 + fa =0, (7.5.29)

To unify the formulation for plane strain and plane stress, we introduce the
parameter s:

= (7.5.30)

! for plane strain
S =
1+ v, for plane stress.

Then the constitutive equations of plane stress as well as plane strain can be
expressed as

Tap = 2/ {%B + <%)5’775a5]’
1 _
faf =5 [Uaﬁ - (%)UW%B}»

where «, 3, and v take values of 1 and 2 (or z and y). The compatibility equation
(3.7.4) for plane stress and plane strain problems takes the form

(7.5.31)

€aa,88 —Eapap =0 (o,f=12), (7.5.32)
or, in terms of stress components,
V3000 = =5 faa- (7.5.33)

Comparing the constitutive equations of plane strain and plane stress, Egs.
(7.5.4) and (7.5.28), it is clear that the plane strain equations can be transformed
to corresponding plane stress equations, and vice versa, by a simple change in
material parameters, as follows:

Plane stress to plane strain: FE — 1_% and v — 175,

(1+2v)E
(1+v)*

(7.5.34)

Plane strain to plane stress: E — and v — .
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7.5.5 Airy Stress Function

Airy stress function is a potential function introduced to identically satisfy the
equations of equilibrium, Eqgs. (7.5.6) and (7.5.7). First, we assume that the
body force vector f is derivable from a scalar potential V; such that

f=-VV; or fl,:—% fyz—%‘;f.

ox’
When body forces are derivable from a potential V, they are said to be conser-
vative. Next, we introduce the Airy stress function ®(x,y) such that
0’® 0’® 0%®

Opy = 7 + Vi, oy = ) + Vi, oz = _&rﬁy' (7.5.36)

This definition of ®(x,y) automatically satisfies the equations of equilibrium
(7.5.6) and (7.5.7).

The stresses derived from Eq. (7.5.36) are subject to the compatibility con-
ditions (7.5.33). Substituting for o,p in terms of ® from Eq. (7.5.36) into Eq.
(7.5.33), we obtain

(7.5.35)

Vi 4+ (2 — 5)V2V; = 0, 7.5.37
f

where V* = V2V? is the biharmonic operator, which, in two dimensions, has
the form

o* o o

BT, A

ox* * Ox20y>? * oy*

If the body forces are zero, we have Vy = 0 and Eq. (7.5.37) reduces to the
btharmonic equation

v =

Vie = 0. (7.5.38)
In cylindrical coordinate system, Egs. (7.5.35) and (7.5.36) take the form
- ovy 1 ovy
I T (7.5.39)
100 1 0°0 >’ 0 (109
S Vi, ogg = Vi, 0y = —— . (7.5.40
I o Trzae TV 00T g TV 0= 3<r69> (7540

The biharmonic operator V4 = V2V? can be expressed using the definition of
V2 in a cylindrical coordinate system

% 190 1 02
or? + ror T og

In summary, the solution to a plane elastic problem using the Airy stress
function involves finding the solution to Eq. (7.5.37) and satisfying the bound-
ary conditions of the problem. The most difficult part is finding a solution to the
fourth-order equation (7.5.37) over a given domain. Often the form of the Airy
stress function is obtained by either the inverse method or semi-inverse method.
Next we consider several examples of the Airy stress function approach. Addi-
tional examples can be found in the books by Timoshenko and Goodier (1970)
and Slaughter (2002).

vZ= (7.5.41)
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Example 7.5.3

Suppose that the Airy stress function is a second-order polynomial (the lowest order that gives
a nonzero stress field) of the form

®(z,y) = azy + caz” + c3y’. (7.5.42)
Assuming that the body force field is zero, determine if the constants ci1, c2, and c3 correspond
to a possible state of stress for some boundary value problem (the inverse method).
Solution: Clearly, the biharmonic equation is trivially satisfied by ® in Eq. (7.5.42). The

corresponding stress field is

9*® 9*d 9*®

Ogxx =— 87y2 = 203, Oyy = w = 2C2, Ogy = 781:8y = —C1. (7543)

Thus, the constants represent a uniform stress state throughout the body, and it is independent
of the geometry. Thus, there are infinite number of problems for which the stress field is a
solution. In particular, the rectangular domain with the boundary stresses shown in Fig. 7.5.5
is one such problem.

_ttmiefiting s
ST

Fig. 7.5.5: A plane problem with uniform stress field.

Example 7.5.4

Take the Airy stress function to be a third-order polynomial of the form
D(z,y) = crzy + com? + ng2 + C4x2y + C5xy2 + oz + C7y3. (7.5.44)

Assuming that the body force field is zero, determine the stress field and identify a possible
boundary value problem.

Solution: We note that V*® = 0 for any ¢;. The corresponding stress field is
Oz = 203 + 2¢52 + 6¢7y, Oyy = 2¢2 + 2c4y + 6¢6Y, Ouy = —C1 — 2cax — 2¢5Y. (7.5.45)

Again, there are an infinite number of problems for which the stress field is a solution. In
particular, for ¢1 = c2 = ¢3 = ca = ¢5 = ¢¢ = 0, the solution corresponds to a thin beam in
pure bending (see Fig. 7.5.6).

o, =6cy

-
- NS

\
1

> X
/

\al -

Fig. 7.5.6: A thin beam in pure bending.
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Example 7.5.5

Take the Airy stress function to be a fourth-order polynomial of the form (omit terms that
were already considered in the last two cases)

O(z,y) = 0855292 + C93732/ + meys + ezt + 0121/47 (7.5.46)

and determine the stress field and associated boundary value problems.

Solution: Computing V*® and equating it to zero (body force field is zero) we find that
cs + 3(c11 + c12) = 0.
Thus out of five constants only four of them are independent. The corresponding stress field is

O = 2082° + 6102y + 12¢12y° = —6c112° + 6cr0zy + 6c12(2° — 2°)
Oyy = 2c8y> + 6cozy + 12¢112° = 6oy + 6¢11(22° — y°) — 6c10y” (7.5.47)

Ozy = —4dcgay — 3coz® — 3cloy2 = 12ci1zy + 12ci22y — 3coz® — 3cloy2.

By suitable adjustment of the constants, we can obtain various loads on rectangular plates.
For instance, taking all coefficients except ci9 equal to zero, we obtain

2
Ozz = 6cr02y, Oyy =0, 0zy =—3c10y".

7.5.6 Saint-Venant’s Principle

A boundary value problem of elasticity requires the boundary conditions to be
known in the form of stresses or displacements [see Eqgs. (7.5.8) and (7.5.9)] at
every point of the boundary. As shown in Example 7.5.3, the boundary forces
are distributed as a function of the distance along the boundary. If the boundary
forces are distributed in any other form (other than per unit surface area), the
boundary conditions cannot be expressed as point wise quantities.

For example, consider the cantilever beam with an end load, as shown in
Fig. 7.5.7. At x =0, where n = —&,, we are required to specify t, = —o,, and
ty = —0g4y (because u, and u, are clearly not zero there). There is no problem
in stating that 0,,(0,y) = 0, but o4, is not known point wise. We can possibly
say that the integral of ¢, = —0,, over the beam cross section must be equal to

/ty(oay)dA__/ny(07y)dA_P7
A A

which is not equal to specifying o, point wise. If we state that 0,,(0,y) =
—P/A, where A is the cross-sectional area of the beam, then we have a inconsis-
tency that o, is nonzero from the left face and zero from the bottom and top
faces of the beam. Thus, there is a stress singularity at points (x,y) = (0, £h).
We also have a different type of singularity at points (x,y) = (L, £h). Strictly
speaking, such problems do not admit exact elasticity solutions. We must over-
come such singularities by reformulating the problem as one that admits an
engineering solution.
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Fig. 7.5.7: A cantilever beam under an end load.

Analytical (approximate) solutions for such problems, when they exist, show
that a change in the distribution of the load on the end, without change of the
resultant, alters the stress significantly only near the end. Saint-Venant’s prin-
ciple says that the effect of the change in the boundary condition from point wise
specification to a statically equivalent condition (that is, the same net force and
moment due to the distributed forces and stresses) is local; that is, the solutions
obtained with the two sets of boundary conditions are approximately the same
at points sufficiently far from the points where the elasticity boundary condi-
tions are replaced with statically equivalent boundary conditions. Of course, the
phrase “sufficiently far” is rather ambiguous. The distance is often taken to be
equal to or greater than the length scale of the portion of the boundary where
the boundary conditions are replaced. In the case of the beam shown in Fig.
7.5.7, the distance is 2h (height of the beam). In the next example, we discuss
an engineering solution to the problem shown in Fig. 7.5.7.

Example 7.5.6

Here we consider the problem of a cantilever beam with an end load, as shown in Fig. 7.5.7.
The problem can be treated as a plane stress if the beam is of small thickness b compared to
the height, b << h (of course, h << L to call it a beam). If the beam is a portion of a very
long slab, in the thickness direction, it can be treated as a plane strain problem. Write the
boundary conditions and determine the Airy stress function, stresses, and displacements of the
problem.

Solution: The boundary conditions are of mixed type (see Fig. 7.5.7): The tractions are
specified on the boundaries x = 0 and y = +h, while the displacements are specified on the
boundary x = L. However, boundary conditions of plane elasticity can be written only on
z = L and y = £h. On = = 0, we know only the total force in the y-direction and not the
associated stress. Hence, it must be written as an integral condition on stress o4y (0,y). Thus,
we have

022(0,y) =0, ouzy(z,—h) =0, oyy(z,—h) =0,

5.4
Ozy(x,h) =0, oyy(z,h) =0, (7.5.48)
uz(L,y) =0, uy(L,y) =0, (7.5.49)
h
b / 02y(0,9) dy = —P, (7.5.50)
—h

Due to the boundary condition in Eq. (7.5.50), the resulting boundary value problem is not
an exact elasticity problem in the sense that boundary values are not specified point wise. If
P is replaced with a shear stress condition o,4(0,y) = 7o, it is a proper elasticity boundary
condition, but even in this case there is a singularity at * = L and y = h.
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This problem is discussed in most elasticity and continuum mechanics books, despite the
fact that it is not a well-posed problem owing to point singularities at the corners of the domain.
Therefore, the solution being sought is an approximate solution, which is a reasonable one, by
Saint-Venant’s principle, away from the isolated points of singularity.

The semi-inverse method allows us to identify the form of the Airy stress function. The
knowledge of the stress distributions from the elementary theory of beams provides the needed
clue to identify the terms in the Airy stress function. Recall the following stress field from the
Euler-Bernoulli beam theory [see Section 7.3.4, Eq. (7.3.31)]:

M
Ozz = L)y’ Oyy =0, ozy =

V(2)Q(y)
E ) (7.5.51)

Ib ’
where M is the bending moment and V' is the shear force [see Eq. (7.5.24)]:

M:/yam dA, V:/Uzy dA, (7.5.52)
A A

I is the moment of inertia about the z-axis, and @ is the first moment of area
h
I= / v’ dA = 2007 /3, Q(y) = / ydA = b/ y dy. (7.5.53)
A A Yy

Here A denotes the cross-sectional area between line y and the top of the beam. Clearly, @
is a quadratic function of y. We also note that M(z) is a linear function of x while V is a
constant for the problem at hand. Therefore, 0,5 is linear in z, o,y is a quadratic in y, and
oyy = 0 at y = +h for any x (except possibly at x = L). Using this qualitative information
and definitions (7.5.35), in the absence of body forces (i.e., Vy = 0), we take the Airy stress
function to be

®(z,y) = z(c1y + cay® + c3y®). (7.5.54)

Note that only the first and third terms are dictated by the stress field in a beam. The second
term is added to make it a complete quadratic polynomial in y. Also, ® cannot have terms
higher than x because of the boundary condition oy, (z,£h) = 0. The nonzero stresses are

9’® e 9’®

= ayz =z (202 + 603y)> Oyy = w =0, Ogy = —axay = —(01 + 2coy + 303y2).
(7.5.55)

The choice in (7.5.54) satisfies the biharmonic equation for any values of c1, c2, and c3. We
determine the constants ¢; using the stress boundary conditions in Egs. (7.5.48) and (7.5.50).
The stress boundary conditions 04.(0,y) = 0 and oy, (z, £h) = 0 are trivially satisfied. We
have

Oxx

ozy(z,£h) =0 — c1 —2c2h + 3csh? =0 and c1 + 2coh + 3c3h? = 0,
which yield co = 0 and ¢; = —3h2cs. Lastly, we have
h
b/ 02y(0,y)dy = —P — —2hb(ci + h’cz) = —P. (7.5.56)
—h
Thus, the constants c; are

3P P

Cc1 = M, C2 = O, C3 = —m, (7557)
and the Airy stress function becomes
P
®(z,y) = —% (v — 3h7). (7.5.58)

The stresses from Eq. (7.5.55) are [I = 2bh®/3 = Ah?/3, where A = 2bh is the area of cross
section of the beam)]
6Pxy  Pxzy
S 4bh3 T T
3P 3Py P

2 2
%oy = ~n T aphy = "ar W —Y)-

Ozx = Oyy = 0,

(7.5.59)
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The stresses in Eq. (7.5.59) are exactly those predicted by the classical (i.e., Euler—
Bernoulli) beam theory, where M(z) = —Pxz and V = —P. This is not surprising because
our choice of terms in the Airy stress function was dictated by the form of the stress field from
the classical beam theory. This also indicates that we cannot obtain any better stress field
than the elementary beam theory for the boundary conditions (7.5.48)—(7.5.50).

The strain field associated with the stress field in Eq. (7.5.59) is computed using the
strain—stress relations in Eq. (6.3.32):

Eoe = £0ce = — a7 Py,

Eyy = _%chc = ﬁpxy, (7560)
14v 14v 2 2

Ezy:<E)Uzy:*(2£1)P(h 73/)7

where v is the Poisson ratio and E is Young’s modulus. The strain field in Eq. (7.5.60) is the
same as that in Eq. (3.7.12), with 1 = x and x> = y. Therefore, the displacements are the
same as those determined in Example 3.7.2, namely in Eq. (3.7.22), with u1 = u, and us = uy:

wte = B2 {afi= (£) ] + @+ (1) (2) -sa+0(3) ],
wen) = o {2-35[1-v (1) (1) ]+ S +sa+n(5) (- 2)}-

As (h/L)* — 0, we recover the Euler-Bernoulli beam solution.

Example 7.5.7

Consider a thin rectangular plate of length 2a, width 2b, and thickness h that has a circular
hole of radius R at the center of the plate. A uniform traction of magnitude oy is applied to
the ends of the plate, as shown in Fig. 7.5.8. Determine the stress field in the plate under the
assumption that R << b.

Solution: The boundary conditions of the problem are

ozz(Ea,y) = 00, oay(E£a,y) =0, oyy(z,£b) =0, ozy(x,+b) =0, (1)
orr(R,0) =0, o0.9(R,0)=0. (2)

Since the hole is assumed to be very small compared to the height of the plate (i.e., R << b),
we can solve the problem for a stress field inside a circular region of radius b > ¢ > R, as
shown in Fig. 7.5.8. The stresses at radius c are essentially the same as in the plate without
the hole (a consequence of Saint-Venant’s principle). We use the cylindrical coordinate system
to determine the stress field inside the circle of radius c.

yT
- a .-~ >~ a —>
<] B N —>
N
D y ) =
< . ¢ \\ —
- ’I \ —>
O-O < 1 7] 3 > 0-0
- | ] —> X
D 1 HES —>
-] \ R ! —
\ ’
<] \ / b —>
T \\ y
< % L’ >
\\\ a” v

Fig. 7.5.8: A thin rectangular plate with a central hole.
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Recall from Eq. (4.3.7) the transformation equations between (04, 0yy,0xy) and (o11 =
Orry, 022 = 000, 012 = 070):

2 -2 s
Orr = Ogz COS™ 0 + 0yy Sin”~ 0 + 04y sin 26,

009 = Oax SIN° 0 4 0y cOS” 0 — 04y 5in 20, (3)
1
Orog = =3 (0ww — Oyy) SIn 20 + 04y cos 26.

Using the transformation equations in Eq. (3), we can write the boundary conditions at r = ¢
for any 0 as (oyy = 0 and o,y = 0):

arr(c,0) = o9 cos’f = (1 + cos 20)

0
2
0

o0 (c,0) = og sin® @ = —* (1 — cos 260), (4)

90
2
or9(c,0) = —% sin 20.

The form of the boundary conditions in Eq. (4) suggests that the Airy stress function ® should
be of the form
®(r,0) = G(r) + F(r) cos26, (5)

with G(r) and F(r) satisfying [because V2V?® = V>V?G(r) + V>V?(F cos20) = 0 implies
that V2V2G(r) = 0 and V2V?F = ()

-0 d 1d o d>  1d 4\2

22~ _ (07 1 a _ -4 _ = —
vvc:_( + )G(r) 0, V2V2F (d»«* )F(r) 0. (6)

dr?2 = rdr rdr 1?2

The general solutions to the equations in (6) are of the form

F(r)= 7% I @ 037"2 + C4r4’ G(r)=cs +colnr + 07r2 + csr2 Inr, @)
and we have
dF 2¢1 s 2F 601
ar T s PRertd = 58 ey 412
dr e + 2c3r + 4ear”, - 4 25 + 12412,
€ _e P’G e
= 2¢c7r + res(l + 21nr), 7 = gzt 2¢7 + cs(3+21nr),
® 2
22 _ [cﬁ + 2¢7r +res(1+ 21117“)} 4L (—% T — 4C4r3) c0s20,
8r r ;
2p
0 _ [_cj +207+Cs(3+21n7'):| + (6£+203+1204T2) 0820, )
or? r2 3
0% ¢ , 4) '
00 2 (7 +c2 +car” + car” ) sin 260,
foaki)
962 4( + o + car” + car )00529,
foat) . \
o00r _2(_7Ts + 2c37 + 4ear ) sin 26.

Substituting the expressions from Eq. (7) into Eq. (5) and using the definition of the stress
components, we obtain

25
Opp = — 109 4+ = 197 = C—6+207+08(1+21n1") (%+@+203) cos 20,

ror ' r2 962
2°® 6
00 = 55 = —C—g + 2¢7 +cs(3+2Inr) + (% + 2¢3 + 12C4r2) cos 20, 9)

o (10 10 10°® 6c1 2<:2 )
I = "5 (r ae) T 290  rogor (_74 — Sz 126+ bear” | sin26.



308 LINEARIZED ELASTICITY

Note that ¢5 does not enter the calculation of stresses. The boundary conditions in Egs. (2) and
(4) are used to determine the remaining constants. As r — oo, the expressions for stresses in
(8) must approach those in Eq. (4). For this to happen, cs and c¢g must be zero and 2¢7 = 7¢/2
and 2c3 = —0¢/2. The boundary conditions in Eq. (2) yield the following relations among the
remaining constants:

Co6 6c1  4eco 6c1 2ca
ﬁ"‘QC?:O, ﬁ+ﬁ+203:07 —ﬁ—ﬁ—i-Qc:e,:O. (10)

Solving these equations, we obtain

R! R? R?
,U'O4 , 02:002 , 6327@ C4:O, 66:70-02 , 672%, cg = 0. (11)

Cc1 =

Substituting these values into Eq. (8), we obtain
0 R? 3R* 4R?
UW:? {(1—§)+<1+T—4—T—2 cos20| ,
o

50 {(1 + %2) - (1 + i—?) 00529} , (11)

4 2 2
Org = _% (1 — ﬁ + %) sin 20.

099 =

2 7
The maximum normal stress occurs at (r,0) = (R,£90°) and shear stress at (r,0) =
(V3R, —45°):
° o 2
Omax = 099 (R, £90°) = 300, o0r9(V3R, —45°) = 300 (12)

7.5.7 Torsion of Cylindrical Members

The stress function approach used to study a number of plane elasticity problems
in the previous sections is also useful in studying torsion of noncircular cylindrical
members. However, we cannot use the Airy stress function here because the
present problem does not fall into the category of plane elasticity problems. The
governing equations for this problem must be developed from basic principles.
The problem was first studied by Saint-Venant using the semi-inverse method.

Consider a cylindrical member of noncircular cross-section and length L and
subjected to an end torque T = T &, as shown in Fig. 7.5.9(a). The lateral
surface of the cylinder is free of tractions. Saint-Venant studied the problem
under the following assumptions:

1. The projection of each cross section onto the xy-plane rotates about the
z-axis (taken through the geometric centroid of the cross section) with no
in-plane distortion.

2. The amount of rotation of each cross section is proportional to its distance
from the end of the cylinder, ® = 0z, where O is the twist and 0 is the
twist per unit length.

3. Each cross section’s out-of-plane distortion is the same and its magnitude
is proportional to 6.
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a

Fig. 7.5.9: (a) Torsion of a cylindrical member. (b) A typical cross section.

In view of the aforementioned assumptions, our attention is focused on a typical
cross section of the cylinder; the plane of the cross section is denoted by €2 and
its boundary by I', as shown in Fig. 7.5.9(b). Our interest is to determine the
shear stresses, 0., and o0y., produced by the torque, because they are needed
in the design of shafts used, for example, in power transmission. There are
two different formulations to study the problem. One is based on the warping
function and the other on Prandtl stress function. The details of these two
formulations are presented next.

7.5.7.1 Warping function

The displacements of a typical point (7, &) in €2 can be computed as follows [refer
to Fig. 7.5.9(b)]:

Uy =71 cos(© +a) —r cosa = x(cos O — 1) — y sin O,

uy =7 sin(0@ + a) —r sina = x sin O + y(cos © — 1). (7.5.61)

The third assumption implies that
uy = 0Y(z,y), (7.5.62)
where ¢ denotes the warping function. If ® = 6z is very small compared

to unity, ® << 1, the displacement field becomes (because cos® ~ 0 and
sin® ~ ©)
Uy = —0yz, uy =0zxz, u,=0vy(x,y). (7.5.63)

Since we started with an assumed displacement field (a semi-inverse method),
we only make sure that the equations of equilibrium are satisfied (and the
compatibility equations are automatically met). Toward this end, we com-
pute strains first and then stresses. The linear strain-displacement relations
(«Sij = %(ui,j + Uj,i) give €5, = 0, Eyy = 0,e,, =0, Exy = 0, and

0 [0 0 [0
Em_2<8i}_ >, €y2—2<5’1§+x>. (7.5.64)
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The stresses are computed using the constitutive equations of an isotropic ma-
terial, 0;; = 2ue;; + Aegrdi;. We find that o,y = 0yy = 0., = 04y = 0, and

Opr = b <gi} — > . Oy = b <g§f + :E) i (7.5.65)

Thus, a cross section of the cylinder experiences only the shear stresses o,, and
oy-; the projected shear traction vector at a point (z,y) of a cross section is
t(e,) = 04,65 + 0y2 €y,

Assuming that the body forces are negligible, the first two equilibrium equa-
tions (0y;,; = 0) are trivially satisfied. The third equilibrium equation reduces

to
2 2
agf + ag;” =0 = ub (g;ﬁ + gyf) —0 in Q. (7.5.66)

The boundary conditions on the lateral surface of the cylinder, that is, on
the boundary I', where the unit normal is given by n = n,€é, + n,&,, are t, =
ty = t, = 0. Because all but o,, and o0y, are zero and n, = 0, the boundary
conditions t, = t, = 0 are trivially satisfied. The remaining boundary conditions
t, = 0 yield

oY oY
ty = 0p2Ng + Oyony = 6 (8:): — y> ng + po (8y + x> ny = 0. (7.5.67)

From Fig. 7.5.10, we note that n, and n, can be calculated as

dy dv . dy. dr
= =——, D= "€ — — @€, 7.5.68
" s’ Y ds’ " T ds ds Y ( )
Then the boundary condition in Eq. (7.5.67) becomes
o dy oY dx
-7 < _ = — = T. .0.
(3:U y> s <6y +x T 0 on (7.5.69)

Thus, the boundary value problem becomes one of finding ¢ such that

V3 =0 in 9, (w—y>fli— (?ngx)‘x:o on T.  (7.5.70)

Once 9 (z,y) is known, the shear stresses can be computed from Eq. (7.5.65).

ay
ds’

. dx
—n, =sina=—

ds

n,=cosa =

Fig. 7.5.10: Calculation of the direction cosines.
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Example 7.5.8

Consider the case in which ¥ = 0 and use the inverse method to determine the problem (i.e.,
cross section of the cylinder) for which it corresponds. Also, determine the stresses o5, and
oy~ as well as the projected shear stress magnitude in terms of the shear modulus p = G and
the applied torque 7.

Solution: For 1) = 0, V2 = 0 is trivially satisfied. The boundary condition in Eq. (7.5.69)
becomes F F F
yd—z + md—i =0 — s (x2 + y2) =0 or z° +y° = constant, ¢ (1)
on the boundary I". This equation corresponds to that of a circle with I being the boundary
of a circle of radius ¢ and 2 being the interior of the circle; that is, the cross section of the
cylinder is a circle of radius c.
The stresses are

Owz = —uly, oy, = pbz. (2)

To express the stresses in terms of the torque, we write the equilibrium of moments about the
z-axis. We obtain

2 2 27TC2 7TC4
T= | (xoy: — yoz:)dxdy = ub | (z° + 1y )dxdy = ubc - = u97, 3)
Q Q
or uf = 2T /mc*. Note that
/ (m2 + yz)dx dy=J
Q

is the polar moment of inertia. Then the stresses in Eq. (2) can be expressed in terms of T' as

Ogpzy = —@y7 Oyz = @ZI; (4)

The projected shear stress magnitude at any point on the cross section is

N 2T 2T'r
r = fo(en)] = \Jor ¥ 02 = L@ r ) = ot 5)

mct

2T

Clearly, the maximum shear stress is Tmax = ~5.

The exact solutions of the torsion problem (7.5.70) are possible for elliptical
and rectangular cross sections. For geometrically complicated cross sections, one
must use numerical methods.

7.5.7.2 Prandtl’s stress function

Here we begin with an assumed stress field. We note that the following stresses
are identically zero for the problem:

Opg = Oyy = 045 = Oy = 0. (7.5.71)
Therefore, only stress equilibrium equation left to be satisfied is

00y, 0oy,

ox oy

= 0. (7.5.72)

We choose to satisfy this equation identically by introducing a stress function
U(x,y), called the Prandtl stress function, such that
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ov ov

Ty = E Oyz =~

Since we started with the stress field, the stress function ¥ is subject to satisfying

the strain compatibility conditions in Egs. (3.7.7) and (3.7.8), which can be

expressed in terms of the stresses, as given in Eq. (7.2.27). For the case at
hand, Eq. (7.2.27) takes the form o345 = 0, for o, 8 = 1,2:

(7.5.73)

820-:“ + 820&72 — = 2 827\11 + 827\1/ =0
Ox? oy oy \ox2  oy2) (75.74)
820'yz + aQO'yZ -0 = g 627‘11 + 827\11 -0 o
Ox? Oy Ox \ 0z2 = Oy? '

From these two equations it follows that ¥ is governed by the equation
Vi =, (7.5.75)

where ¢ is a constant. Equation (7.5.75) must be solved subject to the traction-
free boundary condition on the lateral surface I':

ovdy 0OVdr dV
i —_— = — = F Je
Oy ds * Ox ds  ds 0 on T, (7.5.76)

OgzNyg + OyzNy =

That is, ¥ is a constant, say K, on I'. For multiply connected cross sections, the
constant K on different boundaries, in general, has different values. For simply
connected cross sections, we can arbitrarily set the constant to zero, K = because
the constant does not contribute to the stress field. In summary, the Prandtl
stress function is determined from solving the boundary value problem

VW =cin Q ¥=0on . (7.5.77)
The warping function ¥ (z,y) is related to the Prandtl stress function by

oy 1 0¥ o 10¥
iy + v, oy ~ 0 ox T. (7.5.78)

The two equations in (7.5.78) can be combined by differentiating the first one
with respect to y and the second one with respect to z and eliminating 1 to
obtain

~V2W =2uf in Q, ¥=0 on I. (7.5.79)
Once ¥ is known, the stresses can be determined from Eq. (7.5.73).

As in the case of the warping function, exact solutions of the torsion problem
(7.5.79) are possible for a few simple cross sections. For geometrically compli-
cated cross sections, one must use numerical methods. In general, solving Eq.
(7.5.79) is simpler than solving Eq. (7.5.70) because of the complicated bound-
ary condition in Eq. (7.5.69). To solve Eq. (7.5.79), one assumes ¥ to be in the
form U = Af(x,y), where A is a constant and f(x,y) is a sufficiently differen-
tiable (i.e., V2f # 0) function that is identically zero on the boundary. If —V?2f
is a nonzero constant ¢ (so that Ac can be equated to 2uf), we solve for the
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constant A and obtain the complete solution. If V2f is not a constant, an ex-
act solution is not possible, although an approximate solution can be obtained.
Next we consider an example.

Example 7.5.9

Consider a cylindrical shaft of elliptical cross section, 2. The boundary T is the ellipse with
semi-axes a and b:

2 2
, X y _
Determine the Prandtl stress function and the shear stresses.

Solution: We select ¥ to be
2y
e =4(G+3-1), @)

a2

where A is a constant to be determined such that Eq. (7.5.79); is satisfied. Since the boundary
condition ¥ = 0 on T is satisfied, we substitute ¥ from Eq. (2) into —V?¥ = 240 and obtain

1 1 1fa’b?
—2A =+ = | =2ub A=— .
(a2 i b2> Ho = a? + b2 (3)
The Prandtl stress function is then given by
_ ,u9a2b2 1’2 y2
\I]($7y)_a2+b2 1_672_1172 . (4)

For solid cylinders of elliptic cross section, the twist per unit length 6 can be related to the
applied torque T by

ov ov
T = /Q (xoy> — Y0az)drdy = —/Q (ma—x + y8—y> dx dy

= 7/9 [a(gf) + 8%;/)} dmdy+2/Q\I/(x,y) dz dy

= 77{ (zW dy + y¥dz) + 2/ V(z,y) dedy = 2/ Y (z,y) dxdy, (5)
iy Q Q

where we used the fact that ¥ = 0 on I' of a solid cylinder. For the problem at hand we obtain

Tufa’h’
T=2[| V¥ dedy = ———. 6
R (©)
Then the stresses 0.» and oy, are calculated using Eq. (7.5.73) as
2p0a> 2T 2110b> 2T
Tz — — = - ) z = — = . 7
i a? + b2 y Tab? ¥ 9 a? + b2 a: 7ra3bx (7)

For b < a, the maximum shear stress occurs at (x,y) = (0, £b), and the shear stress magnitude
is

200a°b 2T
a2+ b2 mabt’

Tmax =

(8)

For solid circular cylinders, b = a, Egs. (7) and (8) yield the same results as in Example 7.5.7
with ¢ =a =b.

The warping function can be determined from Eq. (7.5.78)1 by integrating with respect to
x and setting the integration constant to zero:

b — a® b — a? a® - )T
mwy = u: =0Y(z,y) = y:fumy. (9)

V(@ y) = a? + b2 b pumwash’
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7.6 Methods Based on Total Potential Energy
7.6.1 Introduction

In Chapter 5 of this book, laws of physics (or conservation principles) and vector
mechanics are used to derive the equations governing continua. These equations,
as applied to solid bodies, can also be formulated by means of variational prin-
ciples. Variational principles have played an important role in solid mechanics.
The principle of minimum total potential energy, for example, can be regarded
as a substitute for the equations of equilibrium of elastic bodies. Similarly,
Hamilton’s principle can be used in lieu of the equations governing dynamical
systems, and the variational forms presented by Biot replace certain equations
in linear continuum thermodynamics.

The use of variational principles makes it possible to concentrate in a single
functional all of the intrinsic features of the problem at hand: the governing
equations, the boundary conditions, initial conditions, constraint conditions,
and even jump conditions. Variational principles can serve to derive not only
the governing equations but they also suggest nature of the boundary conditions.
Finally, and perhaps most importantly, variational principles provide a natural
means for seeking approximate solutions; they are at the heart of the most
powerful approximate methods in use in mechanics (e.g., the traditional Ritz
and Galerkin methods, and the finite element method). In many cases they can
also be used to establish upper and/or lower bounds on approximate solutions.

This section is devoted to the study of the principle of minimum total po-
tential energy and its applications. To keep the scope of the chapter within
reasonable limits, only key elements of the principle are presented here. Addi-
tional information can be found in the textbook by Reddy (2002).

7.6.2 The Variational Operator

Mathematically speaking, an integral of the form

I(u):/QF(x,u,Vu)dx

whose value is a real number, that is, I is a mapping that transforms functions
u from a function space into a real number field, is called a functional. Note
that F(x,u, Vu) does not qualify as a functional because it is a function and
not a real number. An example of a functional is provided by the strain energy
U of an elastic body. In particular,

L 2
U= E—A / (du) dx
2 0 dl’
is a functional.

As in the case of the minimum of an ordinary function f(z), the minimum of a
functional I (u) involves differentiation with respect to the dependent variable(s).
The derivative with respect to a dependent variable is known as the Gauteax
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derivative, which is defined as

d
oF = —F 7.6.1
(w)= L Fu+ev) (76.1)
and we say that §F'(u) is the first variation of the function F'(u) in the direction
of v. The quantity ev is denoted as du, and it is called the first variation of w.
The operator ¢ itself is known as the variational operator.

The variational operator § acts much like a total differential operator d, ex-
cept that it operates with respect to the dependent variable(s) rather than the
independent variables, like the coordinate x and time t. Indeed, the laws of vari-
ation of sums, products, ratios, and powers of functions of a dependent variable
u are completely analogous to the corresponding laws of differentiation; that is,
the variational calculus (i.e., calculus with §) resembles the differential calculus.
For example, if F; = F;(u) and Fy = F5(u) are functions of a dependent variable
u, we have

O0(Fy + Fy) = 6F) £ 0F%.
(5(F1 FQ) =0F Fy+ Fi6F5.
5 <F1) 0N B —-F 6F, (7.6.2)
Fy F? ’
5(F1)n = n(Fl)n_l(SFl.

If G = G(u,v,w) is a function of several dependent variables u, v, and w, and
possibly their derivatives, the total variation is the sum of partial variations:

3G = 6,G + 3,G + 00, G, (7.6.3)

where, for example, d, denotes the partial variation with respect to w. The
variational operator can be interchanged with differential and integral operators:

(Vu) = (7.6.4)

V(6u).
5</Qudx> :/Qaudx. (7.6.5)

Equations (7.6.2)—(7.6.5) are valid in multiple dimensions and for functions that
depend on more than one dependent variable.

Similar to the necessary and sufficient conditions from the calculus of vari-
ations for the minimum of a functional, the conditions for the minimum of a
functional are

0I = 0 (necessary condition), (7.6.7)
6T > 0 (sufficient condition). (7.6.8)

When I denotes a certain energy functional in solid mechanics, the necessary
condition (7.6.7) yields some associated governing equations, which are equiv-
alent to those derived from the conservation principles of mechanics. However,
Eq. (7.6.7) also gives the form of boundary conditions. The equations obtained
in © from the necessary condition (7.6.7) for equilibrium problems are known
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as the Fuler equations (or the Fuler—Lagrange equations for dynamical systems)
and those obtained on I' (or on a portion of I') are known as the natural boundary
conditions.

The variational principles of solid mechanics can be classified into three cat-
egories [see Oden and Reddy (1982) and Reddy (2002)]: (1) variational prin-
ciples involving (energy) functionals that involve the primary variables such
as displacements and temperature are called primal principles; (2) variational
principles that are based on functionals containing the secondary variables such
as stresses and heat flux are called dual principles; and (3) variational princi-
ples based on functionals that include both primary and secondary variables
(e.g., both stresses and displacements, or stresses, strains, and displacements)
are called mized principles. In this section we consider the variational princi-
ple based on the total potential energy functional for linear elastic bodies that
contains the displacement field as the dependent variables.

7.6.3 The Principle of the Minimum Total Potential Energy

7.6.3.1 Construction of the total potential energy functional

Recall from Sections 6.2 and 7.5 that for elastic bodies (in the absence of tem-
perature variations) there exists a strain energy density function Uy (measured
per unit volume) such that [see Eq. (6.2.15)]

o = 2o <a~ 8U°> . (7.6.9)

- ij =
Oe 8%

The strain energy density Up is a function of strains at a point and is assumed
to be positive definite. For linear elastic bodies (that is, obeying the generalized
Hooke’s law), the strain energy density is given by [see Eq. (6.3.1) or (7.6.9)]

1 1 1
Uo = 50’ LE = §O'ij5ij = §Cijk15ij5kl- (7610)
Hence, the total strain energy of the body B occupying volume 2 is given by
1 1
U= / U()(é‘z'j)dx = / o:edx = / O0ij Eij dx. (7.6.11)
Q 2 Ja 2 Ja

The total work done by applied body force f and surface force t is given by [see

Eq. (7.6.11)]
V:—[/Qf'udx—i—f%t'uds], (7.6.12)

where the minus sign in the expression for V indicates that the work is expended,
whereas U in Eq. (7.6.11) is the available strain energy stored in body B. The
total potential energy (functional) of body B is the sum of the strain energy
stored in the body and the work done by external forces

1
H:U+V:/o’:sdx—[/f-udx+7{t-uds]
2 Jo Q r
1
:/aijaijdx— |:/ f,uz dX—i—%tiuidS] . (7613)
2 Ja Q r
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The principle of minimum total potential energy can be stated as follows:
If a body is in equilibrium, of all admissible displacement fields u the one ug
that makes the total potential energy a minimum corresponds to the equilibrium
solution:

T(up) < I(u). (7.6.14)

An admissible displacement is the one that satisfies the geometric constraints of
the problem.

