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A fragment from the poem
“An Essay on Criticism”
by Alexander Pope (1688—1744)

A little Learning is a dang’rous Thing;

Drink deep, or taste not the Pierian Spring:
There shallow Draughts intoxicate the Brain,
And drinking largely sobers us again.

Fir’d at first Sight with what the Muse imparts,
In fearless Youth we tempt the Heights of Arts,
While from the bounded Level of our Mind,
Short Views we take, nor see the lengths behind,
But more advanc’d, behold with strange Surprize
New, distant Scenes of endless Science rise!
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PREFACE

A fundamental aspect of engineering is the desire to design artifacts that exploit
materials to a maximum in terms of performance under working conditions and
efficiency of manufacture. Such an activity demands an increasing understand-
ing of the behavior of the artifact in its working environment together with an
understanding of the mechanical processes occurring during manufacture.

To be able to achieve these goals it is likely that the engineer will need to
consider the nonlinear characteristics associated possibly with the manufacturing
process but certainly with the response to working load. Currently, analysis is most
likely to involve a computer simulation of the behavior. Because of the availability
of commercial finite element computer software, the opportunity for such nonlinear
analysis is becoming increasingly realized.

Such a situation has an immediate educational implication because, for com-
puter programs to be used sensibly and for the results to be interpreted wisely, it
is essential that the users have some familiarity with the fundamentals of nonlin-
ear continuum mechanics, nonlinear finite element formulations, and the solution
techniques employed by the software. This book seeks to address this problem by
providing a unified introduction to these three topics.

The style and content of the book obviously reflect the attributes and abilities
of the authors. The authors have lectured on this material for a number of years
to postgraduate classes, and the book has emerged from these courses. We hope
that our complementary approaches to the topic will be in tune with the variety of
backgrounds expected of our readers and, ultimately, that the book will provide a
measure of enjoyment brought about by a greater understanding of what we regard
as a fascinating subject.

The original edition of this book, titled Nonlinear Continuum Mechanics
for Finite Element Analysis, published in 1997, contained a chapter on a FOR-
TRAN program implementation of the material in the text, this being freely avail-
able at www.flagshyp.com. In 2008 a second edition included new chapters on

Xiii
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Xiv PREFACE

elasto-plastic behavior of trusses and solids and retained the FORTRAN implemen-
tation. It was envisioned that an expanded third edition could include dynamics,
although this would involve substantial additional material not suitable to the needs
of all readers. Consequently the subject has been divided into two complementary
volumes, these being the present text, Nonlinear Solid Mechanics for Finite Ele-
ment Analysis: Statics, and a companion volume, Nonlinear Solid Mechanics for
Finite Element Analysis: Dynamics. These texts are both aimed at the same reader-
ship. Recognising its widespread adoption, particularly as a graduate training plat-
form, this present statics text employs MATLAB®* for the implementation of the
finite element analysis, the software being freely available at www.flagshyp. com.

This present text contains additional examples, and solutions to all exercises
are given in the companion book, Worked Examples in Nonlinear Continuum
Mechanics for Finite Element Analysis, published by Cambridge University Press
(ISBN 9781107603615).

READERSHIP

This book is most suited to a postgraduate level of study by those in either higher
education or industry who have graduated with an engineering or applied mathe-
matics degree. However, the material is equally applicable to first-degree students
in the final year of an applied mathematics course or an engineering course con-
taining some additional emphasis on maths and numerical analysis. A familiar-
ity with statics and elementary stress analysis is assumed, as is some exposure
to the principles of the finite element method. However, a primary objective of
the book is that it be reasonably self-contained, particularly with respect to the
nonlinear continuum mechanics chapters, which comprise a large portion of the
content.

When dealing with such a complex set of topics it is unreasonable to expect all
readers to become familiar with all aspects of the book. If the reader is prepared not
to get too hung up on details, it is possible to use the book to obtain a reasonable
overview of the subject. Such an approach may be suitable for someone starting
to use a nonlinear computer program. Alternatively, the requirements of a research
project may necessitate a deeper understanding of the concepts discussed. To assist
in this latter endeavor the book provides access to a computer program for the
nonlinear finite deformation finite element analysis of two- and three-dimensional
solids. Such a program provides the basis for a contemporary approach to finite
deformation elasto-plastic analysis.

* Mathworks, Inc.
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PREFACE XV

LAYOUT

Chapter 1: Introduction

Here, the nature of nonlinear computational mechanics is discussed, and followed
by a series of very simple examples that demonstrate various aspects of nonlinear
structural behavior. These examples are intended, to an extent, to upset the reader’s
preconceived ideas inherited from an overexposure to linear analysis and, we hope,
provide a motivation for reading the rest of the book! Nonlinear strain measures
are introduced and illustrated using a simple one-degree-of-freedom truss analy-
sis. The concepts of linearization and the directional derivative are of sufficient
importance to merit a gentle introduction in this chapter. Linearization naturally
leads on to the Newton—Raphson iterative solution, which is the fundamental way
of solving the nonlinear equilibrium equations occurring in finite element analy-
sis. Consequently, by way of an example, the simple truss is solved and a short
MATLAB program is presented that, in essence, is the prototype for the main finite
element program discussed later in the book.

Chapter 2: Mathematical Preliminaries

Vector and tensor manipulations occur throughout the book, and these are intro-
duced in this chapter. Although vector algebra is a well-known topic, tensor algebra
is less familiar, certainly, to many approaching the subject with an engineering edu-
cational background. Consequently, tensor algebra is considered in enough detail
to cover the needs of the subsequent chapters; in particular, it is hoped that readers
will understand the physical interpretation of a second-order tensor. Crucial to the
development of the finite element solution scheme are the concepts of lineariza-
tion and the directional derivative. The introduction provided in Chapter 1 is now
thoroughly developed. Finally, for completeness, some standard analysis topics are
briefly presented.

Chapter 3: Analysis of Three-dimensional Truss Structures

This chapter is largely independent of the remainder of the book and deals with the
large strain elasto-plastic behavior of trusses. The chapter begins with a discussion
of the nonlinear kinematics of a simple two-noded truss member, which leads to
a definition of logarithmic strain. A hyperelastic stress—strain relationship is then
derived and used to obtain the equilibrium equations at a node. In preparation for
the variational formulation in Chapter 8 the equilibrium equations are re-derived
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XVi PREFACE

using an energy approach. These equations are then linearized with respect to small
incremental displacements to provide a Newton—Raphson solution process. The
chapter then moves on to discuss a simple hyperelastic plastic model for the truss
member based on the multiplicative decomposition of the total stretch into elas-
tic and plastic components. The constitutive model is also linearized to provide
a tangent modulus. The chapter concludes with some examples of the use of the
formulation obtained using the FLagSHyP program.

Chapter 4: Kinematics

This chapter deals with the kinematics of finite deformation, that is, the study of
motion without reference to the cause. Central to this concept is the deforma-
tion gradient tensor, which describes the relationship between elemental vectors
defining neighboring particles in the undeformed and deformed configurations of
the body whose motion is under consideration. The deformation gradient perme-
ates most of the development of finite deformation kinematics because, among
other things, it enables a variety of definitions of strain to be established. Mate-
rial (initial) and spatial (current) descriptions of various items are discussed, as is
the linearization of kinematic quantities. Although dynamics is not the subject of
this book, it is nevertheless necessary to consider velocity and the rate of defor-
mation. The chapter concludes with a brief discussion of rigid body motion and
objectivity.

Chapter 5: Stress and Equilibrium

The definition of the true or Cauchy stress is followed by the development of stan-
dard differential equilibrium equations. As a prelude to the finite element develop-
ment the equilibrium equations are recast in the weak integral virtual work form.
Although initially in the spatial or current deformed configuration, these equations
are reformulated in terms of the material or undeformed configuration, and as a
consequence alternative stress measures emerge. Finally, stress rates are discussed
in preparation for the following chapter on hyperelasticity.

Chapter 6: Hyperelasticity

Hyperelasticity, whereby the stress is found as a derivative of some potential
energy function, encompasses many types of nonlinear material behavior and pro-
vides the basis for the finite element treatment of elasto-plastic behavior. Isotropic
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PREFACE XVil

hyperelasticity is considered both in a material and in a spatial description for com-
pressible and incompressible behavior. The topic is extended to a general descrip-
tion in principal directions that is specialized for the cases of plane strain, plane
stress, and uniaxial behavior.

Chapter 7: Large Elasto-Plastic Deformations

This chapter provides an introduction to the formulation of inelastic deforma-
tion processes based on the multiplicative decomposition of the deformation
gradient into recoverable and permanent components. Although only a basic
Von Mises model with a radial return-mapping procedure is presented, the use
of principal directions and logarithmic stretches provides a simple mechanism
whereby small strain concepts can be extended to large strains. From the out-
set, the approach followed, to derive the kinematic rate equations necessary
for the flow rule, anticipates the standard trial stress and return-map procedure
required to satisfy the plasticity constraints. Such a development clarifies the
kinematic rate equations in the context of the eventual incremental algorithmic
procedure.

Chapter 8: Linearized Equilibrium Equations

To establish the Newton—Raphson solution procedure the virtual work expression
of equilibrium may be linearized either before or after discretization. Here the
former approach is adopted. Linearization of the equilibrium equations includes
consideration of deformation-dependent surface pressure loading. A large propor-
tion of this chapter is devoted to incompressibility and to the development, via the
Hu—Washizu principle, of the mean dilatation technique.

Chapter 9: Discretization and Solution

All previous chapters have provided the foundation for the development of the dis-
cretized equilibrium and linearized equilibrium equations considered in this chap-
ter. Linearization of the virtual work equation leads to the familiar finite element
expression of equilibrium involving | B odv, whereas discretization of the lin-
earized equilibrium equations leads to the tangent matrix, which comprises con-
stitutive and initial stress components. Discretization of the mean dilatation tech-
nique is presented in detail. The tangent matrix forms the basis of the Newton—
Raphson solution procedure, which is presented as the fundamental solution tech-
nique enshrined in the computer program discussed in the following chapter. The
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XViii PREFACE

chapter concludes with a discussion of line search and arc length enhancements to
the Newton—Raphson procedure.

Chapter 10: Computer Implementation

Here, information is presented on a nonlinear finite element computer program
called FLagSHyP,! for the solution of finite deformation elasto-plastic finite
element problems employing the neo-Hookean hyperelastic compressible and
incompressible constitutive equations developed in Chapters 6 and 7. The usage
and layout of the MATLAB program is discussed together with the descrip-
tion of the various key functions. The program is available free on the Inter-
net from the website www.flagshyp.com. The website also contains the origi-
nal FORTRAN version of the program which is detailed in previous editions of
this text. Note that the user instructions and output layout are the same for both
the FORTRAN and MATLAB versions of the program. The software can also
be obtained by email request to any of the authors: a.j.gil@swansea.ac.uk,
r.d.wood@swansea.ac.uk or j.bonet@swansea.ac.uk. The authors would
like to acknowledge the assistance given by Dr. Rogelio Ortigosa in the devel-
opment of this computer program.

A bibliography is provided that enables the reader to access the background
to the more standard aspects of finite element analysis. Also listed are books and
papers that have been of use in the preparation of this book or that cover similar
material in greater depth.

Note on equation numbering: Typically, Equation (x.yz a, b, c, d), refers to
Equation (x.yz, b).

T Finite element Large Strain Hyperelasto-plastic Program.
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CHAPTER ONE

INTRODUCTION

1.1 NONLINEAR COMPUTATIONAL MECHANICS

Two sources of nonlinearity exist in the analysis of solid continua, namely, mate-
rial and geometric nonlinearity. The former occurs when, for whatever reason,
the stress—strain behavior given by the constitutive relation is nonlinear, whereas
the latter is important when changes in geometry, however large or small, have a
significant effect on the load deformation behavior. Material nonlinearity can be
considered to encompass contact friction, whereas geometric nonlinearity includes
deformation-dependent boundary conditions and loading.

Despite the obvious success of the assumption of linearity in engineering anal-
ysis, it is equally obvious that many situations demand consideration of nonlinear
behavior. For example, ultimate load analysis of structures involves material non-
linearity and perhaps geometric nonlinearity, and any metal-forming analysis such
as forging or crash-worthiness must include both aspects of nonlinearity. Structural
instability is inherently a geometric nonlinear phenomenon, as is the behavior of
tension structures. Indeed the mechanical behavior of the human body itself, say
in impact analysis, involves both types of nonlinearity. Nonlinear and linear con-
tinuum mechanics deal with the same subjects, including kinematics, stress and
equilibrium, and constitutive behavior. But in the linear case an assumption is made
that the deformation is sufficiently small to enable the effect of changes in the geo-
metrical configuration of the solid to be ignored, whereas in the nonlinear case the
magnitude of the deformation is unrestricted.

Practical stress analysis of solids and structures is unlikely to be served by clas-
sical methods, and currently numerical analysis, predominately in the form of the
finite element method, is the only route by which the behavior of a complex com-
ponent subject to complex loading can be successfully simulated. The study of the
numerical analysis of nonlinear continua using a computer is called nonlinear com-
putational mechanics, which, when applied specifically to the investigation of solid
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2 INTRODUCTION

continua, comprises nonlinear continuum mechanics together with the numerical
schemes for solving the resulting governing equations.

The finite element method may be summarized as follows. It is a procedure
whereby the continuum behavior described at an infinity of points is approxi-
mated in terms of a finite number of points, called nodes, located at specific
points in the continuum. These nodes are used to define regions, called finite
elements, over which both the geometry and the primary variables in the gov-
erning equations are approximated. For example, in the stress analysis of a solid
the finite element could be a tetrahedron defined by four nodes and the primary
variables the three displacements in the Cartesian directions. The governing equa-
tions describing the nonlinear behavior of the solid are usually recast in a so-
called weak integral form using, for example, the principle of virtual work or
the principle of stationary total potential energy. The finite element approxima-
tions are then introduced into these integral equations, and a standard textbook
manipulation yields a finite set of nonlinear algebraic equations in the primary vari-
able. These equations are then usually solved using the Newton—Raphson iterative
technique.

The topic of this book can succinctly be stated as the exposition of the nonlin-
ear continuum mechanics necessary to develop the governing equations in contin-
uous and discrete form and the formulation of the Jacobian or tangent matrix used
in the Newton—Raphson solution of the resulting finite set of nonlinear algebraic
equations.

1.2 SIMPLE EXAMPLES OF NONLINEAR
STRUCTURAL BEHAVIOR

It is often the case that nonlinear behavior concurs with one’s intuitive expectation
of the behavior and that it is linear analysis that can yield the nonsensical result. The
following simple examples illustrate this point and provide a gentle introduction to
some aspects of nonlinear behavior. These two examples consider rigid materials,
but the structures undergo finite displacements; consequently, they are classified as
geometrically nonlinear problems.

1.2.1 Cantilever

Consider the weightless rigid bar—linear elastic torsion spring model of a can-
tilever shown in Figure 1.1. Taking moments about the hinge gives the equilibrium
equation as

FLcos = M. (1.1)
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FIGURE 1.1 Simple cantilever.

If K is the torsional stiffness of the spring, then M = K6 and we obtain the fol-
lowing nonlinear relationship between F' and 6:
FL 0

oL _ 1.2
K cosf (1.2)

If the angle # — 0, then cosf — 1, and the linear equilibrium equation is
recovered as

K
F=—0. 1.3
) (1.3)

The exact nonlinear equilibrium path is shown in Figure 1.1(b), where clearly the
nonlinear solution makes physical sense because 6 < 7/2.

1.2.2 Column

The same bar—spring system is now positioned vertically (Figure 1.2(a)), and again
moment equilibrium about the hinge gives

PL 0
PLsind = M — = : 1.4
S K~ sing 14
The above equilibrium equation can have two solutions: first, if § = 0 then

sinf = 0, M = 0, and equilibrium is satisfied; and second, if § # 0 then
PL/K = 0/sin 6. These two solutions are shown in Figure 1.2(b), where the ver-
tical axis is the equilibrium path for § = 0 and the horseshoe-shaped equilibrium
path is the second solution. The intersection of the two solutions is called a bifur-
cation point. Observe that for PL/ K < 1 there is only one solution, namely 6 = 0,
but for PL/K > 1 there are three solutions. For instance, when PL/K ~ 1.57,
either § = 0 or /2.

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:20:19, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.002



4 INTRODUCTION

4 Nonlinear

Linear

M=K®o 0'(5) Bifurcation

P -3 -2 -1 0 1 2 3
Free body diagram

(a) (b)
FIGURE 1.2 Simple column.

For very small values of 6, sin — 6 and Equation (1.4) reduces to the linear
(in ) equation

(K — PL)A = 0. (1.5)

Again there are two solutions: § = 0 or PL/K = 1 for any value of 6, the latter
solution being the horizontal path shown in Figure 1.2(b). Equation (1.5) is a typi-
cal linear stability analysis where P = K /L is the elastic critical (buckling) load.
Applied to a beam column, such a geometrically nonlinear analysis would yield
the Euler buckling load. In a finite element context for, say, plates and shells, this
would result in an eigenvalue analysis, the eigenvalues being the buckling loads
and the eigenvectors being the corresponding buckling modes.

Observe in these two cases that it is only by considering the finite displacement
of the structures that a complete nonlinear solution has been achieved.

1.3 NONLINEAR STRAIN MEASURES

In the examples presented in the previous section, the beam or column remained
rigid during the deformation. In general, structural components or continuum bod-
ies will exhibit large strains when undergoing a geometrically nonlinear deforma-
tion process. As an introduction to the different ways in which these large strains
can be measured we consider first a one-dimensional truss element and a simple
example involving this type of structural component undergoing large displace-
ments and large strains. We will then give a brief introduction to the difficulties
involved in the definition of correct large strain measures in continuum situations.

1.3.1 One-Dimensional Strain Measures
Imagine that we have a truss member of initial length L and area A that is stretched

to a final length [ and area a as shown in Figure 1.3. The simplest possible quantity
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FIGURE 1.3 One-dimensional strain.

that we can use to measure the strain in the bar is the so-called engineering
strain € g, defined as

[-L
EE = I (1.6)

Clearly different measures of strain could be used. For instance, the change in
length Al = [ — L could be divided by the final length rather than the initial
length. Whichever definition is used, if [ ~ L the small strain quantity ¢ = Al/l is
recovered.

An alternative large strain measure can be obtained by adding up all the small
strain increments that take place when the rod is continuously stretched from its
original length L to its final length [. This integration process leads to the definition
of the natural or logarithmic strain €, as

!
dl l
e, = — =In—. (17)
L L

Although the above strain definitions can in fact be extrapolated to the deformation
of a three-dimensional continuum body, this generalization process is complex and
computationally costly. Strain measures that are much more readily generalized
to continuum cases are the so-called Green or Green’s strain £ and the Almansi
strain ¢ 4, defined as

l2 _L2
>—L?

Irrespective of which strain definition is used, a simple Taylor’s series analysis
shows that, for the case where [ ~ L, all the above quantities converge to the small
strain definition Al/I. For instance, in the Green strain case, we have

(I+ Al )2 -2
call~ L)~ —-FH——

1P+ AP 42N - 1
— - >

Q

N‘l>l\D
<

(1.9

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:20:19, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.002



6 INTRODUCTION

1.3.2 Nonlinear Truss Example

This example is included in order to introduce a number of features associated
with finite deformation analysis. Later, in Section 1.4, a small MATLAB program
will be given to solve the nonlinear equilibrium equation that results from the truss
analysis. The structure of this program is, in effect, a prototype of the general finite
element program presented later in this book.

We consider the truss member shown in Figure 1.4 with initial and loaded
lengths, cross-sectional areas, and volumes: L, A,V and [, a, v respectively. For
simplicity we assume that the material is incompressible and hence V' = v or
AL = al. Two constitutive equations are chosen, based, without explanation at the
moment, on Green’s and a logarithmic definition of strain, hence the Cauchy, or
true, stress o is either

2 2

U:EZQ_TQL or J:Eln%, (1.10a,b)
where E is a (Young’s modulus-like) constitutive constant that, in ignorance, has
been chosen to be the same irrespective of the strain measure being used. Physi-
cally this is obviously wrong, but it will be shown below that for small strains it
is acceptable. Indeed, it will be seen in Chapter 5 that the Cauchy stress cannot
be simply associated with Green’s strain, but for now such complications will be
ignored.

The equation for vertical equilibrium at the sliding joint B, in nomenclature
that will be used later, is simply

R(z)=T(x) —F=0; T =ocasinf; sinf= %; (1.11a,b,c)

where T'(z) is the vertical component, at B, of the internal force in the truss mem-
ber and z gives the truss position. R(x) is the residual or out-of-balance force,

| -
D

FIGURE 1.4 Single incompressible truss member.
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1.3 NONLINEAR STRAIN MEASURES 7

and a solution for z is achieved when R(x) = 0. In terms of the alternative strain
measures, 1’ is

Evx (1? - L? E !
T:;x<2L2> or T=—Inr. (1.12a,b)

Note that in this equation [ is function of x as [? = D? + 22 and therefore T is
highly nonlinear in x.

Given a value of the external load F', the procedure that will eventually be
used to solve for the unknown position z is the Newton—Raphson method, but
in this one-degree-of-freedom case it is easier to choose a value for z and find
the corresponding load F'. Typical results are shown in Figure 1.5, where an ini-
tial angle of 45° has been assumed. It is clear from this figure that the behavior
is highly nonlinear. Evidently, where finite deformations are involved it appears as
though care has to be exercised in defining the constitutive relations because differ-
ent strain choices will lead to different solutions. But, at least in the region where z
is in the neighborhood of its initial value X and strains are likely to be small, the
equilibrium paths are close.

In Figure 1.5 the local maximum and minimum forces F' occur at the so-called
limit points p and ¢, although in reality if the truss were compressed to point p it
would experience a violent movement or snap-through behavior from p to point p’
as an attempt is made to increase the compressive load in the truss beyond the limit
point.

By making the truss member initially vertical we can examine the large strain
behavior of a rod. The typical load deflection behavior is shown in Figure 1.6,
where clearly the same constant £’ should not have been used to represent the same
material characterized using different strain measures. Alternatively, by making the

Logarithmic
F/EA Green \
04 T T T —
0.2 1
0.1

0
X/L
—0.1
-0.2 p
-0.3
04— 1. RN )}
-4 -3 -2 -1 0 1 2 3 4

FIGURE 1.5 Truss example — load deflection behavior.
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FIGURE 1.6 Large strain rod — load deflection behavior.

truss member initially horizontal, the stiffening effect due to the development of
tension in the member can be observed in Figure 1.7.

Further insight into the nature of nonlinearity in the presence of large deforma-
tion can be revealed by this simple example if we consider the vertical stiffness of
the truss member at joint B. This stiffness is the change in the equilibrium equa-
tion, R(x) = 0, due to a change in position z, and is generally represented by
K = dR/dx. If the load F is constant, the stiffness is the change in the verti-
cal component, 7', of the internal force, which can be obtained with the help of
Equations (1.11b,c) together with the incompressibility condition a = V/[ as

dr
K==
dx
B i oVzx
Cdx \ 12
_ (awdo 200z dl | oa
S\ 1 dl 12 dz l
FIEA
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0.25 Green %’;’f
0.2 \
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0.05 t
0 T — x/L
0 1 2

FIGURE 1.7 Horizontal truss — tension stiffening.
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1.3 NONLINEAR STRAIN MEASURES 9

do 20\ 22  oa

All that remains is to find do/dl for each strain definition, labeled G and L for
Green’s and the logarithmic strain respectively, to give

do FEl do FE
=) == d ) == 1.14a,b
(@)= = (@), (1420
Hence the stiffnesses are
A L\ 22  oa
2
KL:%(E—QU)%JF?. (1.15b)

Despite the similarities in the expressions for K and K7, the gradient of the
curves in Figure 1.5 shows that the stiffnesses are generally not the same. This is to
be expected, again, because of the casual application of the constitutive relations.

Finally, it is instructive to attempt to rewrite the final term in (1.15a) in an
alternative form to give K¢ as

2 2

ng%(E—QS)%—I—%; S:a%. (1.15¢)
The above expression introduces the second Piola—Kirchhoff stress .S, which gives
the force per unit undeformed area but transformed by what will become known
as the deformation gradient inverse, that is, (I/L)~!. It will be shown in Chapter 5
that the second Piola—Kirchhoff stress is associated with Green’s strain and not
the Cauchy stress, as was erroneously assumed in Equation (1.10a,b),. Allowing
for the local-to-global force transformation implied by (z/1)?, Equations (1.15¢)
illustrate that the stiffness can be expressed in terms of the initial undeformed
configuration or the current deformed configuration.

The above stiffness terms show that, in both cases, the constitutive constant £
has been modified by the current state of stress o or .S. We can see that this is a con-
sequence of allowing for geometry changes in the formulation by observing that
the 20 term emerges from the derivative of the term 1/12 in Equation (1.13). If z is
close to the initial configuration X then a =~ A, [ ~ L, and therefore K ~ Kg.

Equations (1.15) contain a stiffness term ca/l (=SA/L) which is generally
known as the initial stress stiffness. The same term can be derived by consider-
ing the change in the equilibrating global end forces occurring when an initially
stressed rod rotates by a small amount, hence oa/l is also called the geometric
stiffness. This is the term that, in general, occurs in an instability analysis because
a sufficiently large negative value can render the overall stiffness singular. The
geometric stiffness is unrelated to the change in cross-sectional area and is purely
associated with force changes caused by rigid body rotation.
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10 INTRODUCTION

The second Piola—Kirchhoff stress will reappear in Chapter 5, and the mod-
ification of the constitutive parameters by the current state of stress will reap-
pear in Chapter 6, which deals with constitutive behavior in the presence of finite
deformation.

1.3.3 Continuum Strain Measures

In linear stress—strain analysis the deformation of a continuum body is measured in
terms of the small strain tensor €. For instance, in a simple two-dimensional case €
has components €, €4y, and £,y = €y, Which are obtained in terms of the = and
y components of the displacement of the body as

Exx = 8;;; (1.16a)

ey = %Zy; (1.16b)
1 (Ouy = Ouy

Epy = 3 ( By + a$) . (1.16¢)

These equations rely on the assumption that the displacements u, and u,, are very
small, so that the initial and final positions of a given particle are practically the
same. When the displacements are large, however, this is no longer the case and
one must distinguish between initial and final coordinates of particles. This is typi-
cally done by using capital letters X, Y for the initial positions and lower-case x, y
for the current coordinates. It would then be tempting to extend the use of the above
equations to the nonlinear case by simply replacing derivatives with respect to x
and y by their corresponding initial coordinates X, Y. It is easy to show that, for
large displacement situations this would result in strains that contradict the physi-
cal reality. Consider for instance a two-dimensional solid undergoing a 90° rotation
about the origin as shown in Figure 1.8. The corresponding displacements of any
given particle are seen from the figure to be

Uy =—-X—-Y; (1.17a)

uy =X —-Y; (1.17b)
and therefore the application of the above formulas gives

Eox = Eyy = —1; €4y = 0. (1.18a,b)

These values are clearly incorrect, as the solid experiences no strain during the
rotation.

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:20:19, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.002



1.3 NONLINEAR STRAIN MEASURES N

FIGURE 1.8 90° rotation of a two-dimensional body.

It is clearly necessary to re-establish the definition of strain for a continuum
so that physically correct results are obtained when the body is subject to a finite
motion or deformation process. Although general nonlinear strain measures will
be discussed at length in Chapter 4, we can introduce some of the basic ideas by
trying to extend the definition of Green’s strain given in Equation (1.8a) to the two-
dimensional case. Consider for this purpose a small elemental segment d X initially
parallel to the z axis that is deformed to a length ds as shown in Figure 1.9. The
final length can be evaluated from the displacements as

ds? — (ax + P gx 2+ Oy i x : (1.19)
5= X X ' ‘

Based on the one-dimensional Green strain Equation (1.8a), the x component of
the two-dimensional Green strain can now be defined as

(1+du, /dX)dX

- (duy/dX)dX

X, x

FIGURE 1.9 General deformation of a two-dimensional body.
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ds? —dX?
Bz = 2dX?
1 Oug 2 Ouy 2
—2[(1+ax> +<ax> ‘1]
Oou; 1 Oouy 2 Ouy 2

Using similar arguments, equations for F,, and (with more difficulty) the shear
strains I, = F,, are obtained as
E — t

LI (us)* (O
Wy o 2 |\ay oy

L (8% + au?’) +% (au’” Ous 87“‘?’8“@’) . (1.20¢)

_ Ouy

: (1.20b)

w =9\ gy | ox 0X oY ' 90X dY

Clearly, if the displacements are small, the quadratic terms in the above expres-
sions can be ignored and we recover Equations (1.16a,b,c). It is a simple exercise to
show that, for the rigid rotation case discussed above, the Green strain components
are By, = By, = E;, = 0, which coincides with one’s intuitive perception of the
lack of strain in this particular type of motion.

It is clear from Equations (1.20a—c) that nonlinear measures of strain in terms
of displacements can become much more intricate than in the linear case. In gen-
eral, it is preferable to restrict the use of displacements as problem variables to
linear situations where they can be assumed to be infinitesimal and deal with fully
nonlinear cases using current or final positions z(X,Y") and y(X,Y") as problem
variables. In a fully nonlinear context, however, linear displacements will arise
again during the Newton—Raphson solution process as iterative increments from
the current position of the body until final equilibrium is reached. This lineariza-
tion process is one of the most crucial aspects of nonlinear analysis and will be
introduced in the next section. Finally, it is apparent that a notation more powerful
than the one used above will be needed to deal successfully with more complex
three-dimensional cases. In particular, Cartesian tensor notation has been chosen
in this book as it provides a reasonable balance between clarity and generality. The
basic elements of this type of notation are introduced in Chapter 2. Indicial ten-
sor notation is used only very sparingly, although indicial equations can be easily
translated into a computer language such as MATLAB.

14 DIRECTIONAL DERIVATIVE, LINEARIZATION AND
EQUATION SOLUTION

The solution to the nonlinear equilibrium equation, typified by Equation
(1.11a,b,c), amounts to finding the position x for a given load F'. This is achieved
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1.4 DIRECTIONAL DERIVATIVE AND LINEARIZATION 13

in finite deformation finite element analysis by using a Newton—Raphson itera-
tion. Generally, this involves the linearization of the equilibrium equations, which
requires an understanding of the directional derivative. A directional derivative is
a generalization of a derivative in that it provides the change in an item due to a
small change in something upon which the item depends. For example, the item
could be the determinant of a matrix, in which case the small change would be in
the matrix itself.

1.4.1 Directional Derivative

This topic is discussed in detail in Chapter 2 but will be introduced here via a
tangible example using the simple linear spring structure shown in Figure 1.10.

FIGURE 1.10 Two-degrees-of-freedom linear spring structure.

The Total Potential Energy (TPE), 11, of the structure is
II(x) = skat + sk(za — 21)* — Fxo, (1.21)

where x = (1, :L‘Q)T and x; and x9 are the displacements of the joints 1 and 2.
Now consider the TPE due to a change in displacements given by the increment
vector u = (uy,u2)’ as

I(x +u) = 2k(zy +u1)? + 1k(zs +us — 21 — w1)* — F(za + us). (1.22)

The directional derivative represents the gradient of II in the direction u and gives
a linear (or first-order) approximation to the increment in TPE due to the increment
in position u as

DII(x)[u] =~ II(x + u) — II(x), (1.23)

where the general notation DII(x)[u] indicates directional derivative of II at x in
the direction of an increment u. The evaluation of this derivative is illustrated in
Figure 1.11 and relies on the introduction of a parameter e that is used to scale the
increment u to give new displacements x1 + eu; and z9 4 euy for which the TPE is

II(x + eu) = Sk(z1 + eup)? + k(2o + eus — x1 — euy)? — F(xzy + euy).
(1.24)

Observe that for a given x and u the TPE is now a function of the parameter €, and
a first-order Taylor’s series expansion about € = 0 gives
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X
FIGURE 1.11 Directional derivative.
d
II(x + eu) =~ II(x) + | —| II(x+ecu)le. (1.25)
de e=0

If we take ¢ = 1 in this equation and compare it with Equation (1.23), an equation
for the directional derivative emerges as

DII(x)[u] = 7 E:OH(X + eu)
= kxijui + k(xe — x1)(ug — u1) — Fug
=ul(Kx - F), (1.26)
where
K:[% "“]; Fo| ! (1.27)
—k k F

It is important to note that, although the TPE function II(x) was nonlinear in x, the
directional derivative DII(x)[u] is always linear in u. In this sense we say that the
function has been linearized with respect to the increment u.

The equilibrium of the structure is enforced by requiring the TPE to be station-
ary, which implies that the gradient of II must vanish for any direction u. This is
expressed in terms of the directional derivative as

DII(x)[u] =0 for any u, (1.28)
and consequently the equilibrium position x satisfies
Kx —F=0. (1.29)

If the direction u in Equation (1.26) or (1.28) is interpreted as a virtual displace-
ment du then, clearly, the virtual work expression of equilibrium is obtained.
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1.4 DIRECTIONAL DERIVATIVE AND LINEARIZATION 15

The concept of the directional derivative is far more general than this exam-
ple implies. For example, we can find the directional derivative of the determi-

nant of a 2 X 2 matrix A = [A;;] in the direction of the change U = [Uj;], for
1,5 =1,2,as
d
Ddet(A)[U] = —| det(A+€U)
de|
d
= [(A11 + €Un1)(Agz + €Usz)
€le=0
— (Ag1 + €Ua1) (A1 + €Ura)]
= AgUi1 + A11Uz — AUz — A12Us. (1.30)

We will see in Chapter 2 that for general n X n matrices this directional derivative
can be rewritten as

Ddet(A)[U] = det A (AT : U), (1.31)

where, generally, the double contraction of two matrices is A: B =
n
> i j=14ijBij.