7.6.3.2 Euler’s equations and natural boundary conditions

Here, we illustrate how the Navier equations of elasticity, Eq. (7.2.17) and
the traction boundary conditions in Eq. (7.2.18), can be derived as the Euler
equations using the principle of minimum total potential energy. Consider a
linear elastic body B occupying volume 2 with boundary I" and subjected to
body force f (measured per unit volume) and surface traction t on portion ', of
the surface. We assume that the displacement vector u is specified to be i1 on
the remaining portion, Iy, of the boundary (I' = T, UT,). Therefore, du = 0
on ['y.

The total potential energy functional is given by (summation on repeated
indices is implied throughout this discussion)

1 "
II(u) = / <2Uij g5 — fi uz) dx —/ t; u; ds, (7.6.15)
Q o

The first term under the volume integral represents the strain energy density of
the elastic body, the second term represents the work done by the body force f,
and the third term represents the work done by the specified traction t.

The strain-displacement relations and stress—strain relations for an isotropic
elastic body are given by Eqs. (7.2.1) and (7.2.9), respectively. Substituting
Egs. (7.2.1) and (7.2.9) into Eq. (7.6.15), we obtain

A
(u) = /Q {Z (wij +wjs) (uig +ugq) + o i Uk — fiui| dx
— / tiu; ds. (7.6.16)
T,

Setting the first variation of IT to zero (that is, using the principle of minimum
total potential energy), we obtain

0= / [% (5ui7j + 6uj,i) (Ui,j + Ujﬂ') + )\(5ui7iuk7k — fldul dx
Q
—/ iz (5uz dS, (7.6.17)

wherein the product rule of variation is used and similar terms are combined.
Next, we use the component form of the gradient theorem to relieve du; of any
derivative so that we can use the fundamental lemma of variational calculus to
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set the coefficients of du; to zero in €2 and on the portion of I' where du; is
arbitrary. Using the gradient theorem, we can write

/ (5u,~7j (ui,j + ’LL]',Z') dx = —/ 5u1 (um' + uj7i),j dx + 7{ 511,, (um' + Ujﬂ') n; dS,
Q Q r

where n; denotes the jth direction cosine of the unit normal vector to the surface
n. Using this result in Eq. (7.6.17) we arrive at

[ u 0
0= /{; —3 ( ij T uj’i)d ou; — 5 ( ij Ujﬂ')?i Ouj — Mg i0u; — f15u1:| dx

+ j{ ['; (wij + wji) (njou; + niduy) + A ug g ny (5ui] ds — Su;t; ds

r Ts
= / — W (um- + u]‘VZ‘) i )\ukyki — f1:| ou; dx
Q L 9.

+ 7{ |:/L (ui,j + ’UJj,z') + )\U]@k (5”:| n; 521,2 ds — / 5uz Ltz ds. (7.6.18)

r Ty

In arriving at the last step, a change of dummy indices is made to combine
terms.

Recognizing that the expression inside the square brackets of the closed sur-
face integral is nothing but o;; and o;n; = t; by Cauchy’s formula, we can
write

f |:,U, (um- + Ujﬂ') + Auhk&]} njéu,- ds = f t; ou; ds.
r r

This boundary expression resulting from the “integration-by-parts” to relieve du
of any derivatives is used to classify the variables of the problem. The coefficient
of du; is called the secondary variable, and the varied quantity itself (without
the variational symbol) is called the primary variable. Thus, u; is the primary
variable and ¢; is the corresponding secondary variable. They always appear
in pairs, and only one element of the pair may be specified at any boundary
point. Specification of a primary variable is called the essential boundary con-
dition and specification of a secondary variable is termed the natural boundary
condition. They are also known as the geometric and force boundary conditions,
respectively. In applied mathematics, they are known as the Dirichlet boundary
condition and the Neumann boundary condition, respectively.

Returning to the boundary integral, it can be expressed as the sum of inte-
grals on I', and I',:

%tiéui ds = / tiéui ds +/ tiéui ds :/ tiéui ds.
r i o o

The integral over I';, is set to zero because u is specified there, that is, du = 0.
Hence, Eq. (7.6.18) becomes

0= / [—,u (ui,j + Uj,i) j - )‘uk,ki — fz:| 5ul dx + / 5uz (ti - fz) ds. (7619)
Q )

o
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Using the fundamental lemma of calculus of variations, we set the coefficients of
du; in Q and du; on T, from Eq. (7.6.19) to zero separately and obtain

prug i+ (0 + Nug g + fi = 0 in Q, (7.6.20)
njaij — fz =0 on Fg, (7.6.21)

for i = 1,2,3. Equation (7.6.20) represents the Navier equations of elasticity
(7.2.17), and the natural boundary conditions (7.6.21) are the same as the trac-
tion boundary conditions listed in Eq.(7.2.18).

7.6.3.3 Minimum property of the total potential energy functional

To show that the total potential energy of a linear elasticity body is indeed the
minimum at its equilibrium configuration, we consider the total potential energy
functional [more general than the one considered in Eq. (7.6.14)]:

H(u) = / (%Cijkf Ekv Eij - fl uz) dx — / tAZ Ug dS, (7.6.22)
Q

o

where Cjji¢ are the components of the fourth-order elasticity tensor.
Let u be the true displacement field and t be an arbitrary but admissible
displacement field. Then u is of the form

u=u-+av,

where « is a real number and v is a sufficiently differentiable function that
satisfies the homogeneous form of the essential boundary condition v = 0 on
I'y. Then II(u) is given by

I(u+av) = /Q[%Cijkﬁ (eke + agre) (€ij + agij) — fi(ui + av;)]dx

—/ tAZ(ul —I—owi)ds,
Iy
where
9ij = 5(vig +vji)-
Collecting the terms, we obtain (because Cjjxe = Chyij)
II(a) = I(u) + [/ (_fivi + Cijreeredi; + 30 Cz‘jkegijgkz) dx — / tivi dS] :
Q -
(7.6.23)

Using the equilibrium equations (7.2.5) and the generalized Hooke’s law o;; =
Cijke€re we can write

—/fividX:/O'ijijidX:/CiijEk&j UidX
Q Q Q
= —/ CijreErevij dX+/ Cijreereving ds
Q T,

= —/ Cijkg&‘kggij dX+/ tAZ"Ui ds, (7.6.24)
Q 'y
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where the condition v; = 0 on I, is used in arriving at the last step. Substituting
Eq. (7.6.24) into Eq. (7.6.23), we arrive at

Oé2
() = (u) + - /Q Cijke 9ij gre dX. (7.6.25)

In view of the nonnegative nature of the second term on the right-hand side of
Eq. (7.6.23), it follows that
II(a) > II(u), (7.6.26)

and II(u) = II(u) only if the quadratic expression %C’ijkggijgkg is zero. Owing to
the positive-definiteness of the strain energy density, the quadratic expression
is zero only if v; = 0, which in turn implies @; = u;. Thus, Eq. (7.6.26) implies
that of all admissible displacement fields the body can assume, the true one is
that which makes the total potential energy a minimum. Next, we consider an
example to illustrate the use of the principle of minimum total potential energy.

Example 7.6.1

Consider the bending of a beam according to the Euler-Bernoulli beam theory (see Section
7.3.4). Construct the total potential energy functional and then determine the governing
equation and boundary conditions of the problem.

Y, v

Fig. 7.6.1: A beam with applied loads.

Solution: The total potential energy of a cantilever beam under pure bending by distributed
transverse force ¢(z) and point load Fy (see Fig. 7.6.1) with the assumption of small strains
and displacements for the linear elastic case (i.e., obeys Hooke’s law) is given by

TI(v) = %/OL {EI (Z:) ] da — ML o) ks 4 a8 <= (_%>ZZJ . (7.6.27)

where L is the length, A the cross-sectional area, I moment of inertia about the axis (y) of
bending, and F is Young’s modulus of the beam. The first term represents the strain energy
U (see Example 7.4.3); the second term represents the work done by the applied distributed
load ¢(z) in moving through the deflection v(zx); the third terms represents the work done by
the point load Fo in moving through the displacement v(L); and the last term represents the
work done by moment Mo in moving through the rotation 0 (L) = (—%2),—r.

Applying the principle of minimum total potential energy, dII = 0, we obtain

2u d?6v L ddv
0=/9I= / Elde dnZ dx — {/0 gév dz + Fodv(L) + Mo (—%>z:]j . (1)
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Next, we carry out integration-by-parts on the first term to relieve dv of any derivative so that
we can use the fundamental lemma of variational calculus to obtain the Euler equation:

L ;2 2 2 2 L
d d“v d*vdév d d-v

- [/OL qdv dz + Fodv(L) + Mo <_%>FJ’ 2)

The boundary terms resulting from integration-by-parts allows us to classify the boundary
conditions of the problem. The quantities with ¢, dv, and §(dv/dz) in the boundary terms,
indicate that v and (dv/dz) (removing the variational operator from the quantities) are the
quantities whose specification constrains the beam geometrically. These variables are called
the primary variables:

dv

dz
Thus, the deflection v and slope (or rotation) dv/dx are the primary variables of the problem.
The expressions that are coefficients of dv and §(dv/dz) in the boundary terms are called the

secondary variables:
d d*v dv d*v

It is clear that the secondary variables are nothing but the shear force V(z) = dM/dxz and
bending moment M (z)

vy

(7.6.28)

d d*v d*v
Viz) = . (Ejdarz) ;. M(z) = EIdx2 . (7.6.30)
Only one element of each of the pairs (v,V) and (dv/dz, M) may be specified at a point.
Note that the identification of the primary and secondary variables is unique. Specifying a
primary variable constitutes a geometric or essential boundary condition, and specification of
a secondary variable constitutes a force or natural boundary condition.

Returning to the expression in Eq. (2), first we collect the coefficients of dv in (0, L)
together and set them to zero, because dv is arbitrary in (0, L). We obtain the Euler equation

2 2
% (EI%) —q(z)=0, 0<z<L. (7.6.31)

Equation (7.6.31) can also be derived from vector mechanics by considering an element of the
beam and summing the forces and moments, and then relating the bending moment M to the
deflection v, as discussed in Section 7.3.4.

Now considering all boundary terms in Eq. (2), we conclude that

d d*v d d%v
[% <Elﬁ)} - 5v(0) = 0, {—% (EI@) - Fo] » sv(L) =0, (3)
d*v ddv d*v ddv
(EIT) (7) = (Efw * M) (7) =0 )

If either of the quantities dw and (ddév/dz) is zero at x = 0 or x = L, if v or (dv/dx) is
specified, the corresponding variations vanish because a specified quantity cannot be varied;
the vanishing of the coefficients of v and (ddv/dx) at points where the geometric boundary
conditions are not specified provides the natural boundary conditions. Various combinations
of one variable from each of the pairs (v, V) and (0, M), where 6, = —(dv/dz), define beams
with different boundary conditions.

As an example, suppose that the beam is clamped (i.e., fixed or built-in) at z = 0 and free
at © = L (a cantilever beam), as shown in Fig. 7.6.1. Then, év(0) = 0 and (ddv(0)/dz) = 0,
and the corresponding secondary variables, namely the shear force and bending moment, are
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unknown there. Since the free end, x = L, is subjected to an upward transverse force F and
clockwise bending moment My, the force or natural boundary conditions become

d ( d%) } ( d?v )
—— (EFI=—= ) - F, =0, |(FEI-— + My =0. (5)
{ dx dx? =L dx? @=L

Since the secondary variables are known at = L, we will not know the corresponding primary
variables until the problem is solved. Another example is provided by a simply supported (or
hinged at both ends) beam without any applied moments at the supports. Then we have the
following boundary conditions:

d?v d?v

v(0) =0, (EIW%:O =0; v(L)=0, (EI@):C:L =0. (6)

7.6.4 Castigliano’s theorem I

Suppose that the displacement field of a solid body can be expressed in terms
of the displacements of a finite number of points x; (i = 1,2,--- N) as

N
u(x) = Zui ¢i(x), (7.6.35)
i=1

where u; are unknown displacement parameters, called generalized displace-
ments, and ¢; are known functions of position, called interpolation functions
with the property that ¢; is unity at the ith point (i.e., x = x;) and zero at all
other points (x;, j # i). Then it is possible to represent the strain energy U
and potential energy V' due to applied loads in terms of the generalized displace-
ments ;. Then the principle of minimum total potential energy can be written
as

v
I =0U+0V =0 = 0U=—-6V or ou S0u; = — 0 -ou;,  (7.6.36)
811,‘ 8ui
where sum on repeated indices is implied. Since
oV
- _F,;
8117;
and du; are arbitrary, it follows that
oU oU
(an — FZ> . (5111' =0 or 8112' = FZ (7637)

Equation (7.6.37) is known as Castigliano’s theorem I.

When applied to a structure loaded by generalized point loads F; with asso-
ciated generalized displacements u;, both having the same sense, Castigliano’s
theorem I gives

ou

8112'
It is clear from the derivation that Castigliano’s theorem I is a special case of
the principle of minimum total potential energy.

~F,. (7.6.38)
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Application of Castigliano’s theorem I to structural members (trusses and
frames) can be found in many books [see Reddy (2002) and references therein]. In
Example 7.6.2, an application of Castigliano’s theorem I to beams is illustrated.

Example 7.6.2

Consider a straight beam of length L and constant bending stiffness EI (modulus E and
moment of inertia I about the axis of bending y). If A; are the generalized displacements and
Q; are the generalized point loads at the ends of the beam segment, as shown in Fig. 7.6.2,
use Castigliano’s theorem I to establish a relationship between the generalized displacements
and generalized forces.

Al A3 0 Q3
L ~ \ L >
A’h’x A, Qz";'x Oy
(GY) (b)

Fig. 7.6.2: (a) Generalized displacements. (b) Generalized forces.

Solution: The equilibrium equation of a beam segment according to the Euler—Bernoulli beam
theory (see Example 7.6.1) is
d*v
EI— =0. 7.6.39

The exact solution to this fourth-order equation is
v(x) = 1 + cax 4 c3x® + caz®, (7.6.40)
where ¢; (1 = 1,2, 3,4) are constants of integration, which we express in terms of the deflections

and rotations at the two ends of an element beam of length L. Let

Cdx
Az =v(L) =c1 + oL + c3L® + caL?, (7.6.41)

A1 =v(0) =c1, Ay = ( dv) = —ca,
=0

Ay = (—d—”> = —cy — 2c5L — 3ca L.
dl’ =L

Clearly, A; and Ajs are the values of the transverse deflection v at © = 0 and © = L, respectively,
and As and Ay are the rotations —dv/dz, measured positive clockwise, at x = 0 and = = L,
respectively; see Fig. 7.6.2(b).

The reason for picking two deflection values and two rotations, as opposed to four deflec-
tions at four points of the beam, needs to be understood. From Example 7.6.1, it is clear that
both v and dv/dz are the primary (kinematic) variables, which must be continuous at every
point of the beam. If we were to join two such beam segments (possibly made of different
bending stiffness FT), the kinematic variables can be made continuous by equating the like
degrees of freedom at the point common to the two segments.

The four equations in Eq. (7.6.41) can be solved for ¢; in terms of A;, called generalized dis-
placements, which will serve as the generalized coordinates for the application of Castigliano’s
theorem 1. Substituting the result into Eq. (7.6.40) yields

v(z) = ¢1(x) A1 + ¢2(x) Az + ¢3(x)As + pa(z)As = Z oi(z) Ay, (7.6.42)
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where ¢;(z) (i = 1,2,3,4) are known as the Hermite cubic polynomials
wr=1-3(3) 423 = (2 (2-53)
ga(w) = —z [1 —2(%) + (%)2] , dul@) =27 (1-7)-

We note that Eq. (7.6.42) has the same form as Eq. (7.6.35).
The strain energy of the beam now can be expressed in terms of the generalized coordinates

A; (1=1,2,3,4) as
EI (L /d\? EI (Y (&, ¢ L d%e;
v=% [ (@) == 2 A | (L ag )%

24: 24: KiAid; = 3{A} [K{A} (7.6.44)

(7.6.43)

N —

where [K] is known as the stiffness matrix

b d¢; &9,

o dx? dx?

Kij = EI (7.6.45)

Note that [K] is symmetric (K;; = Kj;). By carrying out the indicated integration, Kj; can
be evaluated, as will be shown shortly.

Although we assumed that there is no distributed transverse load on the beam, as per Eq.
(7.6.39), if there were a distributed load ¢(x), acting upward, it can be converted to statically
equivalent generalized point loads at the end points of the beam segment by

L
o = / o(@)$i(e) de, i=1,2,3,4. (7.6.46)
0

The transverse point loads ¢1 and g3 and bending moments g2 and g4 together are statically
equivalent (that is, satisfy the force and moment equilibrium conditions of the beam) to the
distributed load g(x) on the beam, as shown in Fig. 7.6.3(a). We distinguish between g; and
Q;, because the latter are generalized point loads that are not due to the distributed load,
q(x); Q; are the reactions at the ends of the beam, as shown in Fig. 7.6.3(b). The work done

by external loads is
4

V== (g +Q)A (7.6.47)
i=1
q(x)
A
ql qgk
\ ~ 42 A 9y
[ > 1
L | L \
I 17 1 I 7 &
(@)
q(x) Q, q(x) Q,
|
T . ¢
~ T
| | — :

(b)

Fig. 7.6.3: (a) Statically equivalent generalized loads ¢; due to distributed load ¢(z) and
(b) Generalized reaction forces.
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Using Castigliano’s theorem I, we obtain the required relations between the generalized
displacements {A} and generalized forces {Q}

U oV .
- Tan T ;Kijﬁj =Qi+q or [K{A}={q} +{Q},

or, in explicit matrix form

6 —3L —6 —3L Ay q Q1

2EI | —3L 2L? 3L L? Ao | ) @ Q2

I3 | =6 3L 6 3L As (7 ) g3 u Q3 (7.6:48)
—3L L? 3L 2L? Ay qa Qa

It can be verified that the stiffness matrix [K] is singular because the rigid-body motions (that
is, rigid-body translation and rotation) of the beam segment are not eliminated.

Example 7.6.3

Consider a beam fixed at x = 0 (this geometric condition eliminates the rigid-body motion),
supported at x = L by a linear elastic spring with spring constant k, subjected to uniformly
distributed load of intensity qo, and clockwise bending moment My at x = L, as shown in Fig.
7.6.4. Determine the elongation w(L) in the spring.

9
L A WYWW!

Fig. 7.6.4: A beam fixed at x = 0 and supported by a spring at © = L.

Solution: The geometric boundary conditions at x = 0 require that A; = Ay = 0. These
conditions remove the rigid-body modes of vertical translation and rotation about the y-axis.
The force boundary conditions at & = L require Q3 = —Fs = —kv(L) = —kAs and Q4 = Mo.
For uniformly distributed load acting upward, q(z) = qo, the load vector {q} is given by

Q1 6
a2 { _ oL )L
e 12 ) 6 (7.6.49)
q4 L
Then we have
6 —3L —6 —3L 0 6 O
2E1 | -3L 2L 3L L* 0 | _ aL])-L Qs
2 | =6 3L 6 3L |YAs(~ 12 ) 6 () —kAs (" (7.6.50)
—3L L* 3L 2] \ A4 L Mo

Thus, there are four equations in four unknowns, Qi,Q@2,As, and A4. Since the last two
equations contain Az and A4 as the only unknowns, we can write

Btk B [As) gL 6 o s
8EI 4B\ AL 12 | L Mo |- -
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Solving for Az = v(L) and Ay = —(dv/dz)(L), we obtain

3L? _kL?
8EI(3+a) 7 EI’
@L® (24— o) MyL (12 + @)
" 48EI 3+a) ' 4EI 3+a)

Ag = (qOL2 — 4M0)
(7.6.52)

Ay =

The reactions at the fixed end can be determined using the first two equations in Eq. (7.6.50):

@1 2EI [ -6 —3L17 | As oL | 6
{Qz}:m{% LQHAZL}fz{L}' (7.6.53)

The solution obtained in Egs. (7.6.52) and (7.6.53) is exact because the representation in Eq.
(7.6.42) is the exact solution of Eq. (7.6.31) when EI is a constant and the distributed load
q(z) is replaced by statically equivalent point forces and moments.

7.6.5 The Ritz Method
7.6.5.1 The variational problem

The Ritz method, named after German engineer W. Ritz (1878-1909), is a
numerical method of solving problems posed in terms of solving the variational
problem of the type: find the function the vector function u(x) from a suitable
space U of functions such that

B(u,v) = L(v) for all v from U. (7.6.54)

where B(u,v) is called a bilinear form and L(v) is called a linear form, with the
properties

B(auy + pug,v) = aB(u1,v) + fB(u2,v) (linearity in the first argument)
B(u,av; + pv2) = aB(u,v1) + fB(u,vs) (linearity in the second argument)
L(avy + pvz) = aL(vi) + SL(v2), (7.6.55)

for any real numbers a and 8 and dependent variables w, w1, u9,v,v1, and vs.
The bilinear form is said to be symmetric if B(u,v) = B(v,u) (that is, v and v
can be interchanged without changing the value of B).

Some space and mathematical concepts from functional analysis are required
to formally introduce the properties of the space U, though these would distract
the reader from the focus of the book. However, it suffices to say that the space
U possesses properties of an inner product space, that is, functions u from U are
sufficiently differentiable to a certain order as dictated by the functional I(u), u
and its various derivatives are square-integrable in the sense that

/ lu(x)|? dx < oo, / |Vu(z)|*dr < 0o, and so on,
Q Q

and an inner product can be defined between any two elements v and v of the
space U.
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Whenever B(-,-) is bilinear and symmetric and L(-) is linear, a quadratic
functional can be defined [see Reddy (2002)]:

I(u) = $B(u,u) — L(u), (7.6.56)
such that I = 0 gives the variational problem in Eq. (7.6.54):
0=6I(u) = % [B(6u,u) + B(u,u)] — L(6u) = B(du,u) — L(du),

which is the same as Eq. (7.6.54) with du = v.
As an example of I(u) in linearized elasticity, we consider the axial deforma-
tion of a uniform bar with an end spring. The governing equation is

d du

and the boundary conditions are

w(0) = 0, [(EA?;) + ku(w)} = (7.6.58)

where E' = E(x) is Young’s modulus, A = A(x) is the cross-sectional area, L is
the length, k is the spring constant, f(z) is the distributed axial load, and P is
the axial load at « = L, as shown in Fig. 7.6.5. Equations (7.6.57) and (7.6.58)
are equivalent to minimizing the total potential energy functional I(u) = II(u):

I(u) = /OL %A (EZ)Q dx + g [w(L)]? — UOL fudz + Pu(L)

— 1B(u,u) — L(u), (7.6.59)

subjected to the geometric boundary condition, u(0) = 0. The bilinear and
linear forms in this case are

L du dv
B = FA—— LYv(L
(1, ) /O Wz + ku(Lyo(D),

5 (7.6.60)
L(v) = /0 fvdx + Pu(L).

Rigid extension

EA4 P——F k

e e e e e e

j«———————— [,
—*x Deformable bar

Fig. 7.6.5: Axial deformation of a uniform bar with an end spring.
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Another example of the functional I is provided by the total potential energy
functional II in Eq. (7.6.27) associated with the bending of straight beams
according to the Euler—Bernoulli beam theory. The bilinear and linear forms in

this case are L 0 5

d“v d“w
B(’U,U)) :/0 EI @W d.’]?,
L

L(w) :/0 qu dz + Fyw(L) + Mpa(L),

(7.6.61)

where o = —(dw/dx).

7.6.5.2 Description of the method

In the Ritz method, we seek an approximation Uy (z) of u(x), for a fixed and
preselected NV, in the form

w(z) = Un(x) = ¢;idi(x) + do(x), (7.6.62)

where summation on repeated index i is implied (over the range of 1 to N),
¢i(z) are appropriately selected approximation functions, and ¢; are unknown
parameters. In view of the fact that the natural boundary conditions of the
problem are included in the functional I(u), we require the approximate solu-
tion Uy to satisfy only the geometric boundary conditions. In order that Uy
satisfies the geometric boundary conditions for any ¢;, it is convenient to choose
the approximation in the form (7.6.62) and require ¢o(z) to satisfy the actual
specified geometric boundary conditions. For instance, if u(z) is specified to be
4 at x = 0, we require ¢g(x) be such that ¢o(0) = @, while ¢; are required to
satisfy the homogeneous form of the geometric boundary condition, ¢;(0) = 0.
This follows from

N N

0=Un(0) = > ¢ii(0) +¢0(0) = Y _ ciehi(0) + .

=1 i=1

Because Uy (0) = 4, it follows that
N
> cigi(0) =0 — ¢;(0) =0foralli=12.. N
i=1

Thus, ¢;(z) must satisfy the homogeneous form of specified essential boundary
conditions, and they must be sufficiently differentiable as required by the func-
tional I(U). The parameters ¢; are determined by the condition that I(Uy) is
the minimum, that is, 6/(U) = 0.

The approzimation functions ¢g and ¢; should be such that the substitution
of Eq. (7.6.54) into 6IT results in N linearly independent equations for the
parameters ¢j (j = 1,2,..., N) so that the system has a solution. To ensure that
the algebraic equations resulting from the Ritz approximation have a solution,
and the approximate solution Uy (z) converges to the true solution u(zx) of the
problem as the value of N is increased, ¢; (i = 1,2,...,N) and ¢y must satisfy
certain requirements, as outlined next.
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(1) ¢o must satisfy the specified geometric boundary conditions. It is identi-
cally zero if all of the specified essential boundary conditions are homoge-
neous, that is, ¢o(x) = 0. (7.6.63);

(2) ¢; (i = 1,2,...,N) must satisfy the following three conditions: (a) be
continuous, as required by the quadratic functional I(u); (b) satisfy the
homogeneous form of the specified essential boundary conditions; and (c)
the set {¢;} be linearly independent and complete; completeness refers to
the property that all lower order terms up to the highest desired term must

be included. (7.6.63)2
Substituting Un(c1,co,- -+ ,cn) into the total potential energy functional II
in Eq. (7.6.56), we obtain II as a function of the parameters ¢y, ca, - - -, ¢y (after

carrying out the indicated integration with respect to x):

IT = L B(cj¢; + do, ckdr + d0) — L(ckdr + o)
= § [cjcrB(j, b)) + 2¢;B(j, do) + B(do, ¢o)] — ciL(r) — L(d).

Then ¢; are determined (or adjusted) such that JII = 0; in other words, we

minimize Il with respect to ¢;, ¢ =1,2,--- , N:
o1l o1l oIl Y ot
0=06Il=—bc;1 + —dca+ ...+ —dcy = —dc;j.
801 862 aCN = 8Cj
Because the set {c¢;} is linearly independent, it follows that
o
0= 9o =2 lcx B(i, o) + ¢;B(¢5, ¢i) + 2B(di, ¢o)] — L(i)

= ¢;B(¢i, ¢5) + B(¢i, do) — L(¢:i) for i=1,2,--- N.

or
Bc =R, (7.6.64)
where
Bij = B(¢i,¢j), Ri= L(¢i) — B(¢i, ¢o)- (7.6.65)
Equation (7.6.64) consists of N linear algebraic equations among N parameters,
c1, ¢2,--+, cy. Once the parameters are determined from Eq. (7.6.64), the

solution Uy to the problem is given by Eq. (7.6.62). We consider couple of
examples next.

Example 7.6.4

Formulate the N-parameter Ritz solution Uy (x) of the bar problem described by Egs. (7.6.57)
and (7.6.58) for AE(z) = ao(2 — 7), k =0, and f(z) = fo, and determine the Ritz solutions
for N =1 and N = 2 [see Reddy (2002)].

Solution: First, we must select the approximation functions ¢o and ¢;. Apart from the guide-
lines given in (7.6.63), the selection of the coordinate functions is largely arbitrary. As a
general rule, the coordinate functions ¢; should be selected from an admissible set (that is,
those meeting the two conditions listed earlier), from the lowest order to a desirable order,
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without missing any intermediate terms (i.e., the completeness property). Also, ¢o should be
any lowest order (including zero) that satisfied the specified essential boundary conditions of
the problem; ¢o(z) has no continuity (differentiability) requirement.

For the problem at hand, ¢o = 0 because the specified essential boundary condition is
homogeneous, u(0) = 0; this homogeneous essential boundary condition requires us to find
¢1(z) such that ¢1(0) = 0 and it is differentiable at least once with respect to z because II(w)
involves the first derivatives of u = Uy . If an algebraic polynomial is to be selected, the lowest
order polynomial that has a nonzero first derivative is

¢1(z) = a + bz,

where a and b are constants. The condition ¢1(0) = 0 gives a = 0. Since b is arbitrary, we
take it to be unity (any nonzero constant will be absorbed into ¢1). When N > 1, property
2(c) in Eq. (7.6.63)2 requires that ¢;, i > 1, should be selected such that the set {¢;}, is
linearly independent and makes the set complete. In the present case, this is done by choosing
¢2 to be x?. Clearly, ¢2(x) = x? meets the conditions ¢2(0) = 0, linearly independent of
¢1(z) = z (ie., ¢2 is not a constant multiple of ¢1), and the set {x,z>} is complete (i.e.,
no other admissible term up to quadratic is omitted). In other words, in selecting coordinate
functions of a given degree, one should not omit any lower-order terms that are admissible.
Otherwise, the approximate solution will never converge to the exact solution, no matter how
many terms are used in the Ritz approximation, as the exact solution may have those lower
order terms that were omitted in the approximate solution. We choose

Us(x) = c1¢n + cagpa + - - - + cndn (2) = ci ¢i(). (1)

For the choice of algebraic polynomials, the N-parameter Ritz coefficients B;; are [see Eq.
(7.6.60)]

I
o Blds. ) = Z\ d9i do; (L)
By = Blonds) = [ a0 (1= F) e L datkoD)és(D)
L
— B _ T\ -2 itj
—aom/o (1 L)ac dx + k(L)
ij(1+i+7) itj—1 i+
=a————F————(L + k(L 5 2
(z+]—1)(z+])() (L) (2)
L . .
= / féida + Pgi(L) = L2 (1)"*! + P(LY. (3)
0 1+1
Note that k = 0 for the problem at hand.
For one-term approximation (N = 1), we have
an = §aOL, by = 1foL2 + PL,
2 2
b1 6 3, o foL +2P
=— = —foLl°"+PL) =———
“ aiil QCL()L <6f0 u ) 3@0 ’
and the one-parameter Ritz solution is
foL +2P
=1 4
Ui(e) = 2T s ()

For N = 2, we have
3 4 )
a1 = §aOL’ ai2 = a2 = gaoLQ, az2 = gaoLS,
1 1
by = 5fOL2 + PyL, by = gfoL3 + PyL?.

The Ritz equations can be written in matrix form as

aL[ 9 8L] [\ _ fol? [ 3 1
T[8L10L2HCQ}— 6 120 TP L
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whose solution by is

1 /7 6 3
R — P =—(—foL+ P).
7w <13f°Jr 13 ) €2 = 35,1 L+
Hence, the two-parameter Ritz solution is
7foL + 6P 3(P — foL
Un(e) = oL+ 6P, | 3P = fol) 2 (5)

13ag 13aoL

The exact solution of Egs. (7.6.57) and (7.6.58) with u(0) =0, k =0, A = ao[2— (z/L)],
and f = fo is

foL (f()L — P)L T
_foL+P  P—foL 5 P—foL 5
- 20,0 v + 8a0L v 24CL0L2 v + T (7)

Table 7.6.1 contains a comparison of the Ritz coefficients ¢; for N = 1,2,...,8 with the
exact coefficients in Eq. (7) for L = 10 ft., ap = 180 x 10° Ib, fo = 0, and P = 10 x 10° Ib.
Clearly the Ritz coefficients ¢; converge to the exact ones as N goes from 1 to 8.

Table 7.6.1: The Ritz coefficients* for the axial deformation of an isotropic elastic bar sub-
jected to axial force.

C1 &) C3 Cq Cs Ce cr C8
37.037

25.641 12.821

28.219 4.409 4.879

27.691 7.788 0.000 3.029

27.794 6.701 3.389 —1.040 1.664

27.775 7.009 1.904 2.012 —1.142 0.952

27.778 6.929 2.453 0.320 1.447 —0.980 0.560

27.778 6.948 2.272 1.094 —0.287 1.136 —0.769 0.336
Exact 27.778 6.944 2.315 0.868 0.347 0.145 0.062 0.027

(OIS oIS, BNGIYJCR R

*E =c X 10512,

Example 7.6.5

Consider a simply supported beam of length L and constant bending stiffness E1, subjected
to uniformly distributed transverse load go. Determine the transverse displacement v(x) of the
beam using the Ritz method with V =2 and N = 3.

Solution: The Ritz equations are obtained from Eq. (7.6.64) and (7.6.65), where the bilinear
and linear forms defined by Eq. (7.6.61) with Fy = Mo = 0. We choose an N-parameter Ritz
approximation of the form

v(z) = Va(z) = c1¢1(x) + c2g2(x) + - - + endn () + do(x).

Noting that the essential boundary conditions are v(0) = v(L) = 0, we select ¢ to be zero. As
far as ¢, are concerned, we choose them to vanish at x = 0 and x = L. Thus, we can choose

¢1=£K(L—LE), (;52:.1‘2(L—.T), ¢i(x):xi(L_$)> ) ¢N(m):xN(L_$)7 (1)

and
=1 s i AP i—2 i
=iLz" — (i + 1)z, — i(i —1)Lz" " — (¢ + 1)iz’. (2)

do;
dx
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Substituting these expressions into B;; and R;, we obtain

iz 2 0 12
Bij:/ EId ¢zd ¢J dr
0
L

dx? dx?

:/O EI [i(z‘f 1)Lz ™2 - (z’+1)mi] [j(j — 1)L - (j + 1)jxj] d (2)

L L ) )
Ri = / q0¢i d.CL‘ = / qO(JZZL — JZZJrl) d.l‘
0

0

For N = 2, we have

4 2L [ei | _ @lL® 2
EIL{2L4L2]{02}_ 12 \LJ )

The solution of these equations yields the result ¢; = goL? /24FETI and c; = 0, and the two-
parameter Ritz solution becomes

qu4 aB z?
Va(2) = o157 (f - ﬁ) ' )

For N = 3 we obtain

4 2L 2L2 c1

3
EIL | 2L 4L* 4L* |{ cs y = q‘i;’ L ¢, (5)
2L% 41° 4.8L* | | c3 0.6L>
and we obtain ¢; = oL = —c3L? = qOL2/24EI. Hence, the three-parameter Ritz solution is
Q@L* [z 2zt
= 2 _9Z 2
Va(®) = 2uE7 (L 2T 1i) ©)

which coincides with the exact solution of the beam problem.

Example 7.6.6

Consider the Poisson equation governing the Prandtl stress function ¥, Eq. (7.5.79):
~V?U =240 in Q, =0 on T. (1)

If the cross section of the cylinder is a square, 2 = {—a < z, y < a}, as shown in Fig. 7.6.6,
determine the stress function and compute the shear stresses 0., and oy, using a one-parameter
Ritz approximation.

—V20 = 240 in Q
U=00onT

le—Q—»le—Q—»
|
1
1
1
1
1
1
x

l—Qa —>le—a —>

Fig. 7.6.6: Torsion of a cylinder of square cross section.
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Solution: The functional associated with Eq. (1) is

1 / /“ ow\* [0v
=z — ) +
2 ) o) |\ Ox By
and the bilinear and linear forms are

ov 8@ oV OP @ re
B(¥,®) / / (8:v oc T oy 8y)dacdy7 L(@)—QMQ[G[Gdedy. (3)

For N = 1 we choose the function

dxdy — 2u0/ / U dz dy. (2)

¢1 = (a® — 2%)(a® —y*), (4)
and obtain
[ / 00 96, 0696,y _ 256
B a ax ox 8 y 45
16
Ri =2uf . ¢i dax dy = 20—, (5)

and the one-parameter solution is given by

Ba = 2 (1 2) (12, o

5uba x y? 5uba y y?
@z = T =(1l=2% ) z = =1-=].
7 4 a ( a? i 4 a a?

For N = 2 with
¢ = (a® —2*)(a® =), do= (2" + v )1, - . (7)
we obtain
[256 1024“2}{01} 6{196}
8 15 525
a = 2uba , (8)
2 4 32 2
e Yy = 159
whose solution yields
L 1295 o 9% ©
YT 221602 T 1432441

The two-parameter Ritz solution is given by

puha®
4432

Wz, y) = 2590 + 525(2” + §°)](1 — &°)(1 — §°), (10)
where Z = z/a and § = y/a.

The exact solution to Eq. (1) can be obtained using the separation of variables method,
and it is given by

2 [e’e)
Y(oy) = 20 s~ L gymonsaf, cohlomy/2a)] e -

3 n3 cosh(nm/2) “® 0a
n=1,3,5...

The exact value of U at the center of the region is
(0,0) = 0.5884u0a”,

whereas the two-parameter Ritz solution is 0.5844u6a?, which has an error of only 0.68%.

Although the problem is presented here as one governing the Prandtl stress function for
the torsion of a cylindrical member, the equation arises, among others, in connection with the
transverse deflection of a membrane fixed on all sides and subjected to uniform pressure fo (in
place of 2u0) and in conduction heat transfer in a square region with internal heat generation
of fo unit area. The function v denotes the deflection u in the case of a membrane and the
temperature T in the case of conduction heat transfer. Thus the results obtained can also be
interpreted for these two problems.
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7.7 Hamilton’s Principle
7.7.1 Introduction

The principle of total potential energy discussed in the previous section can be
generalized to initial value problems, that is, problems involving time, and the
principle is known as Hamilton’s principle. In Hamilton’s principle the system
under consideration is assumed to be characterized by two energy functions:
the kinetic energy K and the total potential energy II. For discrete systems
(i.e., systems with a finite number of degrees of freedom), these energies can
be described in terms of a finite number of generalized coordinates and their
derivatives with respect to time ¢. For continuous systems (that is, systems that
are described by an infinite number of generalized coordinates), the energies
can be expressed in terms of the dependent variables of the problem that are
functions of position and time.

7.7.2 Hamilton’s Principle for a Rigid Body

To gain a simple understanding of Hamilton’s principle, consider a single particle
or a rigid-body (which is a collection of particles, the distance between which
is unaltered at all times) of mass m moving under the influence of a force (see
Reddy, 2002) F = F(r,t). The path r(¢) followed by the particle is related to
the force F and mass m by the principle of balance of linear momentum (i.e.,
Newton’s second law of motion):

me_i<mg> (7.7.1)

A path that differs from the actual path is expressed as r + dr, where dr is the
variation of the path for any arbitrarily fized time t. We suppose that the actual
path r and the varied path differ except at two distinct times ¢; and 9, that is,
or(t1) = dr(t2) = 0. Taking the scalar product of Eq. (7.7.1) with the variation
or, and integrating with respect to time between t; and ts, we obtain

,[Ti(m§>—ﬂnﬂ-&ﬁ:o (7.7.2)

Integration-by-parts of the first term in Eq. (7.7.2) yields

20 dr dér dr
_ el 1 . i
/t [m s (r,t) 5r} dt + <m o 5r>

1

to
= 0. (7.7.3)

t1

The last term in Eq. (7.7.3) vanishes because or(t1) = dr(t2) = 0. Also, note

that dr db dr d
r r mdr dr
—— =0|—— - — | =K 7.74
it at [2 dt dt} ’ (7.7.4)
where K is the kinetic energy of the particle or a rigid-body

1 dr dr 1
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and 0K is called the wvirtual kinetic energy. The expression F(r,t) - dr is called
the virtual work done by external forces and denoted by

Wg = =F(r,t) - or. (7.7.6)

The minus sign indicates that the work is done by external force F on the body
in moving through the displacement dr. Equation (7.7.3) now takes the form

to
/ (6K — 6Wp)dt =0, (7.7.7)
t1
which is known as the general form of Hamilton’s principle for a single particle or
rigid body. Note that a particle or a rigid-body has no strain energy II because
the distance between the particles is unaltered.

Suppose that the force F is conservative (i.e., the sum of the potential and
kinetic energies is conserved) such that it can be replaced by the gradient of a
potential

F = —grad V, (7.7.8)

where V' = V(r,t) is the potential energy due to the loads on the body. Then
Eq. (7.7.7) can be expressed in the form

to

| (K-=V)dt=0, (7.7.9)
t1
because (r = x;6;)
grad V - r = g;/; dz; = 0V (x).

The difference between the kinetic and potential energies is called the Lagrangian
function

L=K-V. (7.7.10)

Equation (7.7.9) is known as Hamilton’s principle for the conservative motion
of a particle (or a rigid body). The principle can be stated as follows: The motion
of a particle acted on by conservative forces between two arbitrary instants of
time t1 and to is such that the line integral over the Lagrangian function is an
extremum for the path motion. Stated in other words, of all possible paths that
the particle could travel from its position at time ¢; to its position at time to,
its actual path will be one for which the integral

to
IE/ L dt (7.7.11)
t1

is an extremum (i.e., a minimum, maximum, or an inflection).

If the path r can be expressed in terms of the generalized coordinates g;(i =
1,2,3), the Lagrangian function can be written in terms of ¢; and their time
derivatives

L:L(Q17Q2aQSaQIaQQ,QB)- (7712)
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Then the condition for the extremum of I in (7.7.11) results in the equation
(note that d¢; = 0 at ¢; and t2)
to

ol =9 L(Ql,Q%QSan,Q%Qi’))dt:O
t1

t 3oL d [OL
_ 9L L% sq dt. 7.1
/t Z[aqi dt<8q’i>]6q dt (7.7.13)

1 4=1

When all ¢; are linearly independent (i.e., no constraints among ¢;), the varia-
tions d¢; are independent of each other for all ¢, except that all §¢; = 0 at ¢; and
to. Therefore, the coefficients of dq1, dg2, and dq3 vanish separately:
BL—d<8,L> =0, i=1,2,3. (7.7.14)
dgi  dt\0g;
These equations are called the Lagrange equations of motion. Recall that in Sec-
tion 7.6 (for a static case) these equations were also called the Euler equations.
For the dynamic case involving deformable solids, these equations will be called
the Fuler—-Lagrange equations.
When the forces are not conservative, we must deal with the general form
of Hamilton’s principle in Eq. (7.7.7). In this case, there exists no functional I
that must be an extremum. If the virtual work can be expressed in terms of the
generalized coordinates ¢; by

Wg = — (F10q1 + F26q2 + F34q3) , (7.7.15)
where F; are the generalized forces, then we can write Eq. (7.7.14) as

>

i=1

{8K d <8K

- - Fz i =0, 7.1
e d@ aqz->+ }(5(1 dt =0 (7.7.16)

and the Euler-Lagrange equations for the nonconservative forces are given by

OK  d (0K
O0¢; dt\ 0g;

dq; : ) +F;,=0, 1=1,2,3. (7.7.17)

Example 7.7.1

Consider the planar motion of a pendulum that consists of a mass m attached at the end of
a rigid massless rod of length L that pivots about a fixed point O, as shown in Fig. 7.7.1.
Determine the equation of motion.

Solution: The position of the mass can be expressed in terms of the generalized coordinates
¢1 =l and g2 = 0, measured from the vertical position. Because [ is a constant, we have ¢; = 0
and 6 is the only independent generalized coordinate. The force F acting on the mass m is the
component of the gravitational force,

F =mg(cosfé, —sinfé&y) = F, &, + Fy é,. (7.7.18)

The component along €, does no work because g1 = [ is a constant. The second component,
Fy, is derivable from the potential (VV = —Fy &):

V(6) = — [-mgl(1 — cos 0)] = mgl(1 — cos§), (7.7.19)
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:.;_’/1(1—0059)

mg cos 6
mgsing ME

Fig. 7.7.1: Planar motion of a pendulum.

where V represents the potential energy of the mass m at any instant of time with respect to
the static equilibrium position 8 = 0, and V is the gradient operator in the polar coordinate

system:
D & D
V = €er % aF 7 % (7720)

Thus the kinetic energy and the potential energy due to external load are given by

m AN 2
K=—0)", V =mgl(l—cosf),
2 . ). ( ) (7.7.21)
6K = mi?0580, 0V =mglsin®d0 = —Fy(l 00).

Therefore, the Lagrangian function L is a function of 6 and 6. The Fuler-Lagrange equation

is given by 5 07
L L

which yields

d . .. ..

—mglsing — 2 (mi*0) =0 or f+ %sin@ =0 (Fp=mlb). (7.7.22)

Equation (7.7.22) represents a second-order nonlinear differential equation governing . For
small angular motions, Eq. (7.7.22) can be linearized by replacing sin 6 ~ 6:

0+ %0 —q. (7.7.23)

Now suppose that the mass experiences a resistance force F* proportional to its speed
(e.g., the mass m is suspended in a medium with viscosity p). According to Stokes’s law,

F* = —6mualf &, (7.7.24)

where p is the viscosity of the surrounding medium, a is the radius of the bob, and &g is the
unit vector tangential to the circular path. The resistance of the massless rod supporting the
bob is neglected. The force F* is not derivable from a potential function (i.e., nonconservative).
Thus, we have one part of the force (i.e., gravitational force) conservative and the other (i.e.,
viscous force) nonconservative. Hence, we use Hamilton’s principle expressed by Eq. (7.7.14)
or Eq. (7.7.17) with

SWi =6V — F* - (160 &) = (mgl sin @ + 6mpal? 9’) 80 = —Fyl 56.

Then the equation of motion is given by [K = K (0)]:

bmag g _ o, (7.7.25)

dt

d(a—[.()—l—Fel:O or é+gsin9+
00 l

The coefficient ¢ = 6wap/m is called the damping coefficient.
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7.7.3 Hamilton’s Principle for a Continuum

Hamilton’s principle for a continuous body B occupying configuration x with
volume €2 and boundary I' can be derived following essentially the same ideas as
discussed for a particle or a rigid body. In contrast to a rigid body, a continuum is
characterized by strain (or internal) energy U, in addition to the kinetic energy
K. Newton’s second law of motion for a continuous body can be written in

general terms as
0 ov
F-—— — | =0, 7.7.26

ot (m ot > (7.7.26)
where m is the mass, v(x,t) = du/0t is the velocity vector, u(x,t) is the dis-
placement vector, and F is the resultant of all forces acting on the body B. The
actual path u followed by a material particle in position x in the body is varied,
consistent with kinematic (essential) boundary conditions on I', to u+du, where
du is the admissible variation (or virtual displacement) of the path. We assume
that the varied path differs from the actual path except at initial and final times,
t1 and ts, respectively. Thus, an admissible variation du satisfies the conditions,

ou(x,t) =0 on I'y for all t,

7.7.27
du(x,t;) = du(x, ty) = 0 for all x, ( )

where I';, denotes the portion of the boundary I' of the body where the displace-
ment vector u is specified.

The work done on body B at time t by the resultant force F, which consists
of body force f and specified surface traction t in moving through respective
virtual displacements du, is given by

/f-éudx—i—/ f-duds—/a’:éedx, (7.7.28)
Q - Q

where o and e are the stress and strain tensors, and I', is the portion of the
boundary I' on which tractions are specified (I' = I';, UT';). The last term in Eq.
(7.7.28) is known as the virtual work stored in the body due to deformation. The
strains de are assumed to be compatible in the sense that the strain-displacement
relations (7.2.1) are satisfied. The work done by the inertia force d(mv)/0t in
moving through the virtual displacement du is given by

/Qgt (,00 ?;Z) -du dx, (7.7.29)

where pg is the mass density of the medium (m = pgdx). We have, analogous
to Eq. (7.7.2) for a rigid body, the result

2 0 Ou A
/t1 {/Qat</)08t>.5udx— [/Q(f-éu—o'.55)alx+/0t.5uds}}dt:o7

or
to
—/ [/poau.(%“dx+/(f-au—azas)dx+/ ’E-éuds]dtzo.
4 Lo Ot Ot Q Iy

(7.7.30)
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In arriving at the expression in Eq. (7.7.30), integration-by-parts is used on the
first term; the integrated terms vanish because of the initial and final conditions
in Eq. (7.7.27). Equation (7.7.30) is known as the general form of Hamilton’s
principle for a continuous medium — conservative or not, and elastic or not.

For an elastic body, we recall from the previous sections that the forces f
and t are conservative,

5V:—</f-6udx+/ fwéuds), (7.7.31)
Q o

and that there exists a strain energy density function Uy = Uy(e) such that

oUy
= —. 7.7.32
9 ( )
Substituting Eqgs. (7.7.31) and (7.7.32) into Eq. (7.7.30), we obtain
to
0 [K —(V+U)]dt =0, (7.7.33)
t1
where K and U are the kinetic and strain energies:
poOu Ou
K=|[| —— —d = dx. 7.34
/92(% (,%x,U/Qon (7.7.34)

Equation(7.7.33) represents Hamilton’s principle for an elastic body. Recall
that the sum of the strain energy U and potential energy V of external forces,
U +V, is called the total potential energy, II, of the body. For bodies involving
no motion (that is, forces are applied sufficiently slowly such that the motion is
independent of time, and the inertia forces are negligible), Hamilton’s principle
(7.7.33) reduces to the principle of virtual displacements. Equation (7.7.33) may
be viewed as the dynamics version of the principle of virtual displacements.

The Euler-Lagrange equations associated with the Lagrangian, L = K —II,
can be obtained from Eq. (7.7.33):

to
0=9 L(u,Vu,u)dt

t1

to 82 )
t1 Q .

where t = o - n. In arriving at Eq. (7.7.35) from Eq. (7.7.33), we have

used integration-by-parts, gradient theorems, and Eqs. (7.7.27);. Since du is
arbitrary for ¢, t; <t < to, and for x in 2 and also on I',, it follows that

0%u

Po 92

t(s,t) —t(s,t) =0 onT, fort > 0. (7.7.37)

—V.o—f=0 inQfort>0, (7.7.36)
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Equations (7.7.36) are the Euler-Lagrange equations for an elastic body. Equa-
tions (7.7.36) are also subject to initial conditions of the form

u(x,0) = up(x), u(x,0)=vp(x), (7.7.38)

where ug and v are the initial displacement and initial velocity vectors, respec-
tively.

Example 7.7.2

The displacement field for pure bending (i.e., omit the axial displacement u) of a beam according
to the Euler-Bernoulli beam theory is (see Section 7.3.4)

0
7y£7 uz = 0, U3((E,t) = U(ZE,t), (1)

where v is the transverse displacement. Determine the equations of motion of the Euler—
Bernoulli beam theory.

ui(z, z,t) =

Solution: The Lagrange function associated with the dynamics of the Euler—Bernoulli beam is
given by L = K — (U + V), where

L 2 2
. po( o0°v ow
K=, /A[2< Zawat) 2 (at) }‘“‘dx
L 2 2 2
_ [T|pof (O gl (@9
_/0 [2 (aw::) Ty (at de, @)

LEI (9%0)?
L
V:—/ qu dz, (4)
0

where q is the transverse distributed load. In arriving at the expressions for K and U, we have
used the fact that the z-axis coincides with the geometric centroidal axis, | Ay dA=0.
The Hamilton principle gives

0_5/ (K—U-V)dt

2
/ / [po 8v65v+ Po AV 6D — Elﬂaév—i—qév

e da dt. (5)

The Euler-Lagrange equation obtained from Eq. (5) is the equation of motion governing the
Euler—Bernoulli beam theory

02 0%v 0 v 0? 0%v
B0t (POI axat) ~a (’”“‘a) "o (EI 37) +a=0, (7.7.39)
for 0 < z < L and t > 0. The first term is the contribution due to rotary inertia. The boundary
and initial conditions associated with Eq. (7.7.39) are

2 3
Boundary conditions: specify: v or 82 (EI g—> + pol 8?25
2
specify: % or El%, (7.7.40)

Initial conditions: specify: v(z,0) and o(z,0).
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Example 7.7.3

Suppose that the Euler—Bernoulli beam of Example 7.7.2 experiences two types of viscous
(velocity-dependent) damping: (1) viscous resistance to transverse displacement of the beam
and (2) a viscous resistance to straining of the beam material. If the resistance to transverse
velocity is denoted by c(z), the corresponding damping force is given by gp(z,t) = c(z)v. If
the resistance to strain velocity is cs, the damping stress is 02, = cs€z. Derive the equations
of motion of the beam with both types of damping.

Solution: We must add the following terms due to damping to the expression in Eq. (5) of
Example 7.7.2:

T L
—/ {/ opoe dx+/ qpov d:c] dt
826w 3
/ {/ /cs( 8x28t> (—z 62:2) dAdx—i—/O qpov dw] dt
v 8261; v
,/0 /0 (Icsm - 5(51}) de dt. (1)

Then the expression in Eq. (5) of Example 7.7.2 becomes

2
0= / / {pofa”‘%” + poAi 66 — El%%&) + qdv|drdt
v 9% ow
/ / ( *9z20L D2 E‘”’) d di @)
and the Euler-Lagrange equation is
o2 9% 0 Ov o2 v
D20t (Po[ am) “ o (W‘a) ~ (Ef %)
0? O3v v
Nz (ICS aﬁm) “or T1=0 ®)

The boundary and initial conditions for this case are

2, 3 3
Boundary conditions: specify: v or g (Ela + Ics CA0 ) ~+ pol CAC

Ox? 0x20t 0t20z”’
. Ov *v v
specify: 7 EI@ + Icsm , (4)
Initial conditions: specify: v(z,0) and o(z,0).

7.8 Summary

This is a very comprehensive chapter on linearized elasticity. Beginning with a
summary of the linearized elasticity equations that include the Navier equations
and the Beltrami—Michell equations of elasticity, the three types of boundary
value problems and the principle of superposition were discussed. The Clapey-
ron theorem and Betti and Maxwell reciprocity theorems and their applications
were also presented. Various methods of solutions, namely, the inverse method,
the semi-inverse method, the method of potentials, and variational methods
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are discussed. The two-dimensional elasticity problems, plane strain and plane
stress, are formulated, and their solutions by the inverse method and the Airy
stress function method are presented. Analytical solutions of a number of stan-
dard boundary value problems of elasticity using the Airy stress function are dis-
cussed. Torsion of cylindrical members is also presented. The principle of mini-
mum total potential energy and its special case, the Castigliano theorem I, are
discussed. The Ritz method is introduced as a general method of solving prob-
lems formulated as variational problems of finding u such that B(u,v) = L(v)
holds for all v. Lastly, Hamilton’s principle for problems of dynamics is pre-
sented. A number of examples are included throughout the chapter.

Solution of elasticity problems discussed in this chapter requires an under-
standing of the problem from the aspect of suitable boundary conditions; exis-
tence of solution symmetries, if any; and the qualitative nature of the solution.
Only then one may choose a solution method that suits its solution strategy. An
insight into the problem is necessary for the use of the semi-inverse method. If
one makes assumptions on the basis of a qualitative understanding of the prob-
lem and solves the boundary value problem, then the assumptions are likely to
be correct. If not, the assumptions need to be modified. Also, most real-world
problems do not admit exact or analytical solutions, and approximate solutions
are the only alternative. The theoretical formulation of a problem based on
the principles of mechanics is a necessary first and most important step even
when one considers its solution by a numerical method. Therefore, a course on
continuum mechanics or elasticity helps in correctly formulating the governing
equations of boundary value problems of mechanics.

Problems
STRAINS, STRESSES, AND STRAIN ENERGY
7.1 Define the deviatoric components of stress and strain as follows:
Sij = 045 — %Ukkéij, €ij = E€ij — %ékk&j-

Determine the constitutive relation between s;; and e;; for an isotropic material.
7.2 For each of the displacement fields given below, sketch the displaced positions in the
x1r2-plane of the points initially on the sides of the square shown in Fig. P7.2.

(a) u=%(m2é1+m1é2). (b) u:%(—m2é1+m1é2). (C) u=ar é-.

Xy

0,1) (1,1)

0,0) oo x,

Fig. P7.2
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7.3

7.4

7.5

7.6

7.7
7.8

7.9

7.10

7.11

7.12

7.13

For each of the displacement fields in Problem 7.2, determine the components of (a) the
Green—Lagrange strain tensor E, (b) the infinitesimal strain tensor €, (c) the infinitesimal
rotation tensor €2, and (d) the infinitesimal rotation vector w (see Sections 3.4 and 3.5
for the definitions).
Similar to Cauchy’s formula for a stress tensor, one can think of a similar formula for
the strain tensor,

e, =€ -1,
where &, represents the strain vector in the direction of the unit normal vector, n. Deter-
mine the longitudinal strain corresponding to the displacement field u = % (z2 €1 + x1 €2)
in the direction of the vector €; + é-.

For the displacement vector given in the cylindrical coordinate system
u=Aré, + Brzéyg + Csinfe,,

where A, B, and C are constants, determine the infinitesimal strain components in the
cylindrical coordinate system.

The displacement vector at a point referred to the basis (&1, €2, €3) is u = 2é1+2é2—4és3.
Determine #; with respect to the basis (&1, e2,€3), where &; = (2&; + 2&2 + &3)/3 and
& = (61 —&2)/V2.

Express Navier’s equations of elasticity (7.2.17) in the cylindrical coordinate system.
An isotropic body (E = 210 GPa and v = 0.3) with two-dimensional state of stress
experiences the following displacement field (in mm):

2 3 3 3
up = 3r] — xixe + 215, U2 = x] + 2x1T2,

where x; are in meters. Determine the stresses and rotation of the body at point
(z1,2z2) = (0.05,0.02) m.

A two-dimensional state of stress exists in a body with the following components of
stress:

_ 3 2 _ 3 _ 2 2
011 = C1T3 + C2T1XT2 — €C3X1, 022 = C4Ty — C5, 012 = CT1T3 + C7T1T2 — Cs,

where ¢; are constants. Assuming that the body forces are zero, determine the conditions
on the constants so that the stress field is in equilibrium and satisfies the compatibility
equations.

Express the strain energy for a linear isotropic body in terms of the (a) strain components
and (b) stress components.

A rigid uniform member ABC of length L, pinned at A and supported by linear elastic
springs, each of stiffness k, at B and C, is shown in Fig. P7.11. Find the total strain
energy of the system when the point C is displaced vertically down by the amount uc.

Rigid bar
A B3 cEk
© )
L [ L |

f B T 2 1

Fig. P7.11

Repeat Problem 7.11 when the springs are nonlinearly elastic, with the force deflection
relationship, F' = ku?, where k is a constant.

Consider the equations of motion of 2-D elasticity (in the z- and z-coordinates) in the
absence of body forces:

OO0 2z + 00zy uy
or oy ae
005y n Ooyy 082uy

ar oy o
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For a beam of uniform height A and width b, integrate the preceding equations with
respect to y from —h/2 to h/2, and express the results in terms of the stress resultants
N and V defined in Eq. (7.3.28). Use the following boundary conditions:

Ouy (€, h/2) = owy(z, =h/2) = f(2) /b, 0wy(2,h/2) + 0uy(x, —h/2) =0,

oyy(x, —h/2) =0, boyy(z,h/2) =q
Next, multiply the first equation of motion with y and integrate it with respect to y
from —h/2 to h/2, and express the results in terms of the stress resultants M and V
defined in Eq. (7.3.28).
7.14 For the plane elasticity problems shown in Figs. P7.14(a)-(d), write the boundary
conditions and classify them into type I, type II, or type III.

Spherical
Core, U, 4
(@ (b)
Spherical
shell, Mo, Ay
X
Rigid core
i
© @ .
Hollow
cylindrical
shaft u, A
N4
7] X1
o a
Fig. P7.14

CLAPEYRON’S, BETTI’S, AND MAXWELL’S THEOREMS

7.15 Consider a cantilever beam of length L, constant bending stiffness EI, and with right
end (z = L) fixed, as shown in Fig. P7.15. If the left end (z = 0) is subjected to a
moment Mo, use Clapeyron’s theorem to determine the rotation (in the direction of the
moment) at = 0.

y,v
L L ¥, v F,
M, ( L
S .
0, = —(dv / dx),_, , * I /
<4
Fig. P7.15 Fig. P7.16

7.16 Consider a cantilever beam of length L, constant bending stiffness EI, and with the
right end fixed, as shown in Fig. P7.16. If a point load Fp is applied at a distance a
from the free end, determine the deflection v(a) using Clapeyron’s theorem.
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7.17 Determine the deflection at the midspan of a cantilever beam subjected to a uniformly
distributed load ¢o throughout the span and a point load Fy at the free end, as shown
in Fig. P7.17. Use Maxwell’s theorem and superposition.

YU
By % |—o5L— o F,
L
. T S -
X A ]

L % r"—>xL |

EI = constant f
Fig. P7.17 Fig. P7.18

7.18 Consider a simply supported beam of length L subjected to a concentrated load Fy at
the midspan and a bending moment My at the left end, as shown in Fig. P7.18. Verify
that Betti’s theorem holds.

7.19 Use the reciprocity theorem to determine the deflection v. = v(0) at the center of a
simply supported circular plate under asymmetric loading (see Fig. P7.19):

r
q(r,0) =qo + q1 cos 0.
The deflection v(r) due to a point load Fy at the center of a simply supported circular

plate is
_ Foa? 3+v r? 2 r
(") = 152D [<1+y> (1 - ?) +2 (E) log (5)} ’

where D = Eh®/[12(1 — v?)] and h is the plate thickness.

q(r,0) = qo+ q1% cosé

¥, u(r)

simply supported A

Fig. P7.19

7.20 Use the reciprocity theorem to determine the center deflection v. = v(0) of a simply
supported circular plate under loading ¢(r) = qo(1 — 7/a).

7.21 Use the reciprocity theorem to determine the center deflection v. = v(0) of a clamped
circular plate under loading ¢(r) = go(1 — r/a). The deflection due to a point load Fo
at the center of a clamped circular plate is given in Eq. (7.4.21).

7.22 Determine the center deflection v. = v(0) of a clamped circular plate subjected to a
point load Fy at a distance b from the center (and for some 6) using the reciprocity
theorem.

7.23 Rewrite Eq. (7.3.10) in a form suitable for direct integration and obtain the solution
given in Eq. (7.3.13). Hint: Note that 42 + 2U = -L 4 (R?U).

SOLUTION OF ELASTICITY PROBLEMS

7.24 Verify that the compatibility equation (3.7.4) takes the form

€aa,B8 — Eapap =0 (avﬁ = 172)7 (1)
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7.25

7.26

7.27

7.28

7.29

7.30

LINEARIZED ELASTICITY

or, in terms of stress components for the plane stress case,
Vi0aa = —(14 V) fa,a- (2)
Rewrite Eq. (7.5.17) in a form suitable for direct integration and obtain the solution

given in Eq. (7.5.21). Hint: Note that 1 4% — O = 4 ()

dr r dr \'r

Show that the solution to the differential equation for G(r) in Eq. (6) is indeed given
by the first equation in Eq. (7) of Example 7.5.7. Hint: Note that (verify to yourself)

PG G 1 (0G) g (]
a2 T rdr rdr\ dr)’ ramrar= "Ta)
Show that the solution to the differential equation for F(r) in Eq. (6) is indeed given

by the second equation in Eq. (7) of Example 7.5.7. Hint: Note that (verify to yourself)
2
d°F 1dF 4F_id(3dF 27‘2F>.

dr? r dr 72 r3 dr

dr

The only nonzero stress in a prismatic bar of length L, made of an isotropic material
(E and v), is 011 = —Mox3/I, where My is the bending moment and I is the moment
inertia about the we-axis, respectively. Determine the three-dimensional displacement
field. Eliminate the rigid-body translations and rotations requiring that u = 0 and
Q2 =0atx=0.

A solid circular cylindrical body of radius a and height h is placed between two rigid
plates, as shown in Fig. P7.29. The plate at B is held stationary and the plate at A is
subjected to a downward displacement of 4. Using a suitable coordinate system, write
the boundary conditions for the two cases: (a) When the cylindrical object is bonded
to the plates at A and B. (b) When the plates at A and B are frictionless.

| z
Rigid plat
igid plate G0 -
A

/ Lateral surface

n Cylinder

B
Rigid plate
W/ r

Fig. P7.29

The lateral surface of a homogeneous, isotropic, solid circular cylinder of radius a, length
L, and mass density p is bonded to a rigid surface. Assuming that the ends of the cylinder
at z = 0 and z = L are traction-free (see Fig. P7.30), determine the displacement and
stress fields in the cylinder due to its own weight.

z

V Y =%

f=-pge,

 h
~

> 7

Fig. P7.30
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7.31

7.32

7.33

An external hydrostatic pressure of magnitude p is applied to the surface of a spherical
body of radius b with a concentric rigid spherical inclusion of radius a, as shown in
Fig. P7.31. Determine the displacement and stress fields in the spherical body. Using
the stress field obtained, determine the stresses at the surface of a rigid inclusion in an
infinite elastic medium.

l p l p

Rigid spherical core 0
‘ Spherical core (4, 4)

<) | -

Spherical shell (4, A) Spherical shell (4, )

Fig. P7.31 Fig. P7.32

Consider the concentric spheres shown in Fig. P7.32. Suppose that the core is elastic and
the outer shell is subjected to external pressure p (both are linearly elastic). Assuming
Lamé constants of u1 and A; for the core and p2 and A2 for the outer shell, and that
the interface is perfectly bonded at r = a, determine the displacements of the core as
well as for the shell.

Consider a long hollow circular shaft with a rigid internal core (a cross section of the
shaft is shown in Fig. P7.33). Assuming that the inner surface of the shaft at r = a
is perfectly bonded to the rigid core and the outer boundary at r = b is subjected to a
uniform shearing traction of magnitude 79, find the displacement and stress fields in the
problem.

Rigid core

Long hollow
cylindrical

Shaft (1#,4)

S

Fig. P7.33

AIRY STRESS F'UNCTION

7.34 For the plane stress field

Ove = cxy, 02y =0.5¢(h” —y?), 04y =0,

where ¢ and h are constants, (a) show that it is in equilibrium under a zero body force,
and (b) find an Airy stress function ®(z,y) corresponding to it.

7.35 In cylindrical coordinates, we assume that the body force vector f is derivable from the

scalar potential Vy(r,0):

% 10Vy

f=-VV; <fr=— ar fez—;m>, 1)
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7.36

7.37

7.38

7.39

7.40

7.41
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and define the Airy stress function ®(r,6) such that

oo L oP L1 1 9% LV
T or | r2 902 £
a2<1>
o0 = 55 + Vi, (2)

Show that this choice trivially satisfies the equations of equilibrium

Oorr 100, 1
7 - 00+;(0rr_0—99)+fT:O7

(97' T 89 (3)
Oogr _i_}adea 20,4 +fo=0.
or r 00 r

The tensor form of the compatibility condition in Eq. (7.5.33) is invariant.
Interpret the stress field obtained with the Airy stress function in Eq. (7.5.42) when all
constants except c3 are zero. Use the domain shown in Fig. 7.5.6 to sketch the stress
field.
Interpret the following stress field obtained in Example 7.5.5 using the domain shown
in Fig. 7.5.6:

Oze = 6C102Y, Oyy =0, 0zy= —3010y2.
Assume that cio is a positive constant.
Compute the stress field associated with the Airy stress function

P(z,y) = Az® + Ba'y + C2*y® + Da*y® + Exy® + Fy.

Interpret the stress field for the case in which constants A, B, and C are zero. Use the
rectangular domain shown in Fig. P7.38 to sketch the stress field on its boundaries.

y y q, (force per unit area)
—’|h|<— N
b b
26 X

x b

b a

f L |
Fig. P7.38 Fig. P7.39

Determine the Airy stress function for the stress field of the beam shown in Fig. P7.39
and evaluate the stress field.
Investigate what problem is solved by the Airy stress function

_3A Ty B ,
‘I’—E@/ 3bz)+@

where A and B are constants. Use the domain in Fig. P7.38 to sketch the stress field.
Show that the Airy stress function

1 .
D(z,y) = 8qb03 {xz (y3 — 3b2y + 2b3) - ggf (y2 - 2b2)

satisfies the compatibility condition. Determine the stress field and find what problem
it corresponds to when applied to the region —b <y < b and z =0, L (see Fig. P7.38).



PROBLEMS 349

7.42

7.43

7.44

7.45

The thin cantilever beam shown in Fig. P7.42 is subjected to a uniform shearing traction
of magnitude 7 along its upper surface. Determine if the Airy stress function
To ( zy?  zy®  ay? ay3)

‘I)(ZC, y) = 4

satisfies the compatibility condition and stress boundary conditions of the problem.

X

qOL

: ! y/v/r’J
e . .. ke ! N\

Fig. P7.42 Fig. P7.43

Consider the problem of a cantilever beam carrying a uniformly varying distributed
transverse load, as shown in Fig. P7.43. The following Airy stress function is suggested
(explain the terms to yourself):

O(z,y) = Azy + Bz® + Cz®y + Dzy® + Ex®y® + FayP.

Determine each of the constants and find the stress field.

The curved beam shown in Fig. P7.44 is curved along a circular arc. The beam is
fixed at the upper end and it is subjected at the lower end to a distribution of tractions
statically equivalent to a force per unit thickness P = —Pé;. Assume that the beam is
in a state of plane strain/stress. Show that an Airy stress function of the form

O(r) = (Ar3 + ? + Crlogr) sin ¢

provides an approximate solution to this problem and solve for the values of the constants
A, B, and C.

Fig. P7.44

Determine the stress field in a semi-infinite plate due to a normal load, fo force/unit
length, acting on its edge, as shown in Fig. P7.45. Use the following Airy stress function
(that satisfies the compatibility condition V*® = 0):

®(r,0) = A0 + Br’0 + Crlsin6 + Dr cos,

where A, B, C, and D are constants [see Eq. (7.5.40) for the definition of stress compo-
nents in terms of the Airy stress function ®]. Neglect the body forces (i.e., Vy = 0). Hint:
Stresses must be single-valued. Determine the constants using the boundary conditions
of the problem.
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Fig. P7.45

TORSION OF CYLINDRICAL MEMBERS

7.46

7.47

7.48

Show that the resultant forces in the three coordinate directions on the end surface (i.e.,
z = L face) are zero. Also show that the resultant moments about the z- and y-axes on
the end surface are also zero.

Use the warping function ¢ (z,y) = kzy, where k is a constant, to determine the cross
section for which it is the solution. Determine the value of k£ in terms of the geometric
parameters of the cross section and evaluate stresses in terms of these parameters and
-

Consider a cylindrical member with the equilateral triangular cross section shown in
Fig. P7.48. Show that the exact solution for the problem can be obtained and that the
twist per unit length 6 and stresses 0. and oy. are given by

g _ BV3T o

_mo
= Srpat O g @@ 0y =

%(952 + 2az — y?).

Hint: First write the equations for the three sides of the triangle (that is, y = mz + ¢,
where m denotes the slope and ¢ denotes the intercept), with the coordinate system
shown in the figure, and then take the product of the three equations to construct the
stress function. Also note that

a z+2a
/F(m,y)dzdy:/ v F(z,y)dydz.
Q —2a zt2a
V3
% y y

3a s

Side 1

Side 3

>
A\
e

Fig. P7.48 Fig. P7.49

7.49 Consider torsion of a cylindrical member with the rectangular cross section shown in

Fig. P7.46. Determine if a function of the form

1‘2 y2
v=a(%-1) (1),
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7.50

where A is a constant, can be used as a Prandtl stress function.
From Example 7.5.8, we know that for circular cylindrical members we have ¥» = 0. Use
the cylindrical coordinate system to show that 0., = 0 and 0.4 = T'r/J, where J is the

polar moment of inertia.

ENERGY AND VARIATIONAL METHODS

7.51

7.52

7.53

7.54

7.55

7.56

7.57

Timoshenko beam theory. Consider the displacement field

ul(mvy) = y(ﬁ(:ﬁ), UQ(:]Z,y) = v(m)v us =0, (1)

where v(z) is the transverse deflection and ¢ is the rotation about the z-axis. Follow the
developments of Section 7.3.4 and Example 7.6.1 (see Fig. 7.6.1) to develop the total
potential energy functional

L 2 2
I(u,w,$) = %/0 |:E'I (%) + GA <Z—Z + (;3) — qv] dx — Fov(L) — Mog(L),

where ET is the bending stiffness and GA is the shear stiffness (E and G are Young’s
modulus and shear modulus, respectively, A is the cross-sectional area, and [ is the mo-
ment of inertia). Then derive the Euler equations and the natural boundary conditions
of the Timoshenko beam theory.

Identify the bilinear and linear forms associated with the quadratic functional of the
Timoshenko beam theory in Problem 7.51.

The total potential energy functional for a membrane stretched over domain Q € 2 is

given by , ,
T ou ou
n(u):/ﬂ{2 <7ax1) + <7am2) } —fu}dx,

where u = u(z1,z2) denotes the transverse deflection of the membrane, T' is the ten-
sion in the membrane, and f = f(x1,x2) is the transversely distributed load on the
membrane. Determine the governing differential equation and the permissible bound-
ary conditions for the problem (that is, identify the essential and natural boundary
conditions of the problem) using the principle of minimum total potential energy.

Use the results of Example 7.6.2 to obtain the deflection at the center of a clamped-
clamped beam (length 2L and EI = constant) under uniform load of intensity go and
supported at the center by a linear elastic spring (k).

Use the results of Example 7.6.2 to obtain the deflection v(L) and slopes (—dv/dx)(L)
and (—dv/dz)(2L) under a point load Fy for the beam shown in Fig. P7.55. It is
sufficient to set up the three equations for the three unknowns.

v B »v Fo
T L L L
’
Z—x x Z
| 2L | i oL I
Fig. P7.55 Fig. P7.56

Use the results of Example 7.6.2 to obtain the deflection v(2L) and slopes at = L and
x = 2L for the beam shown in Fig. P7.56. It is sufficient to set up the three equations
for the three unknowns.

Consider an arbitrary triangular, plane elastic domain  of thickness h and made of
orthotropic material. Suppose that the body is free of body forces but subjected to
tractions on its sides, as shown in Fig. P7.57. Use Catigliano’s theorem I and derive a
relationship between the point displacements and the corresponding forces at the vertices
of the triangle.
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Xg, Ug

> X1, Uy

(@ (b)

Fig. P7.57

7.58 Find a two-parameter Ritz approximation of the transverse deflection of a simply sup-
ported beam (constant ET) on an elastic foundation (modulus k) that is subjected to a
uniformly distributed load, go. Use (a) algebraic and (b) trigonometric polynomials.

7.59 Establish the total potential energy functional in Eq. (2) of Example 7.6.6.

7.60 Determine a one-parameter Ritz approximation Ui(x) of u(x), which is governed by
the equation (like the equation governing the Prandtl stress function over square cross
section of 2 units)

_ (82u 0%u

o) + 8?/2) = fo in a unit square,
subjected to the boundary conditions
ou ou
u(l,y) =u(x,1) =0, —’ = — =
(Ly) = ulz. 1) Oxloy  Oyl@o)

Take the origin of the coordinate system at the lower left corner of the unit square.