1.4.2 Linearization and Solution of Nonlinear Algebraic
Equations

As a prelude to finite element work, let us consider the solution of a set of nonlinear
algebraic equations:

R(x) =0, (1.32)

R(x) =

Ri(z1,22) ] L ox— [ 1 ] _ (1.33a,b)
Ry(xq,22)

Typically, nonlinear equations of this type are solved using a Newton—Raphson
iterative process whereby, given a solution estimate x;, at iteration k, a new value
Xip+1 = Xg + u is obtained in terms of an increment u by establishing the linear
approximation

R(xx+1) ~ R(xx) + DR(xx)[u] = 0. (1.34)

This directional derivative is evaluated with the help of the chain rule as
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16 INTRODUCTION

d
DR(x)[u] = R(xj, + eu)
de e=0
_ d Ri(x1 + euy, x2 + eus)
de e=0 Rg(xl + euy, ro + GUQ)
= Ku, (1.35)
where the tangent matrix K is
OR;
K(xi) = [Kig()ls - Kij(xi) = 5 : (1.36)
.T] Xk

If we substitute Equation (1.35) for the directional derivative into Equation (1.34),

we obtain a linear set of equations for u to be solved at each Newton—Raphson
iteration as

K(xg)u = —R(xg); Xgt+1 = X + u. (1.37a,b)

For equations with a single unknown z, such as Equation (1.11a,b,c) for

the truss example seen in Section 1.3.2 where R(x) = T'(z) — F, the above
Newton—Raphson process becomes
R(zy)
— . = . 1.38a,b
Kz’ T tu (1.38a,b)

This is illustrated in Figure 1.12.
In practice, the external load F' is applied in a series of increments as

l
‘F:E:AE, (1.39)
i=1

and the resulting Newton—Raphson algorithm is given in Box 1.1, where boldface
items generalize the above procedure in terms of column and square matrices. Note

T AR

Xer1 Xk

FIGURE 1.12 Newton—Raphson iteration.
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1.4 DIRECTIONAL DERIVATIVE AND LINEARIZATION 17

BOX 1.1: Newton-Raphson Algorithm

INPUT geometry, material properties, and solution parameters
INITIALIZE F = 0, x = X (initial geometry), R =0
FIND initial K (typically (1.13))
LOOP over load increments
® FIND AF (establish the load increment)
e SETF=F+AF
e SETR=R-AF
e DO WHILE (||R||/||F|| > tolerance)
® SOLVE Ku = —R (typically (1.38a))
® UPDATE x = x + u (typically (1.38b))
® FIND T (typically (1.12)) and K (typically (1.13))
® FIND R = T — F (typically (1.11))
e ENDDO
e ENDLOOP

that this algorithm reflects the fact that in a general finite element program, internal
forces and the tangent matrix are more conveniently evaluated at the same time.
A simple MATLAB program for solving the one-degree-of-freedom truss example
is given in Box 1.2. This program stops once the stiffness becomes singular, that
is, at the limit point p. A technique to overcome this deficiency is dealt with in
Section 9.6.3. The way in which the Newton—Raphson process converges toward
the final solution is depicted in Figure 1.13 for the particular choice of input vari-
ables shown in Box 1.2. Note that only six iterations are needed to converge to
values within machine precision. We can contrast this type of quadratic rate of
convergence with a linear convergence rate, which, for instance, would result from
a modified Newton—Raphson scheme based, per load increment, on using the same
initial stiffness throughout the iteration process.

_______
--------
-------

Modified Newton—Raphson

Newton—Raphson

Residual norm

10710

2 4 6 8 10 12 14 16 18 20 lterations
FIGURE 1.13 Convergence rate.
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18 INTRODUCTION

BOX 1.2: Simple Truss Program

% input

YA

% d --> horizontal span

h x --> initial height

% area --> initial cross-sectional area
% E --> Young’s Modulus

% nincr --> number of load increments

% fincr --> force increment

% cnorm --> resdual force convergence norm

% miter --> maximum number of Newton-Raphson
% iterations

d=2500;x=2500;area=100;E=5.e5;f=0;resid=0;
nincr=30;fincr=-8e5;cnorm=1.0e-10;miter=20;
yA
% initialize geometry data and stiffness
h
lzero=sqrt(x~2+d~2) ;vol=area*lzero;
stiff=(area/lzero) *Ex(x/1zero)*(x/1lzero) ;
h
% start load incrementation
yA
for incrm=1:nincr;

f=f+fincr;

resid=resid-fincr;

rnorm=cnorm*2;

niter=0;
% Newton-Raphson iteration
h

while ((rnorm>cnorm)&&(niter<miter))

niter=niter+1;

h
% find geometry increment
h
=-resid/stiff;
X=x+u;

(continued)
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EXERCISES 19

BOX 1.2: (cont.)
1=sqrt (x*x+d*d) ;
area=vol/1l;

%

% find stress and residual force

%
stress=Exlog(l/lzero);
t=stress*area*x/1;
resid=t-f;
rnorm=abs (resid/f);
output=sprintf(’°% 4.2g % 4.2g % .5e % .5e % 0.5e’,...

incrm,niter,rnorm,x,f) ;output

%

% find stiffness and check stability

%
stiff=(area/1)*(E-2*stress) *(x/1)*(x/1)+(stress*area/l) ;
if abs(stiff)<(1le-20)

display(’near zero stiffness - stop’);
return
end
end
if (rnorm<cnorm); display(’converged’) ;end
end
Exercises

1. The structure shown in Figure 1.14 comprises a rigid weightless rod a—b sup-
ported by a spring of stiffness k = 5. The force F’ is positive downwards as is
the vertical displacement v.

(a) Find the equilibrium equation relating F' to the slope angle # and then plot
F against the vertical displacement v.

F

Ie‘u—l‘—6—'|

FIGURE 1.14 Rod-spring structure.
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20 INTRODUCTION

(b) Also determine the directional derivative of F' with respect to a change (3
in 6.

This simple example illustrates the phenomenon known as snap-through
behavior.

2. Figure 1.15 shows a weightless rigid column supported by a torsion spring at
the base. In the unloaded position the column has an initial imperfection of
fo. The length of the column is 10, the torsional stiffness is 10, and the initial
imperfection is 6y = 0.01 rad. This example is a simple model of the nonlinear
behavior of a vertical column under the action of an axial load.

(a) Find the rotational equilibrium equation and plot the force P against the
lateral displacement w.

(b) Linearize the equilibrium equation and set out in outline a Newton—
Raphson procedure to solve the equilibrium equation.

(c) Write a computer program to implement the Newton—Raphson solution.

FIGURE 1.15 Imperfect column.
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CHAPTER TWO

MATHEMATICAL PRELIMINARIES

2.1 INTRODUCTION

In order to make this book sufficiently self-contained, it is necessary to include
this chapter dealing with the mathematical tools that are needed to achieve a com-
plete understanding of the topics discussed in the remaining chapters. Vector and
tensor algebra is discussed, as is the important concept of the general directional
derivative associated with the linearization of various nonlinear quantities that will
appear throughout the book.

Readers, especially with engineering backgrounds, are often tempted to skip
these mathematical preliminaries and move on directly to the main text. This temp-
tation need not be resisted, as most readers will be able to follow most of the
concepts presented even when they are unable to understand the details of the
accompanying mathematical derivations. It is only when one needs to understand
such derivations that this chapter may need to be consulted in detail. In this way,
this chapter should, perhaps, be approached like an instruction manual, only to be
referred to when absolutely necessary. The subjects have been presented without
the excessive rigors of mathematical language and with a number of examples that
should make the text more bearable.

22 VECTOR AND TENSOR ALGEBRA

Most quantities used in nonlinear continuum mechanics can only be described
in terms of vectors or tensors. The purpose of this section, however, is not so
much to give a rigorous mathematical description of tensor algebra, which can
be found elsewhere, but to introduce some basic concepts and notation that will
be used throughout the book. Most readers will have a degree of familiarity with
the concepts described herein and may need to come back to this section only if
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22 MATHEMATICAL PRELIMINARIES

clarification on the notation used further on is required. The topics will be presented
in terms of Cartesian coordinate systems.

2.2.1 Vectors

Boldface italic characters are used to express points and vectors in a three-dimen-
sional Cartesian space. For instance, ej, e, and e3 denote the three unit base
vectors shown in Figure 2.1, and any given vector v can be expressed as a linear
combination of these vectors as
3
v=> uve; 2.1)
i=1

In more mathematical texts, expressions of this kind are often written without the
summation sign, » , as

VUV =;€;. (2-2)

Such expressions make use of the Einstein or summation convention, whereby
the repetition of an index (such as the ¢ in the above equation) automatically
implies its summation. For clarity, however, this convention will rarely be used
in this text.

X3

U3

€3

€
€] Uy
x2

vy

rd

FIGURE 2.1 Vector components.

The familiar scalar or dot product of two vectors is defined in such a way that
the products of the Cartesian base vectors are given as

where ¢;; is the Kronecker delta, defined as
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2.2 VECTOR AND TENSOR ALGEBRA 23

1 i=j;
0 #7.
Because the dot product is distributive with respect to addition, the well-known

result that the scalar product of any two vectors w and v is given by the sum of the
products of the components is shown by

8ij = (2.4)

3

3
u-v= E U; €; | E Vj €5
i=1

J=1

3
= Z UiV (ei . ej)

i,j=1
3
= Z U;V; = U+ U. (2.5)
i=1

An additional useful expression for the components of any given vector v follows
from Equation (2.3) and the scalar product of Equation (2.1) by e; to give

vj=wv-e;; j=12,3. (2.6)

In engineering textbooks, vectors are often represented by single-column
matrices containing their Cartesian components as

U1
=1 v |, 2.7)

v3

where the square bracket symbols | | have been used in order to distinguish the vec-
tor v itself from the single-column matrix [v] containing its Cartesian components.
This distinction is somewhat superfluous unless more than one basis is being con-
sidered. For instance, in the new basis e’l, 6/2, and eg shown in Figure 2.2, the same
vector v will manifest itself with different components, in which case the following
notation can be used:

w'=1| v, |. (2.8)

It must be emphasized, however, that although the components of v are different
in the two bases, the vector v itself remains unchanged; that is,

3 3

v=> viej=) vej (2.9)

i=1 =1
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X3

o

X3 /
'
ey X2
A
' ’
e €
)
€
€]
RY)
el
X \ 1
,

X1

FIGURE 2.2 Transformation of the Cartesian axes.

Furthermore, the above equation is the key to deriving a relationship between the
two sets of components. For this purpose, let ();; denote the dot products between
the two bases as

Qij = ei- €. (2.10)

In fact, the definition of the dot product is such that );; is the cosine of the angle
between e; and e;-. Recalling Equation (2.6) for the components of a vector enables
the new base vectors to be expressed in terms of the old, or vice versa, as

3 3
e; = Z(e; . ei) e; = Z Qz’j e;; (2.11a)
=1 =1
3 3
e; = Z(ei el)el = ZQU e). (2.11b)
p= =1

Substituting for e; in Equation (2.6) from Equation (2.11b) gives, after simple
algebra, the old components of v in terms of the new components as

Vi =V~ ¢€;
3
=v- ) Qije;
j=1
3 3
= Qij(v-ej) =Y Q. (2.12a)
j=1 i=1
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2.2 VECTOR AND TENSOR ALGEBRA 25

A similar derivation gives
3
V=Y Qjivy. (2.12b)
j=1

The above equations can be more easily expressed in matrix form with the help of
the 3 x 3 matrix [Q] containing the angle cosines Q);; as

[v] = [Q][v]’; (2.13a)
[v] = [Q]"[v]; (2.13b)
where

e €] e -€e, e -ef
Q= | ex-e} er-ey er-e |- (2.14)
/ / /

As a precursor to the discussion of second-order tensors, it is worth empha-
sizing the coordinate-independent nature of vectors. For example, the vector equa-
tions w = u + v or s = w - v make sense without specific reference to the basis
used to express the components of the vectors. Obviously, a vector will have dif-

ferent components when expressed in a different basis — but the vector remains
unchanged.

EXAMPLE 2.1: Vector product
X3\ X3

Uxv

X2

'
X1

(continued)
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MATHEMATICAL PRELIMINARIES

EXAMPLE 2.1: (cont.)

1
[u]: 2 )
0
" 3
[u}’=[Q]T[ul=ﬁ 1
0
0 " 1
[v] = ;o P =@ =—2 | 1
1 vz V2

As an example of the invariance of a vector under transformation, consider the two
vectors u and v and the transformation [Q] shown above. The vector or cross product
of v and v is a third vector u X v whose components in any base are given as

UV3 — U3V2
[uXv] = | uzv; —ujvs
U1V2 — U2V1

We can apply this equation in both systems of coordinates and obtain a different set
of components as

2 | 1
uxvl=| -1 |; [uxv]=—]| _3
1 V2 V2

The fact that these two sets of components represent the same vector u X v can
be verified by checking whether in accordance with Equation (2.13a) [u X v] =
[Q][w X v]. This is clearly the case as

2 1 -1 0 1
_ 7 75| -
1 0 0 V2 V2

2.2.2 Second-Order Tensors

A second-order tensor S is a linear mapping that associates a given vector u with
a second vector v as
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2.2 VECTOR AND TENSOR ALGEBRA 27

v = Su. (2.15)

Italic boldface capitals will be used throughout this chapter to denote second-order
tensors. Later on, however, the distinction between lower- and upper-case quanti-
ties will be needed for more important purposes and no explicit differentiation will
be made between vectors and second-order tensors. The term “linear” in the above
definition is used to imply that, given two arbitrary vectors w; and ug and arbitrary
scalars « and (3, then

S(auy + fug) = aSuy + BSus. (2.16)

Recognizing in Equation (2.15) that v and v are vectors and thus coordinate- inde-
pendent, the tensor .S that operates on w to give v must also, in a similar sense, have
a coordinate-independent nature. If the vectors w and v can be expressed in terms
of components in a specific basis, namely, Equation (2.1), then it is to be expected
that the tensor S can somehow be expressed in terms of components in the same
basis; this is shown below. Consequently, a tensor will have different components
in different bases, but the tensor itself will remain unchanged.

The simple example of a second-order tensor that satisfies the above definition
is the identity tensor I, which maps any given vector u onto itself as

u = Tu. 2.17)

Another example is the transformation tensor ) shown in Figure 2.2, which rotates
vectors in space in such a way that the standard Cartesian base vectors ey, es, and
e3 become €, €}, and €, that is,

e, =Qe; i=123. (2.18)

The relationship between this important tensor and the angle cosines ();; intro-
duced in the previous section will be elaborated below.

Simple operations such as the sum, product, and inverse of second-order ten-
sors are defined in an obvious manner so that for any vector u

(S14 S2)u = Si1u+ Ssu; (2.19a)
(S182)u = S1(S2u); (2.19b)
Sls=1. (2.19¢)

Additionally, the transpose of a tensor S is defined as the tensor S, which for any
two vectors u and v satisfies

u-Sv=v-S"u. (2.20)

For example, the transpose of the identity tensor is again the identity I, because
use of the above definition shows that for any pair of vectors w and v, I satisfies
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28 MATHEMATICAL PRELIMINARIES

v-ITu=u-Iv
=u-v
=v-u

=wv-Iu. (2.21)

A tensor S that, like the identity, satisfies .S T = S is said to be symmetric; whereas
a tensor for which 87 = —S is said to be skew. As an example of a skew tensor
consider the tensor W, , associated with an arbitrary vector w, defined in such a
way that for any vector u

Weu=w X u (2.22)

where X denotes the standard vector or cross product. Proof that W, is skew fol-
lows from the cyclic commutative property of the mixed vector product, which, for
any v and v, gives

v Whu=u -Wywv
=u-:(w X v)
=—v-(w X u)
=—v-Wyu. (2.23)

A final example of general interest is the transpose of the transformation tensor Q.
Applying the definition of the transpose tensor to the new and old base vectors and
recalling the definition of @ given in Equation (2.18) gives

ej- QTeg =e,- Qe;
-
=ej-€; 1,j=1,23. (2.24)

Comparing the first and last expressions in this equation leads to
Qei=e; =123, (2.25)

which implies that the transpose tensor Q” rotates the new base vectors e} back to
their original positions e;. Moreover, combining Equations (2.25) and (2.18) gives

QTQ=1. (2.26)

Tensors that satisfy this important property are said to be orthogonal. In fact, any
arbitrary second-order tensor A can be expressed as the sum of a symmetric plus a
skew tensor or as the product of an orthogonal times a symmetric tensor as

A=S+w,; ST=5 wl=-w; (2.27a)
A=QS; ST=58, Q'Q=1I (2.27b)
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2.2 VECTOR AND TENSOR ALGEBRA 29

The first expression is rather trivial and follows from taking S = (A + AT)/2 and
W = (A — AT)/2; whereas the second, less obvious, equation is known as the
polar decomposition and plays a crucial role in continuum mechanics. Many exam-
ples of symmetric and skew tensors will occur throughout the remaining continuum
mechanics sections of this chapter.

Second-order tensors can often be derived from the dyadic or tensor product of
two vectors u and v to give a tensor, denoted u & v, which to any arbitrary third
vector w assigns the following vector:

(u@v)w = (w-v)u, (2.28)

where (w -v)u is obviously the projection in the w direction of the scalar
component of w in the v direction. This seemingly bizarre definition of the tensor
u @ v transpires to make physical sense, particularly in the case of the stress ten-
sor, from which, incidentally, the word tensor originates, from the association with
a tensile stress.

The tensor product satisfies the following properties:

(u®v)’ = (v@u); (2.292)
S(u®v) = (Suv); (2.29b)
(u®v)S = (u® STv); (2.29¢)
u® (V1 +v2) =uQ v + u® ves. (2.29d)

EXAMPLE 2.2: Proof of Equation (2.29b)

Any of the properties of the dyadic product can be easily demonstrated using its def-

inition, Equation (2.28). For example, we can prove (2.29b) by showing that for any
vector w we have

S(u®v)w = S[(u@v)

= Su(v-w)

= (SuRQv)w.

w]

Now recall that a vector can be expressed in terms of a linear combination of
the base vectors ey, e2, and e3 as shown in Equation (2.1). Hence it is not unrea-
sonable to suggest that in a similar fashion a tensor could be expressed in terms of a
linear combination of dyadic products of these base vectors. In particular, the nine
tensors e; @ e; for i, j = 1,2, 3 obtained by the dyadic product of the three Carte-
sian base vectors form a basis on which any second-order tensor can be expressed.
For instance, the identity tensor I can be written as
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3 3
I= Zei@)ei or I= Z dije; @ e;j. (2.30a,b)

i=1 i, =1

In order to verify these expressions simply note that when either equation is applied
to a vector u, use of the definition (2.28) together with Equations (2.6) and (2.19a)
gives

3
Tu = E e;Re; |lu
i=1

3

= Z(u -e;e;
’L;l
= Z U; €5
=1
= u. (2.31)

In general, we can express any given tensor S as a linear combination of
e; ® e; in terms of a set of nine components S;; as

3
S = Z Sz‘j €; & €y, (2.32)

1,7=1

where the components .S;; can be obtained in a manner similar to that used in
Equation (2.6) for vectors as

Sij —€; Sej. (2.33)
Proof of this expression follows from Equations (2.32) and (2.28) as

3
ei-Sej:ei- E Sklek®el €
k=1

3
=ei-| Y Sulej-ees

k=1

3
=ei-| > Sudjer
=1

3
=) S0k
k=1

= Syj. (2.34)
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2.2 VECTOR AND TENSOR ALGEBRA 31

For example, the transformation tensor () can be expressed in terms of its compo-
nents ();; as

3
Q= Z Qije; Qej, (2.35)

i, j=1

where, using Equation (2.33) together with Equation (2.18), the components ();;
can now be seen to coincide with the angle cosines introduced in the previous
section as

Qij = €; - er = €; 6;-. (2.36)

EXAMPLE 2.3: Components of u ® v

We can evaluate the components of the tensor product u @ v in two different ways.
First, direct use of Equation (2.33) and the definition (2.28) gives

(u®)i; =e;- (uQv)e;
= (ei-u)(v-e;)

= U;Vj.

Alternatively, use of Equation (2.1) and property (2.29d) gives

(3e)e (5]

3
= E uvj €; @ e,

ij=1

(u®wv)

from which the same components of the dyadic product are immediately identified.

The components of any second-order tensor S can be arranged in the form of
a 3 X 3 matrix as

S Sz Sis
[S]= ] So1 Saa Sog |- (2.37)
S31 S32 533

For instance, use of Equation (2.33) shows that the skew tensor W,, defined in
Equation (2.22) can be written as
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0 —Wws3 w9
Wwl=1] w3 0 —w |- (2.38)
—wWy w1 0

where wy, we, and w3 are the components of w.

Tensorial expressions can now be duplicated in terms of matrix operations
with the tensor components. For instance, it is simple to show that the basic Equa-
tion (2.15) becomes

[v] = [S][ul. (2.39)

Similar expressions apply for the sum, product, dyadic product, and transpose of

tensors as
[S1 4+ Sa] = [S1] + [S2]; (2.40a)
[S182] = [S1][S2]; (2.40Db)
[ST]=[8]"; (2.40¢)
[u®v] = [u][v]". (2.40d)

The association between second-order tensors and 3 x 3 matrices is thus identical
to that between vectors and column matrices. Similarly, the distinction between the
tensor and its components is only useful when more than one basis is being consid-
ered at the same time. Under such circumstances, a single tensor .S is expressed by
two sets of components, [S]" or S}; in the base €] ® €’ and [S] or S;; in the base

€; ® ej, as
3 3
S=)> Sje®e= Y Sei®e€] (2.41)
irg=1 i j=1

Introducing the relationship between the new and old bases given by the angle
cosines as shown in Equations (2.11a-b) and after simple algebra, a relationship
between both sets of tensor components emerges as

3
[S] = [Q"[SI[Q] or Si;= ) QuiSuQi;- (2.42)
ki=1

It is often necessary to use second-order tensors relating vectors expressed in
different sets of Cartesian bases. This is illustrated in Example 2.4.
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EXAMPLE 2.4: Exploration of two-point second-order tensors

u

The figure above shows a vector u in Cartesian basis E; which is mapped (trans-
formed) into the vector v in a different Cartesian basis e; as

3 3
v=Su or E vkek:SE u; Bj.
j=1

k=1
Multiplying through by e; gives
3 3
€; - kaek = €; 'SZUjEj;
k=1 j=1
3 3 3
kaéik = (SZU] Ej) ce; = Z (ei o SE]) Uj;
k=1 j=1 j=1
3
alternatively, v; = Z Siju; where S;; =e;-SE;.
j=1

Clearly, the components .S;; of the tensor S depend upon the bases in which the vec-
tors w and v are expressed. It is instructive to explore a little further to discover how
this dependency is expressed in terms of the tensor product & . The vector v can be

written as
3 3
vV = E u]'SZ‘j e;, = E Sij(u-Ej)ei;
i, j=1 i,j=1

recall (2.28) to give

3
v = Z Sij (61‘ ® Ej)'u,.
i, j=1
Consequently,

3
S = Z Sij(ei@)Ej).

i, j=1
It is now possible to rotate just one set of bases and examine the effect this has on
the components of the tensor S. For example, if the bases e; are rotated as e, = Qe;
(continued)
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EXAMPLE 2.4: (cont.)

(see Equation (2.18)) then the components of S with respect to the bases E; and e
can be obtained using Equation (2.11b) as follows:

S= ) Sij(ei®E;)

3
= Z Sirer @ Ej; Sy = Sij Qi

Using Equation (2.42) and assuming some elementary knowledge of a two-
dimensional state of stresses, the invariant nature of the stress tensor is shown in
Example 2.5.

EXAMPLE 2.5: Tensor invariance

20°
X1

g | 222 | o] 30m |,
| 2.866 1.932

mj= | 0866 |, g | 0985 |
| 0.500 0.174

o] = 2 1| o] = | 2578 1409
14 ] 1.409 3.125

(continued)
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EXAMPLE 2.5: (cont.)

Consider a two-dimensional example of a stress tensor o having Cartesian com-
ponents [o] and an associated unit normal vector n having components [n]. The
traction force ¢ having components [t] on the surface normal to 7 is

2.232 2 1 0.866
1) = o] [n] or ~ .
2.866 1 4 0.500
Now rotate the Cartesian axes counterclockwise through an angle o = 20° in which

the same stress tensor o now has components [o]" and the normal vector n com-
ponents [n]’. The traction vector ¢ having components [t]" on the surface normal to

n is
[t]/ _ [0_]/ [n]' or 3.079 | | 2.878 1.409 0.985
1.932 1.409 3.125 0.174

The vectors n and ¢ have remained unchanged even though their components
have changed. Likewise the stress tensor o has remained unchanged in that it is that
which operates on n to give t, even though its components have changed. Hence, the
general expression t = on can justifiably be written.

Noting that from Equation (2.13) [t]’ = [Q]” [t] and [n]’ = [Q]” [n] it is easy to
show that

mumﬁmm;m—[

cos @ —sin a]

sin « COS &

2.2.3 Vector and Tensor Invariants

The above sections have shown that when different bases are used, vectors and
tensors manifest themselves via different sets of components. An interesting excep-
tion to this rule is the case of the identity tensor or its multiples af. Using
Equation (2.42) it is easy to show that the components of these tensors remain
unchanged by the rotation of the axes as

[aI) = [Q]" [a1)Q]
=a[Q"Q]
= [od]. (243)

Tensors that satisfy this property are said to be isotropic and are used in continuum
mechanics to describe materials that exhibit identical properties in all directions.
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In general, however, the components of vectors and second-order tensors
will change when the axes are rotated. Nevertheless, certain intrinsic magnitudes
associated with them will remain invariant under such transformations. For exam-
ple, the scalar product between two vectors v and v, defined in Section 2.2.1 as

3
UV = Z wgv; = [u]” [v], (2.44)
i=1

remains invariant when the components change as a result of a rotation @ of the
axes. This is easily proved with the help of Equation (2.13a) and the orthogonality

of Q as
u-v = [u]”[v]
= (1QI[u])" Q][]
= ([u])"[Q" Q][v)
= ([ul)"[v]". (2.45)
Consequently, the modulus or magnitude of a vector, defined as
[ull = Vu-u, (2.46)

is an invariant, that is, an intrinsic physical property of the vector.

Insofar as tensors can be expressed in terms of dyadic products of base vectors
it is reasonable to inquire whether invariant quantities can be associated with ten-
sors. This is indeed the case, and the first of these magnitudes, denoted as Ig, is
given by the trace, which is defined as the sum of the diagonal components of the
tensor S as

3
Is=uS =) S (2.47)
i=1
The invariance of this magnitude can be easily checked using Equation (2.41) in
an indicial form and recalling the orthogonality of @ given by Equation (2.26), to
give

3 3
!
ZS“»: Z QriSkQui
i—1 ikil=1

3
Z S0kl
k=1
3

> Sik (2.48)

k=1
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Some useful and simple-to-prove properties of the trace are

tr(u Qv) = u-v; (2.49a)
rST = uS; (2.49b)
trS189 = trSs9.5;. (2.49¢)

EXAMPLE 2.6: Proof of Equation (2.49a)

Property (2.49a) follows from the components of the dyadic product discussed in
Example 2.3 and the definition of the scalar product as

3

tr(u @ v) = Z(u ® v)ii
i=1

3
= ww;
=1

=Uu-v.

Analogous to the scalar product of vectors, the double product or double con-
traction of two tensors A and B is an invariant magnitude defined in terms of the
trace as

A:B=u(A"B), (2.50)
which recalling the properties of the trace can be variously written as

A: B=t(ATB) =tu(BAT) =u(BTA) = tr(ABT) = Z AijBij.

7]_

(2.51)

Further useful properties of the double contraction are
trS=1:385,; (2.52a)
S:(u®v)=u-Sv; (2.52b)
(u®v): (xQyY) =(u-x)(v-y); (2.52¢)
S:W=0 if =S and W' =-W. (2.52d)

*

A second independent invariant of a tensor S can now be defined as

lIg=5:8. (2.53)

* In other texts the following alternative definition is frequently used:

IIg = %(lg—s : S).
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A third and final invariant of a second-order tensor is provided by its
determinant, which is simply defined as the determinant of the matrix of com-
ponents as

g = det S = det[S]. (2.54)

Proof of the invariance of the determinant follows easily from Equation (2.42) and
the orthogonality of the transformation tensor @ as

det [S]' = det([Q1"[S](Q])
= det[Q]” det[S] det[Q]
= det[Q" Q] det[S]
_ det(S]. (2.55)

An alternative way in which invariant magnitudes of second-order tensors can
be explored is by studying the existence of eigenvectors and eigenvalues. For a
given tensor S, a vector n is said to be an eigenvector with an associated eigenvalue
Adf

Sn = An. (2.56)

Linear algebra theory shows that the eigenvalues ) that satisfy the above equation
are the roots of a third-degree polynomial obtained as

det(S — AI) = 0. (2.57)

In general, however, the roots of such an equation can be imaginary and hence
of little practical use. An important exception is the case of symmetric tensors,
for which it is possible to prove not only that there exist three real roots of Equa-
tion (2.57), A1, A2, and A3, but also that the three corresponding eigenvectors n 1,
ng, and n3 are orthogonal, that is,

Sn; = \in;; i=1,2,3; (2.58a)
n;-n; = (Sl'j; ’i,j = 1, 2, 3. (258b)

Consequently, the above unit eigenvectors can be used as an alternative Cartesian
base in which Equations (2.33) and (2.58a) show that the off-diagonal components
of S vanish whereas the three diagonal components are precisely the eigenvalues
Ai. Accordingly, the symmetric tensor .S can be conveniently written as

3
S = Z \n; ®n;. (2.59)

i=1
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The eigenvalues of a symmetric tensor are independent of the Cartesian axes cho-
sen and therefore constitute an alternative set of invariants. Finally, relationships
between the invariants Ig, Il g, and IIIg and the eigenvalues can be derived by
applying the definitions (2.47), (2.53), and (2.54) to Equation (2.59) to give

Is = A+ o+ As; (2.60a)
ITs = M+ A3+ )\3; (2.60b)
IIIS = )\1 )\2 )\3. (2600)

2.2.4 Higher-Order Tensors

It will be seen in Chapter 6 that the second-order stress and strain tensors are related
via a fourth-order constitutive or material behavior tensor. In order to appreciate
fourth-order tensors it is necessary to examine the intermediate third-order tensors.
Inevitably, things are likely to get more difficult and, because an appreciation of
this section is not immediately necessary, it is suggested that what follows be read
just prior to Chapter 6.

Although there are several ways in which higher-order tensors can be defined,
the procedure used here is a simple extension of the definition (2.15), employed
for second-order tensors. In this way, a third-order tensor is defined as a linear map
from an arbitrary vector u to a second-order tensor .S as

Au=S8S. (2.61)

In particular, the tensor product of three arbitrary vectors yields a third-order tensor
u @ v @ w defined in a manner similar to Equation (2.28) so that any vector x is
mapped to

(URVRw)x = (w-z)(uRv). (2.62)

This definition, combined with the fact that second-order tensors can be expressed
as linear combinations of dyadic products, leads to the following expressions for
the tensor product of a vector and a second-order tensor:

(S®v)u = (u-v)S; (2.63a)
(v®S)u=v® (Su). (2.63b)

The 27 third-order tensors e; ® e; & ey, for i, j, k = 1,2, 3 which are obtained
by taking the tensor products of the three Cartesian base vectors constitute a basis
in which any third-order tensor .4 can be expressed as

3
A= Z Aijk; e ®e;R e, (2.64)

i, j,k=1
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where a manipulation similar to that employed in Equation (2.33) for second-order
tensors will verify that the components of A are

Aijr = (ei @ ej) : Aey. (2.65)

An example of a third-order tensor of interest in continuum mechanics is the
alternating tensor €, which is defined in such a way that any vector w is mapped to

Ew=-W,, (2.66)

where W, is the second-order tensor defined in Equation (2.22). The components
of £ follow from Equations (2.22), (2.65), and (2.66) as

gijk = (el- ®6j) H (Eek)
= —(ei ®ej) : Wek
= —e;- (We,ej)
=e;-(e; X eg). (2.67)
The result of the above triple product is 0 if any indices are repeated, 1 if the
permutation {i, j, k} is even, and —1 otherwise. Note that exactly the same com-
ponents would be obtained if a different Cartesian base were used, that is, £ is an

isotropic third-order tensor. Using these {0, 1, —1} components, the tensor £ can
be expressed as

E=e1R®erRezt+e3ReRext+ea@ezRe;
—e3Qer®@Re; —e1QRezRer —ea®e; Qes. (2.68)
The double contraction of a third-order tensor and a second-order tensor is

defined in such a way that for the dyadic product of any two vectors « and v a new
vector is obtained as

A: (u®v)=(Av)u. (2.69)

Note that the result of the double contraction is a vector and not a scalar. In fact,
third-order tensors can be alternatively defined as linear maps from second-order
tensors to vectors, as shown in the above double contraction. For example, applying
the above definition to the alternating tensor gives

E:(u®u) = (Ev)u
=-—-W,u
=u X v. (2.70)

This result, instead of Equation (2.66), could have been used to define the alternat-
ing tensor £.
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In general, the double contraction of a third-order tensor by a second-order
tensor S can be evaluated in terms of their respective components using the defini-
tion (2.69) together with Equations (2.32) and (2.65) to give

3
A:S= Y ApSire 2.71)

i, 7,k=1

Additional properties of the double contraction are given below without proof:

(VW) : (xRy) = (x-v)(y-w)u; (2.72a)
(u®S): T=(S:T)u; (2.72b)
(S®u): T =STu. (2.72¢)

EXAMPLE 2.7: Proof of Equation (2.71)

In order to prove Equation (2.71), we first express both tensors A and S in terms of
their components as

3 3
A= Z Aijrei®ejQer; S= ZSlmel®em-
i, k=1 lym=1
Taking the double contraction now gives

3
A: S = Z AiikSim(ei@e; Qey) : (e R en)

i, J,k,l,m=1

3
Z AijeSim(e; @ e; @ ex)en|e

i, J,k,l,m=1

3
Z Aijkslm(ek : em)(ej . el)ei

i, J,k,l,m=1

3
Z Ak SimOkm0j1 €

i, J,k,l,m=1

3
Z Aiijjk €;.

i, j,k=1

Tensors of any order can now be defined by recursive use of Equation (2.61).
For instance, a fourth-order tensor C is a linear map between an arbitrary vector u
and a third-order tensor A as

Cu=A (2.73)
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Observe that no explicit notational distinction is made between third-, fourth-, or
any higher-order tensors. Examples of fourth-order tensors are obtained by extend-
ing the definition of the tensor product of vectors in the obvious way to give

(U1 @ua @ us @ uyg)v = (v-ug)(u1 @ ua @ uz). (2.74)

Similar tensor products of a vector and a third-order tensor and second-order ten-
sors are inferred from the above definition as

(AQu)v = (u-v)A,; (2.75a)
(U AV =u® (Av); (2.75b)
(T®S)v=T& (Sv). (2.75¢)

Additionally, the double contraction of a fourth- (or higher-) order tensor C with a
second-order tensor is again defined using Equation (2.69) to yield a second-order
tensor as

C:(u®wv)=(Cv)u. (2.76)

An illustration of this would be the crucially important constitutive relationship
between a second-order stress tensor o and a second-order strain tensor &, given as
o = C : g, where C would be a fourth-order elasticity tensor.