HAMILTON’S PRINCIPLE

7.61 Find Beltrami—Michell equations for dynamic elasticity.
7.62 Extend Clapeyron’s Theorem to the dynamic case by starting with the expression

/OT(U—K)dx,

where K is the kinetic energy.

7.63 Consider a pendulum of mass m; with a flexible suspension, as shown in Fig. P7.63. The
hinge of the pendulum is in a block of mass ms2, which can move up and down between
the frictionless guides. The block is connected by a linear spring (of spring constant k)
to an immovable support. The coordinate x is measured from the position of the block
in which the system remains stationary. Derive the Euler-Lagrange equations of motion
for the system.

Unstretched length
of the spring 3

b
3

Fig. P7.63
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7.64

7.65

7.66

7.67

7.68

7.69

A chain of total length L and mass m per unit length slides down from the edge of a
smooth table. Assuming that the chain is rigid, find the equation of motion governing
the chain (see Example 5.3.3).

Consider a cantilever beam supporting a lumped mass M at its end (J is the mass
moment of inertia), as shown in Fig. P7.65. Derive the equations of motion and natural
boundary conditions for the problem using the Euler—Bernoulli beam theory.

X, = unstretched
length

Fig. P7.65 Fig. P7.66

Derive the equations of motion of the system shown in Fig. P7.66. Assume that the
mass moment of inertia of the link about its mass center is J = m?, where  is the
radius of gyration.

Derive the equations of motion of the Timoshenko beam theory, starting with the dis-
placement field (including the axial displacement, u):

ui(z,y,t) = u(z, t) + yo(z, t), us =v(z,t), uz=0.

Assume that the beam is subjected to distributed axial load f(z,t) and transverse load
q(z,t), and that the z-axis coincides with the geometric centroid.

Derive the equations of motion of the third-order Reddy beam theory based on the dis-
placement field

ui(z,y,t) = u(w,t) + yo(z,t) — cly3 (¢ + %)
“2($7y,t) = ’U(:C,t), uz = 0,

where ¢ = 4/(3h?). Assume that the beam is subjected to distributed axial load f(z,t)
and transverse load ¢(z,t), and that the z-axis coincides with the geometric centroid.

(1)

Consider a uniform cross-sectional bar of length L, with the left end fixed and the right
end connected to a rigid support via a linear elastic spring (with spring constant k), as
shown in Fig. P7.69. Determine the first two natural axial frequencies of the bar using
the Ritz method. Hint: The kinetic energy K and the strain energy U associated with
the axial motion of the member are given by

L 2 L 2
pA [ Ou EA (0Ou k 2
K= — =) d = — | =) d —[u(L,t)]". 1
/0 5 (&) x, U /O 5 |3, ) dot (L) (1)
Use Hamilton’s principle to obtain the variational equation, and for periodic motion
assume

u(z, t) = uo(x)e™’, i=+v—1, (2)

where w is the frequency of natural vibration, and wuo(z) is the amplitude, to reduce the
variational statement to

L
0= / (pAwQuoduo - EA@ doug
0

- ) dx — kuo(L)duo(L). (3)
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E A &
jfe——————————— L
—x Deformable bar
Fig. P7.69
7.70 Consider the equation
~Vu=Mu, nQ, u=0 onT, (1)

where € is the triangular domain shown in Fig. P7.48 and I is its boundary. Equation
(1) describes a nondimensional form of the equation governing the natural vibration of
a triangular membrane of side a; mass density p; and tension T (A = pa2w2/T, w being
the natural frequency of vibration). Determine the fundamental frequency (that is,
determine \) of vibration by using a one-parameter Ritz approximation of the problem.
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FLUID MECHANICS AND
HEAT TRANSFER

It is not uncommon for engineers to accept the reality of phenomena that are not yet under-

stood, as it is very common for physicists to disbelieve the reality of phenomena that seem to

contradict contemporary beliefs of physics. —— Henry H. Bauer (1931-)

8.1 Governing Equations
8.1.1 Preliminary Comments

Matter exists, in a majority of cases, only in two states: solid and fluid.! The
difference between the two is that a solid can resist shear force in static defor-
mation whereas a fluid cannot. Shear force acting on a fluid causes it to deform
continuously. Thus, a fluid at rest can take only hydrostatic pressure and no
shear stress. Therefore, the stress vector at a point in a fluid at rest can be
expressed as

t"W=h.0c=—ph or o =—pl, (8.1.1)

where 1 is the unit vector normal to the surface and p is called the hydrostatic
pressure. It is clear from Eq. (8.1.1) that hydrostatic pressure is equal to the
negative of the mean stress
1 -
P = —50i = —0. (8.1.2)
3
In general, for a compressible fluid, p is related to temperature 6 and density
p by an equation of the form

F(p,p,0) =0. (8.1.3)

This equation is called the equation of state. Recall from Section 6.5.3 that the
hydrostatic pressure p is not equal, in general, to the thermodynamic pressure
p appearing in the constitutive equation of a fluid in motion [see Eq. (6.5.1)]:

oc=FD)—-pl=7—pl, (8.1.4)

where 7 is the viscous stress tensor, which is a function of the motion, namely,
the rate of deformation tensor D; 7 vanishes when a fluid is at rest.

In mathematical representation of matter, we may even entertain states such as “fluid-like”
or “solid-like” materials, which we do not deal with here.

355
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Fluid mechanics is a branch of mechanics that deals with the effects of fluids
at rest (statics) or in motion (dynamics) on surfaces where they come in contact.
Fluids do not have the so-called natural state to which they return on removal of
forces causing deformation. Therefore, we use a spatial (or Eulerian) description
to write the governing equations. Pertinent equations are summarized next for
an isotropic, Newtonian fluid. Heat transfer is a branch of engineering that deals
with the transfer of thermal energy within a medium or from one medium to
another due to a temperature difference. In this chapter, we study some typical
problems of fluid mechanics and heat transfer.

8.1.2 Summary of Equations

The basic equations of viscous fluids are listed here. The number of equations,
Neg, and the number of new dependent variables, Ny, for three-dimensional
problems are listed in parentheses. The stress tensor is assumed to be symmetric.
All variables used here are the same as those introduced in the previous chapters,
except that we shall use T in place of € for the absolute temperature (because
6 is used as a coordinate in the cylindrical and spherical coordinate systems).

Continuity equation (Neq = 1, Nyar = 4)

dp . Dp = Ov
— +d =0, — =0 8.1.5
5 TAv(ev) =0 o & (8.1.5)
Equations of motion (Neq = 3, Nyar = 6)
ov 0oi; Du;
: f— (* ' ); L+ pfi = p= 8.1.6
Veot+pf=p(5 +v Vv 8$j+pfz P Dy (8.1.6)
Energy equation (Neq = 1, Nyar = 4)
De De dq¢;
Poy = D -V .q+prp; P = 0ijDij — 8702 + pryp, (8.1.7)
Constitutive equation (Neq = 6, Nyar = T7)
o =2uD + )\(tl‘ D)I —pI; o5 = 2pD;; + )\Dkkdij — p(sij (8.1.8)
Heat conduction equation (Neq = 3, Nyar = 1)
oT
= —kVT,; ;= —k . 8.1.9
q PG oz, (8.1.9)
Kinetic equation of state (Neq = 1, Nyar = 0)
p=pp,T) (8.1.10)

Caloric equation of state (Neq = 1, Nyar = 0)

e=c¢e(p,T) (8.1.11)
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Rate of deformation-velocity equations (Neq = 6, Nyar = 0)

_ 1 T7. o 1 (%Z- 8’1)]‘
D=3 [Vv+(Vv)']; Dy= 3 (axj + 8:51-) (8.1.12)
Material time derivative
D 0 D 0 0

Dt ot ! ox;

Thus, there are 22 equations and 22 variables.

8.2 Fluid Mechanics Problems
8.2.1 Governing Equations of Viscous Fluids

Here we summarize the governing equations of fluid flows for the isothermal case.
As in elasticity, the number of equations of fluid flow can be combined to obtain
a smaller number of equations in as many unknowns. For instance, Egs. (8.1.5),
(8.1.6), (8.1.8), and (8.1.12) can be combined to yield the following equations:

% dp  Opvi)
ot YV TWYEE gy = 21
)
pVv + (p+ AV (V- v) —Vp+pf:p<a%’+v,vv>;
SR (TSN ..._@_’_ fi = (%4_ %) (82.2)
K 54 1% Vj i oz, pfi=p 5 vj 8xj ‘

Equations in (8.2.1) and (8.2.2) are known as the Navier-Stokes equations.

Equations (8.2.1) and (8.2.2) together contain four equations in five un-
knowns (vi,v2,vs,p,p). For compressible fluids, Eqs. (8.2.1) and (8.2.2) are
appended with Eqs. (8.1.7) and (8.1.9)—(8.1.11). For the isothermal case, Egs.
(8.2.1) and (8.2.2) are appended with Eq. (8.1.10), where p = p(p).

For incompressible fluids, p is a known function of position, and thus we have
four equations in four unknowns,

(%Z-

V. .v=0; =0 8.2.3
v Y axl Y ( )

v

ot
Op ov; ov;

sy = G 0= o (G ).

i

quv—Vp+pf:p< +V-Vv>;

(8.2.4)

The expanded forms of these four equations in rectangular Cartesian and orthog-
onal curvilinear (i.e., cylindrical and spherical) coordinate systems are presented
next.

Cartesian coordinate system (z,y, 2); v1 = vz, V2 = vy, and v3 = v;:

Ovg N % n Ov,
ox oy 0z

=0 (8.2.5)
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v, v, vy, —@—I-f— (%m—l—v%—l-v%-l-v%
F\ 022 "0y T 922 ) T TP TP ar T ar Ty T %02 )0

82vy 8211y 82vy dp vy vy vy vy
M(axg + 8y2 + 022 > _&g+pfy_p<+vmx+vyy+vzz) )

v, 0%v, 0O3v, Op ov, ov, ov, ov,
M<8az2 Tor o) o T e T e Ty T )
(8.2.8)
Cylindrical coordinate system (7,0, z); v1 = v, v2 = vg, and v3 = v,

19(rvr) n 1 9vy n v,
r or r 00 0z

0 (10 1 (0%, Ovg 9%v, Op
M[&)r (artrm) o (G ~2% ) + 52 ] “or TP

2
_, (&ur L v v f 3”z> (8.2.10)

=0 (8.2.9)

ot " or T a0 T T

o (10 1 (0% ov, 9%y Op
“[ar <rar(m‘))>+r2<ae2 +239)+ 522 | g TP
B Ovg Ovg  vgOvg vy Ovg
_p(at+vra7“+T8(9+ . Uzaz> (8211)

]' 4 1 22 22
u[ a(r‘%>+ o +a”]—ap+pfz

ror \ or r2 9002 ' 922 0z

:p(avz+ v vy dv. 3”2) (8.2.12)

at " ar T e T as

Spherical coordinate system (R, ¢,0); vi = Vg, v2 = v4, and vz = vy

vr  Ovug 1 O(vgsing) 1 Oy

2— —_— = 2.1
R T or T Rsme 00 Rsing 90 ° (8.2.13)
1 9?2 9 1 0 . Oug 1 d%vp Op
M rzare R+ mgi s o (SM 90 ) t Ran?s 002 | oR TP
Ovg Ovr vy OUR vg Ovp Ugs + v(?
= —_— —_— 4 = — 2.14
P17t YRR T R 96 " Rsino 00 ( R (8.2.14)
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1L 0 [ 500, 1o/ 1 0 , 1 9%,
"\ R2oR (R 6R) TR 94 <sm¢a¢(”‘f’ Sln¢)> T Rsin g 06

(B B )

a 1;286; (Rﬁ%) * 1;286; (sullqsaagb(v‘) Smd’)> R sin%%;;
R2521n¢(avR wa%) Rs}n¢g§+pf9

(G M)

In general, finding exact solutions of the Navier—Stokes equations is an im-
possible task. The principal reason is the nonlinearity of the equations, and
consequently, the principle of superposition is not valid. In the following sec-
tions, we shall find exact solutions of Egs. (8.2.3) and (8.2.4) for certain flow
problems for which the convective terms (i.e., v - Vv) vanish and problems be-
come linear. Of course, even for linear problems, flow geometry must be simple
to be able to determine the exact solution. The books by Bird, et al. (1960)
and Schlichting (1979) contain a number of such problems, and we discuss a few
of them here. Like in linearized elasticity, often the semi-inverse method is used
to obtain the solutions.

For several classes of flows with constant density and viscosity, the differential
equations are expressed in terms of a potential function, called stream function,
1. For two-dimensional planar problems (where v, = 0 and data as well as the
solution do not depend on z), the stream function is defined by
o _ oy
3y vy =g
This definition of 1) automatically satisfies the continuity equation (8.2.5):

Vp = —

(8.2.17)

vy %__821/1 n 02 B
Ox dy  Oxdy Oxdy
Next, we determine the equation governing the stream function . Recall

the definition of the vorticity w = %V x v. In two dimensions, the only nonzero
component of the vorticity vector is ¢ (w = w, €,)

1 Ovy  Ovy

Substituting the definition (8.2.17) into Eq. (8.2.18), we obtain

. 0% | 9%
W= w,é, = <8$2 +3 2) fv% é.. (8.2.19)
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Next, recall the vorticity equation (see Problems 5.17 and 6.26):

0

a—vtv +(v-V)w=(w-V)v+1Viw, v= . (8.2.20)
)

For two-dimensional flows the vorticity vector w is perpendicular to the plane

of the flow and, therefore, (w - V)v is zero. Then

%Vtv v Vw = vViw. (8.2.21)
Substituting Eq. (8.2.19) into the vorticity equation (8.2.21), we obtain
ov?
6tw + (v - V) (V) = vV (8.2.22)

In the rectangular Cartesian coordinate system, Eq. (8.2.22) has the form

2 2 2
avw+< OV 9y OV ¢>:Vv4¢,

— 2.2
ot oy Ox ox 0Oy (62205,

In the cylindrical coordinate system, the stream function v is related to the
velocities

10y o

Uy = —;%7 Vg = E y (8224)
and the governing equation (8.2.23) takes the form
OV* 1 [ oV IV 4
o T r (‘ae o " or a0 ) =V, (8:2.25)

where V? is given in Table 2.4.2 for the cylindrical coordinate system.
In the spherical coordinate system, the stream function v is defined by

1 oy 1 o
" RZsing0¢’ ° " RsingoR (B2,
and Eq. (8.2.23) has the form
oV 1 [ paViy 9y aviy
ot R?sing \ 0¢ OR ~ OR 0¢

VR =

) = vV, (8.2.27)

~ 0? sin¢g 0 1 0
2 v 2
V= OR2 * R?2 0¢ <sin¢ 8¢> )

8.2.2 Inviscid Fluid Statics

For incompressible inviscid fluids (i.e., fluids with zero viscosity), the constitutive
equation for stress is [see Eq. (6.5.16)]

o =—pl (oij = —pdij),

where p is the hydrostatic pressure, the equations of motion (8.1.6) reduce to

Dv
- f=p—. 2.2
Vp+pf=pp (8.2.28)
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The body force in hydrostatics problem often represents the gravitational

force, pf = —pg é3, where the positive x3-axis is taken positive upward. Conse-
quently, the equations of motion reduce to
dp dp dp
—— = pa , —/— = Qa , —/— = —|— as, 8229
Duy =PI T, = P02 g, = P9t pa ( )

where a; = ¥; is the ith component of acceleration.
For steady flows with constant velocity field, the equations in (8.2.29) sim-
plify to
op Ip op
—L 0, L =0, L =g
ox1 0xo Ox3
The first two equations in (8.2.30) imply that p = p(z3). Integrating the third
equation with respect to x3, we obtain

(8.2.30)

p(w3) = —pgx3 + c1,

where ¢; is the constant of integration, which can be evaluated using the pressure
boundary condition at x3 = H, where H is the height of the column of liquid; see
Fig. 8.2.1(a). On the free surface we have p = pg, where pg is the atmospheric
pressure. Then the constant of integration is ¢; = py + pgH and we have

p(zs) = pg(H — x3) + po. (8.2.31)

For the unsteady case in which the fluid in a rectangular container moves at
a constant acceleration a; in the xi-direction, the equations of motion in Eq.
(8.2.29) become
Ip dp Ip
- —pay, ——2= =0, ——— = 8.2.32
9. =P T =0 Ton, =9 ( )
From the second equation it follows that p = p(x1,x3). Integrating the first
equation with respect to z1, we obtain

p(x1,23) = —parxr + f(x3),

l

X3
oo T T T L S
T
e l %\T !

A A 8 FRRmRmmnssy

T 8 oy Smooth  FEEEZRTasTd
X1

(a) (b)

Fig. 8.2.1: (a) Column of liquid of height H. (b) A container of fluid moving with a constant
acceleration, a = a1€;.
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where f(x3) is a function of x3 alone. Substituting the preceding equation into
the third equation in (8.2.32), and integrating with respect to 3, we arrive at

f(x3) = pgxs + c2, p(x1,23) = —paix1 + pgxs + c2,

where ¢y is a constant of integration. If x3 = 0 is taken on the free surface of
the fluid in the container, then p = py at 1 = 3 = 0, giving co = pg. Thus,

p(x1,23) = po — parx1 + pgrs. (8.2.33)

Equation (8.2.33) suggests that the free surface (which is a plane), where p = py,

is given by the equation ajx; = gx3. The orientation of the plane is given by

the angle 6, as shown in Fig. 8.2.1(b), where
drs

tanf = — =

. .2.34
= (8.2.34)

When the fluid is a perfect gas, the constitutive equation for pressure is the
equation of state
p = pRT, (8.2.35)

where T is the absolute temperature (in degrees Kelvin) and R is the gas constant
(m - N/kg - K). If the perfect gas is at rest at a constant temperature, then we
have

—=—, (8.2.36)

where pg is the density at pressure pg. From the third equation in (8.2.30), we
have

1 d
drs = ——dp = _ b0 o
g pog p
Integrating from x3 = :cg to x3, we obtain
0 Po P x3 — 23
x3—x3=——"In(—| or p=ppexp | — . (8.2.37)
pog  \Po Po/pog

8.2.3 Parallel Flow (Navier—Stokes Equations)

A flow is called parallel if only one velocity component is nonzero (i.e., all fluid
particles moving in the same direction). Suppose that the zi-axis is taken along
the flow direction, and let v = v3 = 0 as well as the body forces fi, fa, and f3
be negligible. Then it follows from Eq. (8.2.3) that

ovy

Tm =0 — V1 = U1 (afg,wg,t). (8.2.38)

Thus, for a parallel flow, we have

v = ’Ul(xg, xr3, t), Vg = V3 = 0. (8239)
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Consequently, the three equations of motion in (8.2.4) simplify to the following
linear differential equations:

Op (821}1 0% ) ovy  Op Op

_op _0n O g 9 2.4
Oz ox3  Ox} Por ow, N Ox3 ! (8:2.40)

The last two equations in (8.2.40) imply that p is only a function of x;. Thus,
given the pressure gradient dp/dz, the first equation in (8.2.40) can be used to
determine v1. Next we consider some specific examples.

Example 8.2.1

Steady flow of viscous incompressible fluid between parallel plates. Consider a steady flow (i.e.,
Ov1 /0t = 0) in a channel with two parallel flat walls (see Fig. 8.2.2). Let the distance between
the two walls be b. Using the alternative notation, x1 = =, x2 = y, and v1 = v, Eq. (8.2.40)
can be reduced to the following boundary value problem:

d?v, dp
=—, 0 b
© a2 dz’ <y<

v:(0) =0, vs(b) =U.

(1)

When U = 0, the flow is known as the Poiseuille flow, and when U # 0, the flow is termed as
the Couette flow. Determine the velocity distributions.

Y U

—_—

S LSS LS SS LSS SIS LS LSS LSS SIS LSS SIS ST

3 b
X

W o o P

B
2

Fig. 8.2.2: Parallel flow through a straight channel.

Solution: The solution to the Couette flow problem described by Eq. (1) is

_yy Yy v
) =4 2Mdmb(1 2): 0<u<b @
- e _ _ N Vr  _ b d
%@ =g+ 51-9), =7, §=5, f:_Q,uUﬁ' 3)

In the case of Poiseuille flow, the solution in Egs. (2) and (3) reduces to

_ b dpy y

Uz()—*ﬂ@g(l*g), O<y<b, (4)
Lldp (B, b b b

vl =2 (5 -o). n=y-5 —E<u<. 6

Figures 8.2.3(a) and 8.2.3(b) show the velocity distributions for the two cases, U = 0 (Poiseuille
flow) and U # 0 (Couette flow).



364 FLUID MECHANICS AND HEAT TRANSFER

1.0 Lo E
I~ 08 N 0.8 é
% 0.6 = 2uv, § O'GE
g 0.4 . (dP /dx) g 0.4 é .
0.2 A 023 _ b dp
0.0 T rrrprrr T rTrTr 0.0 \‘u\Wu\‘uu‘uu‘uzﬁl{wflﬁ
0.0 0.1 0.2 03 -0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
(a) Velocity, U, (b) Velocity, U,

Fig. 8.2.3: Velocity distribution 7. (y) for (a) the Poiseuille flow and (b) the Couette flow.

Example 8.2.2

Steady flow of a viscous incompressible fluid through a circular pipe. The steady flow through
a long, straight, horizontal circular pipe is another problem that admits exact solution to
the Navier—Stokes equations. Use the cylindrical coordinate system with r being the radial
coordinate, and the z-coordinate is taken along the axis of the pipe of radius Ry. Assume
that the velocity components v, and vp in the radial and tangential directions, respectively,
are zero. Determine the (a) velocity v. = v.(r), (b) volume rate of flow, and (c) shear stress
Tr» at the wall.

Solution: (a) The continuity equation (8.2.9) for the axisymmetric flow (i.e., the flow field is
independent of ) implies that the velocity component parallel to the axis of the pipe, v, is
only a function of r. For steady flow, Egs. (8.2.10) and (8.2.11) yield (0p/dr) = (0p/d0) = 0,
implying that p is only a function of z. Equation (8.2.12) simplifies to

wd dv., dp
22 = = 1
r dr (r dr ) dz’ (1)
whose solution is given by
. 1 dp 2
vx(r) = 4,u,dzr + Alogr + B, (2)

where the constants of integration, A and B, are determined using the boundary conditions
(of vanishing shear stress at the center of the pipe and zero velocity at the wall),

ov,.  Ov,
at r=0: rnzzru(aq;—l—aq;):O; and at r=Ro: v.=0. (3)
We find that )
_ _ _Rodp
A=0, B= I dz (4)
and the solution becomes
__ldp o o Ridp () 1*
va(r) = 4 dr (o —r7) = 4p dr ! R/ )

Thus, the velocity over the cross section of the pipe varies as a paraboloid of revolution. The
maximum velocity occurs along the axis of the pipe and it is equal to

(o)~ _Bodp
('Uz)max =V (0) = 4# " (6)

(b) The volume rate of flow through the pipe is

B 27 Ry B TRY 7o
Q = A /0 ’Uz('f‘) T'd’f‘dg = W <—a> . (7)
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(c) The wall shear stress is (the minus sign implies that the direction is opposite to the flow)

. dv. __ Rodp
Tw = M(dr)T_RO_ 2 dz’ )

Example 8.2.3

Unsteady flow of a viscous incompressible fluid through a circular pipe. Consider unsteady flow
of a viscous fluid of constant p and p through a long horizontal circular pipe of length L and
radius Ro. Assume that the fluid is initially at rest. At ¢ = 0 a pressure gradient dp/dz,
assumed to be independent of ¢, is applied to the system. Determine the velocity profile as a
function of time for ¢ > 0.

Solution: Let v;(r,t) = V(r,t). Then Eq. (8.2.12) takes the form

pﬁ‘t T ror

oV u 0 < 8V> dp
_ 7
ar

——, 0 R t>0. 1
o 0<r<Ro, t> (1)
The boundary conditions in Eq. (3) of Example 8.2.2 are still valid for this problem for all
t > 0. The initial condition is

V(r,00=0, 0<7 < Ro. (2)
To solve the problem, we introduce the following dimensionless variables:

— 4pl T o
V="V, =— = —t. 3
OO A TR ©
Then the governing equation in Eq. (1), boundary conditions in Eq. (3) of Example 8.2.2, and
the initial condition in Eq. (3) become, respectively,
ov. 190 oV
o2 (¢20) +4, 0 1 0 4
5y gag(ag)*’ <€<1, 7>0, (4)
B.C.: V(1,7) =0, V(0,7) is finite; LC.: V(£0) =0, (5)

where the condition dV /dé = 0 at & = 0 is replaced with V(0,7) = finite, and they are
equivalent. B B B

Next, we seek the solution V(&,7) as the sum of steady state solution V(&§,7) — Voo (&)
as 7 — oo and transient solution V7 (&, 7) such that

1d [ dVs
BT (5 de ) (©)
ov, 10 (.07,
> =t (S28 ) %

Equation (6) is subjected to the boundary conditions
Voo (1) =0, Vio(0) is finite; (8)
Equation (7) is to be solved with the boundary and initial conditions:
B.C.: V.(1,7) =0, V,(0,7) is finite; L.C.: V;(£,0) = —V. 9)
The solution of Egs. (6) and (8) is

Vaol) = 1 - €. (10)
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The solution to Egs. (7) and (9) can be obtained using the separation of variables technique.
We assume a solution in the form

Vo (€, 1) = X()T(r), (11)

and substitute into Eq. (7) to obtain

Tdr XEdeE rr

dg
Because the left-hand side is a function of 7 alone and the right-hand side is a function of &
alone, it follows that both sides must be equal to a constant, which we choose to designate as
—a? (because the solution must be a decay type in 7 and periodic in £). Thus, we have

1dT_11d(dX) 12)

ar
dr

2

+a’T=0 — T(r)=Ae ™", (13)

and
14
§dg \" dg
where Jo and Yp are the zero-order Bessel functions of the first and second kind, respectively.
The constants A, C1, and Co must be determined such that the initial conditions in Eq. (9) are
satisfied. The condition that V- (0,7) be finite requires X (0) to be finite. Since Y5(0) = —oo,
it follows that C2 = 0. The boundary condition V;(1,7) = 0 requires X (1) = Jo(a)) = 0. The

function Jo(«) is an oscillating function, and thus has the following zeros [i.e., the roots of
Jo(an) = 0]:

) +a’X =0 — X(§) = Cro(ag) + C2Yo(ak), (1

a1 = 2.4048, o2 = 5.5201, a3 =8.6537, a4 =11.7915, a5 = 14.9309, --- . (15)

Thus the total solution can be written as
Vo6, 7) = i Ce™ 07 Jo(ané). (16)
n=1
The constants C,, = AC4,, are determined using the initial condition in Eq. (9). We have
Vi€, 0) = Voo =—(1-¢%) = i CrJo(an). (17)
n=1

The functions Jo () satisfy the following orthogonality condition:

/1 Jo(c€) Jo(a s)wg:{ 0, m#n (18)
O " m /8/”7 m = n7
where (,, is given by
! 2 1 2
Ba = / o(an€)]? €de = £ [Ja(am)]?
¢ (19)

4J1 (Otn)

/0 Jo(an€)(1 — €2)¢ dE =

The above integrals are evaluated using some standard relations for the Bessel functions. Thus,
we obtain

8
Cph=—F7——. 20
a3 Ji(am) (20)
The final expression for the velocity V (£) is
= Jo(an 2,
V(e T) = -8 e Lo (21)

013 J1
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8.2.4 Problems with Negligible Convective Terms

The exact solution of the Navier—Stokes equations is made difficult by the pres-
ence of the convective (nonlinear) terms, v - Vv. When the motion is assumed
to be very slow, the convective terms are very small compared to the viscous
terms 1 V2v and can be neglected, resulting in linear equations of motion. Such
flows are called creeping flows, and the Navier—Stokes equations without the
convective terms are often called the Stokes equations. For creeping flows of
viscous incompressible fluids the governing equations (8.2.1) and (8.2.2) reduce
to

8’[)1'
V. v = = .2.41
ov 9 v, dp
= = v/ f —— = Ly — — B .2.42
Por =HVV—Vptot, p—r=pvij; axiﬂ’f (82.42)

These simplified equations can be solved to determine the flow field in some
cases, which are discussed in Examples 8.2.4 and 8.2.5.

Example 8.2.4

Flow of a viscous incompressible fluid around a sphere. Consider the steady slow flow of a
viscous incompressible fluid around a sphere of radius Ry. The fluid approaches the sphere in
the z direction at a velocity Voo, as shown in Fig. 8.2.4. Neglecting the convective terms in Eq.
(8.2.27), the governing equation (with no dependence on 6, and omitting vy terms) in terms of

the stream function ¥ = (R, ¢) is @41# =0 or

9 singd [ 1 9\
—_ — R,¢) =0. 1
OR? R? 9¢ <sin¢ Bq&)] V(R ¢) 1)
This equation must be solved subjected to the boundary conditions

_ 1 oY _
UR(RO7 ¢) - _Rg sinq5 3<Z5 ARy - 07

1 oy _ (2)
vd’(RO’(b) — RO sinqb R Ay — 07

vR(R,®) = Voo cos¢p and vy = —Voosing at R = oco.

The first two conditions reflect the attachment of the viscous fluid to the surface of the sphere.

&

Fig. 8.2.4: Creeping flow around a sphere.
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The third condition implies that vg = Vo far from the sphere,

v — —%VOORQSin2¢ as R — . (3)
Determine the velocity components vr and ve by solving Eq. (1) for ¥ subject to the boundary

conditions in Egs. (2) and (3).
Solution: The condition in Eq. (3) suggests the following form of the solution:

Y(R,¢) = f(R) sin” . (4)
Substituting Eq. (4) into Eq. (1) gives
d’ 2 d? 2
(dRQ fﬁ) (dRQ fﬁ) f(®) =0, (5)
o d 1 d d 1 d
2 —
ﬁ{ﬁ@[R ﬁ(ﬁﬁw))”—o' (©6)

Successive integrations gives the result

f(R) = % + 2R + csR? + caR. (7)

Satisfaction of the boundary condition in Eq. (3) requires that f(R) can contain terms up to
R? and f(R) = —Vio/2 at infinity, thus giving c4 = 0 and c3 = —Vs /2. The solution is

U(R,0) = f(R) sin® 6 = (S + 2R — Z2R) sin® 6. (®)

The velocity components are [see Eq. (8.2.26)]

_ L W _(y _,a
R T RPsing 0 (V°° 21%3 2R)COS¢’ o)
L oY .
ve = Rsing OR (_Voo_ﬁ—’_ R)Sln¢'

Applying the boundary conditions in Eq. (2) gives ¢1 = —VOORS/ZI and c2 = 3V Ro /4 so that
the velocity distributions are (see Problem 8.15 for the shear stress and pressure distributions)

=30 3 () o

(10)
w=-Va[1-3(F) - 3(F) Tsme

Example 8.2.5

Flow of a viscous incompressible lubricant in a bearing. A slider (or slipper) bearing consists of
a short sliding pad moving at a velocity v, = Uy relative to a stationary pad inclined at a small
angle with respect to the stationary pad, and the small gap between the two pads is filled with
a lubricant, as shown schematically in Fig. 8.2.5. Since the ends of the bearing are generally
open, the pressure there is atmospheric, say p = po. When the upper pad is parallel to the base
plate, the pressure everywhere in the gap will be atmospheric, and the bearing cannot support
any transverse load. If the upper pad is inclined to the base pad, a pressure distribution is set
up in the gap. For large values of Uy, the pressure generated can be of sufficient magnitude to
support heavy loads normal to the base pad.
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When the width of the gap and the angle of inclination are small, one may assume that
vy = 0 and v, = 0 and the pressure is only a function of . Assuming a two-dimensional state
of flow in the xy-plane and a small angle of inclination of the stationary pad, and neglecting the
normal stress gradient (in comparison with the shear stress gradient), the equations governing
the flow of the lubricant between the pads can be reduced to [see Schlichting (1979)]

8%vy dp dp 6uUo H
R 1— —), 0 L, 1
Ko “dz’ dz . B2 ( h STS @)
where b " ohily
2 — Il 172
p— = . 2
h(z) = h1 + 7% H B (2)

Determine the velocity and pressure distributions.

Fig. 8.2.5: Schematic of a slider bearing.

Solution: The solution of Eq. (1), subject to the boundary conditions v5(0,0) = Uy and
vg(x,h) =0 is

h*dpy y
vewn) = (Vo= 330m) (0=5): ®)

5 a-g) -

Oay (T, y) = 1 oy~ do\Y B (5)
Numerical results are obtained using the following parameters:
hi=2ho =8x 107" ft, L=0.36"ft, u=8x10"*1b/ft>, Uy =30 ft. (6)

Table 8.2.1 contains numerical values of the velocity, pressure, and shear stress as a function
of position. Figure 8.2.6 contains plots of the velocity v, at = 0, 0.18, and 0.36 ft, while Fig.
8.2.7 contains plots of pressure and shear stress as a function of x at y = 0.

Table 8.2.1: Comparison of finite element solutions velocities with the analytical solutions
for viscous fluid in a slider bearing.

7 v2(0,y) g v£(0.18, y) g v(0.36, y) ar p(z,0)  —0ay(z,0)
0.0 30.000 0.00 30.000 0.00 30.000 0.01 7.50 59.99
1.0 22.969 0.75 25.156 0.50 29.531 0.03 22.46 59.89
2.0 16.875 1.50 20.625 1.00 28.125 0.05 37.29 59.67
3.0 11.719 2.25 16.406 1.50 25.781 0.07 51.89 59.30
4.0 7.500 3.00 12.500 2.00 22.500 0.09 66.12 58.77
5.0 4.219 3.75 8.906 2.50 18.281 0.27 129.60 38.40
6.0 1.875 4.50 5.625 3.00 13.125 0.29 118.57 32.71
7.0 0.469 (%240 2.656 3.50 7.031 0.31 99.58 25.70
8.0 0.000 6.00 0.000 4.00 0.000 0.33 70.30 17.04

z=10z, g=yx10*, p=px 102
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Fig. 8.2.6: Velocity distributions for the slider bearing problem.

150 T8 TR I I o oy oy Y Y e e e

=
[
ot

=
(=}
(=}

Pressure

Pressure, p x1072
Shear stress, 0y,

(o)
=

Shear stress

[
ot

N

ot
oo e by by by gy
LI L L L I I L ) IO L L

o

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36
Distance, X

Fig. 8.2.7: Pressure and shear stress distributions for the slider bearing problem.

8.2.5 Energy Equation for One-Dimensional Flows

Various forms of the energy equation derived in the preceding sections are valid
for any continuum. For simple, one-dimensional flow problems (i.e., problems
with one stream of fluid particles), the equations derived are too complicated to
be of use. In this section a simple form of the energy equation is derived for use
with one-dimensional fluid flow problems.

The first law of thermodynamics for a system occupying the domain (control
volume) €2 can be written as
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D
= / pe AV = Waet + Hpet, (8.2.43)
Dt Jq

where € is the total energy stored per unit mass, Wyet is the net rate of work
transferred into the system, and Hyet is the net rate of heat transfer into the
system. The total stored energy per unit mass e consists of the internal energy
per unit mass e, the kinetic energy per unit mass v2/2, and the potential energy
per unit mass gz (g is the gravitational acceleration and z is the vertical distance

above a reference value):
2

e=e+ % +gz. (8.2.44)

The rate of work done in the absence of body forces is given by (o0 = 7 — pI)
Whet = Wshaft - ?{pV : ﬁds, (8245)
r

where p is the pressure (normal stress) and Wgpayg is the rate of work done by
the tangential force due to shear stress (e.g., in rotary devices such as fans,
propellers, and turbines).

Using the Reynolds transport theorem (5.2.40) and Eqgs. (8.2.44) and (8.2.45),
we can write (8.2.43) as

0 v? )

/ pe dV + 7{ (e + p + — + gz)pv ‘0 ds = Wanate + Huet- (8.2.46)
ot Jo r p 2

If only one stream of fluid (compressible or incompressible) enters the control
volume, the integral over the control surface in Eq. (8.2.46) can be written as

v? P 2

(e +E2L 0y gz) (PQ)out — (e +—+ =+ gz)_ (PQ)in, (8.2.47)
1% 2 out 1% 2 in

where pQ denotes the mass flow rate. Finally, if the flow is steady, Eq. (8.2.46)
can be written as

2 2
(e+£+v—+gz> (PQ)out — (e—i—g—l—v—%—gz)_ (pQ)in = Wanatt + Hyet- (8.2.48)
1% 2 out P 2 in
In writing Eq. (8.2.48), it is assumed that the flow is one-dimensional and
the velocity field is uniform. If the velocity profile at sections crossing the control
surface is not uniform, a correction must be made to Eq. (8.2.48). In particular,
when the velocity profile is not uniform, the integral

2
%Upv-ﬁds
r 2

cannot be replaced with (v?/2)(pQ) = pAv3/2, where A is the cross-sectional
area of the flow because integral of v? is different when v is uniform or varies
across the section. If we define the ratio, called the kinetic energy coefficient
v2 ~
$p S pv - nds
=220~ 77 8.2.49)
(0Q22) (
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Eq. (8.2.48) can be expressed as
av? av?
(6 + % + + gZ)O t(pQ)out - (6 + % + + gZ)‘ (pQ)in = Wshaft + Hnet-
u m

2 2
(8.2.50)
An example of the application of energy equation (8.2.50) is presented next.

Example 8.2.6

A pump delivers water at a steady rate of Qo (gal/min.), as shown in Fig. 8.2.8. If the left side
pipe is of diameter d; (in.) and the right side pipe is of diameter dz (in.), and the pressures in
the two pipes are p1 and p2 (psi), respectively, determine the horsepower (hp) required by the
pump if the rise in the internal energy across the pump is e. Assume that there is no change of
elevation in water level across the pump, and the pumping process is adiabatic (i.e., the heat
transfer rate is zero). Use the following data (o = 1):

p=194 slugs/ftS, di =41in., dz =1 in.,

p1 = 20 psi, p2 =50 psi, Qo = 350 gal/min., e = 3300 lb-ft/slug.

Fig. 8.2.8: The pump considered in Example 5.4.1.

Solution: We take the control volume between the entrance and exit sections of the pump, as
shown in dotted lines in Fig. 8.2.8. The mass flow rate entering and exiting the pump is the
same (conservation of mass) and equal to

194 x 350

= B XY s e
PQo = e g0 — 1013 slugs/s

The velocities at Sections 1 and 2 are (converting all quantities to proper units) are

Qo 350 4 x144
=—=_— =8.94 f
VLS T Tasx 60 16m - oA
Qo 350 4 x144
=—=_— = 143 ft/s.
T4, T 748X 60 7 3 1/s
For adiabatic flow Hypet = 0, the potential energy term is zero on account of no elevation

difference between the entrance and exits, and e = e — e; = 3300 ft-1b/slug. Thus, we have

2 2

W- v v
shaft:pQO[(e—FE—i-—) —<€—|—£—|— >:|
p 2/, p 2/,

(50 — 20) x 144 N (143) — (8.94)2] 1

—_ — 43.22 hp.
1.94 2 3.22 hp

= (1.51
(1.513) [3300+ =
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8.3 Heat Transfer Problems
8.3.1 Governing Equations

For heat transfer in incompressible fluids, neglecting mechanical stresses, the
internal energy e is only a function of the absolute temperature 7', e = e(T")
and p independent of T'. For heat transfer in a solid medium, all of the velocity
components and the dissipation ® = 7 : D should be set to zero. Then we have

De de DT

— =p——. 3.1
"Dt ~Par Dt (8:3.1)
The quantity de/dT is the specific heat at constant volume, c,:
de
=|—= . 8.3.2
v <dT> constant volume ( )
Then the energy equation [see Eqs. (8.1.7) and (8.1.9)] takes the form
DT
Py = V. (k-VT)+ pr, (8.3.3)

or, in index notation
DT 0 I oT n
co—=7—| kij5— Th.
P D ox; \ Y Ox; Prh

For heat transfer in fluids at constant pressure or heat transfer in solids, ¢, is
replaced with ¢, the specific heat at constant pressure. The expanded forms of
Eq. (8.3.3) in rectangular Cartesian coordinates (z,y, z), cylindrical coordinates
(r,0,z), and spherical coordinates (R, ¢,0) are presented here for the isotropic
case in which k and p are constants (and ¢, — ¢p).

Cartesian coordinate system (z,y, 2)

o, 8—T+ O WO (28 0T 0T
at " or T oy T ) " "\oa2 T 92 T 822

vy + % 2+ I, ’ % + % ’
Ox oy 0z K y oz
Qy v \>  [Ov,  Ov.\?
3.4
+(8z+8x> +(az+6y> + pry, (8.3.4)
Cylindrical coordinate system (7,6, z)

o (2 4y 6T+v98T+v8—T S ESCA (SCCE 0 W e
P\ "oy T oy 00 "0z ) TV rar\"or ) T2 002 T 922

) 8% % n 2 n o, \ 2
K a0 U 92
87 lavz n 8vz+8vr 2+ lavr_i_ g<%) 2 N
0z or 0z r 00 Tar r Prh

(8.3.5)

+2u +
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Spherical coordinate system (R, ¢,0)

. 8T+ 8T+U¢6T+ vg OT
Pr\at T"RoR T R 96 T Rsine 00

=k

ii R28T + 1 2 Qg 1 82l
R20R OR R2sin ¢ O¢ (;5 R2 R2sin? ¢ 002
C%J 2+ l%+ 2+ 1 81}9 v¢cot¢>
OR R 0¢ rsin ¢ 8«9 R R
0 (v 1 Ovg 1 37)3 8 0
{[RaR <*> * Raqs] * [Rsingﬁ o0 " ar (R)]

. 2
N [smgf)a( 6 >+ 1 8%] }_,_mh (8.3.6)

+2u

R 0¢ \sin¢ Rsin¢ 00

8.3.2 Heat Conduction in a Cooling Fin

Heat transfer from a surface to the surrounding fluid medium can be increased
by attaching thin strips, called fins, of conducting material to the surface, as
shown in Fig. 8.3.1(a). We assume that the fins are very long in the y-direction,
and heat conducts only along the z-direction and convects through the lateral
surface, i.e., T'= T(z,t). This assumption reduces the three-dimensional prob-
lem to a one-dimensional problem. By setting the velocity components to zero
in Eq. (8.3.3) and noting that 7' = T'(x,t), we obtain

or 82T

Pep = 8 5 Tt AT (8.3.7)

Lateral surface and right end are

72 exposed to ambient temperature, T,

/I _______

e
Rectangular fins

(@

L |

\Body from which heat is

to be extracted ﬂ
Convection, hP(T -T.)
f P = perimeter
2 4 I /

) >

/ (@a); k1 qA).... |

Fig. 8.3.1: Heat transfer in a cooling fin.
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Equation (8.3.7) does not account for the cross-sectional area of the fin and
convective heat transfer through the surface. Therefore, we derive the governing
equation from the first principles, accounting for the cross-sectional change with
x and convection from the surface. We assume steady heat conduction.

Consider an element of length Az at a distance x in the fin, as shown in Fig.
8.3.1(b). The balance of energy in the element requires that

A+ A
(44)z = (@A) a0 = hPA(T = Too) + pra(——5 =) Az =0, (8.3.8)
where ¢ is the heat flux, A is the cross-sectional area (which can be a function
of x), P is the perimeter, h is the film conductance, and @ is internal heat
generation per unit mass (which is zero in the case of fins). Dividing throughout
by Az and taking the limit Ax — 0, we obtain
d
—d—(qA) — hP(T — Tx) + prnA = 0. (8.3.9)
x
Using Fourier’s law, ¢ = —k(dT'/dx), where k is thermal conductivity of the fin,
we obtain

d dT
L (kA —np(T - T A=0, 3.1
o (k dm) ( )+ pry, 0 (8.3.10)

which governs one-dimensional heat transfer in a solid whose cross section A
may be a function of x.

Example 8.3.1

Conwvection heat transfer in a fin. Determine the temperature distribution in a fin of length
a, cross-sectional area A, and conductivity k (assume that k and A are constant). Suppose
that the left end is maintained at temperature 7p and the surface as well as the right end
are exposed to a surrounding medium with temperature T and heat transfer coefficient h
(relative to the fin). Assume that there is no internal generation (i.e., rp, = 0).

Solution: Equation (8.3.4) must be solved subject to the boundary conditions

T(0) = To, kA% +hA(T — Tw) =0. (1)

T=a

The second boundary condition is a statement of the balance of energy (conductive and con-
vective) at z = a.

We introduce the following nondimensional quantities for convenience of solving the prob-
lem analytically:

T — Too T 2 hP 2 ha
=2 —f& -2 e N =22 2
0 TO _ Too ) 5 @ y M kAa ) k ( )
Then Egs. (8.3.10) and (1) take the form
o {d@ }
- —m0=0for0<&<1; 6(0)=1, |-+ NO = 0. 3
g e<1s 00)=1 |G +N0| 3)

The general solution to the differential equation in (3) is

0(€) = c1 coshmé& + casinhmé, 0< & <1,
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where the constants ¢; and ¢z are to be determined using the boundary conditions in (3). We

obtain

0(0):1:>01:1; [ﬁ—f—NG] =0 = c2 =
d€ e=1

_msinhm+ N coshm
m coshm + N sinhm ’

and the solution becomes

cosh m& (mcoshm + N sinhm) — (msinhm + N cosh m) sinh m¢&
m coshm + N sinhm

0(¢) =

_ mcoshm(l — &) + Nsinhm(1 — &)
- m coshm 4+ N sinhm ) I=ss<d

The effectiveness of a fin is defined by (omitting the end effects)

Actual heat convected by the fin surface
Heat that would be convected if the fin surface were held at Ty

ST - To)dwdy
[ R(To — Teo)da dy _/o A

' mcoshm(1 — €) + Nsinhm(1 — &)
0 mcoshm + N sinhm

H. =

dg

1 msinhm + N(coshm — 1)
m  mcoshm + Nsinhm

(4)

8.3.3 Axisymmetric Heat Conduction in a Circular Cylinder

Here we consider heat transfer in a long circular cylinder (see Fig. 8.3.2). If
the boundary conditions and material of the cylinder are axisymmetric, that
is, independent of the circumferential coordinate 6, it is sufficient to consider a
typical rz-plane, where r is the radial coordinate and z is the axial coordinate.
Further, if the cylinder is very long, say 10 diameters in length, then heat transfer
along a typical radial line is all we need to determine; thus, the problem is

reduced to a one-dimensional one.

0 (circumferential
coordinate)

).,

~
r+Ar

T,

0

Fig. 8.3.2: Heat conduction in a circular cylinder.
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The governing equation for this one-dimensional heat transfer in solids (v =
0) can be obtained from Eq. (8.3.5) as

oT 18<6)T

pcpa = ;g Tm> + p?“h(r), O0<r< RO, (8311)
where prp, is internal heat generation per unit volume and Ry is the radius of
the cylinder. For example, in the case of an electric wire of circular cross section

and electrical conductivity ke (1/Ohm/m) heat is produced at the rate of

I2

7 8.3.12
= (8:312)

pra =
where I is electric current density (amps/m?) passing through the wire. Equa-

tion (8.3.11) is to be solved subject to the appropriate initial condition and
boundary conditions at » = 0 and r = Ry.

Example 8.3.2

Steady-state heat transfer in a long cylinder. Consider steady-state heat transfer in an isotropic
cylinder of radius Ro, when there is a uniform internal heat generation of pr, = g and the
surface of the cylinder is subjected to a temperature T'(Ro) = Tp. Assuming that the cylinder
is very long (so that there is no conduction of heat along the z-direction), determine the
temperature distribution in the cylinder.

Solution: Owing to the axisymmetry (from geometry, material, and boundary conditions view
points), the problem becomes one of solving the boundary value problem [the governing equa-
tion is deduced from Eq. (8.3.5)]:

1d dT dT
=2 [ = . reo = | —kr— =0, T = Tp. 1
The general solution is given by
gr’
T(r) = —=— +c1logr + ca. 2)

4k

The constants ¢; and c2 are determined using the boundary conditions:

R2
(ra)© =0 = a1 =0; T(Ro)=Ty = cz=To+ L.
Hence the solution (1) becomes
gR3 r?
T(T):ToJrf(l**), (3)
4k RZ

which is a quadratic function of the radial distance . The heat flux is given by

dl’ _ gr

q(r) = —kﬂ =9 (4)

and the total heat flow at the surface of the cylinder is

Q = 2nRoL q(Ro) = mR3 L.
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Example 8.3.3

Unsteady heat transfer in a long cylinder. Determine the transient (i.e., time-dependent) tem-
perature profile in the cylinder of Example 8.3.2 when it is subjected to the following initial
and boundary conditions:

Initial condition: T(r,0)=0
T 1
Boundary conditions: T(Ro,t) =0, (r¢r)r=0= { kraa—r] =0. @
r=0
The temperature rise is solely due to the internal heat generation g.
Solution: The governing differential equation is
10 oT oT
kr@r <TE>+g—pcp§, 0 <7< Ro. (2)
Let us introduce the following variables:
4k r k
0=—T; = —; = t. 3
B TR T e )
Then Eq. (2) becomes
or 10 00
— === 4, 0 1, 4
5 = o (6¢) +4 0<es W
and the initial and boundary conditions become
oEe0 =0, T(1,1)=0, |-€2| o (%)
0¢ | ¢

The problem described by Egs. (4) and (5) is equivalent to solving the problem described by
Egs. (6) and (7) of Example 8.2.3, where the finite-valuedness of 6 at £ = 0 is replaced by its
derivative being zero there, both giving the same result [i.e., C2 = 0 in Eq. (14) of Example
8.2.3]. Therefore, the transient solution of Egs. (4) and (5) is given by Eq. (21) of Example
8.2.3:
— J an T
e = (- =83 e, &), (©)

a3 Ji(am) an)

where o, are the roots of the zero-order Bessel function of the first kind, Jo(an) = 0, and
Ji(an) is the first-order Bessel function of the first kind. The first five roots of Jy(ay) = 0 are
given in Eq. (15) of Example 8.2.3.

Several representative examples of one-dimensional heat transfer were dis-
cussed in the foregoing examples; numerous other problems that differ only in
terms of the boundary conditions can be solved using the approaches presented
there. Problems involving multiple materials can also be solved by imposing the
continuity of temperature and balance of heats at the dissimilar material inter-
faces. The most important step in simplifying a problem to a one-dimensional
one is to identify solution symmetry that may reduce the dimensionality of the
problem. For example, for a hollow sphere with uniform temperatures at in-
ner and outer surfaces, the temperature distribution with uniform internal heat
generation can be solved as a one-dimensional problem.
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8.3.4 Two-Dimensional Heat Transfer
Many problems of heat transfer require two- or three-dimensional analysis. Ana-
lytical solutions of these problems are limited to simple geometries and boundary

conditions. Here we present an example of a steady-state, two-dimensional, heat
transfer problem with the help of the separation-of-variables technique.

Example 8.3.4

Steady-state heat transfer in a rectangular plate. Consider steady-state heat conduction in a
rectangular plate made of an isotropic material with conductivity k and sinusoidal temperature
distribution on one edge, as shown in Fig. 8.3.3. Assume that there is no internal heat
generation (Q = 0). Determine the temperature distribution in the plate.

Solution: The governing equation for this problem is a special case of Eq. (8.3.4), where all
velocity terms as well as the time-derivative terms are set to zero:

o*°T  &°T
k= +—==)=0. 1
(8362 * 8y2> 0 &)
The boundary conditions are
. T
T(x,0) =0, T(0,y) =0, T(a,y) =0, T(x,b) =Tpsin o (2)

The classical approach to an analytical solution of the Laplace or Poisson equation over a
regular (i.e., rectangular or circular) domain is the separation-of-variables technique. In this
technique, we assume the temperature T'(z,y) to be of the form

T(x,y) = X (2)Y (y), ®3)

where X is a function of z alone and Y is a function of y alone. Substituting Eq. (3) into Eq.

(1) and rearranging the terms, we obtain
1dX _ 1d°Y
X de?2 ~ Y dy?’

(4)

Since the left-hand side is a function of x alone and the right-hand side is a function of y alone,
it follows that both sides must be equal to a constant, which we choose to be —\2 (because
the solution must be periodic in z so as to satisfy the boundary condition on the edge y = b).
Thus, we have

d’Yy
dy?

d’X

2
a2 AY =0, (5)

+ 22X =0,

\ T(x,b) =T, sin >
a

y
T0,5)=0 % \T(a,y) -0

[« a >

T(x,00=0

Fig. 8.3.3: Heat conduction in a rectangular plate.
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whose general solutions are
X(z) = cicos Az + casindz, Y (y) = cze Y + cae’. (6)

The solution T'(z,y) is given by
T(z,y) = (c1 cos Az + ¢ sin Ax) (0367/\?; + C46)\y) . (7)

The constants ¢; (i =1,2,3,4) are determined using the boundary conditions in Eq. (2). We
obtain T(z,0) =0 — (cicosAz +cosinAz)(cs+ca) =0 — c3 = —cy,

TO,9) =0 = (m”y +c4e”) =0 = ¢ =0,

T(a,y) =0 — cosinla (0367” + C4e*y) =0 — sinXa=0.

The last conclusion is reached because ca = 0 will make the whole solution trivial. We have

sinda=0 — Aa=nr or A= 2. (8)
a
The solution in Eq. (7) now can be expressed as
> nwx nmy
T(x,y) = Ap sin —— sinh —=. 9
(z,9) ,;1 sin —— sinh — 9)
The constants A,, n = 1,2,--- are determined using the remaining boundary condition. We

have

(oo}
T(x,b) = To sin o Z A, sin DT Ginh nmb
a

a a
Multiplying both sides with sin(mnz/a) and integrating from 0 to a and using the orthogonality

of the sine functions
a
. nNmr . Mmnx 0, m#n
sin —— sin dr =14 4 7
@ a

a 5, M=mn
we obtain T
A =70, A, =0 for n # 1.

' sinh ”T"b 7

Hence, the final solution is
sinh ¥ T
T(x,y) =Tt < sin (—) . 10
(2,9 0 sinh %b a (10)

When the boundary condition at y = b is replaced with T'(z,b) = f(z), then the solution
is given by

> sinh 2ZY nww
T(l’,y) = ZAnin:b sin (| —— ) (11)
> e (%)
with A, given by
A, = g/ f(z) sin % dg. (12)
aJo a

Once the temperature T'(z,y) is known, we can determine the components of heat flux, ¢, and
qy, from Fourier’s law:

oT oT
Qe = — E gy = —k—. (13)
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8.3.5 Coupled Fluid Flow and Heat Transfer

Many real-world systems involve coupled heat transfer and fluid flows. Internal
combustion engines and solar collectors are good examples (they also involve
stress and deformation due to temperature differences). Although the study
such complex problems is outside the scope of this first book on continuum
mechanics, an example in which the fluid flow is coupled to heat transfer is
presented next.

Example 8.3.5

Coupled heat transfer and fluid flow. Consider the fully developed, incompressible, steady-state
Couette flow between parallel plates with zero pressure gradient (see Section 8.2). Suppose
that the top plate moving with a velocity U and maintained at a temperature 77 and the
bottom plate is stationary and maintained at temperature Ty (see Fig. 8.3.4). Assuming fully
developed temperature profile and zero internal heat generation, determine the temperature
field.

Solution: For fully developed temperature field, we can assume that T = T'(y). Then the
energy equation (8.3.4) reduces to

T dvs \° &7 T
ke = == = _ 2y 1
dy”“(dy) 0= &2 = mw? M

The solution of this equation is

U2 2
Y 4 ay+ B,

T =
() kb? 2

where the constants A and B are determined using the boundary conditions 7(0) = Tp and
T'(b) = T1. We obtain

Ty — T, 2
TO)=Ty = B=Ty TO)=T, = A= 2—To pU" (2)
b 2kb
Thus the temperature field in the channel is given by
Ty)—To _y pu? oy y
—wme Y, P2 YY), 3
T —To b+2k(T17To)b( b) (3)
/
y U ya

SALALALITTLSLITL IS ST IS SIS IS SIS TIS SIS S

T(y)-T
_Y o) =2t
x bU T1_T0

X

Fig. 8.3.4: Velocity and temperature distributions for Couette flow.
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8.4 Summary

In this chapter, analytical solutions of selective problems in fluid mechanics and
heat transfer are presented. First, a summary of the equations as applied to vis-
cous incompressible fluids are presented in Cartesian, cylindrical, and spherical
coordinate systems. The following example problems involving viscous incom-
pressible fluid were formulated and their analytical solutions were determined:
(1) a problem of inviscid fluid statics (using Cartesian coordinates); (2) steady
flow of a viscous fluid between parallel plates (using Cartesian coordinates);
(3) steady flow of a viscous fluid through a circular pipe (using cylindrical co-
ordinates); (4) unsteady flow of a viscous fluid through a circular pipe (using
cylindrical coordinates); (5) steady flow of a viscous fluid around a sphere (us-
ing spherical coordinates); and (6) steady flow of a viscous fluid through a slider
bearing (using Cartesian coordinates). The energy equation for one-dimensional
uniform, steady flow of incompressible fluid is also developed and an example of
its application is presented.

In the heat transfer section, the energy equation is specialized to heat transfer
in fluids or solids, and the equation is expressed in Cartesian, cylindrical, and
spherical coordinate systems. The example problems discussed include (1) one-
dimensional, convection heat transfer in a fin; (2) steady-state heat transfer in
a long cylinder; (3) unsteady in a long cylinder; (4) steady-state heat transfer
in a rectangular plate; and (5) coupled steady flow of a viscous incompressible
fluid between differentially heated plates.

For all problems discussed in this chapter, emphasis is placed on the formu-
lation of the problem and identifying and simplifying the pertinent equations for
the problem under consideration.

Problems

Note: Problems 6.20-6.34 on fluid flow and heat transfer are suitable for this chapter.
FLuib MECHANICS

8.1 Assume that the velocity components in an incompressible flow are independent of the
z coordinate and v, = 0 to simplify the continuity equation (8.2.5) and the equations
of motion (8.2.6)—(8.2.8).

8.2 An engineer is to design a sea lab 4 m high, 5 m wide, and 10 m long to withstand
submersion to 120 m, measured from the surface of the sea to the top of the sea lab.
Determine the (a) pressure on the top and (b) pressure variation on the side of the cubic
structure. Assume the density of salt water to be p = 1020 kg/m3.

8.3 Compute the pressure and density at an elevation of 1600 m for isothermal conditions.
Assume P, = 10? kPa and po = 1.24 kg/m® at sea level.

8.4 Derive the pressure-temperature and density—temperature relations for an ideal gas
when the temperature varies according to 6(zs) = 6y + mzxs, where m is taken to be
m = —0.0065°C/m up to the stratosphere, and x3 is measured upward from sea level.
Hint: Use Eq. (8.2.35) and the third equation in Eq. (8.2.32).

8.5 Consider the steady flow of a viscous incompressible Newtonian fluid down an inclined
surface of slope « under the action of gravity (see Fig. P8.5). The thickness of the fluid
perpendicular to the plane is h and the pressure on the free surface is po, a constant.
Use the semi-inverse method (i.e., assume the form of the velocity field) to determine
the pressure and velocity field.
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Direction of gravity, pg

Fig. P8.5

8.6 Two immiscible fluids are flowing in the x-direction in a horizontal channel of length
L and width 2b under the influence of a fixed pressure gradient. The fluid rates are
adjusted such that the channel is half filled with fluid I (denser phase) and half filled
with fluid IT (less dense phase). Assuming that the gravity of the fluids is negligible,
determine the velocity field. Use the geometry and coordinate system shown in Fig.

P8.6.
Assume steady flow
Fixed wall
T Less dense and
b 7Y | ess viscous fluid
—»
¥ > Interface
b H Denser and
i more viscous fluid
Fixed wall
Fig. P8.6

8.7 Consider the steady flow of a viscous, incompressible fluid in the annular region between
two coaxial circular cylinders of radii Ry and aRp, o < 1, as shown in Fig. P8.7. Take
P = p+ pgz. Determine the velocity and shear stress distributions in annulus.

Velocity
distribution

Fig. P8.7

8.8 Consider a steady, isothermal, incompressible fluid flowing between two vertical con-
centric long circular cylinders with radii R; and Re. If the outer one rotating with
an angular velocity €2, show that the Navier—Stokes equations reduce to the following
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8.9

8.10

8.11

8.12

8.13
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equations governing the circumferential velocity vg and pressure p:

2.9 d (1d )
Vg _ Op 7(77(7.1)6)):0’ 0:—8—Z—|—prh.

r o Mar
Determine the velocity vy and shear stress 7,9 distributions.
Consider an isothermal, incompressible fluid flowing radially between two concentric
porous spherical shells. Assume steady flow with vg. Simplify the continuity and
momentum equations for the problem.
A fluid of constant density and viscosity is in a cylindrical container of radius Rp and
the container is rotated about its axis with an angular velocity of 2. Use the cylindrical
coordinate system with the z-coordinate along the cylinder axis. Let the body force
vector to be equal to pf = —gé,. Assume that v, = v = 0 and v, = w = 0, and
vg = ve(r) and simplify the governing equations. Determine vg(r) from the second
momentum equation subject to the boundary condition vg(Ro) = Qr. Then evaluate
the pressure p from the remaining equations.
Consider the unsteady parallel flow on a flat plate (or plane wall). Assume that the
motion is started impulsively from rest. Take the z-coordinate along the plate and the
y-coordinate perpendicular to the wall. Assume that only nonzero velocity component
is vz = vz(y,t) and that the pressure p is a constant. Show that the Navier—Stokes
equations for this case are simplified to

Ovy v,
p 6t 7/-1‘ 8y2 bl

0<y<oo. (1)

Solve Eq. (1) for vx(y) using the following initial and boundary conditions:

Initial condition vz (y,0) =0, @)
Boundary conditions v;(0,t) = Uy, vg(00,t) =0.
Hint: Introduce a new coordinate n by assuming n = y/(2v/vt), where v is the kinematic
viscosity v = u/p, and seek a solution in the form v;(n) = Up f(n). The solution is
obtained in terms of the complementary error function:

2 o 2 mo_
erfcn:ﬁ/ e”Zdnzl—erfnzl—ﬁ/enzdn, (3)
n 0

where erf 7 is the error function.
Solve Eq. (1) of Problem 8.11 for the following boundary conditions (i.e., flow near an
oscillating flat plate)

Initial condition wvs(y,0) =0,

(1)

Boundary conditions v.(0,t) = Ugcosnt, u(oco,t) =0.

In particular, obtain the solution

va(y, t) = Upe™ cos(nt — \y), A= g—n (2)
w
Show that the components of the viscous stress tensor 7 [see Eq. (6.5.7)] for an isotropic,

viscous, Newtonian fluid in cylindrical coordinates are related to the velocity gradients
by

Oy 10 r
mzzuai LAV v, ng:m(f%Jr )+/\V~v,
ov, vg 1 ov,
Tzzf2u8 + AV .v, [ 7"89}

o %_‘_1(%2 (%z (%T
2 =H 0z r 00 ’
V‘v:f o(rvy _’_1%_’_81/2

r or r 00 0z
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8.14 Show that the components of the viscous stress tensor 7 [see Eq. (6.5.7)] for an isotropic,
viscous, Newtonian fluid in spherical coordinates are related to the velocity gradients

by
TRR:2M%]—£+/\V-V, T¢¢:2u(%%+%)+)\v-v
799:2N(RS}H¢%+%+%3§‘5¢)+/\V-v
= R (%) + 55 )+ 0= n s B+ Rom (%)
o= m(ﬁ% (sivng¢) " Rsinqs%}
v.v_ L O(Rvg) L0 (o sing)+ — L2

R 0OR Rsin ¢ 8¢ Rsing 90
8.15 Use the velocity field in Eq. (10) of Example 8.2.4 to show that the shear stress com-
ponent 7,4 and pressure p are

_ 3uVe (Ro\" . B 3uVeo [ Ro\>
TR¢ = 2R, (R) sing, p=mpo— pgz 2R, R cos ¢,

where po is the pressure in the plane z = 0 far away from the sphere and —pgz is the
contribution of the fluid weight (hydrostatic effect).
8.16 Derive the following vorticity equation for a fluid of constant density and viscosity:

aa—v: +(v-V)w=(w-V)v+1Vw,

where w =V X v and v = pu/p.
8.17 Bernoulli’s equations. Consider a flow with hydrostatic pressure, & = —pI and conser-
vative body force f = —V¢.

(a) For steady flow, show that
2
1
v-V(vf—HZﬁ) +-v-Vp=0.
2 p
(b) For steady and irrotational (i.e., V x v = 0) flow, show that
2
1
V(”—+¢> L Vp=o.
2 p

8.18 Use Bernoulli’s equation (which is valid for steady, frictionless, incompressible flow)
derived in Problem 8.17 to determine the velocity and discharge of the fluid at the exit
of the nozzle in the wall of the reservoir shown in Fig. P8.18.

d =50mm dia

Fig. P8.18

8.19 The fan shown in Fig. P8.19 moves air (p = 1.23 kg/m®) at a mass flow rate of 0.1
kg/min. The upstream side of the fan is connected to a pipe of diameter d; = 50 mm, the
flow is laminar, the velocity distribution is parabolic, and the kinetic energy coefficient
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is @« = 2. The downstream of the fan is connected to a pipe of diameter d; = 25 mm,
the flow is turbulent, the velocity profile is uniform, and the kinetic energy coefficient
is a = 1. If the rise in static pressure between upstream and downstream is 100 Pa and
the fan motor draws 0.15 W, determine the loss (—Hhpet).

d, =50mm

e,—e =0 1
P,—P,=100Pa |pQ, Laminar flow

Fig. P8.19

Show that for a steady creeping flow of a viscous incompressible fluid in the absence of
body forces, the Navier—Stokes equations become

Vp = puViv.

HeEAT TRANSFER

8.21

8.22

8.23

8.24

8.25

In heat transfer, one often neglects the strain energy part of the internal energy e and
assumes that e depends only on the temperature 0, ¢ = e(0). Show that the energy
equation (5.4.11) reduces to
Do
c— =V - (k-V0 Th,
PCTy ( )+ pra
where ¢ = Je/00. State the assumptions under which the equation is derived.
Consider a long electric wire of length L and cross section with radius Ry and electrical
conductivity k. [1/(Ohm-m)]. An electric current with current density I (amps/m?)
is passing through the wire. The transmission of an electric current is an irreversible
process in which some electrical energy is converted into thermal energy (heat). The
rate of heat production per unit volume is given by
72
rh = —.
PTh ke
Assuming that the temperature rise in the cylinder is small enough not to affect the
thermal or electrical conductivities and heat transfer is one-dimensional along the radius
of the cylinder, derive the governing equation using balance of energy.
Solve the equation derived in Problem 8.22 using the boundary conditions

q(0) = finite, T(Ro) = To.

A slab of length L is initially at temperature f(x). For times ¢ > 0 the boundaries
at x = 0 and z = L are kept at temperatures Tp and T, respectively. Obtain the
temperature distribution in the slab as a function of position x and time ¢.

A slab of unit height, 0 < = < 1, is initially kept at temperature T(z,0) = To(1 — z?) =
f(x). For times ¢t > 0, the boundary at z = 0 is kept insulated and the boundary at
xz = 1 is kept at zero temperature, 71 = 0. Determine the temperature distribution
T(z,t).
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8.26

8.27

8.28

8.29

Determine the steady-state temperature distribution in an isotropic hollow sphere (in-
ternal and external radii are a and b, respectively) with uniform temperatures at the
inner (7;) and outer (Tp) surfaces but without internal heat generation.

Obtain the steady-state temperature distribution T'(x,y) in a rectangular region, 0 <
z < a, 0 <y <b for the boundary conditions

4(0,y) =0, qy(z,0) =0, ¢u(a,y)+hT(a,y) =0, T(z,0)= f(x).

Consider the steady flow through a long, straight, horizontal circular pipe of radius Rp.
The velocity field is given by (see Example 8.2.2)

R} d §
v, =0, wvg =0, vz(r):fﬁd—f (17%>. (1)
0

If the pipe is maintained at a temperature Tp on the surface, determine the steady-state
temperature distribution in the fluid.

Consider the free convection problem of flow between two parallel plates of different
temperature. A fluid density with density p and viscosity p is placed between two
vertical plates a distance 2a apart, as shown in Fig. P8.29. Suppose that the plate at
r = a is maintained at a temperature 77 and the plate at x+ = —a is maintained at a
temperature 75, with 75 > T7. Assuming that the plates are very long in the y-direction
and hence that the temperature and velocity fields are only a function of x, determine
the temperature T'(z) and velocity vy(z). Assume that the volume rate of flow in the
upward moving stream is the same as that in the downward moving stream and the
pressure gradient is solely due to the weight of the fluid.

Temperature -2a
distribution,
T(x) \“ i
= u il i Cold plate
Hot plate :
2 | }»
Velocity ! T To
distribution, ! !
<2 v
v, (x) |
i
Ly
T<— a —»
> X
Fig. P8.29 Fig. P8.30
8.30 Determine the steady-state temperature distribution through an infinite slab of height h,

thickness b (see Fig. P8.30), and made of isotropic material whose conductivity changes
with the height according to the equation

) = = k) )+ 1) = (5+2)' )

where k: and k;, are the values of the conductivities of the top and bottom surfaces, and
n is a constant. Assume that the top is maintained at temperature Ty and the bottom
is maintained at temperature 7;.






9

LINEARIZED
VISCOELASTICITY

In questions of science, the authority of a thousand is not worth the humble reasoning of a
single individual. —— Galileo Galilei (1564-1642)

All truths are easy to understand once they are discovered; the point is to discover them.
— Galileo Galilei (1564-1642)

9.1 Introduction
9.1.1 Preliminary Comments

The simplest class of deformable solids are thermoelastic solids, which are elastic,
nondissipative, and have no memory. When deformable solids also have the
mechanism of dissipation, they are termed thermouviscelastic solids, which may
or may not have memory. In this chapter we consider thermoviscoelastic solids
with memory. When we restrict the case of infinitesimal deformations, then we
have linear viscoelastic solids with or without memory.

Constitutive relations for linearized viscoelastic solids can be derived using
one of two approaches. In the first approach, the entropy inequality is used
to provide guidance. Some of the elements of this approach were discussed in
Section 6.6.3, and they are helpful also for viscoelastic solids with memory. The
alternative is to use a phenomenological approach, in which the observed physics
is incorporated into a mathematical model that does not violate laws of physics,
although the entropy inequality does not play a direct role. In this chapter, we
consider the phenomenological approach of developing constitutive models for
linear thermoviscoelasticity. There are many examples of viscoelastic materials
with memory. Metals at elevated temperatures, concrete, and polymers are ex-
amples of viscoelastic behavior. As stated in Chapter 6, constitutive behavior is
determined through experiments, and mathematical models of the constitutive
behavior are developed to simulate the response, that is, experimental results
are used to determine the parameters of the model and validate it. The math-
ematical models of the viscoelastic constitutive behavior are needed, just like
Hooke’s law, to analytically or numerically determine the system response. In
this section we study mathematical models of linear viscoelastic behavior. The
characteristics of a viscoelastic material are that they (a) have a time-dependent
stress response and (b) even may have permanent deformation (i.e., do not re-
turn to original geometry after the removal of forces causing the deformation).

389



390 LINEARIZED VISCOELASTICITY

The viscoelastic response characteristics of a material are determined often
using (1) creep tests, (2) stress relaxation tests, or (3) dynamic response to loads
varying sinusoidally with time. The creep test involves determining the strain
response under a constant stress, and it is done under uniaxial tensile stress
owing to its simplicity. Application of a constant stress oy produces a strain
that, in general, contains three components: (1) an instantaneous, (2) a plastic,
and (3) a delayed reversible component:

c(t) = [Joo + ;0 + ¢(t)] oo,

where Joo00 is the instantaneous component of strain, 7 is the Newtonian viscos-
ity coefficient, and 1(t) is the creep function such that ¢(0) = 0. The relazation
test involves determination of stress under constant strain. Application of a
constant strain ey produces a stress that contains two components

o(t) = [Eo + ¢(1)] o,

where Ej is the static elastic modulus and ¢(t) is the relaxation function such
that ¢(0) = 0.

A qualitative understanding of actual viscoelastic behavior of materials can
be gained through spring-and-dashpot models. For a linear response, combina-
tions of linear elastic springs and linear viscous dashpots are used. Two simple
spring-and-dashpot models are the Mazwell model and the Kelvin—Voigt model.
The Maxwell model characterizes a viscoelastic fluid while the Kelvin—Voigt
model represents a viscoelastic solid. Other combinations of these models are
also used. The mathematical models to be discussed here provide some insight
into the creep and relaxation characteristics of viscoelastic responses, but they
may not represent a satisfactory quantitative behavior of any real material. A
combination of the Maxwell and Kelvin—Voigt models may represent the creep
and /or relaxation responses of some materials.

9.1.2 Initial Value Problem, the Unit Impulse, and
the Unit Step Function

The governing equations of the mathematical models involving springs and dash-
pots are ordinary differential equations in time t. These equations relate stress
o to strain € and they have the general form

P(o) = Q(e), (9.1.1)
where P and @) are differential operators of order m and n, respectively,
Lo o
szz_:opmdtm, anz_%qndtn. (9.1.2)

The coefficients p,, and g, are known in terms of the spring constants k; and
dashpot constants 7; of the model. Equation (9.1.1) is solved either for (¢) for a
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specified o(t) (creep response) or for o(t) for a given £(¢) (relaxation response).
Since Eq. (9.1.1) is an mth-order differential equation for the relaxation response
or nth-order equation for the creep response, we must know as many initial
values, that is, values at time t =0, of o or ¢

. . dM—14 M—
U(O) :O-O, 0-(0) :O-O, ey <CW—1> :0-6 1)
=0 9.1.3)
dN_ls (N—1) ( ot
£(0) = co, £(0) = o, ..., <ﬁN1> _ ¢ }
t=0

(4)

where o’, for example, denotes the value of the ith time derivative of o(t)
at time ¢ = 0. Equation (9.1.1) together with (9.1.3) defines an initial value
problem.