Properties similar to those listed in Equations (2.72a—c) are obtained as

(U1 @ua@u3 Qua) : (xR Y) = (T-uz)(y - us)(u1 @ uz); (2.772)
(S1®S3):T=(Sy:T)Sq; (2.77b)
(ARu) : T = A(Tu); (2.77¢)
u®A) :T=u®(A:T). (2.77d)

Recalling that the double contraction of a fourth-order tensor with a second-order
tensor gives a second-order tensor, fourth-order tensors can be also defined as linear
mappings between second-order tensors. For instance, the fourth-order identity ten-
sor Z and the transposition tensor T are defined in such a way that any second-order
tensor S is mapped onto itself and its transpose respectively as

Z:5=S, (2.78a)
I:5=25" (2.78b)

Fourth-order tensors can be expressed as linear combinations of the 81 tensor
products of the Cartesian base vectors e; @ e; @ e, @ e; for i, j, k,l =1,2,3 as

3
C= Z Cijnei@e; QerQ ey, (2.79a)

i7j7k7l:1

where it can be proved that the components C;;1; are given as
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Ciju=(ei®e;) : C: (e ®ey). (2.79b)
For instance, the components of Z are obtained with the help of Equations (2.79a,b)
and (2.52c) as

Tiji=(e;Qej) : T : (e, Qe)
=(ei®ej): (exQe)
= (ei-ex)(ej - e)
= 0ikdji; (2.80)

and, similarly, the components of T are

i =(ei®ej) : I: (exRe)
=(ei®ej): (e ®ey)

= (ei-ei)(e; - er)

= Gudj. 2.81)
Consequently, these two tensors can be expressed as
3
I=) eQeReRe; (2.82a)
ij=1
_ 3
I=) ei®e®eRe; (2.82b)
ij=1

Observe that both these tensors are isotropic, as the same components would
emerge from Equations (2.80) and (2.81) regardless of the Cartesian base being
used. Isotropic fourth-order tensors are of particular interest in continuum mechan-
ics because they will be used to describe the elasticity tensor of materials that
exhibit equal properties in all directions. In fact, it is possible to prove that all
fourth-order isotropic tensors are combinations of Z, 7 and the additional isotropic
tensor I ® I as

C=alQI+BT+~I. (2.83)
Examples of such combinations are the tensors S, VW, and D defined as
8:%a+ﬁ; (2.84a)
W:%@—ﬁ; (2.84b)
’D:I—%I@I; (2.84¢)

which project a second-order tensor S onto its symmetric, skew, and deviatoric
components as
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S:8= %(s + 8T, (2.85a)
W:S = %(S - ST; (2.85b)
D:S=8=8- %(trS)I. (2.85¢)

Finally, the definition of symmetric second-order tensors given in the previous
section can be extended to fourth-order tensors. In this way a fourth-order tensor
C is said to be symmetric if, for any arbitrary second-order tensors .S and T, the
following expression is satisfied:

S:C:T=T:C:S. (2.86)

For example, it is easy to show that I ® I, Z, and T are symmetric fourth-order
tensors and consequently combinations of these three tensors such as S, W, and
D are also symmetric.

EXAMPLE 2.8: Elasticity tensor

In linear isotropic elasticity the stress tensor o is related to the small strain tensor €
by the Lamé material coefficients A and p as

o = \tre)I + 2pue.
This equation can be rewritten in terms of the fourth-order elasticity tensor C as
c=C:e; C=MQI+uZT+I); Cijir = Nij0ns + p(Sixdji + 6iubjk).

Alternatively, the above relationship can be inverted to give the strain expressed in
terms of the stress tensor. To achieve this, note first that taking the trace of the above
stress—strain equation gives

tro = (3 + 2u)tre,

and consequently € can be written as
1 Atro

Sy, P —

241 20(3A + 2u)

or in terms of the Young’s modulus E and Poisson’s ratio v as

E =

1 (33X + 2p) A
= —=|(1 —v(ro)I]; E = ; = .
€ E[( +v)o —v(tro)I]; g v ot 2
Hence the inverse elasticity tensor can be defined as
1 1 14 1 + v
= 1 0 =——IQI 7.
e=C o, C T T + 5
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2.3 LINEARIZATION AND THE DIRECTIONAL
DERIVATIVE

Nonlinear problems in continuum mechanics are invariably solved by linearizing
the nonlinear equations and iteratively solving the resulting linear equations until
a solution to the nonlinear problem is found. The Newton—Raphson method is the
most popular example of such a technique. Correct linearization of the nonlinear
equations is fundamental for the success of such techniques. In this section we will
consolidate the concept of the directional derivative introduced in Chapter 1. The
familiar Newton—Raphson scheme will be used as the initial vehicle for exploring
the ideas that will eventually be generalized.

2.3.1 One Degree of Freedom

Consider the one-degree-of-freedom nonlinear equation shown in Figure 2.3:
f(z)=0. (2.87)

Given an initial guess of the solution, xg, the function f(x) can be expressed
in the neighborhood of xg using a Taylor’s series as

2
f(z) :f(xO)Jrﬁ ($—$0)+1%

N i N 2.88
In . (l‘ xo) + ( )

o

If the increment in x is expressed as u = (z — x¢) then (2.88) can be rewritten as

2
flwo+u) = flwo) + L] wy 19T

2 “ e
- S| W (2.89)

zo

To
To establish the Newton—Raphson procedure for this single-degree-of-freedom
case, (2.89) is linearized by truncating the Taylor’s expression to give

daf

flxo+u) =~ f(xo) + -

I (2.90)

x0

f(xo)

4 .
X0 X1 X2

FIGURE 2.3 One-degree-of-freedom nonlinear problem, f(z) = 0.
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This is clearly a linear function in u, and the term u(df /dz)|y, is called the lin-
earized increment in f(x) at z( with respect to u. This is generally expressed as

d
Df(ao)fu) = LI un flan +u) ~ flao). @91)
o
The symbol D f(zo)[u] denotes a derivative, formed at x(, that operates in some
linear manner (not necessarily multiplicative as here) on u.
Using Equation (2.90) the Newton—Raphson iterative procedure is set up by

requiring the function f(zj + ) to vanish, thus giving a linear equation in u as

f(zk) + Df(z)u] =0, (2.92)
from which the new iterative value 1, illustrated in Figure 2.3, is obtained as
p _
U= —d—f flzr); kg1 = xg + u. (2.93)
T,

This simple one-degree-of-freedom case will now be generalized in order to
further develop the concept of the directional derivative.

2.3.2 General Solution to a Nonlinear Problem

Consider a set of general nonlinear equations given as
F(x)=0, (2.94)

where the function F(x) can represent anything from a system of nonlinear alge-
braic equations to more complex cases such as nonlinear differential equations
where the unknowns x could be sets of functions. Consequently, x represents a list
of unknown variables or functions.

Consider an initial guess xg and a general change or increment u that, it is
hoped, will generate x = xg + u closer to the solution of Equation (2.94). In
order to replicate the example given in Section 2.3.1 and because, in general, it is
not immediately obvious how to express the derivative of a complicated function
JF with respect to what could also be a function x, a single artificial parameter
€ is introduced that enables a nonlinear function F in € (not equal to F) to be
established as

F(e) = F(xo + eu). (2.95)
For example, in the one-degree-of-freedom case discussed in Section 2.3.1, F(e)
becomes

F(e) = f(zo + eu). (2.96)

This is illustrated for the one-degree-of-freedom case in Figure 2.4.
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F(e)

S(x0) F(0)

FIGURE 2.4 Single-degree-of-freedom nonlinear problem, f(x) = 0 and F'(e) = 0.

f Fle)
Slxp,x)

X1

FIGURE 2.5 Two-degrees-of-freedom nonlinear problem, f(z1,z2) = 0 and F(e) = 0.

A more general case, illustrating Equation (2.95), involves two unknown vari-
ables 1 and x9 is shown in Figure 2.5. Observe how € changes the function F in
the direction u and that clearly F(e) # F(x).

In order to develop the Newton—Raphson method together with the associated
linearized equations, a Taylor’s series expansion of the nonlinear function F(e)
about € = 0, corresponding to x = Xg, gives

F(e) = F(0) + ¥ LLF

2
- cee 2.97
de 6:06 + 2 de? <t 297

e=0

Introducing the definition of F given in Equation (2.95) into the above Taylor’s
series yields

622

f(X() + eu) + 5@ —

e=0

d
.’F(x0+eu):.7:(x0)+e& F(xo+eu)+---

(2.98)
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Truncating this Taylor’s series gives the change, or increment, in the nonlinear
function F(x) as

d
F(xo+ eu) — F(xo) ~ e—

T F(xp + €u). (2.99)

e=0

Note that in this equation € is an artificial parameter that is simply being used as a
vehicle to perform the derivative. In order to eliminate e from the left-hand side of
this equation, let ¢ = 1, thereby giving a linear approximation to the increment of
F(x) as

d
F(xo+u) —F(xp) ~ 1 2 F(xo + €u), (2.100)
€

e=0

where the term on the right-hand side of the above equation is the directional
derivative of F(x) at x¢ in the direction of u and is written as

DZF(xp)[u] F(xo + eu). (2.101)

e=0

" de

Note that u could be a list of variables or functions; hence the term “in the direc-
tion” is, at the moment, extremely general in its interpretation. With the help of
the directional derivative the value of F(xp + u) can now be linearized or linearly
approximated as

F(xo+u) = F(xo) + DF(x0)[u]. (2.102)

Returning to the nonlinear Equation (2.94), setting F(xo + u) = 0 in Equa-
tion (2.102) gives

F(xo) + DF (x0)[u] =0, (2.103)

which is a linear equation with respect to u.t Assuming that Equation (2.103) can
be solved for u, then a general Newton—Raphson procedure can be re-established as

DF (xp)[u] = —F(xk) ;  Xp41 = Xg + U, (2.104)

2.3.3 Properties of the Directional Derivative

The directional derivative defined above satisfies the usual properties of the deriva-
tive. These are listed for completeness below:

T The term D (xo)[u] is linear with respect to u in the sense that, for any u; and us,

DZF (x0)[u1 + u2] = DF (x0)[u1] + DF (xo)[uz].
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(a) If F(x) = Fi(x)+ Fa(x) then
DF(x0)[u] = DF1(x0)[u] + DF2(xp)[u]. (2.105a)

(b) The product rule: if F(x) = F1i(x) - Fa(x), where “-” means any type of
product, then

D.’F'(Xo){u] == D.'F'l(XQ)[U] . .’F'Q(Xo) + fl(XQ) . ng(Xo)[u]. (2105]3)
(c) The chain rule: if F(x) = F1(Fa(x)) then
D.’F'(Xo){u] = D.'F'l(fg(XO))[D]:Q(Xo)[UH. (21050)

EXAMPLE 2.9: Interpretation of Equation (2.105c)

The chain rule Equation (2.105c¢) is not easy to interpret. In an attempt to clarify the
meaning of this equation consider the approximation statement

F(xo +u) = F(Xo) + DF(xo)[u].
In the case where F (x) = F1(F2(x)) the left-hand side becomes
F(xo +u) = F1(Fa(xg+u)),
and using the linearization of 5 this can be written as
F (X0 +u) = F1(Fa(xo) + DF2(Xo)[u]).
Now linearizing F; at F2(Xo) in the direction of the increment DF5(X()[u] gives
F(xo +u) = F1(Fa(xo)) + DF1(F2(x0)) [DF2(xo)[u]].

Comparing the first and last equations gives Equation (2.105¢).

2.3.4 Examples of Linearization

Algebraic systems of equations. Consider a set of nonlinear algebraic equations

f(x) = [ f1, fa, - -+, fn]? with unknowns x = [21, 29, ..., z,]7 as
fl(xtha .- '7xn) - 07
fo(@1,m2,. .., 70) = 0; (2.106)

fn(xtha o 7xn) =0.

The directional derivative of f(x) at a solution estimate x in the general direction

u = [ug,us,...,uy,|" is given by (2.101) as
d
Df(xp)[u] = T f(xo + €u). (2.107)
e=0
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The above expression can be evaluated using the standard chain rule for the partial
derivatives of a function of several variables as

Df(xo)[u] = f(xo + eu)

e=0

de
" of

- of
:;uiﬁx

[

d(zo,; + eu;)
de

Ti=T0, e=0

Ti=20,i

— K(xo)u, (2.108)

where the tangent matrix K is

[ 8A Of oh
ox1 Oxo tt Oxp
8f2 902  Of2
K=| % o= O (2.109)
Ofn Ofn Ofn
L Oz 0o ttt Oz, -
Consequently, the Newton—Raphson iterative scheme becomes
K(Xk) u= —f(xk); Xe+1 = Xk + u. (2.110)

EXAMPLE 2.10: Linearization of A> = AA
Expanding A? = AA gives

d
DA*U| = —
U]=—
d

:de

(A+cU)(A+eU)
e=0

(AA+eUA + AU +€UU)
e=0

= (UA+ AU +2¢UU)

e=0
=UA+ AU.

Alternatively the product rule given in Equation (2.105b) can be employed to give

DA*U] = DA(U)A + ADA(U)
d d
de E:0< e de

=UA+ AU.

(A+eU)
e=0
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Function minimization. The directional derivative given in (2.101) need not
necessarily be associated with the Newton—Raphson method and can equally be
applied to other purposes. An interesting application is the minimization of a func-
tional, which is a familiar problem that often arises in continuum or structural
mechanics. For example, consider the total potential energy for a simply supported
beam under the action of a uniformly distributed load ¢(x) given as (Figure 2.6)

V(w(z)) = ;/Ol EI(dQCZ(;))2dx - /Olq(x)w($) dz, 2.111)

where w(z) is the lateral deflection (which satisfies the boundary conditions a pri-
ori), F/ is Young’s modulus, [ is the second moment of area, and [ is the length
of the beam. A functional such as V is said to be stationary at point wo(x) when
the directional derivative of V' vanishes for any arbitrary increment u(z) in wq(x).
Consequently, the equilibrium position wg(x) satisfies

d

DY(wo(2))[u(z)] = -

V(wo(z) + eu(x)) =0 (2.112)
e=0

for any function u(x) compatible with the boundary conditions. Note that wq(z) is
the unknown function in the problem and is not to be confused with a Newton—
Raphson iterative estimate of the solution. Substituting for V' in (2.112) from
(2.111) gives

Cd| 1t T (wolx) + eu(x))]?
DV(un(e)lu) = 72| /0 EI[ i } dx
l
—% —0/0 q(z)(wo(x) + eu(z))dr =0 (2.113)
Hence
B L dPwo(z) d>u(z) ! B
DV (wo(z))[u(z)] = /O EIT;)Z oo~ /0 q(z)u(x) dz = 0.
(2.114)
q(x)

L
S p—-

FIGURE 2.6 Simply supported beam.
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If u(z) is considered to be the virtual displacement du(x) then the above equa-
tion is easily recognized as the virtual work equation for the beam, which is an
alternative expression of equilibrium.

Linearization of the determinant of a tensor. This example further illustrates
the generality of the concept of the linearization obtained using the directional
derivative. Consider the linearization of the determinant det .S of the second-order
tensor S (or square matrix) with respect to an increment in this tensor U as

det(S + U) ~ det S + D det(S)[U], (2.115)

where the directional derivative of the determinant can be found by direct applica-
tion of Equation (2.111) as

det(S + €U)

D det(S)[U] = di .

€

d

det[S(I + eS™'U)]
de

e=0

d
—detS &
oy

€

det(I +eS7IU). (2.116)
e=0

In order to proceed, note that the characteristic equation of a matrix B with eigen-
values AB, AP and \B is

det(B — M) = (AP = A\) (A8 = A (W8 - \). (2.117)
Using this equation with A\ = —1 and B = ¢S ~'U gives

(1+exf V) 1+ V) (1+ers V),
e=0

D det(8)[U] = det § di
€

(2.118)

where A3 U AS7'U _and AS™'U are the eigenvalues of S~'U. Using the stan-
dard product rule of differentiation in (2.118) and recalling the definition and prop-
erties of the trace of a tensor introduced in Section 2.2.3 gives the directional
derivative of the determinant of a tensor as

Ddet(S)[U] =det S (\F U 415U 4257'7)
= det Str(S7U)
=det S (ST : U). (2.119)

Linearization of the inverse of a tensor. Finally, consider the linearization of
the inverse of a tensor (or square matrix) S with respect to an increment in this
matrix U as

(S+U) '~ S+ DS HU, (2.120)
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where the directional derivative is given as
d
DS HUI= —| (S+eU)™h (2.121)
de | _g

Clearly, the evaluation of this derivative is far from obvious. A simple procedure to
evaluate this linearization, however, emerges from the product rule property given
in Equation (2.105b). For this purpose, note first that the linearization of I, the
identity tensor, is the null tensor 0 because I is independent of the increment U,
that is,

D(S7'8)[U] = D(I)[U] = 0. (2.122)
Consequently, using the product rule gives

D(S™H{U)S + S~ ID(S)[U] =0, (2.123)
which, after some simple algebra, leads to

DS Hiu)=-s"'us. (2.124)

EXAMPLE 2.11: Linearization of det (S™!)

An interesting application of the chain rule Equation (2.105¢) is obtained by combin-
ing the linearizations of the determinant and the inverse of a tensor into the lineariza-
tion of the functional det S~ 1. First, the directional derivative of this functional can
be obtained directly by noting that det(S~") = 1/ det S and using Equation (2.119)
to give

Ddet(S™H[U] = %

d

de

det(S + eU)™*
e=0

1
o det(S + €U)

=1

d

e=0

= —det(S7Y) (ST : U).

An alternative route can be followed to reach the same result by using the chain rule
Equation (2.105¢) and both Equations (2.119) and (2.124) to give

Ddet(S™H[U] = det(S™) (ST : DS{U])
= —det(S7H) (ST : (87'US™Y))
= —det(S7)(S7T : ).
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2.4 TENSOR ANALYSIS

Section 2.2 dealt with constant vectors and tensors. In contrast, such items in con-
tinuum mechanics invariably change from point to point throughout a problem
domain. The resulting magnitudes are known as fields in a three-dimensional Carte-
sian space and can be of a scalar, vector, or tensor nature. Examples of scalar fields
are the temperature or density of a body. Alternatively, the velocity of the body
particles would constitute a vector field and the stresses a tensor field. The study of
these quantities requires operations such as differentiation and integration, which
are the subject of tensor analysis.

2.4.1 The Gradient and Divergence Operators

Consider first a scalar field, that is, a function f () that varies throughout a three-
dimensional space. At a given point xg, the change in f in the direction of an
arbitrary incremental vector w is given by a vector V f(xo) known as the gradient
of f at g, which is defined in terms of the directional derivative as

V f(xo) - u = Df(xo)[u]. (2.125)

The components of the gradient can be obtained by using the definition of the
directional derivative (2.101) in the above equation to give

d

Vi(xo) u=—

e f(xo + eu)

e=0

3 Of
3

=S g,

’L

d(Ioﬂ' + eui)
de

e=0 e=0

(2.126)

Ti=20,i

Hence the components of the gradient are the partial derivatives of the function f
in each of the three spatial direction as

v . 2.127
f= Z T € (2.127)
For obvious reasons, the following alternative notation is frequently used:
0
Vf= / (2.128)
oz’

The gradient of a vector field v at a point x is a second-order tensor Vv ()
that maps an arbitrary vector w into the directional derivative of v at x( in the
direction of u as
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Vou(xg) u = Dv(xo)[ul. (2.129)

A procedure identical to that employed in Equation (2.126) shows that the compo-
nents of this gradient tensor are simply the partial derivatives of the vector compo-
nents, thereby leading to the following expression and useful alternative notation:

3 Ov;
Vv = a—ajzei@)ej; Vv

_Ov

= 5 (2.130)

i,j=1
The trace of the gradient of a vector field defines the divergence of such a field
as a scalar, div v, which can be variously written as

3

divv =trVv =Vo : I:ZZW.
T;
i=1

2.131)

Similarly to Equation (2.129), the gradient of a second-order tensor .S at xg is
a third-order tensor V S (), which maps an arbitrary vector w to the directional
derivative of S at xg as

VS (xzo) u = DS(xp)[u]. (2.132)

Moreover, the components of V'S are again the partial derivatives of the compo-
nents of S and consequently
oS

3
0Si;
_ : 4 : = = 2.1
VS—ijEk:1 kae Qe Rey; VS 9% (2.133)

Additionally, the divergence of a second-order tensor S is the vector div .S, which
results from the double contraction of the gradient V.S with the identity tensor as

>, 05
€;.
6xj

divS=VS:I= (2.134)

i,j=1

Finally, the following useful properties of the gradient and divergence are a
result of the product rule:

V(fv)=fVv+vQVf; (2.135a)
div (fv) = fdivo+v - Vf; (2.135b)
V(- -w)= (Vo) w+ (Vw) T v; (2.135¢)
div(v ®@ w) = vdivw + (Vv)w; (2.1354d)
div(STv) = 8§ : Vv +v-divS; (2.135¢)
div(fS)= fdivS + SV f; (2.135f)
V(fS)=fVS+SQVf. (2.135g)
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EXAMPLE 2.12: Proof of Equation (2.135e)

Any one of Equations (2.135a—g) can be easily proved in component form with the
help of the product rule. For example, using Equations (2.131) and (2.134) gives
(2.135e) as

=l J

_ v, 2%
DI a Y B,

i, =1

3

div (ST'U) = Z % S’L]”’L
J
3

=S:Vv+ov-divS.

2.4.2 Integration Theorems

Many derivations in continuum mechanics are dependent upon the ability to relate
the integration of fields over general volumes to the integration over the boundary
of such volumes. For this purpose, consider a volume V' with boundary surface 0V
and let n be the unit normal to this surface as shown in Figure 2.7. All integration
theorems can be derived from a basic equation giving the integral of the gradient
of a scalar field f as

/Vde: fndA. (2.136)
1% ov

Proof of this equation can be found in any standard text on calculus.

Expressions similar to Equation (2.136) can be obtained for any given vector
or tensor field v by simply using Equation (2.136) on each of the components of v
to give

A3

FIGURE 2.7 General volume and element of area.
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/V'vdV:/ v ®@ndA. (2.137)
1% ov

A more familiar expression is obtained by taking the trace of the above equation to
give the Gauss or divergence theorem for a vector field v as

/divvdV:/ v-ndA. (2.138)
1% oV

Similarly, taking the trace of Equation (2.137) when v is replaced by a second-
order tensor .S and noting that, as a result of Equation (2.72¢), (S®n) : I = Sn,
gives

/ divSdV = SndA. (2.139)
% v

EXAMPLE 2.13: Volume of a three-dimensional body

The volume of a three-dimensional body is evaluated by the integral

V:/dV.
1%

Using Equation (2.138) it is possible and often useful to rewrite this volume in terms
of an area integral. For this purpose note first that the divergence of the function
v(x) = /3 is 1 and therefore Equation (2.138) gives

Vzl/ x-ndA.
3 Jov

Exercises

1. The second-order tensor P maps any vector u to its projection on a plane
passing through the origin and with unit normal a. Show that

Pl-j:&;j—al-aj; P:I—a®a.

Show that the invariants of P are Ip = IIp = 2, Illp = 0, and find the
eigenvalues and eigenvectors of P.

2. Using a procedure similar to that employed in Equations (2.41) and (2.42),
obtain transformation equations for the components of third- and fourth-order
tensors in two sets of bases e; and €] that are related by the three-dimensional

transformation tensor () with components );; = e; - e;..
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3. If L and [ are initial and current lengths, respectively, of an axial rod, the
associated engineering, logarithmic, Green, and Almansi strains given in Sec-
tion 1.3.1 are

| — L l 12 _ 2
l2_L2
eall) = 5z

Find the directional derivatives Depg(l)[u], Der(l)[u], Deg(l)[u], and
De 4(1)[u], where u is a small increment in the length /.
4. Consider a functional I that when applied to the function y(z) gives the integral

b
I(y(x) = / fy ) dr,

where f is a general expression involving z, y(x), and the derivative y'(x) =
dy/dx. Show that the function () that renders the above functional stationary
and satisfies the boundary conditions y(a) = y, and y(b) = vy is the solution
of the following Euler-Lagrange differential equation:

d <8f>_8f_0
dz \oy') oy

5. Prove Equations (2.135a—g) following the procedure shown in Example 2.11.
6. Show that the volume of a closed three-dimensional body V is variously
given as

V= rn.dA = ynydA:/ zn, dA,
ov oV oV

where n,, n,, and n are the x, y, and z components of the unit normal 7.

7. A scalar field ®(z) = 2% + 3xo23 describes some physical quantity (e.g. total
potential energy). Show that the directional derivative of ® in the direction
u = %(1, 1, 1) at the position & = (2, —1,0)7 is %

8. Given the second-order tensor A, obtain the directional derivative of the
expression A> = AAA in the direction of an arbitrary increment U of A.

9. If the second-order tensors S = S and WT= — W, show that S : W=0
(i.e. tr(SW) = 0).
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CHAPTER THREE

ANALYSIS OF
THREE-DIMENSIONAL TRUSS
STRUCTURES

3.1 INTRODUCTION

This chapter considers the uniaxial (one-dimensional) large displacement, large
strain, rate-independent elasto-plastic behavior applicable to structural analysis of
pin-jointed trusses. The motivation is to expand and reinforce previous material
and to introduce some topics that will reappear later when elasto-plastic behavior of
continua is considered. For example, various nonlinear geometrical descriptors will
be linearized, providing further examples of the use of the directional derivative.

Formulations start with the kinematic description of the motion in three-
dimensional space of a truss member (axial rod) that undergoes large displacements
and rotations, leading to large or small strain that causes stress which may reach the
limit or yield stress of the material. For simplicity, it will be assumed that the strain
in the truss member is uniform. Consequently, the fundamental measure of defor-
mation in the axial rod is the stretch A = /L, which is the ratio of the deformed
length to the undeformed length; see Figure 3.1.

The internal forces in the truss are easily determined from simple strength-
of-material considerations involving the true (or Cauchy) stress o, defined for a
truss as the internal axial force T divided by the deformed cross-sectional area
a. However, for large deformation the elasto-plastic behavior is best characterized
using an alternative stress known as the Kirchhoff stress T defined as ov/V see
Figure 3.1. In preparation for Chapter 6 it will be shown how the Kirchhoff stress
can be derived from a hyperelastic energy function involving the natural logarithm
of the stretch.

Global equilibrium equations are derived from simple joint equilibrium equa-
tions. Since these are nonlinear with respect to the position of the rod, a Newton—
Raphson solution procedure is adopted which requires the linearization of the equi-
librium equations. This is achieved using the directional derivative to yield the
tangent matrix necessary for the solution. The tangent matrix contains the material
tangent modulus, which is the derivative of the stress with respect to the strain,
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Time =t¢, Length=1/
Sectional area=a
Volume =v

Xors /

X5,%) x

X’/F)ime =0, Length=L

Sectional area=A
XX Volume=V

FIGURE 3.1 Three-dimensional axial truss member — kinematics.

which for elastic behavior will emerge as a Young’s modulus-like constant. How-
ever, for inelastic (plastic) cases detailed consideration of elasto-plastic material
behavior is necessary.

In anticipation of Chapters 5 and 8, the concept of Total Potential Energy
is introduced as an alternative way of obtaining the equilibrium equations. This
involves a discussion of the stationary condition of the Total Potential Energy
obtained as a variational statement which can be interpreted as the Principle of
Virtual Work.

Plasticity (behavior at the elastic limit) is dealt with in the context of a sim-
ple one-dimensional yield criterion with hardening and associated flow rule for the
plastic strain rate.

The equilibrium equations require the evaluation of the stress, and insofar as
the stress is either lower or at the current (in the case of hardening) elastic limit,
the stress only depends upon the elastic strain. A strain in excess of that required to
reach the yield stress results, after complete removal of the stress, in a nonrecov-
erable permanent (plastic) strain which remains locked into the material. In such
a situation the elastic strain measures the difference between the total strain and
the plastic strain. However, given a current state of deformation of a truss member,
it is not possible to directly determine the relative proportions of elastic to plastic
strain that comprise the observed total strain. This can only be accomplished by
tracking the development of the plastic strain throughout the history of the defor-
mation. Such a material is called a path-dependent material. Consequently, central
to any numerical algorithm is the need to integrate the plastic strain rate over time
in order to calculate the accumulated plastic strain and thence the elastic strain.
This must be accomplished under the constraint that the stress does not exceed
the current yield stress. It will be shown that this can be conveniently expressed
as a return-mapping algorithm from a guessed or trial stress. Although the cal-
culation of the accumulated plastic strain introduces the notion of plastic strain
rate, nevertheless material behavior can remain rate-independent in the sense that
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3.2 KINEMATICS 61

a given deformation history will lead to a specific state of stress irrespective of the
speed at which this path is followed. This implies that for rate-independent mate-
rials the time variable used is purely notional. Consideration of the elasto-plastic
material behavior is completed by the formulation of the material tangent modulus
required for the numerical solution.

The resulting discretized equilibrium equations and tangent stiffness matrix are
included in the FLagSHyP program that is used to provide a number of examples
illustrating an interesting range of nonlinear structural behavior.

The subject matter covered in this chapter is considered in greater detail in
Simo and Hughes (1997) in the context of small strains.

3.2 KINEMATICS

The description of the motion of the axial rod shown in Figure 3.1 is deliberately
set up to provide an introduction to the more general concepts of large deforma-
tion kinematics to be encountered in Chapter 4 and large deformation elasto-plastic
behavior presented in Chapter 7.

Figure 3.1 shows the motion of the rod with respect to Cartesian axes. To cor-
respond to later developments, upper-case letters are used to describe the initial
undeformed position X, length L, cross-sectional area A, and volume V' at time
t = 0. Lower-case letters are used to describe the current deformed postion x,
length [, cross-sectional area a, and volume v at time ¢. Both upper- and lower-case
axes are labeled in Figure 3.1 because, in principle, it is possible to use different
Cartesian axes to describe the initial and deformed (current) positions; however,
here the assumption is made that they coalesce.

The current (deformed) length of the rod and the unit vector n can be found in
terms of the current end coordinates x,, and x; as

I ={(xp — xq) - (p — o) }/?;  unit vector n = %(mb —xq). (3.1a,b)
In the current position the rod may undergo an incremental displacement v which
at the end nodes takes values u,, and uy; see Figure 3.1. Note that the end displace-
ments are not the displacements from the initial position but incremental displace-
ments that the current position may experience in the progress of its motion.

Under the assumption that the rod undergoes large uniform deformation and
strain, the basic quantity from which a strain measure will be derived is the stretch
A, defined as the ratio of the current length [ to the initial length L, while the asso-
ciated volume ratio J is the ratio of the current to the initial volume; these are
given as
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l v
A=—; J=—. 3.2ab
A J v (3.2a,b)
If the rod elongates by dl from the current length [, then the instantaneous
engineering strain is de = dl/l. Summing all de as the rod elongates from the

initial length L to current length [ provides a definition of the logarithmic strain € as

Ll dl

5:ln)\:/ —:  de=—. (3.3a,b)
1 [

If the deformation normal to the axis of the rod is the same in all directions (which

is the case for transversely isotropic materials) then it is shown in Example 3.1 that

the volume ratio J can be related to the stretch in terms of Poisson’s ratio v as

l 1721/
J=\1"2 o H=V <L> . (3.4a,b)

EXAMPLE 3.1: Proof of Equation (3.4a,b)

|‘7 l _'I Volume =v
("0  Cross-sectional area=a
Radius=r
|‘— [+dl _’l Volume =v+dv
Cross-sectional area=a +da
Radius=r+dr

Assuming the usual relationship between axial and radial strain given by Poisson’s
ratio v, the ratio between the initial volume V' and current volume v can be deter-
mined as follows:

Current volume v = al;

Current cross-sectional area  a = 7r2;

i
l’
_dr_d

Instantaneous axial strain de =

Instantaneous radial strain de,

= —jy—
T 1’

Instantaneous volume change dv = adl + lda;

where da = 2rrdr = 20~ = —2(11/%.
T
Hence dv = adl — 2avdl = (1 — 2v)adl
dv di
o 1-w)=.
or ” ( v) ;i

(continued)
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EXAMPLE 3.1: (cont.)

Assuming Poisson’s ratio is constant during deformation,

vd Ldl
integration yields / = 1-2v) [ —

v v Ll

In2 =(1—2v)ln—

D= v)ln -

(1-2v)
v l
J===(~= = \1-2v)

or >=(z)

3.2.1 Linearization of Geometrical Descriptors

In order to develop the tangent stiffness matrix required for the Newton—Raphson
solution of the nonlinear equilibrium equations, it is necessary to linearize kine-
matic quantities. This will be accomplished using the directional derivative
discussed in Chapters 1 and 2, determined with respect to the incremental end
displacements u, and .

Employing Equation (3.1a,b), the directional derivative of the current length
vector, In = (xp — @,), is determined as

D(xy — xo)u] = % . (xp + eup — g — eug) = (Up — Uy). (3.5)
The directional derivative of the current length [ is most easily derived by noting
that

DiI?(x)[u] = 2DI(x)[u). (3.6)
Consequently,

Di(a)fu] = 5; DI (@)l 3)

substituting for /? from Equation (3.1a,b) gives

DI?(x)[u] = 4 {(zp + eup — T — cug) - (@ + up — o — €uq) }

de e=0
= 2(xp — x4) * (Up — uq), (3.8)
from which
Di(x)[u] =n - (up — ug). 3.9
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64 ANALYSIS OF THREE-DIMENSIONAL TRUSS STRUCTURES

Similarly, it is useful to note for later derivations that
DI Yx)[u] = —172Di(z)[u] = —1*n - (uy — u,). (3.10)

Recalling the definition of the logarithmic strain in Equation (3.3a,b), ¢ = In A,
enables its directional derivative to be found as

De(@)[u] = D(In I(z) — In L)[u] = %Dl(m)[u] - %n (wy— w). (A1)

3.3 INTERNAL FORCES AND HYPERELASTIC
CONSTITUTIVE EQUATIONS

Internal truss forces T', and T', (see Figure 3.2) are easily determined in terms
of the true (or Cauchy) stress, the current cross-sectional area a and the unit vec-
tor n as

T,=—-ocan; T, =+oan. (3.12a,b)

Before considering the tangent stiffness matrix which, as seen in Chapter 1,
relates changes in equilibriating forces to corresponding changes in position, it is
necessary to develop a constitutive equation suitable for large strain applications. A
constitutive equation for a specified material relates stress to a strain measure and
is necessary to enable the calculation of the internal force components of the equi-
libriating forces. Consequently, the change in the stress due to a change in strain is
essential for the development of the tangent stiffness.

As a precursor to Chapter 6 concerning hyperelastic constitutive equations, a
start is made by introducing the stored strain energy, W, per unit initial volume
developed as the rod deforms from initial to current position. At any time ¢ the
absolute value of the current axial force T'(!) acting on the rod is a function of the

X3,x3 Xty x/
T(,/

X1,x¢
FIGURE 3.2 Three-dimensional axial truss member — forces.
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3.3 INTERNAL FORCES 65

current length [. If the rod elongates by a small amount dl, then the work done is
simply 7'(1) dl and the total work ¥ done per unit initial volume V' is

1/ Loa
U=— [ T(I)d = —dl. 3.13
[ roa-[% G.13)

Since the current volume v = al, and recalling Equation (3.3a,b) for de, the strain
energy U can be rewritten as

l
v —/ T(l)de; 1= Jo; (3.14)

where 7 is called the Kirchhoff stress and J is the volume ratio given in Equa-
tion (3.2a,b) as J = v/V. As discussed above, de is the instantaneous engineering
strain and, insofar as 7 times de gives work done (or strain energy developed) per
unit initial volume, 7 and de are said to be work conjugate to one another with
respect to the initial configuration. In other words, if the increment in strain is de
then 7 must be used to obtain the correct work done. In Chapter 5 other important
examples of conjugate stress and strain measures will emerge.

As yet a material parameter relating stress to strain has not been introduced
and, in lieu of anything better at the moment, a Young’s modulus-like constant £
is defined as the gradient of a measured 7 versus the logarithmic strain € as

E = ﬁ; dr = Ede. (3.15)
de
Assuming for simplicity that this gradient £ is not dependent upon the strain, then
a relationship from which the Kirchhoff stress 7 can be determined as a function
of the logarithm of the stretch A = [/ L can be found as

T ldl
/dT:E/ 7; T=FEInA\. (3.16)
0

L
This, it transpires, is the particular axial rod case of a general logarithmic stretch-
based constitutive equation to be discussed in detail in Chapter 6. Again the log-
arithmic strain, In )\, emerges naturally as the integral of the instantaneous engi-
neering strain. Substitution of 7 from Equation (3.16) into Equation (3.14) enables
the strain energy per unit initial volume to be found as

l
INdl 1 9
UV=F | In{=)—==-FE(l . 17
oo (E) T = am e e
It is obvious that the Kirchhoff stress 7 can also be found as
dv
= —. 3.18
T d(m N ©-18)

The strain energy per unit initial volume, ¥, given by Equation (3.17) is a function
of the initial length L and the current length [ and is consequently independent of
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66 ANALYSIS OF THREE-DIMENSIONAL TRUSS STRUCTURES

the path taken by the rod as it moves from L to [. Such a material is called hyper-
elastic. Equation (3.18) is often used as a definition of a hyperelastic material. If
the rod is incompressible, Poisson’s ratio v = 0.5 and J = 1, and the constitutive
equation used in Chapter 1, o = E'In J, is recovered.

Returning to the internal truss forces T', and T, substitution of o = 7/.J into
Equation (3.12a,b) gives, after some rearrangement,

E (1
T, = VT In (L) n, T,=—T, (3.19)

3.4 NONLINEAR EQUILIBRIUM EQUATIONS AND THE
NEWTON-RAPHSON SOLUTION

3.4.1 Equilibrium Equations

The truss joint (node) equilibrium equations are established with respect to the cur-
rent position by assembling the typical internal forces T, and external forces F,
at all nodes (a = 1,..., N) in the truss. This assembly is performed in the stan-
dard structural manner by adding contributions from all truss members (elements)
meeting at the typical node a; see Figure 3.3. This is expressed in terms of the
residual or out-of-balance nodal force R, as the balance between the internal and
the external forces as

Ma
R, = Z T — F, =0, (3.20)
)

where the slightly unusual symbol e 3 a is used here to denote the elements e that
meet at node a, and m, is the total number of such elements. Since the internal

X5,xy

(a) (b)

FIGURE 3.3 Three-dimensional truss — equilibrium: (a) Joint forces; (b) Three-dimensional
truss.

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:20:52, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.004



3.4 NONLINEAR EQUILIBRIUM EQUATIONS 67

joint (nodal) force given by Equation (3.19) is a function of the current member
(element) length [ and unit vector n, the above equilibrium equations are nonlinear
functions of the node positions. Consequently, the equilibrium equations need to
be solved using the Newton—Raphson procedure given in Section 1.4.2. Equation
(3.20) can be written in compact form in terms of the out-of-balance residual forces
R(x), which are a function of the current nodal positions x, giving

1 T1 Fl
x T F
RX)=T(x)—F;x=| ~ |[; T=| " |; F=| 7
N TN FN
(3.21a,b,c,d)

Observe that in the above equilibrium equation the external forces F are not a func-
tion of the current nodal positions x. Generally this is not the case; for example,
in the simple cantilever example given in Figure 1.1, the force F' could remain
at right angles to the beam, in which case the force vector F' is a function of the
angle 6. Another example is the inflation of a balloon, where the pressure changes
in magnitude and direction as the balloon inflates.

3.4.2 Newton-Raphson Procedure

The Newton—Raphson procedure can be summarized by recalling Equations (1.36)
and (1.37a,b) and Box 3.1 in which a linear set of equations involving the assem-
bled tangent matrix K, the incremental displacements u, and the out-of-balance or
residual forces R are written for an iterative step k as

K(xg)u = —R(xg); Xg+1 = X + u; K(xg)u = DR(xy)[u]. (3.22a,b,c)

Box 1.1, which shows the Newton—Raphson algorithm, will be revised later in this
chapter to include elasto-plastic considerations.

The tangent matrix K is assembled in the usual finite element manner from
individual element stiffness contributions K(®), where

Kyl K
K(e)(xl(:)) = [ (e) ?:) ; Xl(ce) =| . (3.23a,b)
K, K, Lo 1y,

For the case where external forces are not dependent upon the deformation, the
element stiffness contribution to K(x;)u in Equation (3.22a,b,c) is the directional
derivative of T(¢), that is,
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KO = pTOx@)u]: T = | Ta | .y | Ya |
g T b u
b b 1

(3.24a,b,c)

Consequently in the following section attention is focused on the directional deriva-
tive DT (x())[u(®)] for a typical element (e).

3.4.3 Tangent Elastic Stiffness Matrix

The directional derivative DT (x(9))[u(®)], which yields the tangent stiffness,
results from the linearization with respect to the current position & of the non-
linear function T, = —T',, where a and b are the two nodes comprising element
(e). In addition, this reveals again the tangent modulus F as the derivative of the
Kirchhoff stress 7 with respect to the logarithmic strain €. Later, Section 3.6.6 will
reconsider the tangent modulus to account for elasto-plastic behavior.

From Equations (3.12a,b) and (3.14) and Equations (3.3a,b) the internal force
Tl(f) and the logarithmic strain can be expressed as

l

T\ = T%’n; c=In. (3.25a,b)

The directional derivative makes use of Equations (3.5), (3.9), (3.10), and (3.11)
and will be displayed in detail as an example of the use of the directional derivative.
From Equations (3.25a,b) * above,

DTy ()[u]
_ DT(m)[u}%n 47D (X;)[u]n + T%Dn(m)[u] (3.262)
= 4 De(a)fu) o + 7D <‘Z/>[u}n+r‘l/Dn(az)[u] (3.26b)
— Zg%n (up — ug)~n+7VD (™) [u]n
+ T% (D (171) [u)(y — za) + %D(wb - %)M) (3.26¢)
= Y (o) + 27V D () fulnt Ty () (3260
= O (g SV ()t T () (3260)

* The element superscript (e) is omitted for clarity.
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drvV. 27V TV
_ <d€l2 - p> n (uy — )+ T () (3.260)
Vdra 20a oa
_ (vd&l _ l>n-(ub oot 7 G~ ) (3.269)
Vdra 2o0a oa
= <Ud5l - l> (P @mn)sz,3 (up —uq) + T Isxs (up — uq).
(3.26h)
DT (2)[u] = ~DTy(@)[ul.
Rearrangement in matrix form yields
(e) (e)
K.. K,
DT x©)[u®)] = Ky = b [ ta ] , (3.27a,b)
iy x| L

where, in terms of a scalar stiffness term k and the axial force T = oa, the
component tangent stiffness matrices are

T
K{) = Kyl =kn@n+ 7 I K = Ky = -Kj). (3.28b)
The scalar stiffness term k requires evaluation of the elastic tangent modulus,
which from Equations (3.3a,b) and (3.15) is simply d7/de = E. Hence the scalar

stiffness can be expressed in alternative ways as

2T E 2T
k:(VdTa_):<V0/_) V(E—27'); T =oa.

vdel 1 vl 1)’
(3.29a,b)
EXAMPLE 3.2: Truss load correction matrix
0,
b
(continued)
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70 ANALYSIS OF THREE-DIMENSIONAL TRUSS STRUCTURES

EXAMPLE 3.2: (cont.)

This is an example of a single truss element, with load @, = 0 and deformation-
dependent load @, given as

Qb = ana
1

where n is given by Equation (3.1a,b) as n = 7 (z, — x,). During deformation the
magnitude of this nodal force remains unchanged but the direction changes since n
is a function of the nodal positions. Consequently there will be a change in nodal
forces due to deformation and, as a function of the incremental nodal displacements
u, these changes are given by the load correction matrix K, alternatively called the
load stiffness matrix .

The directional derivative of Q,, which gives the change in @, due to the incremental
displacements u, can now be found in a similar manner to Equation (3.26h) as

DQy(x)[ul
= QD1 (mp — z4)[u]
= Qu(DI™ u](zp — o) + 17" D(@p — x4)[u]))
=Qu(—17°n - (up — ua)(mp — @a) + 1 (up — ua))
=Qu(—U"'n- (up —ua)n + 17 (up — u,))
= %((n ® )35 (Ua — ) — Isx3(ua — up)).
DQ, () [u] can now be expressed as
DQy(@)[u] = (K Jsara + (K Jsvus.
Writing
Q- [ Q. ] where @, — 0
b
allows DQ()[w] to be expressed in terms of the load correction matrix K'*) as
DQ(x)[u] = K u®,
where
K@ul) = % 0 0 l tha ]
(K )b (K)o
and

(K'Y =n@n — Isys; (K)y = —(K)p.

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:20:52, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.004



3.5 TOTAL POTENTIAL ENERGY 71

3.5 TOTAL POTENTIAL ENERGY

The nodal equilbrium Equation (3.20) was found by simply considering the equi-
librium between the internal and external forces acting at a node. Although per-
fectly adequate in the context of truss structures such a formulation is not suit-
able when considering the finite element analysis of three-dimensional solids. An
approach based on the concept of total potential’ energy (TPE) and leading to the
principle of virtual work as an alternative expression of equilibrium is extremely
convenient when dealing with solid structures comprising assemblages of three-
dimensional finite elements often subject to constraints such as incompressibility
or other constitutive requirements. This is because equilibrium, either pointwise in
the case of a continuum or nodal in the case of the truss, can be expressed in inte-
gral form (or summation, for the case of the truss) which enables, when necessary,
approximations to equilibrium to be formulated.

It will be shown below that the TPE can be found as a function of the dis-
placements of the solid, and the equilibrium equations are then discovered by con-
sidering the stationary condition of the TPE. The stationary condition means that
if the solid, under load, is subject to a small variation of displacement the change
in the TPE is zero, diagrammatically shown in Figure 3.4. The small variation in
displacement could be thought of as being real or indeed imaginary; in the latter
case it is called a virtual displacement du.

Although not explained in this text, equilibrium does not imply stability; in
Figure 3.4 position (a) is stable while (b) is unstable.

TPE
(b) Unstable equilibrium

(a) Stable equilibrium

Position

FIGURE 3.4 Stationary Total Potential Energy.

T “Potential” in this context means having the possibility of releasing energy if the potential is positive or having
lost the ability to release energy if the potential is negative.
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Total Potential Energy comprises internal strain energy and external potential
energy due to the applied forces. The strain energy per unit initial volume is given
by Equation (3.31a,b,c) as

1
¥(\) =SE(In N2 A== P=(zp—xa) (xp—x,). (3.3labe)

l
L
The total strain energy in the truss system is given by summing the above equation
over all members as

Min(x) = > T(A)V, (3.32)
e=1

where x, given by Equation (3.21a,b,c,d), is the list of current nodal positions and
m is the number of elements (truss members).

In addition to the strain energy the external forces acting at all nodes IV of the
truss also have a potential energy

N
Mext(x) = = Y Fq -, (3.33)
a=1

where F'; and x, are the force and position of node a respectively. The nega-
tive sign is employed above to accommodate the fact that work done against a
force increases potential energy, while work done by the force decreases potential
energy. As an example consider the weight of a particle of mass m in a gravita-
tional field of magnitude g. If this is downward, the corresponding force vector is
F = [0 0 —mg]”. Allow the force to move from the origin to = = [ x5 73],
giving the scalar product —F' - £ = mg z3. This is the well-known expression for
the potential energy gained by weight mg lifted a distance z3, which illustrates
that negative work done (work against a force) yields positive potential energy.
Conversely positive work done is manifest as negative potential energy as in Equa-
tion (3.33). Potential energy is dependent upon the position from some datum and,
insofar as equilibrium will be determined by investigating the change in potential
energy as the position of the force changes, the location of the datum is irrelevant.
The Total Potential Energy can now be given as

m

N
TI(x) = Mini(x) + Mexe(x) = > TA)Ve — Y Fo- x4, (3.34)
a=1

e=1

3.5.1 Principle of Virtual Work

To establish the Principle of Virtual Work for the truss assembly it is necessary to
consider the directional derivative of II(x) at position x with respect to (or in the
direction of) an imaginary arbitrary variation of x. The directional derivative gives

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:20:52, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.004



3.5 TOTAL POTENTIAL ENERGY 73

the change in the total potential energy due to a variation (change) of the position
x of the nodes of the truss. It would be usual to denote this nodal variation by u as
in Chapters 1 and 2. However, u is reserved for use as the Newton—Raphson real
increment in x required to achieve equilibrium. To avoid confusion we will use
the notation du to denote the variation of the nodal positions x when considering
the variation of the total potential energy. It will be shown below that if, at some
nodal position x the variation in the total potential energy is zero (called a station-
ary condition) then the truss is in equilibrium. From Equation (3.32) the variation
of internal total potential energy is

Oug ] . (3.35a,b)

DI (x Zv DU(\)[0ue]; due = [ S
b

For truss member e and using Equations (3.31a,b,c) and (3.9),

dv

DU (\e)[0ue] = T ———D1In A\ [6uf] (3.36a)
_ Te% Dfsu?] (3.36b)
L. 1
- eiiD e € .
T, L L. le[0uf] (3.360)
= Tel—n - (dup — duf). (3.36d)

Recalling the explanation following Equation (3.14), the Kirchhoff stress is
7 = Jo and J = v/V, enabling the directional derivative of the total strain energy
of Equation (3.35a,b) to be written as

Dl (x)[6u] = 3 Jae%n - (5uf — duc) (3.372)
e=1 €
=Y oo Yen . (sug — sug) (3.37b)
2V,
= Z Oetem - (Ju§ — dul). (3.37¢)

From Equation (3.12a,b) the internal truss force is T'e = ga.n; consequently the
directional derivation (or variation) of ITj(x) with respect to du simply becomes

DIine(x Z T, - (6uf — dul). (3.38)
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74 ANALYSIS OF THREE-DIMENSIONAL TRUSS STRUCTURES

Observe that DIIjy(x)[0u] for a truss member m depends (obviously) on the varia-
tion of position at either end of the member. Attention now shifts to the contribution
to the direction derivative of the strain energy due to all truss members connected
to the variation du, of the position of a typical node a; see Figure 3.3. This gives

Dline(x)[0ua) = Y Te - (Suf — 6ug) = > (T4oug + Tioup)  (3.3%)
e=1 e=1
=) T, -du, ;T,=-Tc; Ty=T,; (3.39b)
e=1

esa

see Equation (3.20) for an explanation of the notation. The directional derivative
of the external potential energy due to a variation du,, of position at node a is

DIy (x)[6tq) = Fy - Suq. (3.40)

Using Equations (3.39) and (3.40), the directional derivative of the total potential
energy due to the variation du of position of all nodes /N is equated to zero to yield
the stationary condition of the total potential energy as

N Ma

T(x)[ou] = Y [Z TS — Fa} Sty = 0. (3.41)
a=1 e=1
esa

This important equation implies that the work done by the internal forces equals
that done by the external forces during the imposition of variation of displacement
ou. This variation, while arbitrary, is not zero; hence

Maq

Z TS —F, =0 (3.42)

e=1

esa
must be zero. This equation demonstrates that the stationary condition of the total
potential energy is equivalent to the nodal equilibrium equation derived from statics
given by Equation ( 3.20).

The small variation du, was introduced above without any precise qualifica-
tion regarding magnitude. Indeed it transpires from Equation (3.41) that the mag-
nitude of du, is of no consequence to the statement of equilibrium that is derived
from Equation (3.41). Nevertheless, when establishing continuum nonlinear equi-
librium equations using energy methods the issue of the magnitude of the variation
of strain resulting from the variation of position is often resolved by considering
du, to be the product of a virtual (imaginary) velocity dv, and a time increment
At, that is,

du, = dv, At. (3.43)

As a consequence of being instantaneous dv, is not restricted to small magnitudes.
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3.6 ELASTO-PLASTIC BEHAVIOR 75

Insofar as dv, is quantitatively a virtual displacement occurring during time
interval At, the stationary condition given by Equation (3.41) can be expressed as
the Principle of Virtual Work* by employing dv, instead of du, etc., to give

N Mg

()] = > [Z TC — Fa} v, = 0, (3.44)
a=1 e=1
esSa

where the column vector containing all nodal virtual velocities is denoted as Jv.
Observe that the summation terms in the above equation represent virtual work
done by the forces T and F, displacing by dv,. Consequently Equation (3.44)
can alternatively be written in terms of the virtual work 61 as

DII(x)[ov] = oW (x, dv). (3.45)

Using the Principle of Virtual Work either directly or as a stationary condi-
tion of the Total Potential Energy will allow equilibrium to be established for more
general mechanical systems such as continuum solids, considered later in this book.

3.6 ELASTO-PLASTIC BEHAVIOR

This section extends the previous formulation to include elasto-plastic material
behavior of the axial rod. The kinematics of the rod are reconsidered in order to
distinguish between elastic and permanent plastic deformation.

Although only axial behavior is considered, it may be helpful to recall what
happens when a metal wire is bent. If the bending moment is small, then upon
release the wire will return to its original configuration. This is called elastic behav-
ior. If the bending moment is re-applied and continues to increase, a maximum
moment, dependent upon the yield stress of the material, will be reached and fur-
ther deformation can be achieved with little or no increase in the moment. This
further deformation is plastic deformation. If the bending moment is now released
for a second time, the wire will partially elastically return to its original shape but
not completely; that is, it sustains permanent plastic deformation. If upon reaching
the maximum moment a further small increase in moment is required to maintain
the increasing deformation, then the material exhibits hardening behavior, which
is a gradual increase in the yield stress. In order to reconstitute the original con-
figuration of the wire, it would be necessary to reverse this process by applying
a negative bending moment to produce reverse yielding such that upon removal
of the moment the partial elastic deformation would return the wire to its original
shape. This scenario obviously occurs for purely axial deformation but the various
configurations are less apparent.

¥ Sometimes more precisely called the Principle of Virtual Power.
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76 ANALYSIS OF THREE-DIMENSIONAL TRUSS STRUCTURES

A description of the overall elasto-plastic deformation will be followed by a
reasonably detailed discussion of the elasto-plastic material behavior necessary for
the subsequent numerical implementation.

3.6.1 Multiplicative Decomposition of the Stretch

Assume that the force in the axial rod with current stretch A = [/L is such that
the Kirchhoff stress 7 has reached the maximum capable of being sustained by the
material, that is, the yield stress 7,. This could imply that the stretch is far greater
than that necessary to initially attain the yield stress. Now consider that the axial
rod is completely unloaded, as discussed above; as a result, it will change length but
not fully recover the original length L. In fact, it will partially recover elastically
to an unloaded length /,, as the load is removed. This will remain as the permanent
length of the rod unless further loading takes place. Referring to Figure 3.5, the
elastic stretch A, and the plastic stretch )\, are defined as

Ae=—: A= 2, (3.46a,b)

from which the multiplicative decomposition of the stretch \ into elastic and plastic
components is

A=Ay (3.47)

The unloaded configuration having length [, can be viewed as a new reference
state from which the rod is elastically stretched by ). to its current configuration x
with length [. This alternative reference state is often referred to as the inelastic or
plastic reference configuration.

/

//I

S

X5,x) XW%{//)AP/
L

Xi,x

&

FIGURE 3.5 Decomposition of the stretch.
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3.6 ELASTO-PLASTIC BEHAVIOR 77

By taking the natural logarithm of the stretch given in Equation (3.47) an addi-
tive decomposition of the logarithmic strain into elastic and plastic components is
achieved as

InA=1InA +1nA,. (3.48)

This corresponds to the additive decomposition of strain employed in small strain
elasto-plastic formulations. For convenience logarithmic strains are notationally
defined as

e=In); e.=Inl;; g, =1In)\,; e=¢cc+¢p (3.49a,b,c,d)

Note that in small strain theory Equation (3.49a,b,c,d), is taken as the initial kine-
matic assumption.

3.6.2 Rate-Independent Plasticity

The elasto-plastic material is most easily introduced by observing the behavior
of the one-dimensional rheological model shown in Figure 3.6(a). The Kirchhoff
stress 7, discussed in Section 3.3, is retained as the work conjugate stress to the
logarithmic strain €. The model, as illustrated, is not entirely representative of the
behavior but is adequate as an introduction provided the load is monotonically
increasing.’

H
WW_} :
T T
-—O0—
70 — 7
& € 7_)9 |
(a) | €
N |
Ty T
T B2 E T
—O— 0 — —O—»
Ty
cp
(b) (©)

FIGURE 3.6 One-dimensional elasto-plastic behavior: (a) Rheological model; (b) Compo-
nent stress—strain behavior; (c) Combined stress—strain behavior.

§ For the model to be complete it is necessary to include the caveat that upon any reversal of load the yield
stress Ty in the frictional slip device must be re-initialized to that developed by hardening prior to the reversal
of the load.
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78 ANALYSIS OF THREE-DIMENSIONAL TRUSS STRUCTURES

The model has three components (see Figure 3.6(b)): a hyperelastic spring in
series with a frictional slip device which is in parallel with an additional linear
hardening elastic spring. The hyperelastic spring represents the nonlinear elastic
behavior of Section 3.3. The frictional slip device determines the onset of plastic
behavior insofar as slip is not initiated until the stress reaches the initial yield stress
7'19 . Thereafter the hardening spring introduces an increase in the yield stress as a
function of post-yielding deformation which is characterized by the amount of slip
in the friction device. The total strain ¢ is the addition of the elastic recoverable
strain &, (in the hyperelastic spring) and the permanent plastic strain €, (in the fric-
tional slip device) as given by the additive decomposition of the logarithmic stretch
in Equation (3.48). The stress increases from zero until the initial yield stress 7'29
is reached. In the absence of the hardening spring, further increases in strain can
only be accommodated by irreversible sliding of the frictional device at constant
stress. If the hardening spring is present, further increase in stress can be tolerated
as the effective yield stress 7, () now becomes a function of the plastic strain €.
Upon removal of the stress, elastic strain &, is recovered, leaving a permanent plas-
tic strain ,,. Observe that the permanent plastic strain is not equal to the additional
strain occurring after the first onset of yielding, since this additional strain has an
elastic component. Furthermore, note that the stress can never be higher than the
current yield stress, but can be lower if unloading occurs. The combined action of
the model shown in Figure 3.6(c) is the sum of the individual components shown
in Figure 3.6(b). To reiterate, the elasto-plastic behavior described is called rate-
independent finite strain plasticity with isotropic hardening. ‘“Rate-independent”
means that the stress is not a function of the strain rate (as it would be in a vis-
coplastic model) and “isotropic hardening” means that the yield stress increases
equally due to tensile or compressive straining.

The stress is governed by the elastic spring as

T=Fe. = FE(ec —¢p). (3.50)

The apparent simplicity of this equation disguises the fact that the plastic strain ¢,
cannot be obtained directly from the current configuration alone. Indeed, as previ-
ously discussed the material behavior is path-dependent and the evaluation of ¢,
can only be achieved by integrating the plastic strain rate with respect to time to
give

t
sp:/ g, dt. (3.51)
0

Remark 3.1: In the present one-dimensional case it was simple to define
the plastic strain €, and, as shown below, its rate £,,. However, in the general
three-dimensional context it is not obvious how physically meaningful plas-
tic strain measures and corresponding rates can be defined. Nevertheless, such
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3.6 ELASTO-PLASTIC BEHAVIOR 79

difficulties can be circumvented by expressing plastic strain rates in terms of
rates of elastic strain at constant overall deformation. This can be illustrated
for the truss member case as follows. From Equation (3.49a,b,c,d), the elastic
strain is €, = € — ). Differentiating this expression with respect to time with
€ remaining constant gives

dee
= —& . (3.52)
dt e=const P
This equation can be expressed in terms of the elastic stretch A, to yield
dln X\
gy =— ¢ (3.53a)
dt In A=const
1 dx
__ = Ghe (3.53b)
)\6 dt A=const
1 d\?
— - le A2 (3.53¢)
2 dt A=const

This last term is directly analogous to equations to be used in Chapter 7; see
Remark 7.3.

For the simple one-dimensional case under consideration, the plastic strain rate can
obviously be expressed as

+1 if 7>0

€p = |€p| sign(7); sign(7) = . (3.54)
-1 if 7<0
This, it transpires, is the particular one-dimensional equivalent of the general flow
rule’
of
Sy =Y = 3.55
5}7 ’7 67_? ( )

where , a proportionality factor, is called the consistency parameter or plas-
tic multiplier. The function f(7,&,), which determines the maximum attainable
stress, is called the yield condition; for the simple model under consideration, this
is given by

f(r&p) =7 = (1) + Hep) < 0; &, > 0; (3.56)
where &, is the hardening parameter and H is a property of the material called the
plastic modulus; see Figure 3.6(b). If f(7,£,) < 0, the deformation is elastic; if

f(7,&p) = 0, further deformation may be either elastic or plastic depending upon
the subsequent loading.

9 As discussed in Chapter 7, this is a consequence of the maximum plastic dissipation principle.
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80 ANALYSIS OF THREE-DIMENSIONAL TRUSS STRUCTURES

At its simplest the hardening parameter £, is defined as the accumulated abso-
lute plastic strain occurring over time, that is,

t
&, = /O Epdt; &y =é. (3.57a,b)

For the one-dimensional case a simple derivation and comparison with Equa-
tion (3.54) shows that

0 . . . .

a—i =sign(7); Y =|ép| =&p. (3.58a,b)
Remark 3.2: For our particular plasticity model it so happens that v =
|ép| = &p. However, this is not always the case for other possible choices of
yield function. Clearly we could progress our development using either |€p|
or £, in place of 7; nevertheless, the use of + is preferred in order to align
with classical plasticity theory. It is worth emphasizing that it is precisely

4 = |€p| that is needed for the evaluation of the plastic strain rate given by
Equation (3.54).

The term (7‘5 + HE,) in the yield condition of Equation (3.56) is the effective
yield stress dependent upon the accumulated plastic strain £,. As explained above,
plastic straining, that is, €, # 0, will only occur when the stress equals the yield
stress, that is, f(7,&p) = 0.If f(7,&,) < 0O then the response is elastic and both
% and €, are zero. These statements can be combined into the loading/unloading
conditions™* as

¥ >0; f(r,8,) <0; Af(r,&y)=0. (3.59a,b,c)

The first two of the above equations are self-evident, while the last implies that
if 4 > 0 then f(7,6,) = 0 and if f(7,6,) < 0 then ¥ = 0. Put simply, the
loading/unloading conditions determine whether the stress is “at or less than” the
current effective yield stress or, alternatively, whether the behavior is plastic or
elastic. If the stress is such that f(7,&,) = 0 then £, # 0 and must be such
that f(7,&,) remains equal to zero, that is, % f(m,&p) = 0; in other words, the
stress must remain at the yield stress value, taking into account any increase due to
hardening. This requirement is known as the consistency condition,!" expressed as

yf(r,&) = 0. (3.60)
Expanding f (1, &p) with the help of Equations (3.57a,b) and (3.58a,b) gives
o of .  Of . . _
f(r,ép) = 5.7 + a—gp ¥=0; if f(r,6,)=0. (3.61)

** Often called the Kuhn—Tucker conditions in recognition of affinities with mathematical programming.
1 A more descriptive, but less used, term is persistency condition, in which case + would be called the persis-
tency parameter.
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3.6 ELASTO-PLASTIC BEHAVIOR 81

With the help of this equation it is now possible to evaluate v and hence, from
Equations (3.54) and (3.58a,b), €,, enabling the determination of the plastic strain
gp from Equation (3.51). Using the yield condition given by Equation (3.56), the
derivatives of the yield function in Equation (3.61) are found as

Of _ won(my. O _
5y sign(7); 5, H. (3.62a,b)

Substituting these expressions into Equation (3.61) and using the time derivative
of Equation (3.50) as 7 = E(¢ — €,) gives, after some simple manipulation, the
plastic multiplier 7 as

- E . . L
¥ = <E+H> sign(r)é; if  f(r,6,) =0. (3.63)

This enables the plastic strain rate of Equation (3.54) to be found as

€p = (EfH> & if f(r,,) =0. (3.64)

The above rate could now be integrated in time according to Equation (3.51) to
provide the plastic strain €, and thus enable the Kirchhoff stress 7 to be obtained
from Equation (3.50) as 7 = E(e — ¢;,). Unfortunately, in a computational setting
the time integration implied in Equation (3.51) can only be performed approxi-
mately from a finite sequence of values determined at different time steps. The
inaccuracies in this process will lead to a stress that may not satisfy the yield con-
dition. This can be resolved by taking into account the incremental nature of the
computational process to derive an algorithm that ensures consistency with the
yield condition at each incremental time step. Such a procedure is known as a
return-mapping algorithm, which will be considered in the following sections.

3.6.3 Incremental Kinematics

An incremental framework suitable for elasto-plastic computation is established by
considering discrete time steps At during which the rod moves from position 7 at
time ¢ to position n 4 1 at time ¢ + At. The lengths of the rod at times ¢ and ¢ + At
are [, and [, respectively; see Figure 3.7.

Furthermore, at each incremental step an unloaded configuration of the rod can
be defined at times ¢ and ¢ + At as [, , and [, , 41 respectively. Of course, if no
plastic straining takes place during the increment then l;, 41 = lp 5.

In the following development it is assumed that the deformation is strain-
driven; that is, forces are acting that produce a known stretch A\, at time ¢ + At.
The problem is then to determine whether this stretch results in the rod developing
an increment in plastic strain and, if so, what stress satisfies the yield condition
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/—\ 1)l+1 Time =1+ At
)\’7 +1 )‘e,n+l
/\trial 1
en+1 pon+l

A

P+l

X1,x

FIGURE 3.7 Incremental kinematics.

given by Equation (3.56). It then remains to determine whether this stress, together
with all other stresses in rods making up the truss, is in equilibrium with the cur-
rent applied forces. For a given load the Newton—Raphson iteration adjusts the
deformation pattern so that the constitutive equations and equilibrium are satisfied.