In the forthcoming sections, we will study the creep and relaxation responses
of the mathematical models of viscoelasticity under applied inputs. The applied
stress or strain can be in the form of a unit impulse or a unit step function. The
unit impulse, also known as the Dirac delta function, is defined as

t—t() —0 for t#to,

/ 5t — t0)d (9.1.4)

The units of the Dirac delta function are 1/s = s~1. A plot of the Dirac delta
function is shown in Fig. 9.1.1(a). The time interval in which the Dirac delta
function is nonzero is defined to be infinitely small, say e. The Dirac delta
function can be used to represent an arbitrary point value Fy at ¢ = tg as a
function of time:

f(t) = Fo(s(t — to); /OO f(t) dt = /OO F05(t — to) dt = Fy, (915)

—00

where f(t) has units of Fj per second. The unit step function is defined as [see
Fig. 9.1.1(b)]
0, for t<ty,

1, for t > ty. (9.1.6)

H(t—to)Z{

H(@—-1,)}

1.0 f----1

(a) (b)

Fig. 9.1.1: (a) The Dirac delta function. (b) Unit step function.
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Clearly, the function H (t) is discontinuous at ¢ = to, where its value jumps from 0
to 1. The unit step function is dimensionless. The unit step function H(t), when
it multiplies an arbitrary function f(t), sets the portion of f(¢) corresponding
to t < 0 to zero while leaving the portion corresponding to ¢ > 0 unchanged.
The Dirac delta function is viewed as the derivative of the unit step function;
conversely, the unit step function is the integral of the Dirac delta function

5(t>—dzt(t); H(t) = / 5(€) de. (9.1.7)

9.1.3 The Laplace Transform Method

Solving the ordinary differential equations in time, arising in the study of the
creep or relaxation response, is not easy. The Laplace transform method is
widely used to solve linear differential equations, especially those governing
initial-value problems. The significant feature of the method is that it allows in a
natural way the use of singularity functions such as the Dirac delta function and
the unit step function in the data of the problem. Here we review the method
in the context of solving initial value problems.
The (one-sided) Laplace transformation of a function f(t), denoted f(s), is
defined as ~
f(s)=LIf(t)] = / e St f(t) dt, (9.1.8)

0
where s is, in general, a complex quantity referred as a subsidiary variable, and
the function e™*! is known as the kernel of the transformation. The Laplace
transforms of some functions are given in Table 9.1.1. The table can also be
used for inverse transforms. Examples 9.1.1. and 9.1.2 illustrate the use of the
Laplace transform method in the solution of differential equations.

Table 9.1.1: The Laplace transforms of some standard functions.

F(t) f(s)

£(t) Joe () dt

f=4 sf(s) — £(0)

f=df s*f(s) — sf(0) — £(0)

RIOER s"f(s) = s" 7L F(0) = s"T2f(0) — - — fD(0)
Iy £(&)d¢ Lf(s)

Jo I (&) dédr L 7(s)
Jo F©F2(t =€) ds  Fi(s)fa(s)
|

H(t)

8(t) = H(t)

5(t) = H(t) s
5™ (1) 5"
t =
i nl
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Table 9.1.1: The Laplace transforms (continued).

f) f(s)

tf(t) —f'(s)

" f(t) (=1 ™ (s)

(@) JOF(€) dg

e f(t) f(s—a)

eat sia

teat ﬁ

1 eot #7 n=0,1,2,---
et — e (572{(24)

( ae®t — b ebt)
sin at

cos at

sinh at

cosh at
tsinat
tcosat

e’ sin at

e’ cos at

1 — cosat

at — sin at

sinat — at cos at

sin at + at cos at

cos at — cos bt

sin at cosh at — cos at sinh at

sin at sinh at

sinh at — sin at

cosh at — cos at

i+ S

Jo(a,t)

obt _at

t

(1 — cosat)
(

1 — coshat)

[ T

sin kt

s(a—b)
(s—a)(s—b)

__a _
s2+a2
S5 _
s2+a?
e _
2_a2
2_a2

2as
(2 +a2)2
s2—a?

Tran?
__a
(s—b)2+a?

s—b
(s—b)2+a?
a2

s(s2+a?)

a3

s2(s24a?)
24°
(32+a2)2
2as?
(2 +a2)2
(b2—a?)s 62 ?é a?
(32+a2)2(s2+b2)’
4a3s
st +4+4a4
2a°s
s¥+4a%
2a°
Gi—a?)
2a°s
i _qd

71'8—3/2

S v

1
\Vs2+a?
s—a

log 2=¢
1 32+a2
5 log =75

2

1 —a
5 log =

arct anf

Jo(at) is the Bessel function of the first kind.
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Example 9.1.1

Consider the first-order differential equation

d
bd—? + cu = fo, (1)

where b, ¢, and fo are constants. Equation (1) is subjected to zero initial condition, u(0) = 0.
Determine the solution using the Laplace transform method.

Solution: The Laplace transform of the equation gives

fo

__ fo S
(bs+c)u= s O u(s)—7b3(8+%).

(2)

To invert Eq. (2) to determine u(t), we rewrite the above expression as (i.e., split into partial
fractions; see Problem 9.1 for an explanation of the method of partial fractions):

=L (1-22) a=t, 3)

c S s+«

The inverse transform is given by (see Table 9.1.1)
f() —a
u(t) = o (1—e). (4)

When b and ¢ are positive real numbers, u(t) approaches fo/c as t — co.

Example 9.1.2

Consider the second-order differential equation

d*u du
Z 4 p—= = 1
agp Tog Teu=To @
where a, b, ¢, and fo are constants. The equation is to be solved subjected to zero initial
conditions, u(0) = %(0) = 0. Determine the solution using the Laplace transform method.

Solution: The Laplace transform of the equation gives

(a32+bs+c)ﬁ:

b, )

or
Jo

U= St b )

To invert Eq. (2) to determine u(t), first we write as® + bs + ¢ as a(s + a)(s + 8), where « and
B are the roots of the equation as* + bs + ¢ = 0:

a:i(b—\/b2—4ac), /8:i(b+\/b2—4ac), (3)

2a a

so that

fo
as(s+a)(s+ )’
The actual nature of the solution u(t) depends on the nature of the roots @ and § in Eq.

(3). There are three possible cases, depending on whether b*> — 4ac > 0, b> — 4ac = 0, or
b? —4ac < 0. We discuss them under the assumption that a, b, and ¢ are positive real numbers.

a(s) = (4)
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Case 1. When b® — 4ac > 0 the roots are real, positive, and unequal. Then, we can rewrite
Eq. (4) as

A==

fo [A B+C
a|s s+a s+p]|°

and then we can use the inverse Laplace transform to obtain u(t). The constants A, B, and C
satisfy the relations

A+B+C=0, (a+pBA+BB+aC =0, afA=1

The solution of these equations is

1 1 1
4= BT ar-o "o
Thus, we have
a 7@ L, 1 1
=L e =t e ®)

The inverse transform gives

u(t) = a];ioﬁ { B e 4 @ e_ﬁt]

= wapp=ay P e (1)), ©)

Hence, u(t) approaches fo/aa(B — a) as t — oco.

Case 2. When b? — 4ac = 0 the roots are real, positive, and equal, & = 8 = b/2a. Then Eq.

(4) takes the form
PP S Y Y E T P 0

as(s+a)? aa |a\s s+a (s+ a)?

The inverse Laplace transform gives

u(t) = Jo [1—(14at)e . (8)

aa?
Hence, u(t) approaches 4foa/b* as t — oo.

Case 3. When b> — 4ac < 0 the roots are complex and they appear in complex conjugate
pairs

a=qa; —ias, [ =a+ias; 041:%, as = V4ac — b?. 9)

From Eq. (6), we obtain

0 sty 1) = 1)

acB(B
fO —aqt aq .
= me (1 — cosasot — a—Qsmagt . (10)

Hence, u(t) approaches zero as t — oo.
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9.2 Spring and Dashpot Models
9.2.1 Creep Compliance and Relaxation Modulus

The equations relating stress ¢ and strain € in spring-dashpot models are ordi-
nary differential equations and they have the general form given in Eq. (9.1.1).
The solution of Eq. (9.1.1) to determine o(t) for a given e(t) (relaxation re-
sponse) or to determine (t) for given o(t) (creep response) is made easy by
the Laplace transform method. In this section, we shall study several standard
spring-dashpot models for their constitutive models and creep and relaxation
responses.

First we note certain features of the general constitutive equation (9.1.1). In
general, the creep response and relaxation response are of the form

e(t) = J(t)oo, (9.2.1)
o(t) =Y (t)eo, (9.2.2)
where J(t) is called the creep compliance and Y (t) the relazation modulus as-
sociated with (9.1.1). The function J(t) is the strain per unit of applied stress,
and Y (¢) is the stress per unit of applied strain. By definition, both J(¢) and
Y (t) are zero for all t < 0.
The Laplace transform of Eq. (9.1.1) for creep response and relaxation re-
sponse have the forms

_ _ 1.
Creep response Qs&(s) = Psa(s) = —Pso, (9.2.3)
s
_ _ 1.
Relaxation response Psa(s) = Q&(s) = —Qsco, (9.2.4)
s
where
) M B N
Pi=) pms™, Qs=) ans" (9.2.5)
m=0 n=0
The Laplace transforms of Eqgs. (9.2.1) and (9.2.2) are
&(s) = J(s)oo, (9.2.6)
&(s) = Y (s)eo, (9.2.7)
Comparing Eq. (9.2.3) with (9.2.6) and Eq. (9.2.4) with (9.2.7), we obtain
. L7 - 1Qs
J(s) = Y(s) = fQT (9.2.8)

5Qs s P,
It also follows that the Laplace transforms of the creep compliance and relaxation
modulus are related by

J&) V()= = or ¢ _/ Yt — ) J() dt. (9.2.9)
S

Thus, once we know creep compliance J(t), we can determine the relaxation

modulus Y (¢) and vice versa:

] . Jt)=L""1 [ = } : (9.2.10)
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Although creep and relaxation tests have the advantage of simplicity, there
are also shortcomings. The first shortcoming is that uniaxial creep and relax-
ation test procedures assume the stress to be uniformly distributed through the
specimen, with the lateral surfaces being free to expand and contract. This con-
dition cannot be satisfied at the ends of a specimen that is attached to a test
machine. The second shortcoming involves the dynamic effects that are encoun-
tered in obtaining data at short times. The relaxation and creep functions that
are determined through Egs. (9.2.1) and (9.2.2) are based on the assumption
that all transients excited through the dynamic response of specimen and testing
machine are neglected.

9.2.2 Maxwell Element

The Maxwell element of Fig. 9.2.1 consists of a linear elastic spring element
in series with a dashpot element. The stress—strain relation for the model is
developed using the following stress—strain relationships of individual elements:

oc=ke, o=n¢, (9.2.11)

where k is the spring elastic constant, n is the dashpot viscous constant, and the
superposed dot indicates time derivative. It is understood that the spring ele-
ment responds instantly to a stress, while the dashpot cannot respond instantly
(because its response is rate dependent). Let £; be the strain in the spring and
€9 be the strain in the dashpot. Note that when elements are connected in series,
each element carries the same amount of stress while the strains are different in
each element. We have

. . 6 o
E=¢e1+ter= -+ —
koo
or
n do de
—— =n— P(o) = . 212
o+ 17 =1 [Plo) = Q) (92.12)

Thus, we have M = N =1 [see Egs. (9.1.1) and (9.1.2)] and pp = 1, p1 = n/k,
g0 =0and g1 = 7.

Fig. 9.2.1: The Maxwell element.

9.2.2.1 Creep response
Let 0 = 0g H(t). Then the differential equation in Eq. (9.2.12) simplifies to

de
a1 = p1o0d(t) + poooH (1), (9.2.13)
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The Laplace transform of Eq. (9.2.13) is

q1 [52(s) —(0)] = a9 (Pl + %0) '

Assuming that £(0) = 0, we obtain

- b1 Po
Es)=o| —+—= 1.
= (G o)

The inverse transform gives the creep response

t
e(t) = 22 (p1 + pot) = @(1 + —) for t >0, (9.2.14)
q k T
where 7 is the retardation time or relaxation time
b1 n
T=—=-. 9.2.15
& ( )

Note that €(07) = 0¢/k. The coefficient of o in Eq. (9.2.14) is called the creep
compliance, denoted by J(t)

1 t
Jt)==(14+-—]. 9.2.16
&= (1+%) (9.2.16)
The creep response of the Maxwell model is shown in Fig. 9.2.2(a).
£(@) o(t)
\ %o
o, g ke,
7 Goes to zero
> — > [
(a) (b)

Fig. 9.2.2: (a) Creep and (b) relaxation responses of the Maxwell element.

9.2.2.2 Relaxation response

Let ¢ = egH (t). Then Eq. (9.2.12) reduces to

do
p1 +poo = q1e00(t). (9.2.17)

The Laplace transform of the above equation is
p1(s0 —a(0)) + poo = qico.

Using the initial condition o(0) = 0, we write

pot+pis) p1 o \B+s)
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whose inverse transform is

o(t) = geoe*mt/m = keoe /" = 0 Y (t), for t> 0. (9.2.18)
1
The coefficient of g¢ in Eq. (9.2.18), Y (¢), is called the relaxation modulus
Y(t)=ke V", 7 =p1/po=n/k. (9.2.19)

The relaxation response of the Maxwell model is shown in Fig. 9.2.2(b).
The relaxation modulus Y'(¢) can also be obtained from Eq. (9.2.10). First
note from Eq. (9.2.16) that

Then, using Eq. (9.2.10), we obtain

Y(t)=L" Lwl(s)} - [(s +7)

which is the same as that in Eq. (9.2.19).
Figure 9.2.3 shows the creep and relaxation responses of the Maxwell model
in a standard test in which the stress and strain are monitored to see the creep

:| — keit/T,

and relaxation during the same test.

(1) o(t)y

(a) (b)

Fig. 9.2.3: (a) Creep and (b) relaxation responses of the Maxwell model in a standard test.

Fig. 9.2.4: The generalized Maxwell model.

A generalized Mazwell model consists of N Maxwell elements in parallel and a
spring (ko) in series, as shown in Fig. 9.2.4. The relaxation response of the
generalized Maxwell model is of the form [see Eq. (9.2.18)]
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U(t) = &0 L

N
Ko+ > kn e‘%] L n,= (9.2.20)
n=1

The relaxation modulus of the generalized Maxwell model is

t

N
Y(t)=ko+ Y kne . (9.2.21)
n=1

9.2.3 Kelvin—Voigt Element

The Kelvin—Voigt element of Fig. 9.2.5 consists of a linear elastic spring element
in parallel with a dashpot element. The stress—strain relation for the model is
derived as follows. Let o1 be the stress in the spring and o9 be the stress in the
dashpot. Note that each element carries the same amount of strain. Then

d
o=01+0y=ke+ nd—‘z. (9.2.22)
We have pg =1, qo = k, and ¢q1 = 7.

o k ’._>8

. —W\— e
o

n

Fig. 9.2.5: The Kelvin—Voigt solid element.

9.2.3.1 Creep response
Let 0 = 0pH(t). Then the differential equation in Eq. (9.2.22) becomes

de
i + qoe = poooH (t). (9.2.23)

The Laplace transform of the equation yields (with zero initial condition)

_,\ _ Dbooo 1 _ poop |1 1
E(s) = = -

a s(s—i-g—(l’) do |5 (s—i—%‘f)

The inverse is

e(t) = 22 (1- 6‘3*3”) =2 (1-e7) =00 J(t). (9.2.24)
90 k
Thus, the creep compliance of the Kelvin—Voigt model is
1 _t QN
t:f<1— ) _a_n 2.2
J(t) : e 7 w K (9.2.25)

The creep response of the Kelvin-Voigt model is shown in Fig. 9.2.6(a). Note
that in the limit ¢ — oo, the strain attains the value eo = 0¢/k.



9.2. SPRING AND DASHPOT MODELS 401

€(t) A O-(t) A

o,
IS{ aozk{
- >~ ¢

(a) (b)

Fig. 9.2.6: (a) Creep and (b) relaxation responses of the Kelvin—Voigt element.

9.2.3.2 Relaxation response
Let £(t) = egH(t) in Eq. (9.2.22). We obtain

o(t) =eolqH () + qé(t)] =Y (t)eo, Y(t) =[kH(t)+nd(t)].  (9.2.26)
Alternatively, we can also determine Y'(¢) using Eq. (9.2.9)

_ 1 - s 1
Y(s) = 5=—, s2J(s) =~ —
(s) $2J(s) s7J(s) 1 s—}—%

=

k
(S)—E—F’I’],

from which we obtain Y (¢) as given in Eq. (9.2.26). The relaxation response
of the Kelvin—Voigt model is shown in Fig. 9.2.6(b). The creep and relaxation
responses in the standard test of the Kelvin—Voigt model are shown in Figs.
9.2.7(a) and 9.2.7(b), respectively.

e(t)A o(t)y

(a)

Fig. 9.2.7: A standard test of a Kelvin—Voigt solid.

A generalized Kelvin—Voigt model consists of N Kelvin—Voigt elements in
series along with a spring element, as shown in Fig. 9.2.8; it can be used to fit
creep data to a high degree. The creep compliance of the generalized Kelvin—
Voigt model is [see Eq. (9.2.25)]

1 | _t Mn,
J(t):k—0+za<1—e n) ™= (9.2.27)

n=1
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ko m 7 N

Fig. 9.2.8: Generalized Kelvin-Voigt model.

9.2.4 Three-Element Models

There are two three-element models, as shown in Figs. 9.2.9(a) and 9.2.9(b).
In the first one an extra spring element is added in series to the Kelvin—Voigt
element, and in the second one a spring element is added in parallel to the
Maxwell element. The constitutive equations for the these models are discussed

here.
&, o & & o
—MW-y —F—W—1
P & o 9 ” }—» 9
k. »—t: n k. {
M_l 0 g %— k, —0— 0
D—El—o_zl -D—@—O_lb
(a) (b)

Fig. 9.2.9: Three-element models.

For the three-element model in Fig. 9.2.9(a), we have

o

oc=01+09, €=¢1+¢€g, 01 =koey, 09 ="mncs, €1 = k‘i’ (9.2.28)
1
Using the relations in (9.2.28) we obtain
n do ko de
TS 1+ —= =k —. 9.2.29
kldt+< +k:1>0 2 (9:2:29)

Equation (9.2.29) is of the form P(o) = Q(¢)

. do . de
P00 T P1— = Qo€ T g1
dt dt (9.2.30)
p=1+@ pr=1r qo=ks q1=n
0 b P1T g =R .
For the three-element model shown in Fig. 9.2.9(b), we have
o2 . 03 o1
_ _ _02 . 2 O 9.2.31
o=01t0y e=eite o= & PR ( )

Combining the above relations, we arrive at

1,y tdo k() ki) de
0’ Thdt T ° ko ) dt’
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or

+pdo b L
g _— = £ _—
Po b1 di q0 q1 dt’

1 1 kl kl

Po=—, P1= 7,

n ko

Apparently, the three-element model represents the constitutive behavior of an
ideal cross-linked polymer.

The creep and relaxation response of the three-element model shown in Fig.

9.2.9(a) are studied next. Substituting o(t) = ooH(t) into Eq. (9.2.30), we

obtain

(9.2.32)

de
poooH (t) + p1ood(t) = qoe + m@’ (9.2.33)
The Laplace transform of Eq. (9.2.33) yields
_ Po - (po + p13)
_ (P _ PO T P15) 9.2.34
(90 + q15) €(s) = 00 ( . +p1> or £(s) 0 T qrs)’ ( )

where zero initial conditions are used. We rewrite the above expression in a
form suitable for inversion back to the time domain:

11 1

g(s) =00 |22 - - IR — (9.2.35)
qo \ S o + s q1 (g& + 3>

1

Using the inverse Laplace transform, we obtain

e(t) = oo {Po (1 —€7£> —i—ple:] , T= ﬂ,
q0 q1

9.2.36
., k1+k2(1_6_1>+i6_£ A ( )
0 ik k1 T Tk
Thus, the creep compliance is given by
k1 + ko _t 1 ¢ 1 1 _t
J(t) = 1—e 7 —e |l =—+—|1—¢e"7]. 9.2.37
®) [k1k2 (1-e )+k16 } k1+k2< ") (9.2.37)

For the relaxation response, let £(t) = o H(¢) in Eq. (9.2.30) and obtain

do
DoO +p1a = QQ€0H(75) + qlsoé(t). (9.2.38)
The Laplace transform of the equation is
(90 + q15)

_ 9.2.39
5o+ prs) (9.2.39)

(po + p18)a(s) = e (q—; + q1) or a(s)=-¢eo

where zero initial conditions are used. We rewrite the above expression in the

11 |

5(s)=co | {2 G — (9.2.40)
po\s o, TS p1<%+3>

1

form
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Using the inverse Laplace transform, we obtain

o(t) =eo [qo (1 - e_£> + qle_i} , T= ]ﬂ,
Po b1 bo

9.2.41
=€ Fikz (1 — e*$> + kle*% , T = L ( )
k1 + ko ki + ko
Thus, the relaxation modulus is given by
k1ks _t _t Ui
Y(t) = (1 - ) ke F|, 7= . 9.2.42
( ) I:k:l—l-kig ¢ +hae ] T k1 + ko ( )

Determination of the creep and relaxation responses of the three-element
model in Fig. 9.2.9(b), also known as the standard linear solid, is considered in
Example 9.2.1 (also, see Problem 9.3).

9.2.5 Four-Element Models

The four-element models, such as the ones shown in Figs. 9.2.10(a) and 9.2.10(b),
have constitutive relations that involve second-order derivatives of stress and/or
strain. Here we discuss the creep response of such models in general terms.
The determination of relaxation response follows along similar lines to what is
discussed for creep response.

& &
— MW\ ———
k, Up . c
€ € ’ :
o { & o o _E A o
—MW— ok
ky
il
L o,
Es
(a) (b)
Fig. 9.2.10: Four-element models.
Consider the second-order differential equation in time
Do + P10 + P2d = qoE + q1€ + €. (9.2.43)
Let o(t) = 09 H(t). We have
PoooH (t) + p1ood(t) 4+ p200d(t) = qoe + q1€ + gf. (9.2.44)

Taking the Laplace transform and assuming homogeneous initial conditions, we
obtain

00 (% + p1 +pgs) = (qo +q15 + qu2) g(s), (9.2.45)
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or 9
Po + p1S + p2s

. 9.2.46
OS(QO + q15 + ¢25?) ( )

g(s) =

To invert Eq. (9.2.46) to determine e(t), first we write g25% + q15 + qo as ga(s +
a)(s + ), where o and f3 are the roots of the equation ga5® + q15 + qo = 0:

1 . 1
= (g —/g2—4 ) :—( Vg — 4 ) 9.2.47
o 50 (fh q7 — 4q2q0 B 50 @ +1\/q7 — 49290 ( )

so that )
po + 1S+ p2s

g(s)=o .

() Oqgs(s+a)(s+5)

We write the solution in three parts for the case of real and unequal roots
with q0 7£ 07 q1 7£ 07 and q2 7é 0:

(9.2.48)

g1 1 1

fil) =0 25 a(ﬁ—a)(era)+6(ﬂ—a)(8+6)]’ (9.2.49)
(s) — o L [ 1 B 1

2= G aGTa) (ﬁa)(8+ﬁ)]’ (9-2.50)
e — o P2 [ o B

63(8)— 0q2 - (5—05)(84-0[)_'_ (,8—05)(8+,3):| . (9.2.51)

The solution is obtained by taking inverse Laplace transform

B @ i B efat efﬁt
0= {m FR e Ad el

e [(6 —Moo o —ﬁ;ﬂ s [‘ <g€—j> " <§e—[z>} } (9:2:52)

When ¢ = 0, ¢1 # 0, and g9 # 0, Eq. (9.2.46) takes the form (with
a=qo/q)

_ oo [po (1 1 D1 a
=—|—|-- 1— —— 9.2.53
#(s) ¢ [a <s s+a>+s+a+p2< s—l—a)]’ ( )

and the solution is given by

et) = % [% (1—e ) +pre " +pa (6(t) — ae*at)} : (9.2.54)

The Dirac delta function indicates that the model lacks impact response. That
is, if a Dirac delta function appears in a relaxation function Y'(¢), a finite stress
is not sufficient to produce at once a finite strain, and an infinite one is needed.

When ¢9 = 0, ¢1 # 0, and ¢ # 0, Eq. (9.2.46) takes the form (with

@ =q1/q)

1 1 1 1
s(s)zao[p(;@—jt >+p1<— >+ P2 } (9.2.55)
g |« S s S+« a \s s+a«a S+«
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and the solution is given by
o t 1 _ _
ety =20 {pﬂ i (pl _ @) (1= e ) 4 ppet] . (9.2.56)
@ | a o o

This completes the general discussion of the creep response of four-element
models. For the relaxation response the role of p’s and ¢’s is exchanged. Alter-
natively, we can use Eq. (9.2.10) to determine Y'(¢).

Example 9.2.1

Consider the differential equation in Eq. (9.2.32),

P00 + P16 = Qo€ + qi€, (1)
with 1 1 k ki + k
po:ﬁ, pL= g p2 =0, qo:;l, Q= 1k2 2, @=0. (2)

Determine the creep and relaxation response.

Solution: From Eq. (9.2.54), we have the creep response (o = qo/q1):

k2 1 —at 1 —at
t) = —(1- -
£(t) 50k1+k2 {an( & )+k2e }

1 —at 1 —at klk?
_ ~(1— , Rl 3
a0 [kl ( © )+k1+k26 } @ n(k1 + k2) (3)

Thus, the creep compliance of the three-element model in Fig. 9.2.9(b) is given by

1 o 1 .
J(t):kfl(lfe f)+kl+k2e L (4)

The relaxation response is o(t) = Y (¢)eo with Y (¢) computed as follows. We have

_ 1 = 1 /1 1 1 1
Y = s2J(s)’ J(S)_ki (g_era) +k1+k2 s+ a

and

k
RS Gk L _ kL k
(k1 + k2)(s+a)” s2J(s) s+%2 s

Thus, the relaxation modulus is

Y(t) =k +hoe V7, 7=1L. (6)

Example 9.2.2

Consider the differential equation

. ko, 1 . 1 1 k . k
s+—25:—a+<—+—+ 2)04— 2 5. (1)
M2 k1 m M2 kime M1M2

Thus, we have

k k 1 1 k 1
QOZO, ql:i7 q2:17 Po = 2,p1:7+7+ 27}72:*- (2)
72 172 m o n2 ki
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Determine the creep and relaxation response of the model.
Solution: The creep response is given by Eq. (9.2.56)

g pt 1 D —a —a
=5 (B4 o B) - ]

i—i—i—|—i(1—e_t/f) T:l:@.
’ (0% k’z

To compute the relaxation modulus, we compute

j(s)—i_i_i_’_i E_L
T kis ms2 ko \ s s+% ’

9 = s 1 1 s as® + bs+c
s°J(s) = —+ — 4+ — = ,
() kv m o m2 <s+%> d(s+ 1)
where
a=mnz2, b= (ki+k2)m +kinz, c¢=kika, d=kimna.
Then L
_ 1 d(s+ = d A B
P(s) = s = 0tz il
s2J as?+bs+c al\s+a s+p
where ; . . y
o= —+ —/b?—dac, f=_—— —\b*—4dac
2a  2a 2a  2a
A:_kQ*TD‘l’ B:sznz,@.
n2(a — B) n2(a — B)

It can be shown that b% > 4ac and « > B >0 for k; > 0 and 7; > 0. Hence, we have

kim

() = vb% — 4ac

(= (k2 = m0) ™ o+ (ks = maB) e

= _fam [kz (efﬁt — eiat) + 12 (aeio‘t - ﬁefﬁt)] .

Vb% — dac

407

9.3 Integral Constitutive Equations
9.3.1 Hereditary Integrals

The spring-and-dashpot elements are discrete models and are governed by dif-
ferential equations. At t = 0 a stress op applied suddenly produces a strain
e(t) = J(t)oo (see Fig. 9.3.1). If the stress o( is maintained unchanged, then
e(t) = J(t)oo describes the strain for all ¢ > 0. If we treat the material as linear,
we can use the principle of linear superposition to calculate the strain produced
in a given direction by the action of several loads of different magnitudes. If,



408 LINEARIZED VISCOELASTICITY

at t = t1, some more stress Ao is applied, then additional strain is produced
which is proportional to Aoy and depends on the same creep compliance. This
additional strain is measured for ¢ > t'. Hence, the total strain for ¢ > t; is the
sum of strain due to ¢ and that due to Aoq:

€(t) = J(t)o‘o + J(t — tl)Aal. (931)

Similarly, if additional stress Aoy is applied at time ¢ = to, then the total strain
for t > t9 is
E(t) = J(t)O'() + J(t — tl)Aal + J(t — tQ)AO'Q
2
= J(t)oo+ Y _ J(t —t;)Ac;. (9.3.2)
i=1

o(t)

(b)

Fig. 9.3.1: Strain response due to o9 and Ao;.

If the stress applied is an arbitrary function of ¢, it can be divided into the
first part oo H (t) and a sequence of infinitesimal stress increments do(t') H (t—t')
(see Fig. 9.3.2). The corresponding strain at time ¢ can be written (using the

o)A

Ao’

0 ! A

Fig. 9.3.2: Linear superposition to derive hereditary integral.
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Boltzman’s superposition principle) as

et) = J(t)ao+/otJ(t—t/)d0(t') —J(t)ao—l—/ot J(t—1) d‘;if,) ar'. (9.3.3)

Equation (9.3.3) indicates that the strain at any given time depends on all that

has happened before, that is, on the entire stress history o(t’) for ¢ < t. This

is in contrast to the elastic material whose strain depends only on the stress

acting at that time only. Equation (9.3.3) is called a hereditary integral.
Equation (9.3.3) can be written in alternate form:

e(t) = J(t)a(0) + [J(t — ') o ()]} — /0 aJ(t—t) o(t') dt’

0 dt’
= J(0)o(t) +/0 Cma(t’) dt’ (9.3.4)
— J0)o(t) + /0 d{l(:) ot — 7) dr. (9.3.5)

Note that Eq. (9.3.3) separates the strain caused by initial stress ¢(0) and that
caused by stress increments. On the other hand, Eq. (9.3.5) separates the strain
into the part that would occur if the total stress o(t) were applied at time ¢ and
an additional strain was produced due to creep.

It is possible to include the initial part due to oy into the integral. For
example, Eq. (9.3.3) can be written as

c(t) = / S d‘;(tf/) n (9.3.6)

—0o
The fact that J(t) = 0 for t < 0 is used in writing the above integral, which is
known as Stieljes integral.
Arguments similar to those presented for the creep compliance can be used
to derive the hereditary integrals for the relaxation modulus Y (¢). If the strain
history is known as a function of time, (), the stress is given by

o(t) = Y (1)e(0) + / tY(t—t/)dZ(tt,/) dt’ (9.3.7)
0

—Y(0)e(t) + / t di;if” c(t— 1)t (9.3.8)
0

:/t Y(t—t) dzg/) dt'. (9.3.9)

The thermodynamic restriction on Y (¢) is that it be nonnegative and be a mono-
tonically decreasing function with finite limit for ¢ — oo.

Example 9.3.1

Consider the stress history shown in Fig. 9.3.3. Write the hereditary integral in Eq. (9.3.4)
for the Maxwell model and Kelvin—Voigt model.
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Solution: The creep compliance of the Maxwell model is given in Eq. (9.2.16) as J(¢) =
(1/k +t/n) with J(0) = 1/k. Then the strain response according to the hereditary integral in
Eq. (9.3.4) is given by

t1 o [t ,1 , oit (n t
For t < t; : u) = —— — t—dt = — ( = = 1
weE s 6() Ultlk‘ v tl 0 n 'I7t1 k u 2 ( )

1 1 tol
For t >t : E(t):alf—i—g/ t'fdt’—l—al/l-fdt'
k tr Jo n t1 n

_oi(n t
—n<k+2+t). (2)

Note that by setting ¢; = 0, we obtain the same result as in Eq. (9.2.14).
The creep compliance of the Kelvin—Voigt model is given in Eq. (9.2.25). Then the strain
response according to the hereditary integral in Eq. (9.3.4) is given by

t €
For t < t1: 5(t):glf.()+2/t/e (t t)/rdt/
0

t1 ntl

st 77( 7t/‘r):|

=— |t—=(1-— . 3
ity [ A ®)

tl !’ t !
Fort >t1: &(t)= ﬂ/ = E=WT gl ﬂ/ e~ =t/T gyt

nt1 Jo n Ji,

_ ﬂ i ( _ tl/'r) —t/T
3 {1 I+ T l=eg e } . (4)

By setting t1 = 0 in Eq. (4), we obtain (use the L’Hospital rule to deal with a zero divided by
zero condition) the same strain response as in Eq. (9.2.24). Note that for ¢ — oo, the strain
goes to € = o1/k, the same limit as if o1 were applied suddenly at t = 0 or ¢ = 1. This implies
that the stress history is wiped out if sufficient time has elapsed. Thus, the Kelvin—Voigt model
represents the behavior of an elastic solid.

Fig. 9.3.3: Stress history.

9.3.2 Hereditary Integrals for Deviatoric Components

The one-dimensional linear viscoelastic stress—strain relations developed in the
previous sections can be extended in a straightforward manner to those relating
the deviatoric stress components to the deviatoric strain components. Recall
that the deviatoric stress and strain tensors are defined as

Deviatoric stress o' =0 — %&I, (07 = 05 — %Ukkdij), (9.3.10)

Deviatoric strain €' = e — $tr(e), (e = €15 — Terkdij), (9.3.11)



9.3. INTEGRAL CONSTITUTIVE EQUATIONS 411

where ¢ is the mean stress and e is the dilatation
trace of stress tensor: & = oy, dilatation: € = g;. (9.3.12)

The constitutive equations between the deviatoric components of a linear elastic
isotropic material are

G =3Ke, o =2ue’ (0}, =2nej;). (9.3.13)

Here K denotes the bulk modulus and g is the Lamé constant (the same as the
shear modulus), which are related to Young’s modulus E and Poisson’s ratio v
with the thermodynamic restrictions

E E
K = —_-—, — G = —,
31—2v) " 2(1 +v) (9.3.14)

E>0, G>0, —1<wv<0.5 (in most cases 0 < v < 0.5).

The linear viscoelastic strain—stress and stress—strain relations for the devi-
atoric components in Cartesian coordinates are

: do’
g;ja)—/ Ju(t — ) 2 gy, (9.3.15)
t

cri(t) = / Jalt — ) O gt (9.3.16)
_ 'U

ol 2/ Gt~ ) (9.3.17)
degg

ork(t) =3 K t—1t) ar dat’, (9.3.18)

where Js(t) is the creep compliance in shear and J; is the creep compliance in
dilation. The thermodynamic restriction on J, Jg, G(t), and K (t) are that they
be positive with finite values as ¢ — oo. The general stress—strain relations may
be written as

oii(t) = 2/ G(t dal]( ) dt’
degi(t')

_ _g o /
+5u/ [K(t t) = 3Gt —t)| ——dt', (9319

do;
gij(t / Js( Udjtg )dt’

/
+5U/ [Ja(t —t') — Js(t = 1)] o7 dat’.  (9.3.20)

The Laplace transforms of Eqgs. (9.3.15)—(9.3.18) ar

(
égj(s) = 5.J4(s) UJ(S), ](s) 25G(s) (), (9.3.21)
k

Erk(s) = jd(S) ork(s), Okk(s (9.3.22)

@
N—
I
o
&
=
—~
@
S—
™
=
=
@
N~—



412 LINEARIZED VISCOELASTICITY

from which it follows that

2G(s) = ENARL (9.3.23)
3K (s) = 822(8) (9.3.24)

9.3.3 The Correspondence Principle

There exists a certain correspondence between the elastic and viscoelastic so-
lutions of a boundary value problem. The correspondence allows us to obtain
solutions of a viscoelastic problem from that of the corresponding elastic prob-
lem.

Consider a one-dimensional elastic problem, such as a bar or beam, carrying
certain applied loads Fio, i =1,2,--- . Suppose that the stress induced is o°.
The strain is

e®=0°/E. (9.3.25)

Then consider the same structure, but made of a viscoelastic material. Assume
that the same loads are applied at time ¢ = 0 and then held constant

Fi(t) = FYH(t).

The stress in the viscoelastic beam is o(t) = o®H (t). The strain in the viscoelas-
tic structure is
e(t) = J(t)o". (9.3.26)

For any time ¢ the strain in the viscoelastic structure is like the strain in an
elastic beam of modulus E = 1/J(t). Thus, we have the following correspondence
principle (Part 1): If a viscoelastic structure is subjected to loads that are all
applied simultaneously at ¢ = 0 and then held constant, its stresses are the same
as those in an elastic structure under the same loads, and its time-dependent
strains and displacements are obtained from those of the elastic structure by
replacing E by 1/J(t).

Next, consider an elastic structure in which the displacements are prescribed
and held constant. Suppose that the displacement in the structure is u€. The
strain £° can be computed from the displacement u¢ using an appropriate kine-
matic relation, and stress o using the constitutive equation

o = Ee*. (9.3.27)

Then consider the same structure but made of a viscoelastic material. If we
prescribe deflection u(t) = u®H(t), the strains produced are £(t) = eH (t). The
strain will produce a stress

o(t) =Y (t)e. (9.3.28)

For any time ¢ the stress in the viscoelastic structure is like the stress in an elastic
beam of modulus £ = Y'(¢). Thus, we have the second part of the correspondence
principle: If a viscoelastic structure is subjected to displacements that are all
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imposed at t = 0 and then held constant, its displacements and strains are
the same as those in the elastic structure under the same displacements, and
its time-dependent stresses are obtained from those of the elastic structure by
replacing E by Y (t).