Assuming, as a trial in lieu of better information, that the deformation over
time step At is purely elastic, the stretch A\, 1 can be expressed as a multiplicative
decomposition involving any already existing permanent length [,, , and a so-called
trial elastic stretch )\gjj‘ll 11 (see Figure 3.7) as

Angt = A8 A (3.65)

Note that if no plastic strain has occurred then A, ,, = 1. Insofar as plastic defor-
mation is incompressible, the volume ratio J given by Equation (3.4a,b) is always
calculated using the elastic component of the stretch as

7= ()" (.60
From Equation (3.65) the trial elastic stretch is
; l
N = At A = 5 (3.67)
p7n

enabling an additive decomposition of the trial elastic logarithmic strain to be
established as

- l l
1 +1 n
a‘gj,iH =Entl —Epni  Entl1 =1n nL ; epn=1n I}/ . (3.68a,b,c)
A trial state of stress Tgﬂ will be calculated in Section 3.6.5 using the

above trial elastic strain. If this trial stress satisfies the yield condition, that is,
f(rmal (g, ) < 0, given in Equation (3.56), no further plastic strain will occur dur-
ing the increment. However, should this not be the case, that is, f (7%, &,,) > 0,
then plastic strain will take place during increment n to n + 1 and a different
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3.6 ELASTO-PLASTIC BEHAVIOR 83

unloaded length [,, , 1 will emerge; see Figure 3.7. Comparing unloaded lengths
at steps 7 and n+-1 enables an incremental plastic stretch A, and its corresponding
logarithmic strain Ag,, to be defined as

lpn
Aap = pli“ Aep =InAap = Inlppir — Inly,. (3.69a,b)
pﬂn

The incremental plastic stretch permits an alternative description of the trial elastic

stretch as
. l
al n+1
/\terffLH = Aent1AAp;  Aentl = / . (3.70a,b)
p,n+1

Consequently, an alternative additive decomposition of the trial elastic strain can
be expressed in terms of an increment of permanent strain Aeg,, as

trial lTL+1

Eentl = Eentl T Acp;  Eent1 =In

(3.71a,b)
lp,n—i—l

Taking logarithms in the above equation provides a useful alternative equation for
the incremental plastic strain as

trial

Ag, = In 22HL (3.72a)
Aem,—i-l

= — (InAepg1 — I ATE ) (3.72b)

= — (eent1 —elmt1) (3.72¢)

Whereas Ae, = In Ap, is a direct measure of the incremental plastic strain, the
alternative expression for Ae,, given by Equations (3.72b) and (3.72c) is an indirect
evaluation which is more suited to the development of the continuum formula-
tion of elasto-plastic behavior to be given in Chapter 7. The equivalence between
the two approaches can be clearly see in Figure 3.7. Furthermore note that Equa-
tions (3.72b) and (3.72c) are the incremental equivalent of Equation (3.69a,b);.

How the increment of permanent strain Ae), is determined depends upon the
flow rule given in Equation (3.54) used in conjunction with the time integration
scheme which follows.

3.6.4 Time Integration

If plastic strain occurs, then the increment of permanent plastic strain Ae), is
obtained by integrating in time the rate of plastic strain £, over the step as$t

88 Observe that if Ep = % ( n %) = ﬁ—” is substituted into Equation (3.73a,b), the definition of Aej, given in
P

Equation (3.71a,b) is recovered.
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tn41
Agy, = / Epdt; €pnt1 = Epn + Aep. (3.73a,b)
tn

Within the framework of an incremental formulation it is reasonable to approx-
imate the above integral using what is known as the backward Euler rule, whereby
the integrand €, is sampled only at the end of the time step. This, together with the
flow rule of Equation (3.54), enables the increment of permanent plastic strain to
be calculated as

Agp ~ Epny1At (3.74a)
= 41 sign(7m41) At (3.74b)
= Ay Sign(TnJrl); Ay = 1At (3.74¢)

where A~ is called the incremental plastic multiplier. Note that sampling €, at the
end of the increment is the simplest way to ensure that at the end of the increment
both the flow rule and the yield criterion are satisfied. In a similar manner, the
increment in the hardening parameter between steps n and n + 1 is

Epnt1 = Epn + A7, (3.75a)
where, from Equations (3.58a,b); and (3.74c),
A"y = ".}/n+1At = ép,n_t,_lAt. (375b)

With the basic incremental kinematic description and integration scheme in
place, consideration is now focused on the determination of the stress.

3.6.5 Stress Update and Return Mapping

The stress in the rod at position n + 1 is given by Equation (3.50) as
Tay1 = FE (5n+1 - Ep,nJrl) . (3.76)

This can be rewritten using Equations (3.68a,b,c) and (3.73a,b) to involve the trial

elastic stress T}{fll in the following manner:

trial . trial __ trial
Tn+l = Tpg1 — EASP, Thel — EE@,TL—‘,—l‘ (377a,b)

n

In the presence of additional permanent deformation occurring during time
step At, the term (—EAe,) can be regarded as a correction to the trial stress
Tgﬂ. Whether the correction applies depends upon the loading/unloading con-
dition given by Equation (3.59a,b,c). If the additional permanent deformation has
occurred, then Aeg,, will be determined by the incremental form of the flow rule
given by Equation (3.74) which requires the evaluation of the plastic multiplier

increment A~y.

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:20:52, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.004



3.6 ELASTO-PLASTIC BEHAVIOR 85

Whether or not plastic deformation occurs is determined by substituting the
trial elastic stress into the yield criterion of Equation (3.56) to give

F (8 2) = 785 = 05 + H), 679

where, because of the assumption of no plastic deformation, &, ,, is the hardening
parameter at position n at time ¢.

Elastic or elasto-plastic behavior can now be assessed by invoking the load-
ing/unloading condition given by Equation (3.59a,b,c) as follows:

Tn+l = Ttri‘ll

Elastic: [ (7111,8p0) <0 = S et = epn (3.79)
gp,n—l—l = gp,n
Ay >0
Aep = Aysign(Tp41)

Plastic: f(7371,8pm) >0 == epni1 =cpn+Ae, - (3:80)
Epn+1l = Epn + Ay
Togl = tr1a1 B ) Agp

In the event of plastic behavior the various updates implied in Equation (3.80)
depend upon the determination of the incremental plastic multiplier A~ and
sign(7p41) (see Equation (3.74)), such that the yield criterion f(7,11,&pn+1) = 0.

The incremental plastic multiplier is found by following the procedure adopted
by Simo and Hughes (1997), with the Kirchhoff stress 7 substituted for the Cauchy
stress 0. From Equations (3.74) and (3.77a,b),

tnal

Tntl = — EA~ysign(7,41). (3.81)

Rewriting the above equation to reveal the “sign” operator and gathering terms
gives

(ITns1] + EAY) sign(pi1) = 708 | sign (r53) . (3.82)
Enforcing f(7n41,&pn+1) = 0 implies Ay > 0; hence the terms multiplying the

“signs” are both positive. Consequently,
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sign(r,41) = sign () and || = [T | - EAY. (3.83a,b)

Recall that sign(7,,+1) is needed in Equation (3.74) for the evaluation of the plastic
strain occurring during the increment. The above equation enables the determina-
tion of sign(7,,1) even before consideration of plasticity during the time step.

The yield criterion at position n + 1 is now written using the hardening param-
eter update A, = A~ from Equation (3.75a) and noting the trial yield criterion
from Equation (3.78), to give

F(Tnt1s &) = [Tag1| = (7) + Hepnr1) (3.84a)
— |7 | — EAy — (70 + Hepp) — HAy (3.84b)
= |rii | — (70 + He,n) — (B + H)Ay (3.84c)
= i — (E+ H)Ar. (3.84d)

Since f(Tp41,Epn+1) = 0, the incremental plastic multiplier can be found as

tri’e_lll

Ay =" 3.85
TT(E+H) (.55
It is now possible to accomplish the various updates given in Equation (3.80),
which are frequently collected under the title of the return-mapping algorithm,
summarized in Box 3.1. Observe that the incremental plastic multiplier is,
somewhat surprisingly, only a function of the trial elastic stress and the hard-
ening parameter at position n. The return-mapping algorithm is illustrated in

Figure 3.8.
T
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FIGURE 3.8 Return mapping.
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BOX 3.1: Return-Mapping Algorithm

If f(ri 5,,) <0

Ay=0
Else
lriﬁl1
A — n
7T E+m)
Endif

trial

Ae, = Aysign(7,1)
Tot1 = Thdh — EAe,
Epntl = Epn + Ay

Epnt1 = Epn + Ay

3.6.6 Algorithmic Tangent Modulus

As discussed in Section 3.4, the Newton—Raphson solution procedure required to
solve the nonlinear equilibrium equations involves the calculation of the tangent
stiffness matrix, which contains (see Equation (3.26)) the tangent modulus term
dr/de. This gradient term could be derived from a continuation of Section 3.6.2;
see for example Simo and Hughes (1997). However, as previously explained, the
tangent modulus derived from incremental considerations is generally not the same
as that obtained from the rate equations. The reason is that, generally, the incre-
mental change in stress imposed by the chosen return-mapping algorithm is dif-
ferent from the continuous change in stress implied by the rate equations. Unfor-
tunately, due to the very simple nature of one-dimensional plasticity, this differ-
ence is not apparent in the present situation. Nevertheless, in preparation for the
three-dimensional formulations to be given in Chapter 7, the so-called algorithmic
tangent modulus will be derived.

From the return-mapping algorithm given in Box 3.1 the stress update
is given as

Tny1 = Taiy — EAysign(r), (3.86)

where from Equation (3.76) the stress is 7,11 = E (€541 — €pnt1) and from
Equation (3.78) the incremental plastic multiplier is Ay = ;{fll (E + H). Con-
sequently, since }{fll is a function of 7,11, both terms are functions of the strain

en+1. Differentiating 7,1 with respect to the strain €, 1 gives
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drnp  d7 dA~ d sign(rmial)
dEZH B N Edan sign(rat) - EA’VTJ:H (3.87a)
E51 n(7trial ) getrial d sien(7mal
Eg risO s EAVM (3.87b)
+ H d€n+1 d€n+1
E sign(7Uial d trial d sion(trial
—E-=% o) dlrai] _ gy, deiEnimay) (3.87¢)
+H d5n+1 dent1
E Slgn( 7t1n+dll d }Ttrlal ‘ thrlal dSlgn( ;erll)
iy = it P
n+1 n+1 n+1
E? (sign(r, mal)) dsign (7l )
- P Byt 3.87
E+H v denit (3.87e)

An examination of the sign(7) function given in Equation (3.54) reveals that

trial

dsign(r, 1)
d 7_trlal

[sign( }{fll)]z =1 and =0 rial o 0), (3.88a,b)

and therefore the last differential in Equation (3.87) vanishes since

d sign(7) ~ dsign( riial ) g riiat

déent1 driidl deny

=0. (3.89)

Consequently, the algorithmic tangent modulus emerges as

dTn+1 EH
= ) 3.90
d€n+1 EFE+H ( )

When plasticity occurs, this replaces the elastic tangent modulus, d7/de = E, used
in Section 3.4.3.

3.6.7 Revised Newton-Raphson Procedure

Satisfaction of either the elastic or the plastic constitutive equation for each axial
rod in a loaded truss does not guarantee that the global equilibrium condition given
by Equation (3.21a,b,c,d) is satisfied. Consequently, for given external nodal forces
the nodal positions of the truss need to be adjusted so that both the constitutive
equations and the global equilibrium equations are simultaneously satisfied. This is
precisely what was achieved in the simple single truss member example discussed
in Chapter 1, for which a Newton—Raphson algorithm and a simple computer pro-
gram were presented in Boxes 1.1 and 1.2 respectively. This Newton—Raphson
algorithm is now revised to include elasto-plastic considerations, as shown in
Box 3.2.
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BOX 3.2: Elasto-Plastic Newton-Raphson Algorithm

INPUT geometry, material properties, and solution parameters
INITIALIZE F = 0, x = X (initial geometry), R =0
FIND initial K (typically assembled from (3.28a,b))
LOOP over load increments
® FIND AF (establish the load increment)
e SETF=F+ AF
e SETR=R-AF
e DO WHILE (||R||/||F|| > tolerance)
® SOLVE Ku = —R (typically (3.22a,b,c))
® UPDATE x = x + u (typically (3.22a,b,c))
® LOADING/UNLOADING given in Box 3.1
® UPDATE (if necessary)
plastic strain & hardening parameter
e FIND ELEMENT stress and tangent modulus
e FIND T and K
(typically assembled from (3.20) and (3.28a,b))
® FIND R = T — F (typically (3.21a,b,c,d))
e ENDDO
e ENDLOOP

3.7 EXAMPLES

Two examples illustrate the geometric and material nonlinear structural behavior
that can be analyzed using the above formulations. The first is a single inclined
axial rod which shows both elastic and elasto-plastic deformation, clearly demon-
strating the kinematic discussions of Section 3.6.1. The second example is a two-
dimensional trussed frame exhibiting, in the elastic case, highly nonlinear load
deflection behavior, and in the elasto-plastic case, the clear emergence of plastic
hinges associated with the collapse analysis of frames. In both examples the com-
plete force displacement curve (also known as the equilibrium path) requires the
algorithm given in Box 3.1 to be augmented by the arc length technique, which will
be considered fully in Chapter 9. Although both examples are two-dimensional, the
FLagSHyP program can also analyze three-dimensional truss structures.

3.71 Inclined Axial Rod

The inclined axial rod shown in Figure 3.9(a) is loaded with a downward vertical
force F', and while the Young’s modulus is realistic, £ = 210 kN/mm?2, the yield
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02 ‘
o015 Elastic
0.10
™~ Plastic
0.05 /
100 F/EA . /
N—1
-0.05
~0.10
ﬁL
-0.15
0 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
(Y-y/L
(b)
- &
30000 - 0.15
i d e e
Plastic 0.10
20000 A Elastic
] 0.05 )
10000 o p Elastic ;
| ; 04 02 03
0 . £ -0.05
~0.4 b 01 02 03 Plastic
10000 ] ~0.10
| -0.15
200007 -020{ /" Elasiic
30000 4 Plastic 025
(c) (d

CONTROL DATA: 1
Elasto-plastic case 12
0.0 210000.0 0.3 1.0 25000.0 1.0
1000.00.00.0
20.0-1.00.0
500 40000.0 0.01 10 1.0E-6 0.0 -0.50 5522

FIGURE 3.9 Large deflection elasto-plastic behavior of a single axial rod: (a) Geometry;
(b) Elastic and elasto-plastic force deflection behavior; (c) Kirchhoff stress versus strain;
(d) Plastic strain versus strain.

stress is set artificially high at 25 kN/mm? to permit some degree of geometric
nonlinearity to occur prior to the onset of plasticity. The equilibrium path contains
positions of stable and unstable equilibrium, the latter for the elastic case being
between the limit points. The final deformation is about twice the initial height of
the rod, causing the rod to initially undergo compression followed by the develop-
ment of tension after a vertical deformation of 200 mm. Figure 3.9(b) shows the
resulting elastic and elasto-plastic force deflection curves, while Figures 3.9(c,d)
refer to the elasto-plastic analysis and show the development of the stress and the
plastic strain respectively. Observe that during elastic deformation a—b and c—d the
corresponding plastic strain is unchanged; however, when the stress is maintained
at the effective yield stress b—c and d—e the plastic strain changes.

3.7.2 Trussed Frame

This example (see Figure 3.10) shows a small strain (except in the region of
severe plastic deformation) large deflection of a trussed frame. The frame is loaded
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CONTROL DATA: 1

Elasto-plastic case 120.0210000.0 0.3 1.0 2500.0 1.0
1000.00.00.0
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500 25000.0 0.1 100 1.0E-6 0.0 -10.0 55 144 2

FIGURE 3.10 Large deflection elastic behavior of a trussed frame: (a) Geometry; (b) Force
F vertical deflection (under force) behavior; (c) Elastic deformed shape at [u2,F]; (d) Elasto-
plastic deformed shape at [32, 222]. The paired quantities in brackets or boxes refer to the
vertical displacement u2 and corresponding vertical force F

with a nominal downward vertical force of 100N at node 144 having coordi-
nates (24.0, 120.0, 0.0); see Figure 3.10(a). The elastic equilibrium path shown in
Figure 3.10(b) is an example of snap-back behavior, where both load and deflection
reduce to maintain an equilibrium configuration. Figure 3.10(b) clearly reveals the
reduction in maximum load caused by the inclusion of plasticity. Figures 3.10(c,d)
show various elastic and elasto-plastic equilibrium configurations.

Exercises

These structures can be analyzed using the truss facility in the program FLagSHyP,
which can be downloaded from www.flagshyp.com. The user instructions are
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given in Chapter 10. The arc length method described in Section 9.6.3 is used to
enable the equilibrium path (load-deflection path) to be traced through limit points.
Equilibrium paths can be rather convoluted and some experimentation is required
with the arc length value in order to trace a continuous equilibrium path rather than
a connected collection of points that are in equilibrium; a fixed arc length is often
better. Do not be alarmed if solver warnings appear. This usually means that equi-
librium is being traced along an unstable path; that is, the structure is in a position
of unstable equilibrium. Unlike linear analysis, nonlinear analysis can yield intu-
itively unpredictable results; all that is required of the analysis is that the shape is
such that the stresses are in equilibrium with the load. As seen in the examples, the
shape may well not be unique, for instance in buckling situations. It is advisable
to plot the shape of the truss at various points on the equilibrium path. Dimensions
are in millimeters and newtons.

1. Run the simple single-degree-of-freedom example given in Section 3.6.1, Fig-
ure 3.9. A high value of the yield stress will ensure that the truss remains
elastic.

2. Analyze the arch shown in Figure 3.11. The radius is 100, the height 40, and
the half span 80. The cross-sectional area is 1 x 1. Young’s modulus is 107 and
Poisson’s ratio is ¥ = 0.3. The figure shows how the arch can be represented
as a truss where, by ignoring the cross members, the second moment of area
of the arch, I = 1/12, can be approximated by the top and bottom truss mem-
bers, where I = 2(A(t/2)?). Plot the central load vertical deflection curve.
Slight imperfections in the symmetry of the geometry may cause unsymmetric
deformations; otherwise these can be initiated by a very small horizontal load
being placed with the vertical load.

Area=A

—

FIGURE 3.11 Exercise 2 — arch.

3. Analyze the shallow trussed dome shown in Figure 3.12. The outer radius is
50 and height 0, the inner radius is 25 and height 6.216, and the apex height
is 8.216. The cross-sectional area of each truss member is unity. The figure is
approximate in that the apparent major triangles spanning the outer circle do
not have straight sides as shown. Young’s modulus is 8 x 107 and Poisson’s
ratio is 0.5, indicating incompressible behavior. Plot the vertical downward
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FIGURE 3.12 Exercise 3 — shallow dome.

load deflection behavior at the apex. This is a good example of snap-through
behavior. The equilibrium path is very convoluted but upon examination the
corresponding dome shapes are perfectly reasonable.

4. Run the trussed frame example given in Figure 3.10, initially as shown and then
with clamped supports. The cross-sectional area is 6, giving a truss member
area of 1.

5. This example, devised by Crisfield, 'Y demonstrates snap-through behavior.
The layout is shown in Figure 3.13, where elements 1,2, and 4 support an
effectively rigid element 3. In the original example, elements 1,2, and 4 were
linear springs; consequently the lengths and material properties of these ele-
ments are chosen to model linear springs in which the initial stiffness term is
negligible.

The lengths of elements 1,2, and 4 are each 107 and that of the sloping element
3 is approximately 2500. Other material properties are such that

EA EA EA
<L>1 = 1.00; <L>2 = 0.25; <L>4 = 1.50. (3.91)

A high value, 10'°, is chosen for the yield stress to ensure elasticity. The nodal
coordinate and boundary code data are given below.

99 Crisfield (1991), p. 100.
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F 1 2\4 3
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FIGURE 3.13 Crisfield's snap-back problem — configuration.
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6. This is an interesting example of the use of the directional derivative to find
an equilibrium equation and the corresponding tangent stiffness term. Fig-
ure 3.14 represents two configurations of a one-dimensional structural system
comprised of a truss member joining nodes a and b of initial length L and
cross-sectional area A connected to a piston chamber of constant section A,

filled with a gas. An external force F'**! is applied at node b. The constant mass
of gas enclosed in the piston is considered to satisfy Boyle’s law, which states

that
A b p°.vo Ap
a Vp
L7A Fext
Initial configuration T
a
b a —

Deformed configuration

FIGURE 3.14 Truss—piston system.
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pV,=7p" V;,O = K; K isaconstant;

where p and V), denote the pressure and the volume of the gas within the
chamber in the deformed configuration, respectively. This example employs
the strain energy per unit initial volume given by Equation (3.17) as ¢ =
E(In\)?/2, where E is a Young’s modulus-type constitutive term and \ is
the stretch of the axial rod. Consequently the total energy functional for the
overall system can be written as a function of the spatial position of point b
denoted by the deformed length [/ and the initial volume AL as follows:

H(l) — HtrUSS(l) + Hpiston(l) o Hext

= %EAL (In \)? — /V p(V)dV — F, (3.92)
p

in which A = % is the stretch ratio of the truss member.

(a) Obtain the stationary point of the above energy functional and derive the

principle of virtual work.

(b) Obtain the equilibrium equation at node b and show that it is indeed a

nonlinear equation.

(c) Obtain the tangent stiffness matrix required for a Newton—Raphson algo-

rithm after suitable linearization.

(d) Explain whether the inclusion of the piston chamber increases or decreases

the stiffness of the truss member.
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CHAPTER FOUR

KINEMATICS

41 INTRODUCTION

It is almost a tautology to say that a proper description of motion is fundamental
to finite deformation analysis, but such an emphasis is necessary because infinites-
imal deformation analysis implies a host of assumptions that we take for granted
and seldom articulate. For example, we have seen in Chapter 1, in the simple truss
example, that care needs to be exercised when large deformations are anticipated
and that a linear definition of strain is totally inadequate in the context of a finite
rotation. A study of finite deformation will require that cherished assumptions be
abandoned and a fresh start made with an open (but not empty!) mind.

Kinematics is the study of motion and deformation without reference to
the cause. We shall see immediately that consideration of finite deformation
enables alternative coordinate systems to be employed, namely, material and spatial
descriptions associated with the names of Lagrange and Euler respectively.

Although we are not directly concerned with inertial effects, nevertheless time
derivatives of various kinematic quantities enrich our understanding and also pro-
vide the basis for the formulation of the virtual work expression of equilibrium,
which uses the notion of virtual velocity and associated kinematic quantities.

Wherever appropriate, nonlinear kinematic quantities are linearized in prepa-
ration for inclusion in the linearized equilibrium equations that form the basis of
the Newton—Raphson solution to the finite element equilibrium equations.

42 THE MOTION

Figure 4.1 shows the general motion of a deformable body. The body is imagined
as being an assemblage of material particles that are labeled by the coordinates X,
with respect to Cartesian basis E, at their initial positions at time ¢ = 0. Generally,
the current positions of these particles are located, at time = ¢, by the coordinates
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E, Time =0

FIGURE 4.1 General motion of a deformable bodly.

x with respect to an alternative Cartesian basis e;. In the remainder of this chapter
the bases E'; and e; will be taken to be coincident. However, the notational dis-
tinction between E'; and e; will be retained in order to identify the association of
quantities with initial or current configurations. The motion can be mathematically
described by a mapping ¢ between initial and current particle positions as

x = ¢(X, 1) .1

For a fixed value of ¢ the above equations represent a mapping between the unde-
formed and deformed bodies. Additionally, for a fixed particle X, Equation (4.1)
describes the motion or trajectory of this particle as a function of time. In finite
deformation analysis no assumptions are made regarding the magnitude of the dis-
placement  — X; indeed the displacement may well be of the order of or even
exceed the initial dimensions of the body as is the case, for example, in metal form-
ing. In infinitesimal deformation analysis the displacement  — X is assumed to
be small in comparison with the dimensions of the body, and geometrical changes
are ignored.

4.3 MATERIAL AND SPATIAL DESCRIPTIONS

In finite deformation analysis a careful distinction has to be made between the
coordinate systems that can be chosen to describe the behavior of the body whose
motion is under consideration. Roughly speaking, relevant quantities, such as den-
sity, can be described in terms of where the body was before deformation or where
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it is during deformation; the former is called a material description, and the latter is
called a spatial description. Alternatively, these are often referred to as Lagrangian
and Eulerian descriptions respectively. A material description refers to the behav-
ior of a material particle, whereas a spatial description refers to the behavior at a
spatial position. Nevertheless, irrespective of the description eventually employed,
the governing equations must obviously refer to where the body is and hence must
primarily be formulated using a spatial description.

Fluid mechanicians work almost exclusively in terms of a spatial description
because it is not appropriate to describe the behavior of a material particle in, for
example, a steady-state flow situation. Solid mechanicians, on the other hand, will
generally at some stage of a formulation have to consider the constitutive behav-
ior of the material particle, which will involve a material description. In many
instances — for example, polymer flow — where the behavior of the flowing material
may be time-dependent, these distinctions are less obvious.

In order to understand the difference between a material and a spatial descrip-
tion, consider a simple scalar quantity such as the current density p of the material:

(a) Material description: the variation of p over the body is described with respect
to the original (or initial) coordinate X used to label a material particle in the
continuum at time ¢ = 0 as

p=p(X,1). (4.22)

(b) Spatial description: p is described with respect to the position in space, ,
currently occupied by a material particle in the continuum at time ¢ as

p=p(x,1). (4.2b)

In Equation (4.2a) a change in time ¢ implies that the same material particle X has
a different density p. Consequently, interest is focused on the material particle X.
In Equation (4.2b), however, a change in the time ¢ implies that a different density
is observed at the same spatial position &, now probably occupied by a different
particle. Consequently, interest is focused on a spatial position .

EXAMPLE 4.1: Uniaxial motion

This example illustrates the difference between a material and a spatial description
of motion. Consider the mapping = = (1+¢)X defining the motion of a rod of initial
length 2 units. The rod experiences a temperature distribution given by the material
description T = X2 or by the spatial description T' = x> /(1 + t); see the diagram
below.

(continued)
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EXAMPLE 4.1: (cont.)

(X:],IT=9) (X:Z,IT: 18)
3 |
X=1,T=4) X=2,T=28)
2 ]
X=1T=1) X=2T=2)
1 |
1 |
— X x
T T T T T T T T
0 1 2 3 4 5 6 7 8

The diagram makes it clear that the particle material coordinates (label) X remains
associated with the particle while its spatial position  changes. The temperature at
a given time can be found in two ways. For example, at time ¢ = 3 the temperature of
the particle labeled X =2 is T =2 x 32 = 18. Alternatively, the temperature of the
same particle which at t = 3 is at the spatial position x =8is T =8x3%/(1+3) = 18.
Note that, whatever the time, it makes no sense to inquire about particles for which
X > 2, nor, for example, at time ¢ =3 does it make sense to inquire about the tem-
perature at x > 8.

Often it is necessary to transform between the material and spatial descriptions
for relevant quantities. For instance, given a scalar quantity such as the density,
a material description can be easily obtained from a spatial description by using
motion Equation (4.1) as

p(X,t) = p(p(X,t),1). (4.2¢)

Certain magnitudes, irrespective of whether they are materially or spa-
tially described, are naturally associated with the current or initial configurations
of the body. For instance, the initial density of the body is a material magni-
tude, whereas the current density is intrinsically a spatial quantity. Neverthe-
less, Equations (4.2a—c) clearly show that spatial quantities can, if desired, be
expressed in terms of the initial coordinates.

4.4 DEFORMATION GRADIENT

A key quantity in finite deformation analysis is the deformation gradient F', which
is involved in all equations relating quantities before deformation to corresponding
quantities after (or during) deformation. The deformation gradient tensor enables
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the relative spatial position of two neighboring particles after deformation to be
described in terms of their relative material position before deformation; conse-
quently, it is central to the description of deformation and hence strain.

Consider two material particles (1 and ()2 in the neighborhood of a material
particle P (Figure 4.2). The positions of (1 and () relative to P are given by the
elemental vectors dX 1 and dX 5 as

XmzXQl—XP; dXQZXQQ—XP. (4.3a,b)

After deformation, the material particles P, )1, and )2 have deformed to current
spatial positions given by the mapping (4.1) as

Lp = ¢(Xp,t), Ly = d)(XQUt)a Lgy = ¢(XQ27t)a (4.4a,b,c)

and the corresponding elemental vectors become

dx1 =g —xp = (X p +dX1,1) — (X p,1); (4.52)
dry =xg —xp = ¢(Xp+dXa,t) — (X p,t). (4.5b)
Defining the deformation gradient tensor F' as
¢
F = X Yoo, (4.6)

where V| denotes the gradient with respect to the material configuration, the ele-
mental vectors dx1 and dxo can be obtained in terms of dX 1 and dX 5 as

da:1 = FXm; diEQ = FdX2 (47a,b)

Note that F' transforms vectors in the initial or reference configuration into vectors
in the current configuration and is therefore said to be a two-point tensor.

X1.X1

Time=0

FIGURE 4.2 General motion in the neighborhood of a particle.
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44 DEFORMATION GRADIENT 101

Remark 4.1: In many textbooks the motion is expressed as
xz=x(X,t), (4.8)
which allows the deformation gradient tensor to be written, perhaps in a
clearer manner, as
ox
F=__"_ 4.9a
X (4.92)
In indicial notation the deformation gradient tensor is expressed as
- 0X/

3
F=) Fiei®E; Fy
i, =1

i, 1=1,2,3;.  (4.9b)

where lower-case indices refer to current (spatial) Cartesian coordinates,
whereas upper-case indices refer to initial (material) Cartesian coordinates.

Confining attention to a single elemental material vector dX, the
corresponding vector dx in the spatial configuration is conveniently written
as

de = FdX. (4.10)

The inverse of F' is
15), 4

Fl="=vVo! (4.11a)
ox
which in indicial notation is
3
0X
Fl= “E ®e;. (4.11b)
Ii=1 Oz

Remark 4.2: Much research literature expresses the relationship between
quantities in the material and spatial configurations in terms of the gen-
eral concepts of push forward and pull back. For example, the elemental
spatial vector dx can be considered as the push-forward equivalent of the
material vector dX . This can be expressed in terms of the operation

dx = ¢.[dX] = FdX. (4.12)

Inversely, the material vector dX is the pull-back equivalent of the spatial
vector dx, which is expressed as*

dX = ¢, 'dx] = Fldx. (4.13)

Observe that in (4.12) the nomenclature ¢.[ | implies an operation that will
be evaluated in different ways for different operands [ |.

* In the literature ¢« [ ] and ¢5 [ ] are often written as ¢ and ¢* respectively.
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102 KINEMATICS

EXAMPLE 4.2: Uniform deformation
This example illustrates the role of the deformation gradient tensor F'. Consider the

uniform deformation given by the mapping

1
e = 1(18 +4X, + 6X2);

1
To = 1(14 o 6X2);

which, for a square of side 2 units initially centered at X = (0, 0), produces the

deformation shown below.
(5,5) ¢y  (75)

X, p X €
® e =¢(E)
2,2) 4,2)
1,1 Ey (1,1
(o)
AR N E, X x
(=1,-1) (1,-1)
oz, 231
F = a)m(l 8;2 = 1 2 3 N F_l = 1 3 _3 .
dzy  Omy 210 3]’ 3lo 2
80X, 0X»
Unit vectors E; and Es in the initial configuration deform to
1 1 0 1.5
0 0 1 1.5
and unit vectors in the current (deformed) configuration deform from
1 |1 1 1 1| 0 -1
¢* [61] = F = ; ¢* [62] = F =
0 1 %

0

45 STRAIN

As a general measure of deformation, consider the change in the scalar product
of the two elemental vectors d X1 and dX o shown in Figure 4.2 as they deform
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45 STRAIN 103

to dx; and dxy. This change will involve both the stretching (that is, change in
length) and changes in the enclosed angle between the two vectors. Recalling
Equation (4.7a,b), the spatial scalar product dx; - dzo can be found in terms of
the material vectors dX; and d X o as

dml-dmg :Xm'CdXQ, (4.14)

where C' is the right Cauchy—Green deformation tensor, which is given in terms of
the deformation gradient as F' as

C=FTF. (4.15)

Note that in Equation (4.15) the tensor C' operates on the material vectors d X {
and d X o, and consequently C is called a material tensor quantity.

Alternatively, the initial material scalar product dX; - dX 2 can be obtained
in terms of the spatial vectors dx; and dxo via the left Cauchy—Green or Finger
tensor b as’

dX1-dXy = dxq - b~ da,, (4.16)
where b is
b=FFT. 4.17)

Observe that in Equation (4.16) b~! operates on the spatial vectors da; and dzo,
and consequently b=, or indeed b itself, is a spatial tensor quantity.

The change in scalar product can now be found in terms of the material vectors
dX and d X 5 and the Lagrangian or Green strain tensor E as

1
5(d:li1-d$2—dX1-dX2): Xm-EdXQ, (4.183.)
where the material tensor F is
1
Ezi(C—I). (4.18b)

Alternatively, the same change in scalar product can be expressed with reference
to the spatial elemental vectors dx; and dxo and the Eulerian or Almansi strain
tensor e as

1
- d.’l}'l'dmg—Xm'dXQ = dwl-edwg, (4.198.)
2
where the spatial tensor e is
1
e= 5(I—lfl). (4.19b)

T InC = FTF, Fison theright and in b = FFT | F is on the left.
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104 KINEMATICS

EXAMPLE 4.3: Green and Almansi strain tensors

For the deformation given in Example 4.2 the right and left Cauchy—Green deforma-
tion tensors are respectively

c—r'p-1|?3 and bpFFT 1|13 9 ,
2139 41 9 9

from which the Green’s strain tensor is simply

p_L] 03
413 7

and the Almansi strain tensor is

_Lfo 9
189 4|

The physical interpretation of these strain measures will be demonstrated in the next
example.

Remark 4.3: The general nature of the scalar product as a measure of defor-
mation can be clarified by taking dXo and dX; equal to dX and conse-
quently dxy = daxo = dx. This enables initial (material) and current (spatial)
elemental lengths squared to be determined as (Figure 4.3)

dL? = dX -dX: di? = dzx - dx. (4.20a,b)

o

X3,x3

Time =t
Xp.x)
X5,%

Time=0
FIGURE 4.3 Change in length.
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45 STRAIN 105

The change in the squared lengths that occurs as the body deforms from
the initial to the current configuration can now be written in terms of the
elemental material vector dX as

1
5(dz2 —dL?) =dX -EdX, (4.21)

which, upon division by dL?, gives the scalar Green’s strain as
d - dL? _dX odX
2dL2  dL dL’

where dX /dL is a unit material vector N in the direction of dX. Hence,

(4.22)

finally,
1(/dl*—dL?
—|————— | =N-EN. 4.2
2( dL? > (4.23)

Using Equation (4.19a), a similar expression involving the Almansi strain
tensor can be derived as

1/di® - dL?
5 <dz2 ) —n-en, (4.24)

where n is a unit vector in the direction of dx.

EXAMPLE 4.4: Physical interpretation of strain tensors

Referring to Example 4.2, the magnitude of the elemental vector das is dly = 4.5'/2,
Using (4.23), the scalar value of Green’s strain associated with the elemental material
vector d X 5 is

o1 di> —dI?\ 7
G =9\ ar2 T4

Again using Equation (4.23) and Example 4.3, the same strain can be determined
from the Green’s strain tensor E as

egzNTEN:[o,u1 03 01 _7
413 7 1 4

Using Equation (4.24) the scalar value of the Almansi strain associated with the
elemental spatial vector dxs is

C1fd—dr*\ 7
T\ Tar )T

(continued)
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106 KINEMATICS

EXAMPLE 4.4: (cont.)

Alternatively, again using Equation (4.24) and Example 4.3 the same strain is deter-
mined from the Almansi strain tensor e as

1
1 17110 9 7 7
€ :nTen:[,} 72 = .
4 V2 V218 | 9 4 1
V2

Remark 4.4: In terms of the language of pull back and push forward, the
material and spatial strain measures can be related through the operator ¢..
Precisely how this operator works in this case can be discovered by recogniz-
ing, because of their definitions, the equality

da:l . ediBg = dX1 . EdXQ (4.25)

for any corresponding pairs of elemental vectors. Recalling Equations (4.12)
and (4.13) enables the push-forward and pull-back operations to be written as

Push forward

e=¢,|E|=F TEF! (4.26a)
Pull back

E=¢,'le] = FTeF. (4.26b)

46 POLAR DECOMPOSITION

The deformation gradient tensor F' discussed in the previous sections transforms
a material vector d X into the corresponding spatial vector dx. The crucial role of
F is further disclosed in terms of its decomposition into stretch and rotation com-
ponents. The use of the physical terminology “stretch” and “rotation” will become
clearer later. For the moment, from a purely mathematical point of view, the ten-
sor F' is expressed as the product of a rotation tensor R times a stretch tensor U
to define the polar decomposition as

F = RU. 4.27)

For the purpose of evaluating these tensors, recall the definition of the right
Cauchy-Green tensor C' as

C=F'F=U"R'RU. (4.28)
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46 POLAR DECOMPOSITION 107

Given that R is an orthogonal rotation tensor as defined in Equation (2.26), that is,
RTR = I, choosing U to be a symmetric tensor gives a unique definition of the
material stretch tensor U in terms of C' as

In order to actually obtain U from this equation, it is first necessary to evaluate the
principal directions of C, denoted here by the eigenvector triad {IN1, No, N3}
and their corresponding eigenvalues A?, A2, and A2, which enable C to be
expressed as

3
C=> MN.N.®N,, (4.30)
a=1

where, because of the symmetry of C, the triad {IN1, N3, N3} are orthogonal
unit vectors. Combining Equations (4.29) and (4.30), the material stretch tensor U
can be easily obtained as

3
U=) MN.®N,. (4.31)
a=1
Once the stretch tensor U is known, the rotation tensor R can be easily evaluated
from Equation (4.27) as R = FU .
In terms of this polar decomposition, typical material and spatial elemental
vectors are related as

dz = FdX = R(UdX). 4.32)

In the above equation, the material vector dX is first stretched to give UdX and
then rotated to the spatial configuration by R. Note that U is a material tensor
whereas R transforms material vectors into spatial vectors and is therefore, like F',
a two-point tensor.

EXAMPLE 4.5: Polar decomposition (i)

This example illustrates the decomposition of the deformation gradient tensor F' =

RU using the deformation shown below as
1
Z(4X1 aF (9 — 3X1 — 5X2 — XlXQ)t),

Tr1 =

1
To = 1(4X2 + (16 T 8X1>t).

(continued)
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108 KINEMATICS

EXAMPLE 4.5: (cont.)

For X = (0,0) and time ¢ = 1 the deformation gradient F' and right Cauchy—Green
tensor C' are

1 - 1
p=l|l 5| g_1l]|65 27|
418 4 16 | 97 41
from which the stretches A; and Ay and principal material vectors IN; and [N are
found as
AL =22714; Ay =1.2107; N, = 0.8385 N, — ~0.5449 |
0.5449 0.8385

Hence, using (4.31) and R = F' U! , the stretch and rotation tensors can be found as

o | 1564 04sac | o [ 03590 —0.9333
0.4846 1.5257 | 0.9333  0.3590 |

It is also possible to decompose F' in terms of the same rotation tensor R
followed by a stretch in the spatial configuration as

F=VR, (4.33)

which can now be interpreted as first rotating the material vector d X to the spatial
configuration, where it is then stretched to give dx as

dz = FdX = V(RdX), (4.34)

where the spatial stretch tensor V' can be obtained in terms of U by combining
Equations (4.27) and (4.33) to give

V = RUR". (4.35)

Additionally, recalling Equation (4.17) for the left Cauchy—Green or Finger
tensor b gives

b=FF' = (VR)(R'V)=V?2 (4.36)

Consequently, if the principal directions of b are given by the orthogonal spatial
vectors {n1, M2, n3} with associated eigenvalues A2, A2, and A3, then the spatial
stretch tensor can be expressed as

3
V= Z D T @ M. (4.37)
a=1
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46 POLAR DECOMPOSITION 109

Substituting Equation (4.31) for U into expression (4.35) for V' gives V in terms
of the vector triad in the undeformed configuration as

3
V=) A\ (RN, ®(RN,). (4.38)

a=1

Comparing this expression with Equation (4.37) and noting that (RN ,) remain
unit vectors, it must follow that

Ao = Aa; ng = RN ; a=1,2,3. (4.39a,b)

This equation implies that the two-point tensor R rotates the material vector triad
{N1, N2, N3} into the spatial vector triad {mi,m2,n3} as shown in Figure 4.4.
Furthermore, the unique eigenvalues A\?, A3, and A3 are the squares of the stretches
in the principal directions in the sense that taking a material vector d X ; of length
dLy in the direction of N1, its corresponding push-forward spatial vector da; of
length dl; is given as

d:l)1 = FdX1 = RU(dLlNl). (4.40)
Given that UN; = A1 IN; and recalling Equation (4.39a,b) gives the spatial vec-
tor da; as

dwl = ()\1dL1)’I’L1 = dllnl. (4.41)

FIGURE 4.4 Material and spatial vector triads.
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110 KINEMATICS

Hence, the stretch \; gives the ratio between current and initial lengths as

_dly
dLy
It is instructive to express the deformation gradient tensor in terms of the prin-

cipal stretches and principal directions. To this end, substitute Equation (4.31) for
U into Equation (4.27) for F' and use (4.39a,b) to give

A1 (4.42)

3
F = Z Ao @ N (4.43)
a=1

This expression clearly reveals the two-point nature of the deformation gradient
tensor in that it involves the eigenvectors in both the initial and final configurations.

It will be seen later that it is often convenient, and indeed more natural, to
describe the material behavior in terms of principal directions. Consequently, it is
pertinent to develop the relationships inherent in Equation (4.43) a little further.
For this purpose, consider the mapping of the unit vector [N, given by the tensor
F', which on substituting the polar decomposition F' = RU gives

FN,=RUN,
= A RN,
= AaNq. (4.44a)

Alternative expressions relating IV, and n,, can be similarly obtained as

1

FTN, = e (4.44b)
. 1

Fn, = TN a (4.44c¢)

FTna = AaNg. (4.444)

EXAMPLE 4.6: Polar decomposition (ii)

Building on Example 4.5 the physical meaning of the stretches A, and rotation R
can easily be illustrated. Using the deformation gradient F', the principal material
vectors IN; and N, deform (push forward) to give the orthogonal spatial vectors
d)* [Nl] and ¢* [N2] as

(continued)
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EXAMPLE 4.6: (cont.)

5T = [ —0.4715 ] = [ —1.1843 ] ;
2.2219 —0.2513

D«[N1]- ¢« [N2] =0

However, these two vectors may alternatively emerge by, first, stretching the material
vectors IV and N5 to give

ANy = 1.9046 : Ao Ny — —0.6597 :
1.2377 1.0152

and, second, rotating these stretched vectors using the rotation tensor R (see Equa-
tion (4.44)) to give

0.3590 —0.9333 1.9046 —0.4715

0.9333  0.3590 1.2377 2.2219

similarly for ¢.[IN3]. Hence the deformation of the eigenvectors N1 and IV associ-
ated with F', at a particular material position, can be interpreted as a stretch followed
by a rotation of (about) 69°. Finally, it is easy to confirm Equation (4.39a,b) that the
spatial unit vectors n, = RIN,.

Equations (4.44a-b) can be interpreted in terms of the push-forward of vec-
tors in the initial configuration to vectors in the current configuration. Likewise,
(4.44c—d) can be interpreted as alternative pull-back operations.

Remark 4.5: The Lagrangian and Eulerian strain tensors, defined in
Section 4.5, can now be expressed in terms of U and V as

[\ZJH

1
E = 5 z_: - ) N0 ® Ny (4.45)

(1 =A%) na ® na. (4.46)

M- L
N | =

1
=_(I-V?)=
2 1

«

These expressions motivate the definition of generalized material and spatial
strain measures of order n as

B =@ -n=3

a=1

N & Ngy; 4.47)

3\'—‘
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112 KINEMATICS

1 _ 1 _
e — —I-v zgn(l—Aa”) Ny ® N (4.48)
e = RE™R". (4.49)
In particular, the case n — 0 gives the material and spatial logarithmic strain
tensors
3
EO = Z In A N,QN,=InU; (4.50)
a=1
3
e =% "mAn.@n,=mV. (4.51)

a=1

47 VOLUME CHANGE

Consider an infinitesimal volume element in the material configuration with edges
parallel to the Cartesian axes given by d X, = dX1E;, dXs = dX2F>, and
dXs3 = dXsFEj3, where E1, Eo, and E3 are the orthogonal unit vectors (Fig-
ure 4.5). The elemental material volume dV defined by these three vectors is clearly
given as

AV = dX1dX2dX3. (4.52)

X3,x3

X1:x

FIGURE 4.5 Volume change.
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4.8 DISTORTIONAL DEFORMATION 113

In order to obtain the corresponding deformed volume dv in the spatial configu-
ration, note first that the spatial vectors obtained by pushing forward the previous
material vectors are

dr, = FdX; = 66;?1 dXy; (4.53)

dre = FdXy = ;}2 dXo; (4.54)

dxs = FdX3 = ;;?3 dXs. (4.55)
The triple product of these elemental vectors gives the deformed volume as

dv = dxq - (dxy X das) = 5;?1 . <88)qf2 X 86)?3>Xm dXs dXs5. (4.56)

Noting that the above triple product is the determinant of F' gives the volume
change in terms of the Jacobian J as

dv=JdV; J=detF. (4.57)

Finally, the element of mass can be related to the volume element in terms of
the initial and current densities as

dm = pgdV = pdv. (4.58)
Hence, the conservation of mass or continuity equation can be expressed as

oo = p. (4.59)

4.8 DISTORTIONAL COMPONENT OF THE
DEFORMATION GRADIENT

When dealing with incompressible and nearly incompressible materials it is nec-
essary to separate the volumetric from the distortional (or isochoric) components
of the deformation. Such a separation must ensure that the distortional compo-
nent, namely F, does not imply any change in volume. Noting that the determinant
of the deformation gradient gives the volume ratio, the determinant of F must
therefore satisfy

det ' = 1. (4.60)
This condition can be achieved by choosing Fas

F=J3F. (4.61)
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The fact that the condition (4.60) is satisfied is demonstrated as
det F' = det(J~V/3F)
= (J7V3)3 det F
=J1J
=1. (4.62)

The deformation gradient F' can now be expressed in terms of the volumetric and
distortional components, J and F' respectively, as

F=J3F. (4.63)

This decomposition is illustrated for a two-dimensional case in Figure 4.6.

X5, %)

XL,X]

FIGURE 4.6 Distortional component of F'.

Similar decompositions can be obtained for other strain-based tensors such as
the right Cauchy—Green tensor C' by defining its distortional component C' as

AT A

C=FF. (4.64)
Substituting for F from Equation (4.61) gives an alternative expression for C as
C = (detC)"Y3C; detC = J2. (4.65)

EXAMPLE 4.7: Distortional component of F'

Again using Example 4.5, the function of the isochoric component F' of F' can be
demonstrated. However, to proceed correctly it is necessary to introduce the third X3
dimension into the formulation, giving

1 _
F=-118 4 0 |; J =det F = 2.75;
0

(continued)
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4.8 DISTORTIONAL DEFORMATION 115

EXAMPLE 4.7: (cont.)

from which F' is found as

0.1784 —0.8922 0
F=J5F=| 14276 07138 0
0 0 0.7138
Without loss of generality, consider the isochoric deformation at X =0
of the orthogonal unit material vectors IN; = (0.8385,0.5449,0)T, Ny=

(—0.5449,0.8385,0)”, and N3 = (0,0,1)%, for which the associated elemental
material volume is dV' = 1. After deformation the material unit vectors push forward

to give
[ _0.3366 —0.8453
n, =FN;= 1.5856 | ; ny=FNy= | —0.1794 |;
I 0 0
0
fiy = FN3= 0
| 0.7138

Since IV, are principal directions, 1, are orthogonal vectors and the corresponding
elemental spatial volume is, conveniently,

dv = [P ||| Azl[|7s]l = 1,

thus demonstrating the isochoric nature of F.

EXAMPLE 4.8: Simple shear

Sometimes the motion of a body is isochoric and the distortional component of F'
coincides with F'. A well-known example is the simple shear of a two-dimensional
block as defined by the motion

(continued)
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EXAMPLE 4.8: (cont.)
21 = X1 +vXa,
Ty = X27

for any arbitrary value of . A simple derivation gives the deformation gradient and
its Jacobean J as

Fe| 7|, JodetF=1,
01

and the Lagrangian and Eulerian deformation tensors are

1 1
T T =Y

49 AREA CHANGE

Consider an element of area in the initial configuration dA = dA N which after
deformation becomes da = damn, as shown in Figure 4.7. For the purpose of
obtaining a relationship between these two vectors, consider an arbitrary material
vector d L, which after deformation pushes forward to dl. The corresponding initial
and current volume elements are

dV =dL-dA; (4.66a)
dv =dl - da. (4.66b)
X303 P

X1.x1

Time=0

FIGURE 4.7 Area change.

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:21:26, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.005



4.10 LINEARIZED KINEMATICS 117

Relating the current and initial volumes in terms of the Jacobian J and recalling
that dl = F dL gives

JdL -dA = (FdL) - da. (4.67)

The fact that the above expression is valid for any vector d L enables the elements
of area to be related as

da=JF TdA. (4.68)

410 LINEARIZED KINEMATICS

The strain quantities defined in the previous section are nonlinear expressions in
terms of the motion ¢ and will lead to nonlinear governing equations. These gov-
erning equations will need to be linearized in order to enable a Newton—Raphson
solution process. It is therefore essential to derive equations for the linearization of
the above strain quantities with respect to small changes in the motion.

4.10.1 Linearized Deformation Gradient

Consider a small displacement u () from the current configuration = ¢(X) =
¢(X,t) as shown in Figure 4.8. The deformation gradient F' can be linearized in
the direction of w at this position as

d
DF(¢)[ul = | Flgy+eu)
e=0

_d| O teu)

 de o 00X

~ | \ox Tox

_ ou

- 0X

= (Vu)F. (4.69)

Note that if w is given as a function of the initial position X of the body particles
(the material description), then

Ju(X)
DFu)| = =V 4.70
where V) indicates the gradient with respect to the coordinates at the initial con-

figuration.
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FIGURE 4.8 Linearized kinematics.

4.10.2 Linearized Strain

Using Equation (4.69) and the product rule seen in Section 2.3.3, the Lagrangian
(or Green’s) strain can be linearized at the current configuration in the direc-
tion u as

DEu) = %(FTDF[u] + DFT[u]F)

1
= 5[FTVuF + FT(Vu)T F)

= %FT[Vu + (Vu)T|F. 4.71)

Note that half the tensor inside [ ] is the small strain tensor €, and therefore D E[u]
can be interpreted as the pull-back of the small strain tensor € as

DE[u] = ¢, '[e] = FTeF. (4.72)

In particular, if the linearization of E is performed at the initial material configu-
ration, that is, when & = X and therefore F' = I, then

DEg[u] = ¢. 4.73)

Similarly, the right and left Cauchy—Green deformation tensors defined in
Equations (4.15) and (4.17) can be linearized to give

DClu) = 2FT¢eF; (4.74a)
Dblu] = (Vu)b + b(Vu)T. (4.74b)
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4.10.3 Linearized Volume Change

The volume change has been shown earlier to be given by the Jacobian J = det F'.
Using the chain rule given in Section 2.3.3, the directional derivative of J with
respect to an increment ¢ in the spatial configuration is

DJu) = D det(F)[DFu]). (4.75)

Recalling the directional derivative of the determinant from (2.119) and the lin-
earization of F' from Equation (4.69) gives

DJu) = Jtr <F‘1au)

0X
=JturVu
= Jdivu. (4.76)
Alternatively, the above equation can be expressed in terms of the linear strain
tensor € as
DJ[u] = J tre. (4.77)

Finally, the directional derivative of the volume element in the direction of u
emerges from Equation (4.57) as

D(dv)[u] = (tre) dv. (4.78)

411 VELOCITY AND MATERIAL TIME DERIVATIVES

4.11.1 Velocity

Obviously, many nonlinear processes are time-dependent; consequently, it is nec-
essary to consider velocity and material time derivatives of various quantities.
However, even if the process is not rate-dependent it is nevertheless convenient
to establish the equilibrium equations in terms of virtual velocities and associated
virtual time-dependent quantities. For this purpose consider the usual motion of the
body given by Equation (4.1) as

z = ¢(X,1), (4.79)
from which the velocity of a particle is defined as the time derivative of ¢ (Fig-
ure 4.9) as
0p(X,t
v(X,t) = (b(at’) (4.80)
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X1.x1

Time=0

FIGURE 4.9 Particle velocity.

Observe that the velocity is a spatial vector despite the fact that the equation has
been expressed in terms of the material coordinates of the particle X. In fact,
by inverting Equation (4.79) the velocity can be more consistently expressed as
a function of the spatial position  and time as

v(zx,t) = v(p Hx,1),1). (4.81)

4.11.2 Material Time Derivative

Given a general scalar or tensor quantity g expressed in terms of the material
coordinates X, the time derivative of g(X,t), denoted henceforth by g(X,¢) or
dg(X,t)/dt, is defined as

. dg 9g9(X,t)
S

This expression measures the change in g associated with a specific particle ini-

. (4.82)

tially located at X, and it is known as the material time derivative of g. Invariably,
however, spatial quantities are expressed as functions of the spatial position @,
in which case the material derivative is more complicated to establish. The com-
plication arises because as time progresses the specific particle being considered
changes spatial position. Consequently, the material time derivative in this case is
obtained from a careful consideration of the motion of the particle as

gla,t) = Alyilog(‘ﬂx i+ At%tz tAt) — g(B(X,1),1)

This equation clearly illustrates that g changes in time (i) as a result of a change in
time but with the particle remaining in the same spatial position, and (ii) because

. (4.83)
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of the change in spatial position of the specific particle. Using the chain rule,
Equation (4.83) gives the material derivative of g(x,t) as

dg(x,t) n og(x,t) 0p(X,t)  Og(x,t)
ot ox ot ot

The second term, involving the particle velocity in Equation (4.84), is often referred
to as the convective derivative.

g(x,t) = + (Vg)v. (4.84)

EXAMPLE 4.9: Material time derivative

Here Example 4.1 is revisited to illustrate the calculation of a material time deriva-
tive based on either a material or spatial description. The material description of the
temperature distribution along the rod is T = X2, yielding 7T directly as T = 2X¢.
From the description of motion, z = (1+¢)X, the velocity is expressed as v = X or
v = z/(1 + t) in the material and spatial descriptions respectively. Using the spatial
description, T' = xt% /(1 + t) gives

_OT(x,t) 2

oT(x,t) (2t +t?)x
= N T = — o
ot (1+1t)2 " v Oz (1+1)

Hence from Equation (4.84), T' = 2xt/(1 + t) = 2Xt.

4.11.3 Directional Derivative and Time Rates

Traditionally, linearization has been implemented in terms of an artificial time
and associated rates. This procedure, however, leads to confusion when real rates
are involved in the problem. It transpires that linearization as defined in Equa-
tion (2.101) avoids this confusion and leads to a much clearer finite element for-
mulation. Nevertheless, it is valuable to appreciate the relationship between lin-
earization and the material time derivative. For this purpose consider a general
operator F that applies to the motion ¢(X, t). The directional derivative of F in
the direction of v coincides with the time derivative of F, that is,

d
DF[v] = @.7:'(¢(X,t)) (4.85)
To prove this, let ¢ x (¢) denote the motion of a given particle and F'(¢) the function
of time obtained by applying the operator F on this motion as

F(t) = F(ox(t); ox(t)=o(X,t). (4.86)

Note first that the derivative with respect to time of a function f(t) is related to the
directional derivative of this function in the direction of an increment in time At as

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:21:26, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.005



122 KINEMATICS

af

DA - .

f(t +eAt) = LAt (4.87)

de

Using this equation with A¢ = 1 for the functions F'(¢) and ¢x (¢) and recalling
the chain rule for directional derivatives given by Equation (2.105¢) gives

d df
SF@X 1) =5

= DF][1]

= DF(ox(1)[1]

= DF[Dox|1]]

= DF[v]. (4.88)

A simple illustration of Equation (4.85) emerges from the time derivative of the
deformation gradient tensor F', which can be easily obtained from Equations (4.6)

and (4.80) as
¢ o9
. 4.
dt<6X> ax(m) Vov (4.89)
Alternatively, recalling Equation (4.70) for the linearized deformation gradient DF'
gives
DF[v] = Vov = F. (4.90)

4.11.4 Velocity Gradient

We have defined velocity as a spatial vector. Consequently, velocity was expressed
in Equation (4.81) as a function of the spatial coordinates as v(x, t). The deriva-
tive of this expression with respect to the spatial coordinates defines the velocity
gradient tensor 1 as

ov(zx,t)

ox

This is clearly a spatial tensor, which, as Figure 4.10 shows, gives the relative
velocity of a particle currently at point ¢ with respect to a particle currently at p
as dv = ldzx. The tensor I enables the time derivative of the deformation gradient
given by Equation (4.89) to be more usefully written as

dv  Ov 9o
T 0X 0z 90X

from which an alternative expression for I emerges as

l =

— V. 4.91)

=IF, (4.92)

l=FF (4.93)
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FIGURE 4.10 Velocity gradient.

412 RATE OF DEFORMATION

Consider again the initial elemental vectors dX; and dX introduced in Sec-
tion 4.4 and their corresponding pushed-forward spatial counterparts da; and dxo
given as (Figure 4.11)

da:1 = FXm; d:BQ = FdXz. (4.94a,b)

In Section 4.5 strain was defined and measured as the change in the scalar product
of two arbitrary vectors. Similarly, strain rate can now be defined as the rate of
change of the scalar product of any pair of vectors. For the purpose of measuring
this rate of change, recall from Section 4.5 that the current scalar product could be
expressed in terms of the material vectors d X ; and d X 2 (which are not functions
of time) and the time-dependent right Cauchy—Green tensor C' as

d:l:l . dwg = dX1 . CdXQ. (4.95)

Differentiating this expression with respect to time and recalling the relationship
between the Lagrangian strain tensor E and the right Cauchy—Green tensor as
2E = (C — I) gives the current rate of change of the scalar product in terms
of the initial elemental vectors as

d . 3
$(dl‘1-dw2):Xm-CdXQZQXm-EdXQ, (4.96)
where E, the derivative with respect to time of the Lagrangian strain tensor, is

known as the material strain rate tensor and can be easily obtained in terms of
Fas

E=2C= 5(FTF + FTF). (4.97)
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X{,x;

Time=0

FIGURE 4.11 Rate of deformation.

The material strain rate tensor gives the current rate of change of the scalar
product in terms of the initial elemental vectors. Alternatively, it is often convenient
to express the same rate of change in terms of the current spatial vectors. For this
purpose, recall first from Section 4.4 that Equations (4.94a,b) can be inverted as

dX,=F e, dX,=F ldx,. (4.98a,b)

Introducing these expressions into Equation (4.96) gives the rate of change of the
scalar product in terms of dx; and dxs as

1d .
5 g7 (A1 - dao) = dwy - (F-TEFYdx,. (4.99)

The tensor in the expression on the right-hand side is simply the pushed-forward
spatial counterpart of E and is known as the rate of deformation tensor d, given as

d=¢.[El=F TEF'; E=¢'[d=FTdF. (4.100a,b)

A more conventional express1on for d emerges from the combination of Equa-
tions (4.92) for F and (4.97) for E to give, after simple algebra, the tensor d as the
symmetric part of [ as

d= %(l +17). (4.101)

Remark 4.6: A simple physical interpretation of the tensor d can be
obtained by taking dx; = dxs = dx, as shown in Figure 4.12, to give

1
ig(dm dx) = dzx - ddx. (4.102)
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FIGURE 4.12 Rate of change of length.

Expressing dx as dln, where n is a unit vector in the direction of dx, as
shown in Figure 4.12, gives

1d

5 () = dl’n-dn, (4.103)

which, noting that d(dl?)/dt = 2dl d(dl)/dt, finally yields

(4.104)

Hence the rate of deformation tensor d gives the rate of extension per unit
current length of a line element having a current direction defined by n. In
particular, for a rigid body motion d = 0.

Remark 4.7: Note that the spatial rate of deformation tensor d is not the
material derivative of the Almansi or spatial strain tensor e introduced in
Section 4.5. Instead, d is the push-forward of E, which is the derivative with
respect to time of the pull-back of e, that is,

d= g, [jt(cb:l[eb]- (4.105)

This operation is illustrated in Figure 4.13. It is known as the Lie derivative
of a tensor quantity over the mapping ¢ and is generally expressed as

Lylg] = ¢ [jt(d): 1[9])} : (4.106)
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FIGURE 4.13 Lie derivative.

413 SPIN TENSOR

The velocity gradient tensor I can be expressed as the sum of the symmetric rate of
deformation tensor d plus an additional antisymmetric component w as

l=d+w, d'=d, w'=-w, (4.107)

where the antisymmetric tensor w is known as the spin tensor and can be
obtained as

w = %(l —1h). (4.108)

The terminology employed for w can be justified by obtaining a relationship
between the spin tensor and the rate of change of the rotation tensor R introduced
in Section 4.6. For this purpose, note that [ can be obtained from Equation (4.93),
thereby enabling Equation (4.108) to be rewritten as

w = %(FF*1 —FTF"). (4.109)
Combining this equation with the polar decomposition of F' and its time deriva-
tive as

F = RU, (4.110a)

F =RU + RU (4.110b)

yields, after some simple algebra, w as
1 . . 1. . .
w=(RR" - RR") + SRUUT —UTO)R. @.111)

Finally, differentiation with respect to time of the expression RR! = I easily
shows that the tensor RRT is antisymmetric, that is,

RR' = —RR", 4.112)

thereby allowing Equation (4.111) to be rewritten as

. 1 . .
w=RR" + 51%(UU—1 ~-U'U)R". (4.113)
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The second term in the above equation vanishes in several cases for instance, rigid
body motion. A more realistic example arises when the principal directions of
strain given by the Lagrangian triad remain constant; such a case is the defor-
mation of a cylindrical rod. Under such circumstances U can be derived from
Equation (4.31) as

3
U=) MN.®N,. (4.114)

a=1

Note that this implies that U has the same principal directions as U. Expressing
the inverse stretch tensor as U ! = 22:1 MIN,® N, gives

3
UU ' => M ANa®@N,=U'U. (4.115)

a=1

Consequently, the spin tensor w becomes
w = RR". (4.116)

Often the spin tensor w is physically interpreted in terms of its associated
angular velocity vector w (see Section 2.2.2), defined as

W1 = w32 = —W23, 4.117a)
Wy = W13 = —W31, (4117]3)
W3 = W21 = —wWi2, 4.117¢)

so that, in the case of a rigid body motion where I = w, the incremental or relative
velocity of a particle ¢ in the neighborhood of particle p shown in Figure 4.14 can
be expressed as

dv=wdx = w X dx. (4.118)

p

FIGURE 4.14 Angular velocity vector.
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Remark 4.8: In the case of a constant Lagrangian triad, useful equations
similar to (4.114) can be obtained for the material strain rate tensor E by
differentiating Equation (4.45) with respect to time to give

3
. 1dN\2
E=) 57 Na®Na. (4.119)

Furthermore, pushing this expression forward to the spatial configuration
with the aid of Equations (4.100a,b), and (4.44b) enables the rate of defor-
mation tensor to be expressed in terms of the time rate of the logarithmic
stretches as

ng ®ng. (4.120)

In general, however, the Lagrangian triad changes with time, and both the
material strain rate and rate of deformation tensors exhibit off-diagonal terms
(that is, shear terms) when expressed in the corresponding material and spa-
tial principal axes. The general equation for E is easily obtained from Equa-

tion (4.45) as
2142
=) ~“*N,®N, 2(IN\@Ny+ N, ®N
D5 g Na® +Z “N(No®No+No®No),
a=1 a= 1
(4.121)
where time differentiation of the expression N,+-Ng = 0,3 to give

N,-N g = -N 3+ N, reveals that the rate of change of the Lagrangian
triad can be expressed in terms of the components of a skew symmetric
tensor W as

3
No =) WasNg Wap=—Wpa. (4.122)
=1

Substituting this expression into Equation (4.121) gives

S 1dx?
25WN ® N, +a;1 Waﬁ)‘ ~ M) Na® N
a#p3

(4.123)

This equation will prove useful in Chapter 6 when we study hyperelastic
materials in principal directions, where it will be seen that an explicit deriva-
tion of W, is unnecessary.
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4.14 RATE OF CHANGE OF VOLUME

The volume change between the initial and current configuration was given in
Section 4.7 in terms of the Jacobian J as

dv=JdV; J=detF. (4.124)

Differentiating this expression with respect to time gives the material rate of change
of the volume element as* (Figure 4.15)

d : J

The relationship between time and directional derivatives discussed in Sec-
tion 4.11.3 can now be used to enable the material rate of change of the Jacobian
to be evaluated as

J = DJ[v]. (4.126)

Recalling Equations (4.76) and (4.77) for the linearized volume change D.J[u]
gives a similar expression for J, where now the linear strain tensor € has been
replaced by the rate of deformation tensor d to give

J = Jtrd. (4.127)
Alternatively, noting that the trace of d is the divergence of v gives

J = Jdivo. (4.128)

X303 Time=1+dr

X1, x .: av :\

FIGURE 4.15 Material rate of change of volume.

¥ Note that the spatial rate of change of the volume element is zero, that is, d(dv) /8t = 0.
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An alternative equation for J can be derived in terms of the material rate
tensors C' or E from Equations (4.127), (4.100a,b), and (4.97) to give

J = Jtrd
= Ju(F-TEF™)
= Ju(C'E)
—JC': E
= %Jc—1 : C. (4.129)

This alternative expression for J is used later, in Chapter 6, when we consider the
important topic of incompressible elasticity.

Finally, taking the material derivative of Equation (4.59) for the current density
enables the conservation of mass equation to be written in a rate form as

d
d—f + pdive = 0. (4.130)

Alternatively, expressing the material rate of p in terms of the spatial rate dp/0t
using Equation (4.84) gives the continuity equation in a form often found in the
fluid dynamics literature as

ap . -
i div (pv) = 0. (4.131)

4.15 SUPERIMPOSED RIGID BODY MOTIONS
AND OBJECTIVITY

An important concept in solid mechanics is the notion of objectivity. This concept
can be explored by studying the effect of a rigid body motion superimposed on
the deformed configuration as seen in Figure 4.16. From the point of view of an
observer attached to and rotating with the body, many quantities describing the
behavior of the solid will remain unchanged. Such quantities, for example the dis-
tance between any two particles and, among others, the state of stresses in the body,
are said to be objective. Although the intrinsic nature of these quantities remains
unchanged, their spatial description may change. To express these concepts in a
mathematical framework, consider an elemental vector d.X in the initial configu-
ration that deforms to da and is subsequently rotated to da as shown in Figure 4.16.
The relationship between these elemental vectors is given as

dz = Qdx = QFdX, (4.132)

where @ is an orthogonal tensor describing the superimposed rigid body rotation.
Although the vector d is different from dz, their magnitudes are obviously equal.
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X3,x3

Time=0 7

FIGURE 4.16 Superimposed rigid body motion.

In this sense it can be said the dx is objective under rigid body motions. This defi-
nition is extended to any vector a that transforms according to @ = Qa. Velocity is
an example of a non-objective vector because differentiating the rotated mapping
¢ = Q¢ with respect to time gives

0¢
ot
_ 099 ¢
= QE +Qo

= Qv+ Qé. (4.133)

V=

Obviously, the magnitudes of v and v are not equal as a result of the presence of
the term Qd), which violates the objectivity criteria.