The foregoing ideas for step loads or step displacements can be generalized
to loads and displacements that are arbitrary functions of time. Let v¢(x) be the
deflection of a structure made of elastic material and subjected to a load fy(x).
Then by the correspondence principle, the deflection of the same structure but
made of viscoelastic material with creep compliance J(¢) and subjected to the
step load f(x,t) = fo(x)H(t) is

v(x,t) = J(t)ve(x). (9.3.29)

If the load history is of general type, f(x,t) = fo(x)g(t), we can break the load
history into a sequence of infinitesimal steps dg(t'), as shown in Fig. 9.3.4. Then
we can write the solution in the form of a hereditary integral

! ndgt') .,
v(x,t) = v°(x) [g(O)J(t) +/ J(t—t )W dt’| . (9.3.30)
0
Next we consider a number of examples to illustrate how to determine the
viscoelastic response.

g(®)4
dg’

0 4 £+ A

Fig. 9.3.4: Load history as a sequence of infinitesimal load steps.

Example 9.3.2

Consider a simply supported beam, as shown in Fig. 9.3.5. At time ¢t = 0 a point load Fp is
placed at the center of the beam. Determine the viscoelastic center deflections using Maxwell’s
and Kelvin’s models.

Solution: The deflection at the center of the elastic beam is

.  FRL?
Ve = WBEI (1)

For a viscoelastic beam, we replace 1/E with creep compliance J(t) of a chosen viscoelastic
material (e.g., Maxwell model, Kelvin model, etc.)

FL?
B @)

ve(t) = J(t)
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Using the Maxwell model, we can write [see Eq. (9.2.16)]

u’g(t):1<1+3> RL®  _n (3)

k T) 481 ' k

For the Kelvin model, we obtain [see Eq. (9.2.25)]

v _l _—t/T F0L3 _ﬂ
vc(t)fk(l e )48[, r=1 (4)

Clearly, the response is quite different for the two materials.

0 | le——

2

Fig. 9.3.5: A simply supported beam with a central point load.

£

Example 9.3.3

Consider the simply supported beam of Fig. 9.3.5 but with specified deflection v. at the center
of the beam. Determine the load for the viscoelastic response of the Maxwell and Kelvin
models.

Solution: The force required to deflect the elastic beam at the center by v. is

e A48FEIv.
F* = ——. (1)

To obtain the load for a viscoelastic beam, we replace E with relaxation modulus Y (¢) of the

viscoelastic material used 18]
e Ve
F(t) = Y (1) . 2)

For the Maxwell model, we have the result [see Eq. (9.2.19)]

v o —t/T 48]’Uc _n
FE(t) = ke 75 T_E’ (3)
and for the Kelvin model, we obtain [see Eq. (9.2.26)]
v 481v, n
F2(0) = K[HE) + 780 e, 7= (4)

Example 9.3.4

Consider a simply supported beam with a uniformly distributed load of intensity go as shown
in Fig. 9.3.6(a). Determine the viscoelastic deflection at the center.

Solution: The elastic deflection of the beam is given by

@ =g () 2(3)+ ()] <U
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The midspan deflection is
5qoL*

vE(L/2) = 22 2)

For the load history shown in Fig. 9.3.6(b), the midspan deflection of the viscoelastic beam is

v 5q0L* 1 [
vl (L)2,t) = 3‘?41 ol Jt—t)dt', 0<t<t, (3)
v 5(]0L4 1 1 ’ /
we(L/2,t) = Sere o | It =t)dt, 1>t (4)
0

For example, if we use the Kelvin—Voigt model, we obtain (7 = n/k)

W (L)2,t) = 53‘1?;)5]{—11 [t—%@—e‘t”)], 0<t<t, (5)
ve(L/2,t) = 5;;5% [1 + kitl (1 — etl/f) eft/T} , t>t1. (6)
_a® 6
BERENY %l
7 L 7 i

Fig. 9.3.6: A simply supported beam with a uniform load.

9.3.4 Elastic and Viscoelastic Analogies

In this section we examine the analogies between the field equations of elastic and
viscoelastic bodies. These analogies help us to solve viscoelastic problems when
solutions to the corresponding elastic problem are known. The field equations
are summarized in Table 9.3.1 for the two cases. The Laplace transformed
equations of elastic and viscoelastic bodies are summarized in Table 9.3.2. The
correspondence is more apparent. A comparison of the Laplace transformed
elastic and viscoelastic equations reveals the following correspondence

afj(x) ~ 6’%(){, s), 5%(){) ~ éé’j(x, s), (9.3.31)

Ge(x) ~ G*(x,8) = sG(x,8) K¢(x) ~ K*(x,s) = sK(x,s). (9.3.32)

This correspondence allows us to use the solution of an elastic boundary value
problem to obtain the transformed solution of the associated viscoelastic bound-
ary value problem by simply replacing the elastic material properties G and K
with G* and K*. One needs only to invert the solution to obtain the time-
dependent viscoelastic solution. This analogy does not apply to problems for
which the boundary conditions are time dependent.
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Table 9.3.1: Field equations of elastic and viscoelastic bodies.

Type of equation Elasticity Viscoelasticity
Equations of motion 0ij; + fi = pily 0ij,5 + fi = plis
Strain—displacement
equations €ij = 3 (ig + uj,i) eij = 5 (wij +uj,i)

Boundary conditions

ui:ai 0nS’1 ui:ﬁi OHS1

t; =njoj; =t; on So ti = njoj; =t; on So
Constitutive equations

de’ .
ol; = 2Ge}; o =2[" Gt—t)THEd
oxr = 3Kegg Okk = 3[:)0 K(t— t/) d;;",’“ dt’

Table 9.3.2: Field equations of elastic and Laplace transformed viscoelastic bodies for the
quasi-static case.

Type of equation Elasticity Viscoelasticity
Equations of motion Oij,j + fz =0 0ij,j + ﬁ =0
Strain—displacement
equations €ij = % (uiyj + Uj,i) Eij = % (ﬂi,j + ﬁjyi)
Boundary conditions
u; =1u; on Si ﬂi:ﬁi on S
tiE’n]‘O'jz‘:tAi on S> ﬂ-zn]o‘rﬂ:i‘ on S>
Constitutive equations™™
oi; = 2Gey; 51 = 2sG(s)g}; = 2G*(s)&};
ok = 3Kerk Okk = 38[((8) Ekk = 3K*(S) Ekk

* G*(s) = sG(s), K*(s) =sK(s).

The analogy also holds for the dynamic case, but it is between the Laplace
transformed elastic variables and viscoelastic variables:

6% (X7 S) ~ 6% (X7 8)7 gfj (Xa S) ~ égj (X7 3)7 (9333)

Ge(x,8) ~ G*(x,s) = sG(x,s) K°(x,8) ~ K*(x,8) = sK(x,s). (9.3.34)

Next we consider two examples of application of the elastic—viscoelastic analogy.

Example 9.3.5

The structure shown in Fig. 9.3.7 consists of a viscoelastic rod and elastic rod connected in
parallel to a rigid bar. The cross-sectional areas of the rods are the same. The modulus of the
material of the rods are

Viscoelastic rod:  E(t) = 2uH (t) + 2n6(t),
Elastic rod: FE = Young’s modulus = constant.

(1)

If a load of F(t) = FoH(t) acts on the rigid bar and the rigid bar is maintained horizontal,
determine the resulting displacement of the rigid bar.
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v/

R

i

TR

&~
TR

Viscoelastic rod

TR

S

Elastic rod l

e

i

T

i

F()

S

Rigid bar
(remains horizontal)

F@)=FH{), u@)="?

Fig. 9.3.7: Elastic-viscoelastic bar system.

Solution: Let u° and u"(¢) be the axial displacements in elastic and viscoelastic rods, respec-
tively. Then the axial strains in elastic and viscoelastic rods are given by

.o u’(t)
= — = . 2
=t =" 2
The strain-stress relations for the two rods are
. ot v 1 do®
c=Z. c=[ Je-n% (3)

The axial stresses in elastic and viscoelastic rods are given by

e I oy @)
o =—1, 0 (t) = A (4)
From Egs. (9.3.53)-(9.3.55) we have
. F°L U L [* dF”
U=y U (t)—z 7ooJ(t_T) pm dr, (5)

where F¢ and F" are the axial forces in the elastic and viscoelastic rods, respectively. The
geometric compatibility requires u® = u”, giving

F°L L [! dF"
= —Z/_OOJ(th) i dr

AE
or ,
dF®
F° =FE*° J(t — dr. 6
[ ae-n G ar (©)
The force equilibrium requires
t dF?®
F@t)=F"(t)+ F°=F"(t) + E‘E/ J(t—1) 7 dr, (7)
oo T
which is an integro-differential equation for F(t).
Using the Laplace transform, we obtain
F - =
?0 = (1+ E°sJ) F". (8)

Since sJ = 5%7 we can write
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and the inverse transform gives

Equation (8) takes the form

Fv:@ S+% a:2M+Ee
s \s+a’ 2n

Fo 2/L Ee
=== . 11
2u+Ee(s s—l—a) (1)

The inverse transform gives the force in the viscoelastic rod

v _ Fy _ e —at
F(t) = T Be (2u— E%e™). (12)
Then from Eq. (5) we have
vy L =2y FL FoL 1 1
w(s) = ASJF T As(s+a)  AQQu+ E°) [s s+a} ' (13)
The inverse transform yields the displacement
v _ FOL _ ot
u’(t) = ACu+ B9 (1—e). (14)

Example 9.3.6

Consider an isotropic, hollow, thick-walled, long circular cylinder of internal radius a and
outside radius b (see Example 7.5.1 for the elastic solution for a more general problem). The
cylinder is held between rigid supports such that v, = 0 at z = £L/2 (i.e., plane strain state)
and pressurized at r = a, as shown in Fig. 9.3.8. The material is assumed to be elastic in
dilatation and viscoelastic in shear with response defined by a standard linear solid, whose

constitutive equation is

1 1 do’ k1 kl dE

Cot— =y (1+2) = 1

n0+k2dt Ui +(+I€2>dt )
Determine the displacements, strains, and stresses in the cylinder. Assume zero initial condi-
tions.

Urr

Oy

P\l

S

Fig. 9.3.8: Elastic—viscoelastic bar system.
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Solution: First we identify the constitutive relations for a material that is elastic in dilatation
and viscoelastic in shear, defined by a standard linear solid (see Problem 9.2):

elastic, dilatation: & = 3Ke, (2)

ds; de;;
viscoelastic, shear: po sij + p1 W =qoeij +q ;tj , (3)

where s;; = 0;; and e;; = €, [see Egs. (9.3.10)—(9.3.13)], and (k; — 2G5)

G1+G
q = 2G1, q1:n<%22>. (4)

_n
p1 = 2G2 )
Taking the Laplace transfor of Eq. (3) and using Eq. (9.3.21), we obtain (po = 1)

q1 + g2 = A B

25G(s) = - 2G(s) = —+ ———, 5
()= D102 0= 5+ s ©)
with A = qo and B = ¢1 — qop1. Hence, we have
QG(t) =qo + (;]Tl — qo> e_t/pl = 2G1 + 2G> 6_(202t/n>. (6)
1

The elastic solution (in dilatation) is known from Example 7.5.1 as
1 D a’b? D 1 (1+v)pab r b
i = - = 1-— = = 5
ur(r) 2(p+ ) (beaQ)T—F 24 <b27a2 r B —a?) ( V)b+r M

orr(r) = (%) (1— g) oo (r) = (bf“ ) <1+i—z>. (8)

Using the relations between (F, v) and (G, K),

_ 9KG L 3K — 2G ©)
T 3K+ G’ T 6K +2G’

the displacement u, can be expressed in terms of G and K as

(1+l/)pa2b[ 3G r g} (10)

YT G —a?) 3K+ G b

Since the stresses do not depend on the material parameters, they are valid for the vis-
coelastic case. As for the displacement, we use the viscoelastic analogy and write

Ur(r,8) = gl—'—l’)pa% { G()
o 2G(s)(b? — a?) [3K(s) +

r b
ZorRedt 12
where K = K, and G(s) is given by Eq. (5)

A 1|2 | @1 —qop1
=3 L T +8)} ' &2

The inversion of Eq. (12) to the time domain is algebraically complicated, but can be done
with the help of the inverse transforms given Table 9.1.1. The viscoelastic solution for the
displacement is

ur(r,t) = pa‘b 3r ! + P1 — ! ex _ 6K+ t
’ (52 —a?) | b | 6K+ qo 6Kp1 +q1 6K +qo . 6Kp1 +q1

2t ) (2}
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9.4 Summary

This chapter is dedicated to an introduction to linearized viscoelasticity. Be-
ginning with simple spring-dashpot models of Maxwell and Kelvin—Voigt, three-
and four-element models and integral constitutive models are discussed, and
their creep and relaxation responses are derived. The discussion is then general-
ized to derive integral constitutive equations of linearized viscoelastic materials.
Analogies between elastic and viscoelastic solutions are discussed. Applications
of the analogies to the solutions of some typical problems from mechanics of
materials are presented. This chapter constitutes a good introduction to a more
complete course on theory of viscoelasticity.

Problems

9.1 Method of partial fractions. Suppose that we have a ratio of polynomials of the type

where F'(s) is a polynomial of degree m and G(s) is a polynomial of degree n, with
n > m. We wish to write in the form

F(s) c1 c2 c3 Cn,

= + + oot :
G(s) s+o1 s+ax s+as 5+ an

where ¢; and «; are constants to be determined using

= lim CH2FE)

= , n=12,--- n.
s——ay G(S)

It is understood that G(s) is equal to the product G(s) = (s + a1)(s + az) ... (s + an).
If
F(s)=5"—6, G(s)=s"+4s" +3s,
determine c;.
9.2 Given the following transformed function
(14 v)pab [ 3G(s)
2G(s)(b* — a?) | 3K(s) +

(s
where K = K, p, a, b, p1, qo, and q1 are constants, and G(s) is given by

)%Jrﬂ’ &)

Uy (r,s) =

G(s) = 1 {‘LO + w (2)
20s  pp!
determine its Laplace inverse, ur(r,t).

9.3 Determine the creep and relaxation responses of the three-element model (i.e., standard
linear solid) of Fig. 9.2.9(b) following the procedure used in Egs. (9.2.33)—(9.2.42)
for the three-element model shown Fig. 9.2.9(a). In particular show that the creep
compliance function is the creep compliance function is

1 ko —t/T

Jt) = — - — 2
O e W

and the relaxation function is

Y(t) = k1 + kze_t/T.

9.4 Derive the governing differential equation for the spring-dashpot model shown in Fig.
P9.4. Determine the creep compliance J(t) and relaxation modulus Y (t) associated with
the model.
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— 5

Qay

Fig. P9.4

9.5 Determine the relaxation modulus Y'(¢) of the three-element model of Fig. 9.2.9(a)
using Eq. (9.2.10) and the creep compliance in Eq. (9.2.37) [i.e., verify the result in Eq.
(9.2.42))].

9.6 Derive the governing differential equation for the mathematical model obtained by con-
necting the Maxwell element in series with the Kelvin—Voigt element (see Fig. P9.6).

Fig. P9.6

9.7 Determine the creep compliance J(t) and relaxation modulus Y (¢) of the four-element
model of Problem 9.6.

9.8 Derive the governing differential equation for the mathematical model obtained by con-
necting the Maxwell element in parallel with the Kelvin-Voigt element (see Fig. P9.8).

ky 1,
o [0}
va%
Ui
n
|18
Fig. P9.8

9.9 Derive the governing differential equation of the four-parameter solid shown in Fig.
P9.9. Show that it degenerates into the Kelvin—Voigt solid when its components parts
are made equal.

>
>
> <

<
<
<
S

k
A
vyvy
— 772 —o—» O
In
=

=

Fig. P9.9

9.10 Determine the creep compliance J(¢) and relaxation modulus Y (¢) of the four-element
model of Problem 9.8.
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9.11 If a strain of €(t) = ot is applied to the four-element model of Problem 9.8, determine
the stress o(t) using a suitable hereditary integral [use Y (¢) from Problem 9.10].

9.12 For the three-element model of Fig. 9.2.9(b), determine the stress o(¢) when the applied
strain is e(t) = €9 + €1 ¢, where €9 and &1 are constants.

9.13 Determine expressions for the (Laplace) transformed modulus £(s) and Poisson’s ratio
7 in terms of the transformed bulk modulus K (s) and transformed shear modulus G(s).

9.14 Evaluate the hereditary integral in Eq. (9.3.4) for the three-element model of Fig.
9.2.9(a) and stress history shown in Fig. 9.3.3.

9.15 Given that the shear creep compliance of a Kelvin—Voigt viscoelastic material is

1

I(0) = 5

(1),

where Go and 7 are material constants, determine the following properties for this
material:

(a
(b
(c
(d

shear relaxation modulus, 2G(t),
the differential operators P and @ of Eq. (9.1.1),

integral form of the stress—strain relation, and

NN N N

integral form of the strain—stress relation.

9.16 The strain in a uniaxial viscoelastic bar whose viscoelastic modulus is E(t) = Eo/(1 +
t/C) is e(t) = At, where Ep, C, and A are constants. Determine the stress o(t) in the
bar.

9.17 Determine the free end deflection w” (t) of a cantilever beam of length L, second moment
of inertia I, and subjected to a point load F'(t) at the free end, for the cases (a) F(t) =
FoH(t) and (b) F(t) = Foe™*‘. The material of the beam has the relaxation modulus
of E(t) =Y (t) = A+ Be *.

9.18 A cantilever beam of length L is made of a viscoelastic material that can be represented
by the three-parameter solid shown in Fig. 9.2.9(a). The beam carries a load of F(t) =
FyH(t) at its free end. Assuming that the second moment of area of the beam is I,
determine the tip deflection.

9.19 A simply supported beam of length L, second moment of area I is made from the
Kelvin—Voigt type viscoelastic material whose compliance constitutive response is

J(t) = Eio (1),

where Ey and 7 are material constants. The beam is loaded by a transverse distributed
load

a@,t) = a0 (1= T = f() g(),

where qo is the intensity of the distributed load at z = 0 and g(¢t) = t?. Determine the
deflection and stress in the viscoelastic beam using the Euler-Bernoulli beam theory.
9.20 The pin-connected structure shown in Fig. P9.20 is made from an incompressible vis-
coelastic material whose shear response can be expressed as
nd d
P=1+—-— =n—
+uﬁ’ Q=n,
where 1 and p are material constants. The structure is subjected to a time-dependent
vertical force F'(t), as shown in Fig. P9.20. Determine the vertical load F(t) required
to produce this deflection history. Assume that member AB has a cross-sectional area
A1 =9/16 in.2 and member BC has a cross-sectional area As = 125/48 in.2.



PROBLEMS 423

A, =9/16in.?
A, =125/48 in.2

o~

Fig. P9.20

9.21 Consider a hallow thick-walled spherical pressure vessel composed of two different vis-
coelastic materials, as shown in Fig. P9.21. Formulate (you need not obtain complete
solution to) the boundary value problem from which the stress and displacement fields
may be determined.

External
pressure, p, (¢)

Internal
Material 1 pressure,
D, ()
|[«—

Material 2 Dia. a

Fig. P9.21

9.22 The linear elastic solution for axial stress ozz(z,y) and transverse displacement v(y),
based on the Euler—Bernoulli beam theory, of a cantilever beam of length L, flexural
stiffness E1, and loaded at the free end with Fy, as shown in Fig. P9.22, is

Foxy . F0L3 x 2
1 @)= gy (2 3L+L2)'

Oxz = —

Determine the viscoelastic counterparts of the stress and displacement using the vis-
coelastic analogy and Kelvin—Voigt model.

y

gl

Fig. P9.22

=
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Answers to Selected Problems

If a man is in too big a hurry to give up an error he is liable to give up some truth with it.
— Wilbur Wright (1867-1912)

Chapter 1

1.1 The equation of motion is

e + o’ = a = £
dt -9 Tom
1.2 The energy balance gives
d
o (Aq) + BP(Too — T)+ Ag = 0.

1.3 The equation governing the transverse deflection v is
d? d*v
— | FI— | = .
dz? ( d:c2) a(w)

d(Ah)
dt =qi qo0,

1.4 The conservation of mass gives

where A is the area of cross section of the tank (A = 7D?/4) and p is the mass density
of the liquid.

1.5 p=2t,/R.

Chapter 2

2.1 The equation of the required line is r = A + aB.

2.3 The equation for the required plane is (C — A) x (B — A) - (r — A) = 0, where r is the
position vector.

2.8 The vector sum of the areas is AXB+BXC+CxA+(C—A)x(B-A).
2.11 The vectors are linearly dependent.

2.12 (c) A1 = —13, Ay = 21, and Az = 19.

2.13 (a) & = %(il +i3), é = ﬁ(—il + 4iy +i3), and é; = %(2?1 +i2 — 2i3).

2.17 2.

2.19 Use the two properties of determinants: (1) det ([S][T]) = det [S]- det [T] and (2) det
[S]"= det [S].

2.20 (a) Let &; = 6,p€p, &5 = §;4€q, and &, = 0pr&;.

2.22 (a) The transformation matrix is

SLspsl-
sl
St

2.24 Follows from the definition

L()L
2, v3
L= + L+ -1
=123
2 V2 2
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2.26
2.27

2.28
2.29

2.35
2.36
2.41

2.42
2.44

2.48
2.51
2.55

2.56

2.57

2.58

2.60

ANSWERS TO SELECTED PROBLEMS

The determinants are (a) —8. (b) —5.
(b) The inverse is
1 1-2-1
(A7 = 5|4 31
3—-1-3
(b) Positive. (c) Not positive.
The positive matrix associated with [Q)] is
211
123
1 35
Use the gradient theorem with ¢ = 1.
Use the divergence theorem.
(d) Note that
Si1 Si2 S
Si - (S; X Sk) =|Sj1 Sj2 Sj3
Sk1 Sk2 Sks

(a) Sy =12. (c) Si;Si; = 281. (e) {C} = {18 15 34}™.

The components A; are given by
A 3v3
A =5
Ay p = 1
As 5v3
2

Obtain Part (c) of Problem 2.39, which is the required result.

Use the del operator from Table 2.4.2 to compute the divergence of the tensor S.

(&) A1 = 3.0, d=2(1++6) = 6.472, Az =2(1- v/5) = —2.472. The eigenvector
components A; associated with Az are A(®) = +(0.5257,0.8507,0).

(c) The characteristic polynomial is [-A% 4 6\ — 8](A — 1) = 0. The eigenvalues are
M =4, do=2 A3=L

(d) The characteristic polynomial is [~A% 45X\ —6](A+1) = 0. The eigenvalues are A\; =
3, A2=2, A3 = —1. The eigenvector associated with A\; = 3 is A = :I:%(l,o7 1).
(a) The characteristic polynomial is —\* 4 6% + 78\ — 108 = 0. The eigenvalues are
A1 =11.8242, Ao = 1.2848, A3 = —7.1090.

(b) The characteristic polynomial is —A* 4+ 5X% — 6A 4+ 1 = 0. The eigenvalues are A\; =
3.24698, A2 = 1.55496, A3 = 0.19806. The eigenvectors are A1) = £(0.328, —0.737, 0.591);
A® = £(0.591,-0.328,—0.737); A® = 4(0.737,0.591,0.328).

(c) The characteristic polynomial is —A* + A% + A —1 = 0, and the eigenvalues are \; =
—1, A2 = 1, A3 = 1. The eigenvectors are (not normalized) A = (1,-1,1); A® =
+(1,0,-1); A® =4(-1,0,1).

(d) The characteristic polynomial is X% +5)22 — 2\ — 8 = 0, and the eigenvalues

are A1 = —1, A2 = 2, A3 = 4. The eigenvectors are (not normalized) A =
(—0.5,1,0.16667); A® =4(0,0,1); A® =4(1,0.5,0.5).

M =9, A=-9, X\3=—18.

)=y 9]

The inverse is
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Chapter 3
3.1 v= %&-t’ a=0.
3.2 X(X) = (4X1 + X5 — 2X1X2)é1 -+ (*X1 +3Xs + 2X1X2)é2 + X3és.

2 Eat 2 e*Qtzt
3.5 (¢) a1 = a” a1, a2 =4a” ey T2, as=0.

3.6 uy =3X1 + Xo — 2X1X2, us = — X1 +2X5 +2X1X2, us = 0.

1420 1
3.7 (a)[F]=|t*10]|. (¢){2
001 1
k0 0
3.8 (b)[C]=[B]=|0%k 0
0 0 k?
k1 egka 0 k)% + G(Q)k% eok‘g 0
39 ()[F]=|0 k: 0].(b)[B]= eoks k3 0
0 0 ks 0 0 k32

3.10 (b) The displacements in the spatial description are

u1(x) = z1 (1 — cos At) + x2 sin At,
uz(x) = —x1 sin At + z2 (1 — cos At)

uz(x) = Bt x
T I B Y
B> A+BO
3.11 (a) u1(X) = AX2, ua(X)=BX1, us(X)=0. (c)2[E]=|A+B A% 0
0 0 0
1£0
3.13 [F]=|t* 10
001

[cosht sinht 0
3.15 (c) [F] = | sinht cosht 0
0 0 1

3.17 (b) The angle ABC after deformation is 90— 3, where cos 8 = \/1‘;727 and p = 2/(2—7).
i

3.18 (a) [E] = , v=1.

[==RE e
O o 3
o O O

3.19 w1 =L X5, u2 =0, ug=0.

3.20 u1 = (%9)X3, u2 =0, uz=0,and E11 =0, Eiz=%Xa, Esxn=1(2X2%)".
3.21 ulzel%%, uz:ez%%.
3.22 u; = —0.2X; +0.5X2, u2 =0.2X; —0.1X2 4+ 0.1X; X5.
3.23 e = A, co9 = A, 29 =1 (Br+ £ cosb).

3.25 The linear components are given by €11 = 3X{X2 + a1 (203 + 32Xy — X;’), €22 =
—(2c3 + 363 X2 — X3 +3c1 X7 X2), 2612 = X1 [XT + 1 (33 — 3X73)] — 3a1 X1 X5.

ae € a27 2
3.26 (b) Eji(= Enn) = #5357, Ela(= Ens) Qfg(aulbg).

3.27 The principal strains are e; = 0 and e = 1073 in./in. The principal direction associated
with e1 = 0 is A; = & — 2&> and that associated with ¢ = 1072 is Ay = 261 + é-.
3.29 The only nonzero linear strains are: €, = L?Tlr] , €09 = % .

3.30 The only nonzero linear strains are: Frr = % +% (%)2 , Epp = Ego = % +% (%)2 .
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3.35 Use the definition of J
dx1 Oz Oz

0X1 0Xo9 0X3
dxoy Oxo Oxo
0X1 90Xy 0X3
Jxg Oxzz Oz
0X1 0X2 0X3

and the hints to arrive at the result.
3.37 Use the definition of C in terms of E and Eq. (3.6.14).
3.38 Use the definition of e and follow the procedure of Section 3.6.2.
3.40 Use the expression in index notation from Eq. (3.7.11) to establish the symmetry of S.
3.42 w1 = X1 X3 and us = X2 Xo.
3.43 (b) The strain field is not compatible.

3.45 The function f(X2, X3) is of the form f(X2,X3) = A+ BXs + CX3, where A, B, and
C' are arbitrary constants.

3.48 Take the time derivative of the identity Q - QT =1I.
3.51 Not objective.

3.55 Use the definition (3.6.3) and Eqgs. (3.6.14) and (3.9.1) as well as the symmetry of U to
establish the result.

V5+1+v5-1 0
356 [C]==13|vV5-1v5+1 0
0 0 6
2.2313 0.1455 1.0671 0.1455
3.57 [U]= [0.1455 1.0671} V1= [0.1455 2.2313} :
3+4v3 3-v3 0 V3+1 V3-1 0
858 [Ul=55[3-v3 1+3V/3 0 |, [V]=75|v3-1 V3+1 0
0 0 2v2 0 0 V2
2414 0 0 2.121 0.707 0
3.59 [Ul=| 0 0414 0 |,[V]=|0.707 0.707 0
0 0 1.0 0.000 0.000 1
VE+1v/5-10
3.60 [VC]=1|V5-1v5+1 0
0 0 6
3+v3 3-vV3 0 V3+1 V3-1 0
361 [Ul=5513-v3 1+3V3 0 |, [Rl=55|1-V3 V3+1 0 |,
0 0 2v2 0 0 2v2
V3+1 V3-1 0
and [V]= 5 | vV3-1 V3+1 0
0 0 V2
3.63 With respect to the basis &; we have
0.707 0.707 0 2.121 0.707 0

U= 0.707 2.121 0 | and [V]= | 0.707 0.707 0
0 0 1.0 0 0 1.0
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Chapter 4

on FG: t = 2j7 on EF: t = —33,
on HA: t =0, on AB: unknown.

4.2 Partial answer:

4.3 (a(i)) t" =2(é1 + 7é2 + &3). (c) on = —% = —7.33 MPa, o0, = 12.26 MPa.
4.4 (a) t" = 2_(5é; + 562 + 9é3) MPa. (b) 0, = 6.3333 MPa, o, = 1.8856 MPa.

3

4.5 o, = —4 = —2.833 MPa, o, = 8.67 MPa.

4.6 (b) t, = —16.67 MPa, t, = 52.7 MPa.
4.7 on, = 0.3478 MPa, o, = 4.2955 MPa.
4.8 (b) |t| = 3.86 MPa, and t,, = 3.357 MPa.
32 —42 —28v2
(c)[6] =& | —42 72 2442
—28v/2 —24v/2 —32

4.9 (b) |t|] =3.1396 MPa. (c) tnn = 0.6429 MPa, and t,s = 3.073 MPa.

4.10 (a) tpn = P(é1 + é2 — é3) and t,s = P(é2 + €é3).

4.11 0o =3; = £ (361 — 282 + &3).

4.13 o0, = —40.8 MPa, o, = —20.67 MPa.

4.14 0, = 3.84 MPa, o5 = —17.99 MPa.

4.15 0, =95 MPa, os = —15 MPa.

4.16 o0, = —76.6 MPa, o, = 32.68 MPa.

4.17 o¢9 = 140 MPa, os = —90 MPa.

4.18 0,1 =6.6568 MPa, o0p2 =1 MPa, o0p3 = —4.6568 MPa.
4.19 0,1 =972 MPa, o0p2 = —7.2 MPa.

4.20 0,1 = 121.98 MPa, op2 = —81.98 MPa.

4.21 (a) o1 = —15MPa, o2 =6MPa, o3 =15MPa. (b) o1 =11.824 MPa,

nM) = +(1,0.462,0.814).

4.22 G =2and [0'] =

co Ot =

5 8
-10

00
4.23 Ni =2, Xo=2, XNy=-T;a) = —0.577&; + 0.577&; + 0.5778é3.
4.24 )\ = —13.5416 MPa, Xy =8.0 MPa, X3 = 16.5416 MPa.
4.25 A\ =6.856, My =—10.533, A3 = —3.323.
4.26 o1 = 25 MPa, o2 =50 MPa, o3 =75 MPa;

Al =+ (26 — 2&5), n® =téy, A® =L (fe) + L&).

5

4.27 (a) pf = Bé;. (c) op1 = —V2AB, 0p2 =0, 0p3 = V2AB. (d) (04s)max = V2AB.

4.29 pf =0.

4.30 pf = —6x2 61 x 10° N/m®.

4.31 Not satisfied.

4.32 pf = —4Bx3é3 x 105 N/m®.

4.33 pof = —4é3.

4.34 pf = —4dcxsés.

4.35 (¢) T = ABoyo Esand T = ATBO'O .

4.36 (c) T = —ACoqé; MPa, T = — 4%, é;MPa.

433
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Chapter 5

5.1

5.5
5.6
5.7
5.8
5.9
5.10
5.11

5.12

5.17

5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25

5.26
5.27
5.28
5.32

First show that V(g) —vxVxv=v-Vv.

Use Table 2.4.2 and replace A with pv.
Use Table 2.4.2 and replace A with pv, and note that 2‘%3 + 6;%}5 = #%.
(a) Satisfies. (b) Satisfies.

Q=2 (3vo—c) m*/(s.m).

F, =5.118N.

F, = 88.15N, Q1 = 0.01273 m®/s, and Qg = 0.00424 m®/s.
(a) F=2412N. (b) F =12.06 N.

v(t) =/ L (@2 — ), a(t) = La(t) and v(to) = y/ L(L? — 2d) = /gL when L >> xo.

v

Proving this identity requires the proof of the following identities: v - Vv = V(;) —
vxVxvand Vx(AxB)=B-VA—A-VB+AV-B-BV A,

pfi =0, pfo =0, and pfs = —4abzs.
pf = —19 €1 + 221 €5.
Certain conditions have to be met on ¢;.

Satisfied.

Satisfied only if B + 2C = 0.

012 = —P (h* — 23) /215 and 022 = 0, where I3 = 2bh%/3.
012 = —Qox1 (h2 — x%) /215 and 022 = % (3}12 - x%) — 2.

c3 =0, c24+c =0, ¢r =0 (when Cio # 0); ¢6 4+ 3ca = 0; all other constants are
arbitrary.

(a) No restrictions on ¢;. (b) Sy does not satisfy the equilibrium equations.
(a) T=0.15 N-m. (b) When T'=0, wo = 477.5 rpm.

w = 16.21 rad/s = 154.8 rpm.

o : W = 0 because of the skew symmetry of W.

Chapter 6
6.1 Note that
(R =[R7"), (1] =[T7°), [T]=[R7]", [T7°]=[R]".
6.2 Carrying out the matrix multiplications indicated, we obtain (only selective coeflicients

are given here)

511 = Si1cost® — 2816 cos® Hsin 6§ + (2512 + Ses) cos? Osin? 0
— 2556 cos O sin® 0 + Sa2 sin 0
S1s = Siacost O + (S16 — S26) cos® fsinf + (S11 + S22 — Ses) cosZ0sin? 0
+ (S26 — S16) cos0sin® 0 + Siosin* 0
S5 = Soo cos O + 2556 cos® O sin O + (2512 + Ses6) cos? Osin? 6
+ 2516 cosfsin® 0 + Sy sin 0
Sas = Ss3
See = 566(0052 0 — sin? 0)2 + 4(S16 — 526)((:052 0 — sin? ) cos §sin 0
+ 4(S11 + S22 — 2512) cos? Osin? 6
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Sas = Sas cos? 0 + 2545 cos Osin O + Sss sin’ 0
Ss5 = S5 c0s% 0 + Saasin® @ — 2545 cos O sin 6. (1)

Ci1 = Ci1 cos® O — 4C16 cos® Osin 6 + 2(Ci2 + 2Cs6) cos” fsin” 0
— 4C% cos 0 sin® 0 + Cao sin 0
Cha = Cracos® 0+ 2(Cr — Cag) cos® Osinf + (C11 4 Caa — 4Cs6) cos” Osin” 0
+ 2(Ca6 — Ch6) cos Bsin® 6 + C1o sin® 0
Caz = Cas cos® @ + 4056 cos® O sin O + 2(Ch2 + 2Cs6) cos? fsin? 0
+ 4C16 cos 8 sin® 0 + C11 sin? 0
Css = Cs3
Cs6 = 2(Ci6 — C26) cos® sin + (Cr1 + Caz — 2C12 — 2C56) cos” B sin” O
+ 2(Ca — Che) cos b sin® 0 + Cee (cos4 6 + sin* 0)
Cus = Cus cos? 0 + Css sin® 0 + 2CYy5 cos fsin 0

6_155 = (55 COS2 0+ Cya sin2 60 — 2C45 cos 0 sinb. (2)
i 37.8
U“ 43.2
22
27.0
6.6 02'3 =10° 16 Pa.
Z“ 0.0
12 5.4

6.7 I, =108 MPa, I, = 2,507.76 MPa?, I3 = 25,666.67 MPa®; J;, = 500 x 1075,
J2 =235 x107°, Js = —32 x 10~ '2,

6.8 I, = 78.8 MPa, I, = 1,062.89 MPa?, I3 = 17, 368.75 MPa’.
6.9 J, =66.65 x 107%, J, =63,883.2 x 10712, J3 = 244,236 x 10718,

o1 E1 viaEs 0 €1
6.10 (o) = m 1/21E1 EQ 0 E2

o6 0 0 (1—r12v01)Gr2 €6
6.11 S = %L = \(trE)I + 2uE.

6.12 V(o) = & [(1+v)tr(c?) — v(tro)?].

6.13 E>0, G>0, K>0, —1<v<0.5.

6.17 o = 2u+ NG+ AT, 000 = 2u+NE+AE, o= A (F D).
6.18 orr = 20+ N9 +20% ) 046 =2+ N L + XL 099 = 0ge-

6.20 m1 =0, T2 = 7, T2 = u( iz ee)-

1Dp
p Dt*

6.25 First show that 2 (pv) = p2¥.
6.29 A direct result from the solution to Problem 6.28.
6.32 Begin with U = e — 0 = ¥(0, ¢) and obtain ¥ = —nf + %Ui]’éij.