For the purpose of extending the definition of objectivity to second-order ten-
sors, note first from Equation (4.132) that the deformation gradients with respect
to the current and rotated configurations are related as

F = QF. (4.134)
Using this expression together with Equations (4.15) and (4.18b) shows that mate-

rial strain tensors such as C' and E remain unaltered by the rigid body motion.
In contrast, introducing Equation (4.132) into Equations (4.17) and (4.19b) for b

and e gives
b = QbQ"; (4.1352)
é = QeQ". (4.135b)
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Note that, although e # e, Equation (4.19a) shows that they both express the same
intrinsic change in length given by

1
5(dz2 —dL?) = dx - edx = di - & dx. (4.136)

In this sense, e and any tensor, such as b, that transforms in the same manner are
said to be objective. Clearly, second-order tensors such as stress and strain that are
used to describe the material behavior must be objective. An example of a non-
objective tensor is the frequently encountered velocity gradient tensor [ = FF1.
The rotated velocity gradient = F(F )~! can be evaluated using Equation (4.134)
to give

1=QIQ" +QQ". (4.137)

Again, it is the presence of the second term in the above equation that renders
the spatial velocity gradient non-objective. Fortunately, it transpires that the rate
of deformation tensor d is objective. This is easily demonstrated by writing the
rotated rate of deformation d in terms of [ as

~ 1~ =T 1 . T

d=5(+1)=QdQ" +5(QQ" +QQ"). (4.138)
Observing that the term in brackets is the time derivative of QQ" = I and is con-
sequently zero shows that the rate of deformation satisfies Equation (4.135) and is
therefore objective.

Exercises

1. (a) For the uniaxial strain case find the engineering, Green, and Almansi
strains in terms of the stretch A.
(b) Using these expressions show that when the engineering strain is small,
all three strain measures converge to the same value (see Chapter 1, Equa-
tions (1.6) and (1.8)).

2. A continuum body (see Figure (4.17)) undergoes a rigid body rotation 6 about
the origin defined by

cos —sinf

z=RX:; R= , (4.139)

sin 0 cosf

where R is a rotation matrix. In other words, material point P (X7, X>)
rotates to spatial point p(x1, z2).

(a) Demonstrate why the engineering or small strain tensor € is not a valid
measure of strain when the rotation 8 is large.

(b) Demonstrate that Green’s strain E is a valid measure of strain for the
above motion regardless of the magnitude of 6.
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FIGURE 4.17 Rigid body rotation.

3. A single four-node isoparametric element can be used to illustrate the mater-
ial and spatial coordinates used in finite deformation analysis.5 The non-
dimensional coordinates £ and 7 can be replaced by the material coordinates
X1 and X5 giving the resulting single square element with initial dimensions
2 x 2 and centered at X; = Xo = 0; see Figure 4.18. The shape functions
are employed to define the spatial coordinates & = (1, 22)” in terms of the
material coordinates X = (X1, X3)7 and &, = (z1,22)L, where =, con-
tains the spatial coordinates of nodes a = 1,4 in the deformed configuration.
Consequently the mapping x = ¢(X) is

T = gf)(X) = Nix1 + Noxos + N3xs + Nyxy, (4.140)
where
1 1
Ny = 4(1 -X1)(1-X2); Np= 1(1 + X1)(1 — Xa); (4.141a)

Ny= 11+ X)A+X): Ni= (01— X)(1+X).  @141b)

(@) For X = (0,0)7 and ¢, = (4,2)7, zo = (8,4)7, z3 = (6,8)7,
x4 = (4,6)7T, find the deformation gradient F' and Green’s strain E.

(b) Find the principal stretches A\; and A2 and the corresponding principal
material and spatial unit vectors IN1, N9 and n1, ng respectively.

(c) Using the above calculations show that Green’s strain tensor can be
expressed in terms of the principal material directions as

1
E= (AT —=1)N1 @ N1+ (A3 — 1)N, ® N]. (4.142)

§ This example can be illustrated and calculated using the MATLAB program polar_decomposition.m,
which can be downloaded from the website www.flagshyp.com. This program can be used to explore the
deformation using user chosen spatial coordinates.
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y(x2)
~

| @ |

) i i i i i

x (x1)

FIGURE 4.18 Polar decomposition.

4. The finite deformation of a two-dimensional continuum from initial position
X = (X1, X2)7 to afinal configuration = (z1,x2)7 is given as

3 1
r1=4—-2X1 — Xo; $2:2+§X1—§X2. (4.143)

(a) Calculate the deformation gradient tensor F', the right Cauchy—Green
strain tensor C', and the left Cauchy—Green strain tensor b.

(b) Calculate the stretch undergone by a material unit material vector ag =
(2,2)" as aresult of the deformation.

(c) A pair of orthonormal material vectors by = (1,0)” and ¢y = (0,1)”
are subjected to the deformation process. Calculate the new angle formed
between these two vectors after deformation.

(d) Demonstrate whether the deformation is isochoric.

(e) Calculate the principal stretches A, and the principal material directions
N, witha=1,2.

(f) Calculate the principal spatial directions n,, with a = 1, 2.

5. (a) If the deformation gradients at times ¢ and ¢ + At are F; and Fyyay
respectively, show that the deformation gradient A F’ relating the incremental
motion from configuration att to t + At is AF = Fy a Fy L
(b) Using the deformation given in Example 4.5 with X = (0,0), t = 1,
At = 1, show that AF = Fy A F, Lis correct by pushing forward the
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EXERCISES 135

initial vector G = [1,1]7 to vectors g, and g;, 5, at times ¢ and ¢t + At
respectively, and checking that g, , o, = AFg,.
(c) Using the deformation given in Example 4.5 with X = (0,0) and ¢ = 1,
calculate the velocity gradient I and the rate of deformation d.

6. Using Equation (4.68) prove that the area ratio can be alternatively
expressed as

@:J\/N-C_lN.

dA
7. Consider the planar (1-2) deformation for which the deformation gradient is

Fi1 Fia O
F = F21 F22 0 )
0 0 A3

where A3 is the stretch in the thickness direction normal to the plane (1-2).
If dA and da are the elemental areas in the (1-2) plane and H and h the
thicknesses before and after deformation, show that

5—; =j and h=H j,
where j = det(Fy,), k,1 =1,2.
8. Using Figure 4.4 as a guide, draw a similar diagram that interprets the polar
decomposition Equation (4.34), de = V (RdX).
9. Show that the condition for an elemental material vector dX = INdL to
exhibit zero extension is N - CIN = 1, where C = FTF.
10. Prove Equation (4.44b), that is,

_ 1
F TNa:Ena.
11. The motion of a body at time ¢ is given by
1t 2
x=F(t)X; Fit)y=1|+¢ 1 t |;
t 21
-1 t 0
O p— 0 1 1
(t* —1)
t 0 -1

Find the velocity of the particle (a) initially at X = (1,1,1) at time ¢ = 0
and (b) currently at z = (1,1,1) at time ¢t = 2. Using J = dv/dV, show that
at time £ = 1 the motion is not realistic.
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12. For a pure expansion the deformation gradient is F' = oI, where « is a scalar.
Show that the rate of deformation is

d="2r1.
(@]

13. Show that at the initial configuration (F' = I) the linearization of C in the
direction of a displacement u is

DClu] = 2¢' =2[e — %(tre)I].
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CHAPTER FIVE

STRESS AND EQUILIBRIUM

5.1 INTRODUCTION

This chapter will introduce the stress and equilibrium concepts for a deformable
body undergoing a finite motion. Stress is first defined in the current configuration
in the standard way as force per unit area. This leads to the well-known Cauchy
stress tensor as used in linear analysis. We will then derive the differential equa-
tions enforcing translational and rotational equilibrium and the equivalent principle
of virtual work.

In contrast to linear small displacement analysis, stress quantities that refer
back to the initial body configuration can also be defined. This will be achieved
using work conjugacy concepts that will lead to the Piola—Kirchhoff stress tensors
and alternative equilibrium equations. Finally, the objectivity of several stress rate
tensors is considered.

5.2 CAUCHY STRESS TENSOR

5.2.1 Definition

Consider a general deformable body at its current position as shown in Figure 5.1.
In order to develop the concept of stress it is necessary to study the action of the
forces applied by one region [?; of the body on the remaining part Ry of the
body with which it is in contact. For this purpose consider the element of area
Aa normal to n in the neighborhood of spatial point p. If the resultant force
on this area is Ap, the traction vector ¢ corresponding to the normal n at p is
defined as

t(n) = lim A—, (5.1)

137
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138 STRESS AND EQUILIBRIUM

X3

X1

FIGURE 5.1 Traction vector.

where the relationship between ¢ and 72 must be such that it satisfies Newton’s third
law of action and reaction, which is expressed as (see Figure 5.1)

t(—n) = —t(n). (5.2)

To develop the idea of a stress tensor, let the three traction vectors associated
with the three Cartesian directions e, ez, and e3 be expressed in a component
form as (Figure 5.2)

t(e1) = oner +o21€2 + o31€3; (5.3a)
t(e2) = o12e1 + 02€2 + 032€3; (5.3b)
t(es3) = o13e1 + 023ea + o33e3. (5.3¢)

FIGURE 5.2 Stress components.
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5.2 CAUCHY STRESS TENSOR 139

Although the general equilibrium of a deformable body will be discussed in
detail in the next section, a relationship between the traction vector ¢ correspond-
ing to a general direction n and the components o;; can be obtained only by
studying the translational equilibrium of the elemental tetrahedron shown in Fig-
ure 5.3. Letting f be the force per unit volume acting on the body at point p (which
in general could also include inertia terms), the equilibrium of the tetrahedron is
given as

3
t(n)da+ > t(—e;)da; + fdv =0, (5.4)
=1

where da; = (n - e;) da is the projection of the area da onto the plane orthogonal
to the Cartesian direction ¢ (see Figure 5.3) and dv is the volume of the tetrahe-
dron. Dividing Equation (5.4) by da, recalling Newton’s third law, using Equations
(5.3a—c), and noting that dv/da — 0 gives

_ ydag g dv
t(n) = —j;t(—ea) 1w
= tlej) (n-e))
j=1
3
= Z alj(e] . ’I'l) €;. (55)
3,j=1

Observing that (e; - n)e; can be rewritten in terms of the tensor product as
(ei ® ej)n gives

t (n)

t(—ey)

FIGURE 5.3 Elemental tetrahedron.
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140 STRESS AND EQUILIBRIUM

aij(ej . ’I’L) €;

=
g
I
.Mw

i,7=1
3

= Uij (ei ® ej)n

ij=1
3

= Z Ul-j(e,- ® ej) n, (56)
ij=1

which clearly identifies a tensor o, known as the Cauchy stress tensor, that relates
the normal vector 7 to the traction vector t as

3
t(n)=on; o= Z oijeQe;. (5.7a,b)
ij=1

EXAMPLE 5.1: Rectangular block under self-weight (i)

X1, x;

A simple example of a two-dimensional stress tensor results from the self-weight of
a block of uniform initial density pg resting on a frictionless surface as shown in the
figure above. For simplicity we will assume that there is no lateral deformation (in
linear elasticity this would imply that Poisson’s ratio v = 0).

Using the definition (5.1), the traction vector £ associated with the unit vertical
vector e, at an arbitrary point at height x5, initially at height X5, is equal to the
weight of material above an infinitesimal section divided by the area of this section.
This gives

(— fyh pg dxz) exdry
dl’l

t(ez) =

3

where g is the acceleration of gravity and A is the height of the block after deforma-
tion. The mass conservation Equation (4.57) implies that pdx1dxzs = podX1dXo,
which in conjunction with the lack of lateral deformation gives

t(e2) = pog(H — X2) €a.

(continued)
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5.2 CAUCHY STRESS TENSOR 141

EXAMPLE 5.1: (cont.)

Combining this equation with the fact that the stress components 015 and oy2 are
defined in Equation (5.3) by the expression t(es) = 012€1 + 092e5 gives 012 = 0
and o992 = —pog(H — X>). Using a similar process and given the absence of hori-
zontal forces, it is easy to show that the traction vector associated with the horizontal
unit vector is zero and consequently 017 = o2; = 0. The complete stress tensor in
Cartesian components is therefore

o] = [ 0 0 ] |
0 pog(X2—H)

The Cauchy stress tensor can alternatively be expressed in terms of its principal
directions 1, Mo, m3 and principal stresses o, for o = 1,2, 3 as

3
g = Zaaama®ma7 (5.8)

a=1

where from Equations (2.57a-b) the eigenvectors m,, and eigenvalues o, satisfy
OMy = TaaMa. (5.9)

In Chapter 6 we shall show that for isotropic materials the principal directions 1m,
of the Cauchy stress coincide with the principal Eulerian triad n,, introduced in
Chapter 4.

Note that o is a spatial tensor; equivalent material stress measures associated
with the initial configuration of the body will be discussed later. Note also that the
well-known symmetry of o has not yet been established. In fact this results from
the rotational equilibrium equation, which is discussed in the following section.

5.2.2 Stress Objectivity

Because the Cauchy stress tensor is a key feature of any equilibrium or material
equation, it is important to inquire whether o is objective as defined in Section 4.15.
For this purpose consider the transformations of the normal and traction vectors
implied by the superimposed rigid body motion @ shown in Figure 5.4 as

i@

~—

t(n); (5.10a)

Q
Qn. (5.10b)

S
Il
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142 STRESS AND EQUILIBRIUM

FIGURE 5.4 Superimposed rigid body motion.

Using the relationship between the traction vector and stress tensor given by Equa-
tion (5.7a,b), in conjunction with the above equation gives

&=QoQ". (5.11)

The rotation of o given by the above equation conforms with the definition of
objectivity given by Equation (4.135), and hence o is objective and a valid candi-
date for inclusion in a material description. It will be shown later that the material
rate of change of stress is not an objective tensor.

5.3 EQUILIBRIUM

5.3.1 Translational Equilibrium

In order to derive the differential static equilibrium equations, consider the spatial
configuration of a general deformable body defined by a volume v with bound-
ary area Jv as shown in Figure 5.5. We can assume that the body is under the
action of body forces f per unit volume and traction forces ¢ per unit area acting
on the boundary. For simplicity, however, inertia forces will be ignored, and there-
fore translational equilibrium implies that the sum of all forces acting on the body
vanishes. This gives

/ tda—l—/fdvzo. (5.12)
ov v

Using Equation (5.7a,b),, for the traction vector enables Equation (5.12) to be
expressed in terms of the Cauchy stresses as

/ anda—i—/fdv—O. (5.13)
ov v
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5.3 EQUILIBRIUM 143

X3,x3

Time=t¢
Xp.x
Xo.%p
Time=0
FIGURE 5.5 Equilibrium.

The first term in this equation can be transformed into a volume integral by using
the Gauss theorem in Equation (2.139) to give

/(diva + f)dv =0, (5.14)

v

where the vector div o is defined in Section 2.4.1. The fact that the above equation
can be equally applied to any enclosed region of the body implies that the integrand
function must vanish, that is,

dive + f=0. (5.15)

EXAMPLE 5.2: Rectangular block under self-weight (ii)

It is easy to show that the stress tensor given in Example 5.1 satisfies the equilibrium
equation. For this purpose, note first that in this particular case the forces f per unit
volume are f = —pges or, in component form,

m—[ 0 ]
—pg

Additionally, using the definition (2.134), the two-dimensional components of the
divergence of o are

80’11 m
[divo-]:[ on t o ]:l U ]’

80’21 6022 dX2
oxq + Pog dxo

8902

which combined with the mass conservation equation pdxidzs = podX1dX, and
the lack of lateral deformation implies that Equation (5.14) is satisfied.
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144 STRESS AND EQUILIBRIUM

This equation is known as the local (that is, pointwise) spatial equilibrium
equation for a deformable body. In anticipation of situations during a solution pro-
cedure in which equilibrium is not yet satisfied, the above equation defines the
pointwise out-of-balance or residual force per unit volume 7 as

r=divo + f. (5.16)

5.3.2 Rotational Equilibrium

Thus far the well-known symmetry of the Cauchy stresses has not been established.
This is achieved by considering the rotational equilibrium of a general body, again
under the action of traction and body forces. This implies that the total moment of
body and traction forces about any arbitrary point, such as the origin, must vanish,
that is,

/azxtda—i—/wxfdv—ﬂ, (5.17)
ov v

where it should be recalled that the cross product of a force with a position vector
x yields the moment of that force about the origin. Equation (5.7a,b), for the trac-
tion vector in terms of the Cauchy stress tensor enables the above equation to be
rewritten as

/ mx(an)da—l—/mxfdvzo. (5.18)
Ov

v

Using the Gauss theorem and after some algebra, the equation becomes*

/wx(diva)dv+/€:aTdv—i—/a:dev:O, (5.19)

v
where £ is the third-order alternating tensor, defined in Section 2.2.4 (£, = 1 if
the permutation {4, j, k} is even, —1 if it is odd, and O if any indices are repeated),

so that the vector € : o7 is

032 — 023
.ol —
E:0 = 013 — 031 . (520)
021 — 012

* To show this it is convenient to use indicial notation and the summation convention whereby repeated indices
imply addition. Equation (2.136) then gives

o
/ EijkT ORI da:/—(&jk;rjakl)dv
v v a:El
/5 9oui 4 +/5 d
= iikTqj v iikOk4 QU
Y Jki D, Y JkOkj

= /($ X diva)idv—&-/(E : o1 dv.
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5.4 PRINCIPLE OF VIRTUAL WORK 145

Rearranging terms in Equation (5.19) to take into account the translational equilib-
rium Equation (5.15) and noting that the resulting equation is valid for any enclosed
region of the body gives

E:0" =0, (5.21)

which, in view of Equation (5.20), clearly implies the symmetry of the Cauchy
stress tensor o.

5.4 PRINCIPLE OF VIRTUAL WORK

Generally, the finite element formulation is established in terms of a weak form
of the differential equations under consideration. In the context of solid mechanics
this implies the use of the virtual work equation. For this purpose, let v denote
an arbitrary virtual velocity from the current position of the body as shown in
Figure 5.6. The virtual work dw per unit volume and time done by the residual
force r during this virtual motion is 7 - v, and equilibrium implies

dw=r-0v=0. (5.22)

Note that the above scalar equation is fully equivalent to the vector equation r = 0.
This is because du is arbitrary, and hence by choosing §v = [1,0,0]7, followed by
dv = [0,1,0]7 and §v = [0,0,1]7, the three components of the equation » = 0
are retrieved. We can now use Equation (5.16) for the residual vector and integrate
over the volume of the body to give a weak statement of the static equilibrium of
the body as

X3,x3

v \

Time=1¢

X|,x
X1
X5.x,

Time=0

FIGURE 5.6 Principle of Virtual Work.
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146 STRESS AND EQUILIBRIUM

oW = /(diva’ + f)-dvdv=0. (5.23)

The virtual work term §W is a function of the mapping x = ¢(X, t) between the
initial and current particle positions given by Equation (4.1) and should strictly be
written as 0W (¢, dv). While essential for the development of variational methods
discussed in Chapter 8, 61 suffices for this chapter.

A more common and useful expression can be derived by recalling prop-
erty (2.135e) to give the divergence of the vector odv as

div(odv) = (dive) - dv + o : Viv. (5.24)

Using this equation together with the Gauss theorem enables Equation (5.23) to be
rewritten as

/ n-a’dvda—/a:Vdvdv—&—/f-évdvzo. (5.25)
ov v v

The gradient of dv is, by definition, the virtual velocity gradient 1. Additionally,
we can use Equation (5.7a,b), for the traction vector and the symmetry of o to
rewrite . - odv as dv - t, and consequently Equation (5.24) becomes

/a:5ldv:/f-5vdv+/ t-dvda. (5.26)
v v v

Finally, expressing the virtual velocity gradient in terms of the symmetric virtual
rate of deformation dd and the antisymmetric virtual spin tensor Jw, and taking
into account again the symmetry of o, gives the spatial virtual work equation as

5W=/0:5ddv—/f-5’vdv—/ t-dvda=0. 5.27)
v v ov

This fundamental scalar equation states the equilibrium of a deformable body and
will become the basis for the finite element discretization.

55 WORK CONJUGACY AND ALTERNATIVE STRESS
REPRESENTATIONS

5.5.1 The Kirchhoff Stress Tensor
In Equation (5.27) the internal virtual work done by the stresses is expressed as
OWint = /a s od dv. (5.28)
v

Pairs such as o and d in this equation are said to be work conjugate with respect
to the current deformed volume in the sense that their product gives work per unit
current volume. By expressing the virtual work equation in the material coordinate
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55 WORK CONJUGACY AND STRESS REPRESENTATIONS 147

system, alternative work conjugate pairs of stresses and strain rates will emerge.
To achieve this objective, the spatial virtual work Equation (5.27) is first expressed
with respect to the initial volume and area by transforming the integrals using
Equation (4.57) for dv to give

/Ja:éddV:/f0-5vdV+/ to-dvdA, (5.29)
1% 1% ov

where f, = J f is the body force per unit undeformed volume and ¢ty = t(da/dA)
is the traction vector per unit initial area, where the area ratio can be obtained after
some algebra from Equation (4.68) or Exercise 6 in Chapter 4 as

da J
=~ __“Y _JVvN-C'N. 5.30
dA vn-bn ( )

The internal virtual work given by the left-hand side of Equation (5.29) can be
expressed in terms of the Kirchhoff stress tensor T as

OWint = / T:0ddV; T=Jo. (5.31a,b)
1%

This equation reveals that the Kirchhoff stress tensor 7 is work conjugate to the
rate of deformation tensor with respect to the initial volume. Note that the work
per unit current volume is not equal to the work per unit initial volume. However,
Equation (5.31a,b), and the relationship p = po/J ensure that the work per unit
mass is invariant and can be equally written in the current or initial configuration as

1 1
—o:d=—T:d. (5.32)
P Po

5.5.2 The First Piola—Kirchhoff Stress Tensor

The crude transformation that resulted in the internal virtual work given above is
not entirely satisfactory because it still relies on the spatial quantities T and d.
To alleviate this lack of consistency, note that the symmetry of o together with
Equation (4.93) for ! in terms of F and the properties of the trace gives

5I/Vim:/ Jo : 5ldV
14
:/ Jo: (0FF~Yadv
14
— [ wPtask)av
.
= / (JoF 1) :6FdV. (5.33)
\%4
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148 STRESS AND EQUILIBRIUM

We observe from this equality that the stress tensor work conjugate to the rate of the
deformation gradient F' is the so-called first Piola—Kirchhoff stress tensor given as

P=JoF T, (5.34a)

Note that, like F', the first Piola—Kirchhoff tensor is an unsymmetric two-point
tensor with components given as

3 3
P=) Pie®E; Pr=>» Jo(F ') (5.34b,c)
i,I=1 j=1

We can now rewrite the equation for the Principle of Virtual Work in terms of the
first Piola—Kirchhoff tensor as

/P:(SFdV—/fO-(SvdV—i—/ to - ov dA. (5.35)
1% 1% ov

Additionally, if the procedure employed to obtain the virtual work Equation (5.27)
from the spatial differential equilibrium Equation (5.24) is reversed, an equivalent
version of the differential equilibrium equation is obtained in terms of the first
Piola—Kirchhoff stress tensor as

ro=Jr =DIVP + f, =0, (5.36)
where DIV P is the divergence of P with respect to the initial coordinate system,
given as

oP
DIVP =WP : I, WP = X (5.37)

Remark 5.1: It is instructive to re-examine the physical meaning of the
Cauchy stresses and thence the first Piola—Kirchhoff stress tensor. An ele-
ment of force dp acting on an element of area da = mda in the spatial
configuration can be written as

dp = tda = oda. (5.38)

Broadly speaking, the Cauchy stresses give the current force per unit
deformed area, which is the familiar description of stress. Using Equa-
tion (4.68) for the spatial area vector, dp can be rewritten in terms of the
undeformed area corresponding to da to give an expression involving the
first Piola—Kirchhoff stresses as

dp = JoF TdA = PdA. (5.39)
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55 WORK CONJUGACY AND STRESS REPRESENTATIONS 149

This equation reveals that P, like F, is a two-point tensor that relates an area
vector in the initial configuration to the corresponding force vector in the
current configuration, as shown in Figure 5.7. Consequently, the first Piola—
Kirchhoff stresses can be loosely interpreted as the current force per unit of
undeformed area.

X3,x3

Time=0 Time=1¢

FIGURE 5.7 Interpretation of stress tensors.

EXAMPLE 5.3: Rectangular block under self-weight (iii)

Using the physical interpretation for P given in Remark 5.1 we can find the
first Piola—Kirchhoff tensor corresponding to the state of stresses described in
Example 5.1. For this purpose note first that dividing Equation (5.39) by the cur-
rent area element da gives the traction vector associated with a unit normal IV in the
initial configuration as

dA
t(N)=PN—.
(V) Ta
Using this equation with N = E for the case described in Example 5.1 where the
lack of lateral deformation implies da = dA gives

t(E,) = PE,

2
> Pi(e; ® E[)E,

i,I=1

Pise; + Poes.

(continued)
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150 STRESS AND EQUILIBRIUM

EXAMPLE 5.3: (cont.)

Combining the final equation with the fact that t(E5) = t(e2) = —pog(H — X3)es
as explained in Example 5.1, we can identify Pjo = 0 and Pyy = pog(Xo — H).
Using a similar analysis for ¢(E) eventually yields the components of P as

P] = [0 0 ] ,
0 pog(Xo — H)

which for this particular example coincide with the components of the Cauchy stress
tensor. In order to show that the above tensor P satisfies the equilibrium Equa-
tion (5.37), we first need to evaluate the force vector f, per unit initial volume
as
dv
v
dv
—pa
= —Pogeéz.

fozf

gez

Combining this expression with the divergence of the above tensor P immediately
leads to the desired result.

5.5.3 The Second Piola-Kirchhoff Stress Tensor

The first Piola-Kirchhoff tensor P is an unsymmetric two-point tensor and as such
is not completely related to the material configuration. It is possible to contrive
a totally material symmetric stress tensor, known as the second Piola—Kirchhoff
stress S, by pulling back the spatial element of force dp from Equation (5.39) to
give a material force vector dP (Figure 5.7) as

dP = ¢, dp] = F~ldp. (5.40)

Substituting from Equation (5.39) for dp gives the transformed force in terms of
the second Piola—Kirchhoff stress tensor S and the material element of area dA as

dP=8SdA; S=JF 'oF 7. (5.41a,b)

It is now necessary to derive the strain rate work conjugate to the second Piola—
Kirchhoff stress in the following manner. From Equation (4.100a,b),, it follows that
the material and spatial virtual rates of deformation are related as

od=F TsEF. (5.42)

Substituting this relationship into the internal virtual work Equation (5.28) gives
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55 WORK CONJUGACY AND STRESS REPRESENTATIONS 151

Wint = /0 :oddv
= / Jo: (FT6EF1)dv
1%
= / tr(F Y JoeF~T§E)dV
14
= / S:06EdV, (5.43)
.

which shows that S is work conjugate to E and enables the material virtual work
equation to be alternatively written in terms of the second Piola—Kirchhoff tensor as

/S:(SEdV:/fo-évdV+/ to - dv dA. (5.44)
|4 14 ov

For completeness the inverse of Equations (5.34a) and (5.41b) is given as

o=J'PFT, o=J'FSFT. (5.45a,b)

Remark 5.2: Applying the pull-back and push-forward concepts to the
Kirchhoff and second Piola—Kirchhoff tensors yields

S=F1rFT=¢ 7, 7=FSF!=¢.[S] (5.46a,b)

from which the second Piola—Kirchhoff and the Cauchy stresses are related as

S =Jp o], o=J1¢.S]. (5.47a,b)

In the above equation S and o are related by the so-called Piola transforma-
tion, which involves a push-forward or pull-back operation combined with
the volume scaling J.

Remark 5.3: A useful interpretation of the second Piola—Kirchhoff stress
can be obtained by observing that in the case of rigid body motion the polar
decomposition given by Equation (4.27) indicates that F' = R and J = 1.
Consequently, the second Piola—Kirchhoff stress tensor becomes

S=R"oR. (5.48)

Comparing this equation with the transformation Equations (2.42) given in
Section 2.2.2, it transpires that the second Piola—Kirchhoff stress components
coincide with the components of the Cauchy stress tensor expressed in the
local set of orthogonal axes that results from rotating the global Cartesian
directions according to R.
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152 STRESS AND EQUILIBRIUM

EXAMPLE 5.4: Independence of S from Q

A useful property of the second Piola—Kirchhoff tensor S is its independence from
possible superimposed rotations @ on the current body configuration. To prove this,
note first that because ¢ = Q¢, then F' = QF and J = J. Using these equations
in conjunction with the objectivity of o as given by Equation (5.11) gives
S=JFt¢F 7T
=JF'Q"QoQ"QF "
=S.

X3,X3 e

EXAMPLE 5.5: Biot stress tensor

Alternative stress tensors work conjugate to other strain measures can be contrived.
For instance, the material stress tensor 7" work conjugate to the rate of the stretch ten-
sor U is associated with the name of Biot. In order to derive a relationship between
T and S, note first that differentiating the equations UU = C and 2E = C — I
with respect to time gives

E=1UU+UU).
With the help of this relationship we can express the internal work per unit of initial
volume as

S:E=8: %(UU—FUU)
tr(SUU + SUU)
tr(SUU + USU)

(SU+US) : U,

Nl= N= N

(continued)
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55 WORK CONJUGACY AND STRESS REPRESENTATIONS 153

EXAMPLE 5.5: (cont.)

and therefore the Biot tensor work conjugate to the stretch tensor is
T = %(S U+US).

Using the polar decomposition and the relationship between S and P, namely,
P = F'S, an alternative equation for T" emerges as

T = L{(R"P + P'R).

1
2

5.5.4 Deviatoric and Pressure Components

In many practical applications such as metal plasticity, soil mechanics, and biome-
chanics, it is physically relevant to isolate the hydrostatic pressure component p
from the deviatoric component o’ of the Cauchy stress tensor as

1 1

oc=0c +pI; p= gtra' = gcr : I (5.49a,b)
where the deviatoric Cauchy stress tensor o’ satisfies tra’ = 0.

Similar decompositions can be established in terms of the first and second
Piola—Kirchhoff stress tensors. For this purpose, we simply substitute the above
decomposition into Equations (5.34a) for P and (5.41a,b), for S to give

P=P +pJjF T, P =JFT, (5.50a)

S=8+pjCct, S =JFle'FT. (5.50b)
The tensors S’ and P’ are often referred to as the true deviatoric components of S
and P. Note that, although the trace of o’ is zero, it does not follow that the traces
of S’ and P’ must also vanish. In fact, the corresponding equations can be obtained
from Equations (5.50a-b) and properties (2.50) and (2.51) of the trace and double
contractions as

Sl . C = 0’ (5513)

P :F=0. (5.51b)
The above equations are important as they enable the hydrostatic pressure p to be
evaluated directly from either S or P as

J 1P : F; (5.52a)
J1ls:cC. (5.52b)
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154 STRESS AND EQUILIBRIUM

Proof of the above equations follows rapidly by taking the double contractions of
(5.50a) by F' and (5.50b) by C.

EXAMPLE 5.6: Proof of Equation (5.51a)
Equation (5.51a) is easily proved as follows:
S':C=JF'oe'FT):C
= Ju(F'e’'FTC)
= Ju(c'F~T'FTFF™)
= Jtro’

=0.

A similar procedure can be used for (5.51b).

5.6 STRESS RATES

In Section 4.15 objective tensors were defined by imposing that under rigid body
motions they transform according to Equation (4.135). Unfortunately, time differ-
entiation of Equation (5.11) shows that the material time derivative o of the stress
tensor fails to satisfy this condition as

&=Q5Q" + QoQT + Qo Q. (5.53)

Consequently, & # Q& Q" unless the rigid body rotation is not a time-dependent
transformation. Many rate-dependent materials, however, must be described in
terms of stress rates and the resulting constitutive models must be frame-
indifferent. It is therefore essential to derive stress rate measures that are objective.
This can be achieved in several ways, each leading to a different objective stress
rate tensor. The simplest of these tensors is due to Truesdell and is based on the fact
that the second Piola—Kirchhoff tensor is intrinsically independent of any possible
rigid body motion. The Truesdell stress rate o° is thus defined in terms of the Piola
transformation of the time derivative of the second Piola—Kirchhoff stress as

o°=J'¢.[8]=J'F %(JF’lo'F’T) FT. (5.54)
The time derivatives of F'~! in the above equation can be obtained by differentiat-
ing the expression F F~! = I and using Equation (4.93) to give

d

CR=F (5.55)
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5.6 STRESS RATES 165

which combined with Equation (4.127) for J gives the Truesdell rate of stress as
0°=6—lo—ol’ + (irl)o. (5.56)
The Truesdell stress rate tensor can be reinterpreted in terms of the Lie deriva-
tive of the Kirchhoff stresses as
Jo° = Ly[T]. (5.57)

In fact, this expression defines what is known as the Truesdell rate of the Kirchhoff
tensor 7° = Jo°, which can be shown from Equation (5.56) or Equation (5.57)
to be

=7 —1r -7l (5.58)
Alternative objective stress rates can be derived in terms of the Lie derivative
of the Cauchy stress tensor to give the Oldroyd stress rate o® as
o° = Lylo]
=F [C‘;(F—laF—T)] FT
=6 —lo—all. (5.59)
If the pull-back—push-forward operations are performed with F7 and F~7 respec-

tively, the resulting objective stress rate tensor is the convective stress rate o®,
given as

d

o°=FT |:(FT0'F):| F!
dt

= +1'o+ol (5.60)

A simplified objective stress rate can be obtained by ignoring the stretch com-

ponent of F' in Equations (5.54), (5.59), or (5.60), thus performing the pull-back

and push-forward operations using only the rotation tensor R. This defines the

so-called Green—Naghdi stress rate o, which with the help of Equation (4.112)
is given as
d
ol = R[dt(RTaR)] RT
=6 +0RR" - RR'o. (5.61)
Finally, if the antisymmetric tensor RRT is approximated by the spin tensor w

(see Equation (4.116)), the resulting objective stress rate is known as the Jaumann
stress rate:

oV =0+ ow—wo. (5.62)

Irrespective of the approximations made to arrive at the above definitions of o
and oV, they both remain objective even when these approximations do not apply.
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156 STRESS AND EQUILIBRIUM

EXAMPLE 5.7: Objectivity of o°

The objectivity of the Truesdell stress rate given by Equation (5.56) can be proved
directly without referring back to the initial configuration. For this purpose recall
first Equations (5.11), (5.53), and (4.137) as

& =QoQ";
&=QoQ" +QoQ" +QoQ’;
1=QQ" +QIQ™;

and note that because JJ = .J then trl = trl. With the help of the above equations, the
Truesdell stress rate on a rotated configuration ° emerges as

5° =605 —&0 + ()

=Q5Q" + QoQ” +QoQ' — (QQ" +QIQT)QsQ”
-QoQ"(QQ" +QIQ") + (1)QrQ"

=QoQ" - QloQ" - QolQ" + (1)QoQ”
=Qo°Q",

and is therefore objective.