6.23 Note that V -v =

Chapter 7
7.1 si; =2pe;;.
7.3 For u= 2 (128, + 21&2), (a) B11 = 1 (2)°, Bo = 1 (2)% 2B12 = .
74 e, =e-n= ;W(él + é2).
7.5 e = A, c09 = A, e29 = 1 (Br+ CLcosb).
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4
3
7.6 {u} = 0
20
3v2
7.7 We obtain
18( 3ur)+i82ur_ﬁ_3% 8%u,
ror\ Or r2 002 r2  r2 90 022
0 [1790(rus) . Oug Ou, _ 20,
O+ )ar{ Satam az}}”(’fr_po o2
18(%)+i82u9 zaur_iu Ay
® L7 Or or r2 062 r2 00 2 ? 022
10 [110(rur) = Oue A%ug
A e et
* +“)rae{r[ ar o0 " ]}“’Ofe g
18( 8uz)+i82uz &u,
H |7 Oor\ Or r2 002 022
0 [170(ruy) Oug ou, _ 0%u,
O+ )8,2{ S5+ 50 7 }}erofz_po o
7.8 g11 = 96.88 MPa, g22 = 64,597 MPa, g33 — 48.443 MPa, g12 = 4.02 MPa.
7.9 ¢ = —c2 = —3c4, and c1 and c5 are arbitrary.
7.10 U(E‘) = %fﬂ (2”8“'51']' + )\Eiié‘jj) dx, Uo = %fQ % [(1 + V)O'ijO'ij — Z/O'iiO'jj] dx.
7.11 U = Skul.
7.12 U = 3kul.
7.14 (a) The boundary conditions are u1 = u2 = 0 onxz2 =0; ¢, =0, ts = 7 on plane

with normal A = (cos6é&; —sinféz), t, = 0, ts = 7 on plane with normal i = &,

t, =0, ts = 7 on plane with normal n
problem is of type III.

— (sin@ &1 + cos 0 &2) . The boundary value

MyL
7.15 0(0) = 27,
7.16 w(a) = %(L —a).
L 5FL 17g0L
717 u(3) = (480EI + BS?EI)
a?t 54v
7.19 v = 55 (32).
_ a? 54+v 6+v
7.20 v = (1q£u)D ( 64 ﬁ)'
_ 43 4
7.21 Ve = quDa .
7.22 vor 820 (2log 2+ 53 — 1),
7.25 Note that —ar = fﬁg %% - = dir (% + %) = dir [%d% (TU)] .
7.28 The displacement field is
Mo +crza +
Ul = ——— T1T3 — C4X3 + C1T2 + C
1 T U1 — Cars 1Z2 + C2,
My paws + +
Uz = Tox3 + C5T3 — 121 + €
2 B L2ts tCsTs 121 35
M,
ugz = ﬁ [23 + v(23 — 23)] + caz1 + cs22 + co.
The constants ¢; are to be determined using the displacement boundary conditions.
729 (a) At z2=0: ur=wp=u,=0; At z=h: u =up =0, u,=—07;
(b) At 2=0: 0., =0,0=0, u.=0; At 2=h: 0., =0.,0=0, u,=—4.
7.30 uz(r):—% (1-%)7 O'QZZO7 Uzrz%q’f‘.
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3 3 o CL3 3
7.31 ur(R) = —ilh (1 _ ﬁ) . orr(R) = — [%ﬁ/m} »
3 —a(a® 3
a:%7 6220[2‘—3, UGQ(R):Uéqb(R):_[%B/Rw}p
7.32 We have
By 4Apy
u(R) = A1R + ﬁ, o) = 3K, A — 23 B1 (core)
dpo
2 2
u?(R) = As r+ B R2, o) = 3K A, — ﬁB (shell)
where 3K; = 2u; + 3\; (1 = 1,2). The four constants can be determined using the
following four conditions: O'g;%(b) = —p; agﬁ(a) %21)2(@% ug)(a) = ug?(a);

Bi = 0 by symmetry.
7.33 up(r) = ;f;fj (2—-2), o4="p.
7.34 ®(z,y) = Le(—3h zy + ).
7.36 It is nothlng but a centroidally loaded uniaxial member.
7.38 040 =2D (szy - 2y3) , Oyy = 2Dy°, Opy = —6Dxy?.
7.39 The stress field is

3
gm:?’ﬂ<ﬂ+5iﬂﬂ_§y ) Uyy:%(_2_3y+g>, M:?’%“EO_?L

10 \b  2b2a?b 30 b b 4b a

7.42 The stresses are given by

To 2z  6zy  2a = 6ay
O'xac:z<_?_b72+b+b72 5 (J'yy:O7

__To _i/ Y
Tay = 4< b b>

7.43 The stresses are given by

Gy «? L? y
T — SN T 1 975 75 1 ’
7 20Lb< =5 Ob2>

3

qo T vy .y
O'yyzzz(z-i-?)g-f-b?)

q (b L z* b 3> L 2 42 byt
=B (2522 g2V 52T Y 528
oy 0<L+ b2 LB b2 T b

7.44 The stresses are

272 2 2
UTT:2A(r+ab _¢ +b)sin9,
T r

2 2 2 2
o0s = 24 (3 _ab u) sin,
T T

2b2 2 b2
oro = —2A (r—i— ar3 . _: )cos&.

7.45 o, = _ 2/ sinf, o099 =0, or0=0.

Tr

7.46 F, = [, 0p.drdy = pb [, (%% —y) dady.

_ 2#90, _ 9b
7.47 The stresses are 0oz = — 2552y, Oyz = 2+b2$

7.48 The stresses are
0 0
o351 = %1’2(1’1 —a), 03 = ;La (2% + 2az1 — 23) .

53T

27pat *

The angle of twist is 6 =
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7.49

7.50
7.51

7.52

7.53

7.54

7.55

7.56

7.58

7.59 II

7.60 U
7.62

7.63

7.64

7.65
7.66

7.67

7.68

ANSWERS TO SELECTED PROBLEMS

No exact solution can be found (without going through the separation of variables
technique).

Oza =u9(l"’—w —i—r)7 O = u@%—f‘

r da

The Euler equations are

ov: —di{G’A<¢+@>]—q=O
) vy _
0 : dx<EId>+GA(¢+d:v>_o'

Take the first variation of the functional given in Problem 7.51 to identify the bilinear
and linear forms.

9%u 9%u _ .
—T(aix%‘f'aixg)_f—o an
L4
v(0) = 724EQ(I)+}¢L3'
12 0 -3 (Al —F
2Bl 0 412 12 AP =X 0
| —3L L* 2L? A? 0
(412 3L L2 A L 0
2BL13L 6 3L | AP p=—2L 03+ —F
| L? 30217 | | A 0 0

(a) 1 = qf’;: (6EIL3 + ’Z—%) and co = 0.

=L {(dy) +(-%2) }dmdy—?@fn‘lfdxdy
= 3fole—1)(y—1) or Ur = 3 (z* = 1)(y* — 1).
fo (U-K)dt =3 fo (fQ fius dx—l—fF tiu; ds) dt.
L=1im [l 02 + &2 — 2lw’9sin9} + imad® +mig(z —lcos ) + magr+ s k(z+h)*, where
h is the elongation in the spring due to the masses h = ¥(m1 + mz2).

dv'—fx—O

0 Ov 0? 0% 0? 0%
— | pA— — |\l )| — == |pl=— ) =q.
ot (p 8t) e ( 81:2) D20t <” 81:(915) d
The Euler-Lagrange equations are
m(i + 06 cos O — €0% sin0) + ka = F,

m [&i cos B + (£° + 92)9] + mglsin@ = 2aF cos 6.

The Euler-Lagrange equations are

du —8]8\51—f+%(m0%):0,
ov : —aéQ; +%( %):O,
8¢ : —8$”+Qw+%<m2%—f)=o.
The Euler-Lagrange equations are
ou : ag\im Iy ?92157:’ (8)
ov : 8(;2; +c1 axzx +q= Io% + <J4% c1ls 85;1;152) , 9)
56 8];4;1 —QI:KQ%—CIJ4%. (10)



ANSWERS TO SELECTED PROBLEMS 439

7.69 w, = 2038 /1;“7 wy = 6:206 /%.
7.70 Use ¢1(z,y) = zy(z+y—1).
Chapter 8
8.2 (a) The pressure at the top of the sea lab is p = 1.2MN/m?.
8.3 p=1.02 kg/m®.
—g/mR —g/mR
8.4 p:po(1+mT§3) , pzpo(l+%§3) .
2 sina 2
8.5 p(y) =po +pghcosa (1—£), Uly) = WLT; (27 - —) .
8.7 The shear stress is given by

8.8

8.9
8.10

8.11
8.12

8.15

8.16
8.17

8.18
8.19
8.21

8.22 — -~

8.23

8.24
8.25
8.26
8.27

8.28

8.29

8.30 T

__(dpr 1.\ _ R, (1 A
e T (dz2+ Cl)i dz 4 {2(Ro>+(l a)loga<r>]'

The velocity field is
QR3 R3
vo(r) = R2 I r——-1

If R1 = Ry and R2 = aRy with 0 < a < 1, we have
QR ( r zRo)
vo(r) = — —a ).

1—0(2 RO T

o ()
- [

The continuity equation simplifies to R>vr = ¢1, a constant.

The shear stress distribution is given by 7.9 = —

p=—pgz+ %pQ%z + ¢, where ¢ = po + pgzo.
.2

f(n)_1*7 Vet de.

v (y,t) = Upe™" cos(nt — 7).

Use the definition of the shear stress Try = p |7 { ;R <v"’> + % a;f} and the ¢-momentum
equation to obtain the required result.
Take the curl of the equation of motion and then use the result of Problem 5.17.

For Part (a), make use of the result of Problem 5.16; for Part (b) use the fact that the
curl of the gradient of a function is zero.

va = 9.9 m/s and Q = 0.01945 m®/s = 19.45 liters/s.
— Hper = 5.3665 N - m/kg.

pcg—f =V-(k-VO) +prh.

(rqr) + rpry = 0.

T(r) = Tp + 2218 {1— (?O)z] .

O(z,t) =Y 07 BnsinApz e~ it with B, = 2 fOL f(z)sin A,z dz.
T(x,t) =4To > 0, 75")‘\3“ sin Anz e @Mt .

T-T; __ b a

To—T; — b—a (1 - 7) :

T(x,y) => 0, An %;bby) cos A, with A, = 2 [ f(x) cos \pz da.

3
vy (@) = exleosast) K,) - (f)}

Afh}/jg ol dy + B, where the constants A and B are to be determined using

the boundary conditions at y = h/2 and y = —h/2.
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Chapter 9
9.1 —2H(t)+2.5¢7" +0.5¢7%.
9.2 The result is given in Eq. (14) of Example 9.4.6.
k —t/T —t/T
9.3 J(t):ﬁim t/ N Y(t):k1+k2€ t/ .

9.4

9.5
9.6

9.7

9.8
9.9

9.10

9.11
9.12

9.13

9.14

9.15
9.16

9.17

9.18

9.19

9.20
9.21

9.22

2
J(t) - [n1+n2 + G2 (mnfnz) (1 - 6_0275)]7 Y(t) = 7715(75) + GQe_t/m’ T2 = i = %

V(1) = i (L)t ke, A= Btk

G1€ + G2 = poo + P16 + pad, where py = - py = A4 L 4L 2=, ©1=

. pip2? ko m1 n2
1 j—
— (g2 = 1.
K1
kik — _
Y(t) = 7)\113;‘5 [()\1 —a)e At (A2 —a)e Azt} .
1

qoe+q1€+q2€ = poo+pi0, wherepo = -, p1 = é7 go=7> 1= 1+’,§; +0, =

Poo + P16 = qoe + q1€ + q2€, where po = k1 + k2, p1 = 7]1 + 12, qo = kle, q1 =
kinz + kani, q2 = mne.

The creep compliance is

0= [~ *
n [(ﬁe_—a;) @ _—6;>] e {‘ (Ze—_c; " (ge_—z)} }

The relaxation modulus is Y (t) = k1 + kee™ " +11(2).

U(t) = [kl —+ kze_at —+ T]ld(t)} €0 —+ €0 [tlﬁ =+ % (1 — e_“t) + 7]1H(t)} .
Y(t) =k + kze_t/T, T = % .

n _ 9K(s)G(s) — _ 3K(s)—2G(s)

E(s) = 3K ()1 G(s) ’ sv(s) = 2BK(s)1C(s)]

e(t) = o1 (ﬁ + %efth) , for t>to.

del; (1)

(a) 2G(t) = 2Go[H(t) + T(t)]. (c) oi;(t) = 2G(t)e};(0) + 2 fg Gt — 1) 5l gy
o(t) =In(1+1t/C).
(a) w' (L, 1) = S [~ 8 e 50+ B H(1)]. (b) w'(L,t) = o7 e B,

3E0T 3Bl

w¥ (L, t) = P9L3 [p—OH(t) + (qom*qom)ef(m/m)t].

31 q0 q1490
wv(m) =l (1-%) [7 ~10(1- f) +3(1- %)4]h(t), where
0= B (1) + 2 ()](2) -] ot - ~E=8 — g2 (1 1))
P(t) = & [50 E(t) + (61 — 60) E(t — to)].

The Laplace transformed viscoelastic solutions for the displacements and stresses are
obtained from

Bi(s)

’
'7'2

Uy (r,s) = Ai(s)r +

rn(ry8) = (21 4 3N) Au(s) — %Bi(s),

ao0(r,8) = 040 (r, 8) = [25fi(s) + 3sA(s)]Ai(s) + 4sii(s) Bi(s),

where A;(s) and Bi(s) are the same as A; and B; with v and E replaced by s(s) and
sE(s), respectively.

o(a,t) = fL’ (2 3z 4 2 )*’“/".
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Absolute temperature, 210, 243, 362
Acceleration, 6, 152, 267, 361
gravitational, 371
vector, 182
Adiabatic, 210
Adjoint, 38
Adjunct, 38
Airy stress function, 301-309
Algebraic
equations, 328
multiplicity, 70
Almansi—Hamel strain tensor, 104
Alternating symbol, 25
Ampere’s law, 254
Analytical solution, 272, 369, 379
Angle of twist, 308
Angular
momentum, 4, 169, 193-206
velocity, 14
Anisotropic, 222, 238, 258
Antisymmetric tensor, see skew symmet-
ric
Applied mechanics, 255
Approximate solution, 272
Approximation functions, 328
Area change, 97
Associative, 35
Asymmetry, 292
Axial vector, 119
Axisymmetric
body, 148
boundary condition, 292
flow, 364
geometry, 296
heat conduction, 376
problem, 61

Balance of

angular momentum, 203, 212

energy, 207, 212

linear momentum, 193, 212, 216
Barotropic constitutive model, 243
Basis, 19

contravariant, 43

covariant, 43

441

orthonormal, 21-23, 26, 74, 78, 82,
158,
reciprocal, 19, 20, 43
unitary, 21, 42, 43
Beam, 2, 7, 278-284, 303-306
bending, 278
theory, 124, 278, 280, 305, 328, 351
Beltrami—Michell equations, 270, 271, 352
Beltrami’s equations, 271
Bending moment, 217, 280, 288, 305,
321-325, 346
Bernoulli’s equations, 385
Betti’s reciprocity theorem, 288
Bianchi formulas, 147
Biaxial state of strain, 146
Biharmonic
equation, 301
operator, 301
Bilinear form, 326
Bingham model, 247
Body couple, 5, 169, 173, 205
Body force, 152, 197
Boundary
conditions, 364
curve, 18
value problem, 265
Bulk viscosity, 244

Cable supported beam, 282
Caloric equation of state, 357
Cantilever beam, 123, 217, 287, 290, 303,
344
Carreau model, 247
Cartesian, 21, 29, 4648, 50, 5759, 184,
266, 358
Castigliano’s theorem I, 322, 342
Cauchy
strain tensor, 103
stress tensor, 138, 154, 224, 226,
265
Cauchy—elastic material, 226
Cauchy—Green deformation tensor,
Left , 99, 224
right, 99, 224
Cauchy—Green tensor, 98, 137, 251
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Cauchy’s

equation of motion, 199

formula, 151, 204, 286
Causality, 223
Chain, 195
Chain rule of differentiation, 183
Characteristic

equation, 62-71

value, 62

vector, 62, 64
Chrisotoffel symbol, 59
Circular

cylinder, 376

hole, 306

pipe, 364
Clapeyron’s theorem, 285-287, 344
Clausius-Duhem inequality (also see En-

tropy inequality) , 5, 210

Co-deformational, 248
Coefficients

hygroscopic expansion, 257

thermal expansion, 257
Cofactor, 38
Cogredient components, 21
Collinear, 12
Commutative, 35
Compatibility

conditions, 120, 125, 147, 269

equations, 120-123,309
Complementary error function, 384
Complex mixtures, 245
Compliance coefficients, 230
Composite, 157, 221
Component of acceleration, 361
Compressible fluid, 243
Computational framework, 248
Concentrated load, 280
Conduction, 251

heat, 3, 208, 225

electrical, 377
Conductive material, 254
Configuration of body, 82, 265
Conservation of mass, 182, 212
Conservative forces, 335
Consistency, 222, 246
Constitutive equation, 221, 268, 356
Constitutive theory, 222
Continuity equation, 185, 187, 356
Continuous medium, 82, 339,
Continuous systems, 334
Continuum, 1, 81, 82, 89, 181, 339
Contragredient components, 21

INDEX

Contravariant, 21, 43, 59
Control surface, 186, 187, 194, 203206
Control volume, 186, 190, 193-198, 203,
206, 370
Convection, 251
heat transfer coefficient, 252
Cooling fin, 374
Coordinate curve, 42
Coordinate transformations, 9, 56, 58,
75, 157
Coordinates
Cartesian (see also Cartesian), 21,
29, 34, 42, 51
curvilinear, 41-44, 51, 189, 212, 357
cylindrical, 51, 52, 60, 79, 116-118,
189, 201, 202, 215, 262, 266—
268, 301, 373, 384
polar, 298, 337
spherical, 51, 52, 60, 79, 116-118,
189, 201, 266268, 374
Coplanar, 12
Correspondence principle, 412
Cosserat’s equation, 206
Couette flow, 363
Couple stress tensor, 205
Coupled
fluid flow, 381
partial differential equation, 293
Contravariant, 21, 43, 59
derivative, 248
Covariant, 21, 43, 45, 59
Creep
compliance, 396, 398, 400, 401, 403,
406-408, 410, 413, 415, 420—
422
response, 391, 396-401, 404, 406,
407
test, 390,
Creeping flows, 367
Cross product, 14, 19, 25, 27, 37, 47, 54,
59
Curl of vector, 47, 50-53, 60, 119, 125
Curl theorem, 52
Curvilinear coordinate, 41, 266, 358
Cylindrical coordinate, 51, 201, 266

Dashpot constant, 390
Deformable body, 89
Deformation, 82, 89
gradient, 89, 91, 224
mapping, 83
tensor, 244, 355
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Deformed

area, 154

configuration, 82-85, 96-100
Del operator, 45-52, 60, 184
Density, 1, 81, 152, 186, 191, 201
Determinant, 36
Determinism, 223
Deviatoric, 342

components, 410

stress tensor, 160

tensor, 67
Diagonal elements, 31
Diagonal matrix, 31, 64
Dielectric material, 254
Differential

models, 248

operator, 46
Dilatant, 246
Dimensionality, 223
Dirac delta function, 391
Direction cosines, 30, 295
Directional derivative, 45
Dirichlet boundary condition, 318
Discrete systems, 334
Displacement, 285

boundary value problem, 271

field, 88

function, 252
Divergence

of vector, 47

theorem, 52, 286
Dot product, 12
Double-dot product, 12, 47, 54, 72, 208
Dual basis, 20
Dual principles, 316
Dummy index, 24
Dyadic, 53
Dyads, 53
Dynamic response, 390

Eigenvalues, 6271, 100
Eigenvectors, 62-71, 109, 134
Elastic

bar, 287

beam, 413

compliance, 240, 256

material, 226

solid, 224, 228, 245, 285

spring, 286

strain energy, 207

viscoelastic analogies, 415
Elasticity, 181

443

Electric
current density, 377
displacement, 258
field intensity, 253
flux, 253
Electrical conductivity, 377
Electroelasticity, 257
Electromagnetics, 253
End spring, 327
Energetically conjugate, 219
Energy equation, 5, 207-210, 224,
255, 356, 370, 373
Energy transport, 252
Engineering constants, 234
Engineering notation, 230
Engineering shear strains, 112
Engineering solution, 303
Enthalpy function, 258
Entropy
density, 256
flux, 211
inequality, 210-212, 224
principle, 213
supply, 211
Equation of state, 355
Equations of motion, 197, 201, 267, 356
Equilibrium equations, 151, 169, 173,
179, 267, 270, 300
Equipresence, 222
Essential boundary condition, 318
Euclidean, 44
Euler equations, 328, 352, 370
Euler strain tensor, 103, 104, 139
Euler-Bernoulli beam theory, 124, 279—
283,
316, 328, 340
Euler-Bernoulli hypothesis, 279
Eulerian description, 83, 88, 243
Eulerian strain tensor, 134
Euler-Lagrange equations, 316, 336, 339
Exact solution, 274, 311, 322, 337, 340,
346, 347, 349, 369
Extra-stress tensor, 245, 248
Extremum, 335

Fading memory, 223
Faraday’s law, 254
Ferromagnetic, 255
Fiber-reinforced layer, 158
Fick’s law, 256
Filament-wound, 239

Film conductance, 252, 375
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Finger tensor, 99, 251
Finite strains, 125
First law of thermodynamics, 5, 206
First Piola—Kirchhoff stress tensor, 164
First variation, 315
First-order tensor, 56
Fixed material volume, 84
Fixed time, 334
Flexural rigidity, 287
Fluid mechanics, 221, 355
Four-element solid, 404
Fourier’s (heat conduction) law, 225, 228,
251, 252, 256, 259
Fourth-order
elasticity tensor, 319
tensor, 229
Frame indifference, 130, 139, 222-224,
243
Frame of reference, 131, 139, 222, 224
nonrotating, 83, 131
rotating, 131,
Free index, 24
Functional, 314, 326, 336
constitutive, 223, 224, 243, 247, 254
minimum of a, 315
potential energy, 316, 317, 319, 320,
327, 328, 351, 352
quadratic, 327, 329, 351
strain energy, 207, 219, 238, 241,
257, 261, 286

Gauss’ law, 254
Gauteax derivative, 315
Generalized
Hooke’s Law, 228, 316, 319
displacement, 322
Kelvin—Voigt model, 401
Maxwell model, 399
Newtonian fluids, 245
Geometric multiplicity, 70
Gibb’s free—energy potential, 258
Global form, 191
Gradient, 45, 52, 152
theorem, 53
vector, 53,59
Gram—Schmidt orthonormalization, 22,
74
Gravitational
acceleration, 371
force, 338, 361
Green strain tensor, 100, 107-109, 112,
115, 116, 119, 125, 128, 129,

INDEX

131, 136, 138, 142-146, 219,
224, 242, 261, 343
Green—elastic material, 226
Green—Lagrange strain tensor, see Green
strain tensor
Green—St. Venant strain tensor, 100

Hamilton’s principle, 314, 334, 335, 338
Heat
conduction, 6, 208, 251, 356, 374
convection, 6, 251, 252, 374, 375,
382, 387
radiation, 208, 251-253
transfer, see Heat Transfer
Heat supply, 210
Heat transfer, 3, 6, 251-258, 333, 355—
366, 371, 373-381, 386
coupled with fluid flow, 381
Helmholtz free energy, 211, 224, 226,
256
Hereditary integrals, 407-413
Hermite cubic polynomial, 324
Herschel-Buckley, 247
Heterogeneous, 222
Homogeneous
deformation, 93, 135, 139
form, 284, 319, 328-330, 404
, material, 222, 224, 281, 346
motion, 93
processes, 210
stretch, 141
Hookean solids, 228239
neo—, 241
Hooke’s law, 5, 228, 241, 265, 290, 316,
319, 389
Hydrostatic
pressure, 227, 355, 360
stress tensor, 160, 177, 261
Hygrothermal, 256
Hyperelastic material, 226, 227, 241
Hysteretic, 255

Ideal cross-linked polymer, 403
Ideal fluid, 243
Identity matrix, 31
Impact response, 405
Incompressible, 244
elastic, 227
fluids, 357, 367, 373
material, 241
Indeterminate beam, 283
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Inelastic, 245
Inextensibility, 279
Infinitesimal

rotation tensor, 111

rotation vector, 114

strain tensor, 111, 116
Initial values, 391
Inner product, 12
In-plane distortion, 308
Integral

identities, 185

model, 250

transform methods, 273
Integration-by-parts, 318
Internal combustion engine, 381
Internal

dissipation, 210

energy, 207, 211, 223, 371, 373

entropy production, 210

heat generation, 375
Interpolation functions, 322
Invariant form, 53, 130
Invariants, 56, 157

of strain, 109
Inverse of matrix, 36
Inverse method, 272
Inviscid fluid, 360
Irreversible

heat energy, 211

process, 207, 210
Irrotational motion, 263
Isentropic, 210
Isochoric, 189
Isochoric deformation, 93
Isothermal conditions, 243
Isotropic, 222, 237, 268, 293
Isotropic tensor, 59

Jacobian, 42, 93, 128, 165
Jacobian of motion, 90
Jaumann derivative, 249

Jet of air, 216

Jet of fluid, 194
Johnson—Segalman model, 249
Joule heating, 255

Kaye-BKZ fluid, 251
Kelvin—Voigt model, 390, 400
Kenel of the transformation, 392
Kinematic linearization, 234
Kinematics, 82

Kinetic, 4
energy, 207, 273, 334-338
energy coefficient, 371
equation of state, 356
variables, 221

Kronecker delta, 25, 73

Lagrange
equation of motion, 336
multiplier, 227
Lagrangian
function, 335
description, 83, 88, 228, 265
strain tensor, 134
stress tensor, 164
Lamé constants, 237, 268
Lamé-Navier equations, 270
Laplace equation, 379

445

Laplace transform, 392-398, 403-405, 415

Left Cauchy stretch tensor, 132
Leibnitz rule, 185
Level surface, 46
Linear, 268
differential equation, 392
form, 326
momentum, 169, 193, 198, 205
Linearized elasticity, 228, 265, 269
Linearly dependent, 11, 37, 62

Linearly independent, 12, 20, 22, 63, 70,

225, 328

Local

action, 223

form, 191

rate of change, 182
Lodge rubber-like, 251
Lorentz force, 255
Lower-convected, 248
Lubricant, 368

Magnetic field intensity, 253, 255
Magnetic flux, 255
Magnetic materials, 255
Mapping, 83, 88, 93
Mass diffusivity, 256
Mass flow, 189
Material
coordinate, 82, 86, 90, 112,
209, 228
derivative, 86,183,193
description, 83,199, 209, 213

182,

frame indifference, 130, 222, 223
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linearization, 234

objectivity, 125, 129, 130

plane of symmetry, 231

symmetry, 222

time derivative, 182, 188, 357
Matrix, 31

addition, 32

adjoint, 38

inverse, 36, 38, 80, 92, 105

minor, 38

multiplication, 32

orthogonal, 39, 40, 58, 75, 129, 134

singular, 38

transpose, 33, 35, 58
Maximum shear stress, 162
Maxwell, 248

element, 397

fluids, 249
model, 390
Maxwell’s

equations, 253
reciprocity relation, 236
reciprocity theorem, 291
Mean molecular mass, 243
Mechanical pressure, 243
Mechanics of
fluids, 221
particles, 207
solids, 123
Memory, 389
Memory effects, 245
Method of potentials, 273
Metric tensor, 43
Michell’s equations, 271
Minimum
shear stress, 163
total potential energy, 316
Mixed
boundary value problems, 272
components, 59
principles, 316
Moisture-induced strain, 257
Moment, 13, 203, 206
Momentum transport, 252
Monoclinic material, 232, 238
Monopolar continuum mechanics, 203
Mooney—Rivlin, 241
Multiplication of vector by scalar, 11
Multipolar continuum mechanics, 205

Nanson formula, 142
Natural boundary conditions, 316, 318

INDEX

Navier equations, 262, 269, 319, 341
Navier—Stokes equations, 263, 357, 362
Necessary condition, 315
Neo—Hookean, 241
Neumann boundary condition, 318
Newtonian
fluid, 228, 242, 356
constitutive equation, 244
Newton’s
law of cooling, 252
law of viscosity, 242
second law, 193
second law of moments, 169
Nominal stress tensor, 164
Noncircular, 308
Nonconservative, 337
Nondissipative, 389
Non-Euclidean, 44
Nonhomogeneous
deformation, 95, 96, 136, 139
process, 210
Nonion, 54
Nonisothermal, 246
Nonlinear
deformation tensor, 250
elastic, 241
Non-Newtonian viscosities, 246
Normal derivative, 48
Normal stress, 155, 160, 228, 233
Normed vector space, 10
Null vector, 10
Nozzle, 194
Numerical solutions, 272

Objectivity, 130, 225
of Cauchy stress tensor, 171
of Deformation gradient tensor, 130,
138
of Green strain tensor, 131
of Piola—Kirchhoff stress tensors, 172
of stretch tensors, 138
Observer transformations, 129
Oldroyd fluid, 248
One-dimensional, 278, 370
Orthogonal, 13, 39, 64, 90
coordinate system, 30, 51
matrix, 3, 129
projection, 13
tensor, 57, 127, 132
Orthogonal rotation matrix, 226
Orthogonality condition, 366
Orthonormal, 21
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basis, 21-23, 26, 30, 64, 73, 74, 82,
158
coordinates, 26-29, 73
system, 21, 29
Orthotropic, 233
Outer product, 14
Outflow, 186
Out-of-plane distortion, 308

Parallel flow, 362
Parallelepiped, 16
Parallelogram law of addition, 15
Pendulum, 336
Perfect gas, 243, 362
Perimeter, 375
Permittivity, 254
Permutation symbol, 25
Perturbation methods, 273
Phan Thien-Tanner model, 249
Phenomenological approach, 389
Physical admissibility, 222
Physical components, 21
Piezoelectric
effect, 257
moduli, 257, 258
Piola—Kirchhoff stress tensor, 164-168,
172, 199, 224
Plane strain, 293
Plane stress, 293, 297
Plane elasticity, 293
Planes of material symmetry, 229
Poiseuille flow, 363
Poisson equation, 332, 379
Poisson’s ratio, 234, 268
Polar decomposition, 132, 226
Polarization, 254, 257
Polymers, 245
Positive-definite, 39, 64, 238, 284, 320
Postfactor, 54
Potential energy functional, 207, 316—
322, 334, 351, 352, 371
due to external loads, 339

Power-law
index, 246
model, 246
Prandtl stress function, 309, 311, 332,
333, 351, 352
Prefactor, 54
Pressure
hydrostatic, 227, 241, 245
thermodynamic,

Primal principles, 316
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Primary variable, 221, 318
Principal
directions, 170
directions of strain, 109, 134
invariants, 246
planes, 160
stresses, 157, 160
stretches, 134
value, 62, 109, 170
Principle of
equipresence, 224
minimum total potential energy, 314,
316-322, 334, 351
superposition, 234, 283, 291
Principles of mechanics, 181
Prismatic bar, 276
Problem coordinates, 228
Product, 33
Projection, 12
Propellers, 371
Proper orthogonal, 39, 90, 127, 130-133,
138, 148, 173, 223, 226
Pseudo stress vector, 165
Pseudoplastic, 246
Pure dilatation, 93
Pyroelectric effect, 257

Quadratic functional, 327, 329, 351

Radiant energy, 252
Radiation, 208, 251, 252
Rate of
change, 45
deformation, 118, 122, 139, 142, 208,
224, 241, 244-246, 249
deformation gradient, 219
strain tensor, 118
Reciprocal basis, 19, 20
Rectangular
cartesian, 21
plate, 379
Reference
configuration, 265
frame, 82
Relaxation
kernel, 250
modulus, 396
response, 391
test, 390
Remnant polarization, 255
Response function, 224



448

Reversible, 207, 210

Reynold’s tranport theorem, 186, 193

Riemannian, 44

Right Cauchy stretch tensor, 132

Right Cauchy—Green deformation ten-
sor, 99, 224

Rigid body, 89, 114, 125, 226, 272

Ritz method, 326, 330

Rotary devices, 371

Rotation tensor, 132, 325

Saint—Venant’s principle, 303
Scalar
components, 19
potential, 301
product, 12
triple product, 16
Second Piola—Kirchhoff stress tensor, 165,
209, 265
Secondary field variable, 221
Second-order tensor, 56
Semi-inverse method, 272, 309
Sense of travel, 18
Separation of variables, 366
Shear stress, 155, 235, 355
Shear thinning, 245, 246, 250
Shear viscosity, 244
Simple
extension, 94
fluids, 248
shear, 94
Simply supported beam, 331, 414
Singular, 36, 38
Skew product, 14
Skew symmetric tensor, 56, 119, 211
Slider bearing, 369
Slurries, 245
Small deformations, 169
Solenoid, 114, 189
Solid circular disk, 298
Solid mechanics, 221, 272
Solution methods, 271
Spatial
coordinates, 85
description, 85, 197
density, 244
Specific internal energy, 207
Specified geometric boundary
condition, 329
Spectral theorem, 64
Sphere, 367
Spherical

INDEX

coordinates, 51, 184, 201, 267, 358
pressure vessel, 273
stress tensor, 160
Spin tensor, 118
Spring constant, 390
Sprinkler nozzle, 190
St. Venant’s compatibility, 120
Saint-Venant’s principle, 303-308
Standard linear solid, 404
Statically equivalent, 278, 304
Stefan—Boltzmann, 252
Stieljes integral, 409
Stiffness
coeflicients, 229
matrix, 324
Stokes, 245, 367
Stokes’s law, 337
Stokesian fluid, 263
Straight beam, 323
Strain
Cauchy—Green, 98
compatibility, 120
deviatoric, 342, 410
energy density, 227, 229, 238, 284
Green—Lagrange, 100
measure, 98, 140
rate of, 118
tensor, 90
Stream function, 359
Stress
boundary value problems, 272
Cauchy, 138, 151, 153, 154, 157,
164-168, 171-175, 180, 200, 212,

219, 224, 265

deviatoric, 160, 177, 243, 248, 342,
360, 410

dyadic, 153, 156, 161, 180

extra, 245

function, 125, 301, 311
hydrostatic, 160, 177, 199, 261-263
power, 209
resultants, 280
singularity, 303
tensor, 5, 62, 151, 153, 154, 157,
164-168, 171-175, 180, 200, 212,
219, 224, 244, 257, 261, 266,
356
trace of, 411
vector, 4, 152
viscous, 384
Stretch tensor, 132
Stretching of beams, 278
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Subsidiary variable, 392
Sufficient condition, 315
Summation convention, 24
Superposed rigid-body motion, 125
Superposition principle, 283
Surface

force, 197

traction, 285
Susceptibility tensor, 255
Symmetric, 56, 211

matrix, 33, 39

second-order tensor, 8, 49, 59
Symmetry transformation, 232
Syringe, 190

Taylor’s series, 228, 264
Temperature, 251, 355

Temperature gradient vector, 224, 225

Tensor calculus, 59
Tensor, 9, 5361
components, 59
deviatoric, 67, 160, 177
product, 53, 54
rate of deformation, 244
stress,
Tetrahedron, 152
Themodynamic form, 209
Thermal
coefficients of expansion, 256
conductivity, 251
expansion, 228, 257
Thermodynamic
form, 219
pressure, 243, 355
principles, 206
state, 246
Thermoelastic, 224, 389
Thermoelasticity, 256
Thermoviscoelastic, 389
Thin plate, 298
Third-order tensor, 58, 257
Three-element model, 402
Timoshenko beam theory, 353
Torsion, 308-313, 350
Total potential energy, 314-316
Trace, 31, 237
of matrix, 31
of second-order tensor, 56
Traction vector, 155, 271
Transformation
equations, 157
law, 28

matrix, 232

of strain, 106

of stress, 157

of tensor, 57

of vector, 31
Transformed current force, 166
Translation

rigid-body, 93, 116, 123, 127,

173, 223, 277, 325, 346

vertical, 325
Transpose of

forward gradient operator, 47

dot product of tensors, 54

dyad, 54

dyadic, 53

matrix, 33, 73

tensor, 33, 61, 73
Transverse

displacement, 279

normal strain, 279

shear strain, 279
Transversely isotropic, 261
Triadics, 58
Triclinic material, 230, 232
Triple products of vectors, 16, 37
Turbines, 371
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130,

Twist (angle of), 308, 313, 350, 437

Twist per length, 308
Two-point tensor, 90, 165

Uniform
deformation, 91
shear, 94

Uniformly distributed load, 290, 414

Uniqueness of solutions, 284
Unit

impulse, 391

normal vector, 18, 46, 48, 97,

151, 155

step function, 391

vector, 10, 14, 41, 46, 50
Unitary basis, 21, 42
Universal gas constant, 243, 362
Unsteady heat transfer, 378
Upper-convected, 248

Variational
calculus, 315, 318, 321
methods, 273, 351
operator, 314-316, 321
principle, 314, 316
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problem, 326, 327, 342
Vector
acceleration, 182
body force, 169, 202, 263, 268, 303,
309, 384
components, 19, 31, 142, 160, 175
couple traction, 205
differential, 46
displacement, 12, 88, 91, 199, 301
electric displacement, 258
identities, 184
product, 13, 15
stress, 151-156, 164-180, 198, 204,
355
traction, 155, 173, 321
triple product, 16
velocity, 53, 87, 118, 182, 202, 354
Velocity
gradient, 118, 225, 243, 248
potential, 44, 263
Virtual
kinetic energy, 335
work, 338
Viscoelastic, 245, 247
solid, 389
stress, 250

INDEX

Viscometric, 250
Viscosity, 242
Viscous
dissipation, 252
fluids, 243, 357
incompressible fluids, 244, 363
stress tensor, 245, 355
Voigt—Kelvin notation, 230
Volume change, 96, 128, 243
von Mises yield, 247
Vorticity, 359
tensor, 118-120, 146, 208, 243
vector, 119, 146, 359

Warping function, 309
Weissenberg effect, 245
White-Metzner model, 250

Yield point, 247
Young’s modulus, 2, 234, 236, 411

Zero

matrix, 32

viscosity, 243
Zero-order Bessel functions, 366
Zeroth-order tensor, 56
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