Exercises

1. A three-dimensional finite deformation of a continuum from an initial configu-
ration X = (X1, Xo, X3)7 to a final configuration = (21, 79, 23)7 is given
as

a:l(X) =5— 3X1 - XQ (5.6321)
)
l‘Q(X) =2+ ZXI - 2X2.I’3(X) = X3. (5.63b)

In addition, the first Piola—Kirchhoff stress tensor is given by

X, X, 0
P=| o X, 0 |- (5.64)
0 0 Xj

(a) Determine whether the deformation is isochoric.
(b) Determine the value of « so that the stress tensor P satisfies rotational
equilibrium.
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EXERCISES 157

(c) Determine the body force field f per unit undeformed volume such that
the material differential equilibrium Equation (5.36) is satisfied.
2. The deformation of a body is described by

3
1= —-3X5; 19 = 5:51 ; 3 = X3; (5.65)

and the Cauchy stress tensor at a ceratin point in the spatial configuration is

0 2 0
o= 2 30 0 |- (5.66)
0 0 10

Determine the Cauchy traction vector ¢ = on and the first Piola—Kirchhoff
traction vector t©’X = PN acting on a plane characterized by the spatial out-
ward normal n. = (0,1,0)7.

3. A two-dimensional Cauchy stress tensor is given as

o=t QR n+an; Q ny,

where t is an arbitrary vector and n; and ny are orthogonal unit vectors.
(a) Describe graphically the state of stress.
(b) Determine the value of « (hint: o must be symmetric).

4. Using Equation (5.55) and a process similar to that employed in Example 5.5,
show that, with respect to the initial volume, the stress tensor II is work con-
jugate to the tensor H, where H=—F " andII = PC = JoF.

5. Using the time derivative of the equality CC ™! = I, show that the tensor
> = CSC = JFToF is work conjugate to %B, where B = —C~!. Find
relationships between T', 33, and II.

6. Prove Equation (5.51b), P’ : F = 0, using a procedure similar to Example 5.6.

7. Prove directly that the Jaumann stress tensor oV is an objective tensor, using
a procedure similar to Example 5.7.

8. Prove that if do; and dx, are two arbitrary elemental vectors moving with the
body (see Figure 4.2) then

%(dml . 0’d$2) = dar:l . Uodmg.
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CHAPTER SIX

HYPERELASTICITY

6.1 INTRODUCTION

The equilibrium equations derived in Chapter 5 are written in terms of the stresses
inside the body. These stresses result from the deformation of the material, and
it is now necessary to express them in terms of some measure of this deforma-
tion such as, for instance, the strain. These relationships, known as constitutive
equations, obviously depend on the type of material under consideration and may
be dependent on or independent of time. For example, the classical small strain
linear elasticity equations involving Young’s modulus and Poisson’s ratio are time-
independent, whereas viscous fluids are clearly entirely dependent on strain rate.

Generally, constitutive equations must satisfy certain physical principles. For
example, the equations must obviously be objective, that is, frame-invariant. In
this chapter the constitutive equations will be established in the context of a hyper-
elastic material, whereby stresses are derived from a stored elastic energy function.
Although there are a number of alternative material descriptions that could be intro-
duced, hyperelasticity is a particularly convenient constitutive equation, given its
simplicity, and it constitutes the basis for more complex material models such as
elastoplasticity, viscoplasticity, and viscoelasticity.

6.2 HYPERELASTICITY

Materials for which the constitutive behavior is only a function of the current state
of deformation are generally known as elastic. Under such conditions, any stress
measure at a particle X is a function of the current deformation gradient F' asso-
ciated with that particle. Instead of using any of the alternative strain measures
given in Chapter 4, the deformation gradient F', together with its conjugate first
Piola—Kirchhoff stress measure P, will be retained in order to define the basic
material relationships. Consequently, elasticity can be generally expressed as

158
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6.2 HYPERELASTICITY 159

P =P(F(X),X), 6.1)

where the direct dependency upon X allows for the possible inhomogeneity of the
material.

In the special case when the work done by the stresses during a deformation
process is dependent only on the initial state at time ¢y and the final configura-
tion at time ¢, the behavior of the material is said to be path-independent and the
material is termed hyperelastic. As a consequence of the path-independent behav-
ior and recalling from Equation (5.33) that P is work conjugate with the rate of
deformation gradient F, a stored strain energy function or elastic potential VU per
unit undeformed volume can be established as the work done by the stresses from
the initial to the current position as

t
U(F(X),X)= | P(F(X),X):Fdt; V=P:F. (6.2a,b)

to
Presuming that from physical experiments it is possible to construct the function

U (F, X) which defines a given material, then the rate of change of the potential
can be alternatively expressed as

3
U = E — F;j. 6.3
iJ:1aF“ ’ (©

Comparing this with Equation (6.2a,b), reveals that the components of the two-
point tensor P are

ov

Py = .
iJ anJ

(6.4)

For notational convenience this expression is rewritten in a more compact form as

P(F(X),X)= w (6.5)
oF
Equation (6.5) followed by Equation (6.2a,b) is often used as a definition of a
hyperelastic material.

The general constitutive Equation (6.5) can be further developed by recalling
the restrictions imposed by objectivity as discussed in Section 4.15. To this end,
U must remain invariant when the current configuration undergoes a rigid body
rotation. This implies that U depends on F' only via the stretch component U and
is independent of the rotation component R. For convenience, however, W is often
expressed as a function of C = U? = FT'F as

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 16:45:10, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.007



160 HYPERELASTICITY

U(F(X), X) = ¥(C(X), X). (6.6)

Observing that %C = E is work conjugate to the second Piola—Kirchhoff stress .S

enables a totally Lagrangian constitutive equation to be constructed in the same

manner as Equation (6.5) to give
oV

AN %s ¢ S(C(X), X)

L0 _ 0¥
e

6.3 ELASTICITY TENSOR

6.3.1 The Material or Lagrangian Elasticity Tensor

The relationship between S and C or E = %(C’ — I), given by Equation (6.7a,b)y,
will invariably be nonlinear. Within the framework of a potential Newton—Raphson
solution process, this relationship will need to be linearized with respect to an
increment w in the current configuration. Using the chain rule, a linear relation-
ship between the directional derivative of S and the linearized strain D E[u| can
be obtained, initially in a component form, as

d
DS[J[U] = —

I S[J(EKL[(,b—i-GuD

EKL[d) + eu]

K,L=1 e=0

=S 9 g ful. (6.8)

This relationship between the directional derivatives of S and E is more concisely
expressed as

DS[u] =C : DEJu], (6.9)

where the symmetric fourth-order tensor C, known as the Lagrangian or material
elasticity tensor, is defined by the partial derivatives as

3

C = Z CuktE/QE; QEx Q Ep;
I,J,K,L=1

dSr; 40°U

_ _ , 1
OFr;  9C1,0CKkL CrerLrs (6.10)

CukL =
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6.3 ELASTICITY TENSOR 161

For convenience these expressions are often abbreviated as
oS ) oS 40%*¥

C=2E ~%3c ~ acoc

6.11)

EXAMPLE 6.1: St. Venant-Kirchhoff material

The simplest example of a hyperelastic material is the St. Venant—Kirchhoff model,
which is defined by a strain energy function W as

1
U(E) = 5A(trE)2 +uE : E,

where A\ and p are material coefficients. Using the second part of Equation (6.7a,b)y,
we can obtain the second Piola—Kirchhoff stress tensor as

S = ANtwE)I + 2,E,

and using Equation (6.10), the coefficients of the Lagrangian elasticity tensor
emerge as

Croxr = Mrjéxr + p(6rxdsrL + 616 5K)-

Note that these last two equations are analogous to those used in linear elasticity,
where the small strain tensor has been replaced by the Green strain. Unfortunately,
this St. Venant—Kirchhoff material has been found to be of little practical use beyond
the small strain regime.

6.3.2 The Spatial or Eulerian Elasticity Tensor

It would now be pertinent to attempt to find a spatial equivalent to Equation (6.9),
and it is tempting to suppose that this would involve a relationship between the lin-
earized Cauchy stress and the linearized Almansi strain. Although, in principle, this
can be achieved, the resulting expression is intractable. An easier route is to inter-
pret Equation (6.9) in a rate form and apply the push-forward operation to the
resulting equation. This is achieved by linearizing S and E in the direction of v,
rather than u. Recalling from Section 4.11.3 that DS[v] = § and DE[v] = E
gives

S=cC:E. (6.12)
Because the push-forward of S has been shown in Section 5.5 to be the Truesdell
rate of the Kirchhoff stress 7° = Jo° and the push-forward of E is d, namely,

Equation (4.100a,b),, it is now possible to obtain the spatial equivalent of the
material linearized constitutive Equation (6.12) as

o’ =c:d, (6.13)
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162 HYPERELASTICITY

where ¢, the Eulerian or spatial elasticity tensor, is defined as the Piola
push-forward of C, and after some careful indicial manipulations can be
obtained as*

c=J""¢,C Z J U EF Feg FiCrykrei @e; @ ey Qe
1,1?,’1’?,ZL=11
(6.14a,b)

Often, Equation (6.13) is used, together with convenient coefficients in ¢, as the
fundamental constitutive equation that defines the material behavior. Use of such
an approach will in general not guarantee hyperelastic behavior, and therefore the
stresses cannot be obtained directly from an elastic potential. In such cases the rate
equation has to be integrated in time, and this can cause substantial difficulties in a
finite element analysis because of problems associated with objectivity over a finite
time increment.

Remark 6.1: Using Equations (4.105) and (5.57), it can be observed that
Equation (6.13) can be reinterpreted in terms of Lie derivatives as

LylT] = Jo: Lyle]. (6.15)

6.4 ISOTROPIC HYPERELASTICITY

6.4.1 Material Description

The hyperelastic constitutive equations discussed so far are unrestricted in their
application. We are now going to restrict these equations to the common and impor-
tant isotropic case. Isotropy is defined by requiring the constitutive behavior to be
identical in any material direction.” This implies that the relationship between ¥
and C must be independent of the material axes chosen and, consequently, ¥ must
only be a function of the invariants of C' as

UV(C(X),X)=VY(Ic,Ilc,lc,X), (6.16)
where the invariants of C' are defined here as

Ic=uC=C":1I; (6.17a)

g =ttCC =C : C; (6.17b)

llic = det C = J>. (6.17¢)

* Using the standard summation convention and noting from Equation (5.54) that cr;?]. =J 1FF y 787y and

from Equation (4 100a,b);, that E k1 = Frr Fypdg; gives
=J- = J Fy FyCrox L Frx Fipdi = ijradi,

and, consequently, C/, ijkl = =J- FzIF TFrk FirCroxr-
T Note that the resulting spatial behavior as given by the spatial elasticity tensor may be anisotropic.
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6.4 ISOTROPIC HYPERELASTICITY 163

As aresult of the isotropic restriction, the second Piola—Kirchhoff stress tensor
can be rewritten from Equation (6.7a,b); as

oV OV dle OV dlle . OV dlllg
S=25¢ =231 0c " 2aiie oc T el oC

The second-order tensors formed by the derivatives of the first two invariants with
respect to C' can be evaluated in component form to give

(6.18)

3
B, olc
8, KZ:1 KK Yol ( )
0 oIl ¢
3Co Z CrrCxr = 201 S Tolin 2C. (6.19b)

K,L=1

The derivative of the third invariant is more conveniently evaluated using the
expression for the linearization of the determinant of a tensor given in Equation
(2.119). To this end note that the directional derivative with respect to an arbitrary
increment tensor AC' and the partial derivatives are related via

dlllc it
DIHIc[AC] = AC : AC. 6.20
cl ”21 acr; — T aC (6.20)

Rewriting Equation (2.119) as
DIIIc[AC] = detC (C™' : AC), (6.21)

comparing this equation with expression (6.20), and noting that both equations are
valid for any increment AC' yields

==t _ r2c1. (6.22)

Introducing expressions (6.19a,b) and (6.22) into Equation (6.18) enables the sec-
ond Piola—Kirchhoff stress to be evaluated as

S = 20T + 4V, C + 2J°U;C7 L, (6.23)
where \I/[ == 8@/8[0, \I/H == 8\11/8110, and \I/[H = 8\11/8”10.

6.4.2 Spatial Description

In design practice, it is obviously the Cauchy stresses that are of engineering signif-
icance. These can be obtained indirectly from the second Piola—Kirchhoff stresses
by using Equation (5.45a,b); as

o=J'FSF". (6.24)
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164 HYPERELASTICITY

Substituting S’ from Equation (6.23) and noting that the left Cauchy—Green tensor
isb=FFT gives

o =2J""0;b+ 4T ;% + 2TV 1. (6.25)

In this equation ¥y, W7, and Uy still involve derivatives with respect to the invari-
ants of the material tensor C'. Nevertheless, it is easy to show that the invariants of
b are identical to the invariants of C), as the following expressions demonstrate:

I = tr[b] = u[FFT] = «[FT F] = [C] = I¢; (6.26a)
ITy = tr[bb] = t[FFTFFT) = «[FTFFTF] = u[CC] = II¢;  (6.26b)
IITy = det[b] = det[FFT] = det[FT F] = det[C] = IIIc. (6.26¢)

Consequently, the terms W7, U7, and W in Equation (6.25) are also the deriva-
tives of W with respect to the invariants of b.

Remark 6.2: Note that any spatially-based expression for ¥ must be a func-
tion of b only via its invariants, which implies an isotropic material. This
follows from the condition that ¥ must remain constant under rigid body
rotations and only the invariants of b, not b itself, remain unchanged under
such rotations.

EXAMPLE 6.2: Cauchy stresses

It is possible to derive an alternative equation for the Cauchy stresses directly from
the strain energy. For this purpose, note first that the time derivative of b is
b=FFT + FF —1b+bl”,
and therefore the internal energy rate per unit of undeformed volume wy = W is
A
U=_—
ob
oV
~ Ob
ov
=2—>b:1l
ob
Combining this equation with the fact that o is work conjugate to ! with respect to
the current volume, that is, w = J Ly = o : I, gives

ov

It is simple to show that this equation gives the same result as Equation (6.25) for
isotropic materials where U is a function of the invariants of b.

: b

: (Ib+bl")
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6.4 ISOTROPIC HYPERELASTICITY 165

6.4.3 Compressible Neo-Hookean Material

The equations derived in the previous sections refer to a general isotropic hyper-
elastic material. We can now focus on a particularly simple case known as com-
pressible neo-Hookean material. This material exhibits characteristics that can be
identified with the familiar material parameters found in linear elastic analysis. The
stored energy function of such a material is defined as

A
\II:%(IC—3)—uan+§(an)2, (6.27)

where the constants A and p are material coefficients and J? = Illc. Note that
in the absence of deformation, that is, when C' = I, the stored energy function
vanishes as expected.

The second Piola—Kirchhoff stress tensor can now be obtained from Equa-
tion (6.23) as

S=uI—-C™)+AXInJ)C™L (6.28)

Alternatively, the Cauchy stresses can be obtained using Equation (6.25) in terms
of the left Cauchy—Green tensor b as

Ao
o= J(b I)—l—J(an)I. (6.29)

The Lagrangian elasticity tensor corresponding to this neo-Hookean material
can be obtained by differentiation of Equation (6.28) with respect to the compo-
nents of C' to give, after some algebra using Equation (6.22), C as

C=)C'®C'+2(u—AnJ)Z, (6.30)

where C 1 ® c! = Z(Cil)[J(Cfl)KL E;QFE;Q Ex ® Ej, and the
fourth-order tensor Z is defined as

oloa o(C Yy
3 IJKL acKL

oC
In order to obtain the coefficients of this tensor, recall from Section 2.3.4 that
the directional derivative of the inverse of a tensor in the direction of an arbitrary
increment AC'is

(6.31)

DCcAc) = -cHac)c. (6.32)

Alternatively, this directional derivative can be expressed in terms of the partial
derivatives as

oc—

DC'AC] = 5 P AC (6.33)
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166 HYPERELASTICITY

Equating the right-hand sides of the last two equations using indicial notation gives

_MACKL = (C—l) ACk (C—l) ) (6.34)
6CKL 1K LJ
By employing the symmetry of both AC and C~" this equation can be rewritten as
o(C™ Ny . .
_WACKL: (C™), ACkL (C )KJ. (6.35)

Consequently, the components of the tensor Z can now be identified by averaging
Equations (6.34) and (6.35) to give

1

IrikL = 9 [(Cil)lK (Cil)JL + (Cil)IL (Cil)JK] . (6.36)

By constructing this tensor in the manner described above it is easy to show that
Z and therefore the material elasticity tensor C (in Equation (6.30)) satisfy the full
set of symmetries:

Irixkr =Ikrrg = LZyxkr = L1k (6.37a)
Croxr =Ckrrg =Crikr =CrjLk- (6.37b)

The Eulerian or spatial elasticity tensor can now be obtained by pushing for-
ward the Lagrangian tensor using Equation (6.14a,b) to give, after tedious algebra,
< as

A 2 .
e=5I@ I+ (- AnJ) L, (6.38)

where Uis the fourth-order identity tensor obtained by pushing forward Z and in
component form is given in terms of the Kronecker delta as

. . 1
v=0¢T]; Uiju = Z FirFisFug FirtZigkrn = 3 (0irdj1 + 6i1djk) -
IJK,L
(6.39)

Note that Equation (6.39) defines an isotropic fourth-order tensor as discussed
in Section 2.2.4, similar to that used in linear elasticity, which can be expressed in
terms of the effective Lamé moduli \’ and / as

ikl = N i + 1 (6651 + 6adjk), (6.40)
where the effective coefficients ' and p/ are

oAy o pm A
J’ J '
Note that in the case of small strains when J ~ 1, then \' ~ A\, ¢/ ~ p and the
standard fourth-order tensor used in linear elastic analysis is recovered. Finally, in

(6.41)
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6.4 ISOTROPIC HYPERELASTICITY 167

a similar manner to Equation (6.37), the spatial elasticity ¢ satisfies the full set of
symmetries:

ikl = Cklij = ikl = ijlk- (6.42)

The recognition of these symmetries will facilitate the numerical implementation
of the linearization of the equilibrium equations.

EXAMPLE 6.3: Pure dilatation (i)

The simplest possible deformation is a pure dilatation case where the deformation
gradient tensor F is

F=\I; J=)\%
and the left Cauchy—Green tensor b is therefore
b=\1=J°L

Under such conditions the Cauchy stress tensor for a compressible neo-Hookean
material is evaluated with the help of Equation (6.29) as

K r2/3 A
=|=J°=1)+ =InJ|I,
o J( ) + 1o
which represents a state of hydrostatic stress with pressure p equal to

— Py il
p J(J )+JnJ.

EXAMPLE 6.4: Simple shear (i)

The case of simple shear described in Chapter 4 is defined by a deformation gradient
and left Cauchy—Green tensors as

1 v 0 1++4% v 0
F=|010]; b= ¥y 1 0 [;
0 0 1 0 0 1

which imply J = 1 and the Cauchy stresses for a neo-Hookean material are

¥ v 0
g=Kly 0 0f-
0 0 0

(continued)
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168 HYPERELASTICITY

EXAMPLE 6.4: (cont.)

Note that only when v — 0 is a state of pure shear obtained. Note also that,
despite the fact that J = 1, that is, there is no change in volume, the pressure
p = tro /3 = 42 /3 is not zero. This is known as the Kelvin effect.

6.5 INCOMPRESSIBLE AND NEARLY
INCOMPRESSIBLE MATERIALS

Most practical large strain processes take place under incompressible or near
incompressible conditions. Hence, it is pertinent to discuss the constitutive impli-
cations of this constraint on the deformation. The terminology “near incompress-
ibility” is used here to denote materials that are truly incompressible, but their
numerical treatment invokes a small measure of volumetric deformation. Alterna-
tively, in a large strain elasto-plastic or inelastic context, the plastic deformation is
often truly incompressible and the elastic volumetric strain is comparatively small.

6.5.1 Incompressible Elasticity

In order to determine the constitutive equation for an incompressible hyperelastic
material, recall Equation (6.7a,b), rearranged as

1 ov :
<2 — 8C> :C=0. (6.43)

Previously the fact that C in this equation was arbitrary implied that S =
20U /0C. In the incompressible case, the term in brackets is not guaranteed to
vanish because C' is no longer arbitrary. In fact, given that J = 1 throughout the
deformation and therefore J = 0, Equation (4.129) gives the required constraint
on C as

1 )
5J(J—l : C =0. (6.44)
The fact that Equation (6.43) has to be satisfied for any C that complies with

condition (6.44) implies that

1 v
L5 v _ V%cfl, (6.45)

where v is an unknown scalar that will, under certain circumstances that we will
discuss later, coincide with the hydrostatic pressure and will be determined by
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6.5 INCOMPRESSIBLE MATERIALS 169

using the additional equation given by the incompressibility constraint J = 1.
Equation (6.44) is symbolically illustrated in Figure 6.1, where the double con-
traction “:” has been interpreted as a generalized dot product. This enables
(8§/2 — 0¥ /OC) and JC~1/2 to be seen as being orthogonal to any admissible
C and therefore proportional to each other.

Admissible C plane

FIGURE 6.1 Incompressibility constraint.

From Equation (6.45) the general incompressible hyperelastic constitutive
equation emerges as

ov(C)
oC

The determinant J in the above equation may seem unnecessary in the case
of incompressibility where .J =1, but retaining J has the advantage that Equa-
tion (6.46) is also applicable in the nearly incompressible case. Furthermore, in
practical terms, a finite element analysis rarely enforces JJ =1 in a strict pointwise
manner, and hence its retention may be important for the evaluation of stresses.

Recalling Equation (5.50b) giving the deviatoric—hydrostatic decomposition of
the second Piola—Kirchhoff tensor as § = S’ + pJC™1, it would be convenient
to identify the parameter v with the pressure p. With this in mind, a relationship
between p and -y can be established to give

S =2 +~JC L (6.46)

1
p= gJ_l;S’ : C
1 ov

_ —g1l|9Z ™ -1 .
—3J [280+7JC ].C

—y+2J 22, (6.47)

which clearly indicates that y and p coincide only if

ov

50 C=0. (6.48)
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170 HYPERELASTICITY

This implies that the function ¥(C') must be homogeneous of order 0, that is,
U (aC) = ¥(C) for any arbitrary constant ' This can be achieved by recogniz-
ing that for incompressible materials IIlc = det C = .J? = 1. We can therefore
express the energy function ¥ in terms of the distortional component of the right
Cauchy—Green tensor ¢ = 11151/ °C to give a formally modified (distortional)
energy function (I\'(C) = ¥(C). The homogeneous properties of the resulting
function ¥(C) are easily shown by

U(aC) = ¥[(det aC) /3 (aC)]
(03 det C)~3aC]
[(det C)~13C]
(C). (6.49)

v
v
v

Accepting that for the case of incompressible materials ¥ can be replaced by v,
condition (6.48) is satisfied and Equation (6.46) becomes

av(C)
oC

It is now a trivial matter to identify the deviatoric component of the second Piola—

Kirchhoff tensor by comparison of the above equation with Equation (6.54); to give

S =2 +pJCL. (6.50)

g
s — 22—0 6.51)

Note that the derivative 90 (C)/0C is not equal to the derivative 0¥ (C')/0C,
despite the fact that C = C for incompressibility. This is because IlIc remains a
function of C while the derivative of C' is being executed. It is only after the
derivative has been completed that the substitution ///c = 1 can be made.

6.5.2 Incompressible Neo-Hookean Material

In the case of incompressibility the neo-Hookean material introduced in Sec-
tion 6.4.3 is defined by a hyperelastic potential ¥(C') given as

1
¥(C) = Su(trC ~ 3). (6.52)
¥ A scalar function f () of a k-dimensional vector variable 2 = [x1, 2, ..., xx]7 is said to be homogeneous

of order n if for any arbitrary constant a,
flax) = o™ f(x).

Differentiating this expression with respect to « at = 1 gives

BTU m_nf( )

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 16:45:10, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.007



6.5 INCOMPRESSIBLE MATERIALS 171

The equivalent homogeneous (distortional) potential U is established by replacing
C by C to give

¥(C) = %u(tré —3). (6.53)

Now using Equation (6.50) S is obtained with the help of Equations (6.19a) and

(6.20) as

v (C)
oC

B owC

~"ac

0

~Mac

_ 1 q/3-
= [ 1 — g11101/3 'ec=(C : )]+ pJC!

S =2 +pJC~!

+pJC~t

mZ\*c : 1)+ pJjc

=l (1 - %ICC’_l) +pJC1. (6.54)
The corresponding Cauchy stress tensor can now be obtained by using Equa-
tion (5.45a,b); to give o as
o=J'FSFT
= pJ PRI - éICC’_l)FT +pFC'FT

1
— o' +pl; o = MJ_5/3(b _ gIbI)a (6.55a,b)

where the fact that I, = I has been used again.

We can now evaluate the Lagrangian elasticity tensor with the help of Equation
(6.10) or (6.11). The result can be split into deviatoric and pressure components, C
and C,, respectively, as

oS

—9272 _¢ :
C=252=C+Cp

5_,08 _, 0V a(JC1)
~“oCc T Tecac '
(6.56a,b,¢)

With the help of Equations (6.22) and (6.31) these two components can be evalu-
ated for the neo-Hookean case defined by Equation (6.53) after lengthy but simple
algebra as

~ _ 1 1 1 1
C = 2ull !’ [GleT - I®C' — 0 @I+ 1cC @ C);

(6.57a)
C,=pJlC™'® C™' —2T]. (6.57b)

Note that the pressure component C,, does not depend on the particular material
definition being used.
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172 HYPERELASTICITY

The spatial elasticity tensor is obtained by the push-forward type of operation
shown in Equation (6.14a,b) as

C=t+ep; ©=J1[Cl =T eu[C,). (6.58)

Performing this push-forward operation in Equations (6.57a,b) gives

~ 1 . 1 1 1
o=2uJ 03 Shi—3b@I- I @b+ II®I|; (6.592)

e, =plI @ I—20). (6.59b)

EXAMPLE 6.5: Mooney-Rivlin materials

A general form for the strain energy function of incompressible rubbers, attributable
to Mooney and Rivlin, is expressed as

V(C)= ) wrsllo—3) (g ~3)",
r,s>0
where IT¢, is the second invariant of C, defined as
1
2
The most frequently used of this family of equations is obtained when only p; and
w10 are different from zero. In this particular case we have

Iy = —(I% - 11 o); IIc=C:C.

1
U(C) = p1o(Ic —3) + 5um(l% —IIc — 6).

The equivalent homogeneous potential is obtained by replacing C by €' in this
equation to give

H(C) = pao(trC — 3) + %um[(w)? _¢&:C-4

6.5.3 Nearly Incompressible Hyperelastic Materials

As explained at the beginning of Section 6.5, near incompressibility is often a
device by which incompressibility can more readily be enforced within the context
of the finite element formulation. This is facilitated by adding a volumetric energy
component U (J) to the distortional component T already defined to give the total
strain energy function ¥ (C)) as

U(C) =V(C)+U(J), (6.60)
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6.5 INCOMPRESSIBLE MATERIALS 173

where the simplest example of a volumetric function U (.J) is

U(J) = %H(J —1)2 (6.61)
It will be seen in Chapter 8 that when equilibrium is expressed in a variational
framework, the use of Equation (6.61) with a large so-called penalty number
will approximately enforce incompressibility. Typically, values of x in the region
of 103-10* are used for this purpose. Nevertheless, we must emphasize that x
can represent a true material property, namely the bulk modulus, for a compress-
ible material that happens to have a hyperelastic strain energy function in the form
given by Equations (6.60) and (6.61).

The second Piola—Kirchhoff tensor for a material defined by Equation (6.60)
is obtained in the standard manner with the help of Equation (6.22) and noting that
Il = J? to give

ov
S=2—
oC
_ 0% AU 0T
- ToC dJ oC
O
=2_— +pJC™! 6.62
where, by comparison with Equation (6.50), we have identified the pressure as
dU
= — 6.63
P= 5 (6.63)
which for the case where U (J) is given by Equation (6.61) gives
p=k(J—1). (6.64)

This value of the pressure can be substituted into the general Equation (6.62) or
into the particular Equation (6.54) for the neo-Hookean case to yield the complete
second Piola—Kirchhoff tensor. Alternatively, in the neo-Hookean case, p can be
substituted into Equation (6.55a,b) to give the Cauchy stress tensor.

EXAMPLE 6.6: Simple shear (ii)

Again we can study the case of simple shear for a nearly incompressible neo-
Hookean material. Using Equation (6.55a,b) and the b tensor given in Example 6.4

we obtain
oA 0
g = U Y —572 0 )
0 — %72

(continued)
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EXAMPLE 6.6: (cont.)

where now the pressure is zero as J = 1 for this type of deformation. Note that for
this type of material there is no Kelvin effect in the sense that a volume-preserving
motion leads to a purely deviatoric stress tensor.

EXAMPLE 6.7: Pure dilatation (ii)

It is also useful to examine the consequences of a pure dilatation on a nearly incom-
pressible material. Recalling that this type of deformation has an associated left
Cauchy—Green tensor b = J2/3T whose trace is I, = 3J%/3, Equations (6.55a,b)
and (6.64) give

o =r(J—1)I.

As expected, a purely dilatational deformation leads to a hydrostatic state of stresses.
Note also that the isochoric potential ¥ plays no role in the value of the pressure p.

Again, to complete the description of this type of material it is necessary to
derive the Lagrangian and spatial elasticity tensors. The Lagrangian tensor can be
split into three components given as

v aJch ap

_ -1 e
C=dsmmm t 2 35— +2/C7' @ oo (6.65)

The first two components in this expression are C and C, as evaluated in the
previous section in Equations (6.57a,b). The final term, namely C,, represents a
volumetric tangent component and follows from U (J) and Equation (6.22) as

_ Op
K — 2 !
C JCT' ® 5C

d*U o.J
— -1 i
=207 ® dJ? oC
2U , - _
-l (cec), (6.66)
which in the case U(J) = x(J — 1)?/2 becomes
C.=rJ?C'@C. (6.67)

Finally, the spatial elasticity tensor is obtained by standard push-forward oper-
ation to yield

o=J1¢.Cl=¢ + ¢ o, (6.68)

where the deviatoric and pressure components, ¢ and ¢, respectively, are identical
to those derived in the previous section and the volumetric component ¢ is
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B 2U

which for the particular function U (J) defined in Equation (6.61) gives

cn=rJI ® I. (6.70)

Remark 6.3: At the initial configuration, F =C =b=1,J =1,p =0,
and the above elasticity tensor becomes

=0 +cey,
=2ufo— éI QI +rI®I
— (k- gu)z ® I+ 2, 6.71)

which coincides with the standard spatially isotropic elasticity tensor (6.40)
with the relationship between A and « given as

2
A=K — gu. (6.72)

In fact, all isotropic hyperelastic materials have initial elasticity tensors as
defined by Equation (6.40).

6.6 ISOTROPIC ELASTICITY IN PRINCIPAL
DIRECTIONS

6.6.1 Material Description

It is often the case that the constitutive equations of a material are presented in
terms of the stretches A\;, A2, A3 in the principal directions N1, N, and N3 as
defined in Section 4.6. In the case of hyperelasticity, this assumes that the stored
elastic energy function is obtainable in terms of A\, rather than the invariants of
C. This is most likely to be the case in the experimental determination of the
constitutive parameters.

In order to obtain the second Piola—Kirchhoff stress in terms of the principal
directions and stretches, recall Equation (6.23) and note that the identity, the right
Cauchy—Green tensor, and its inverse can be expressed as (see Equations (2.30a,b),

and (4.30))
3
I=> N,® Na (6.732)
a=1
3
C=> MNN,® Na; (6.73b)
a=1
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3
-1 _ Z M2Ny ® N,. (6.73¢)

a=1

Substituting these equations into Equation (6.23) gives the second Piola—Kirchhoff

stress S’ as
3
S = (20 +4UyA2 + 21IcVA;*)No ® No. (6.74)
a=1

Given that the term in brackets is a scalar, it is immediately apparent that for an
isotropic material the principal axes of stress coincide with the principal axes of
strain. The terms ¥y, W7, and Wy;r in Equation (6.74) refer to the derivatives with
respect to the invariants of C'. Hence it is necessary to transform these into deriva-
tives with respect to the stretches. For this purpose note that the squared stretches
A2 are the eigenvalues of C, which according to the general relationships (2.60a—c)
are related to the invariants of C' as

Ic = M2+ )3+ )3 (6.752)
ITc = A\ + X3+ )3 (6.75b)
IITc = A3 A3 )2 (6.75¢)
Differentiating these equations gives
dlc
1= —; .
N2’ (6.76a)
oll ¢
2)\2 = ; 6.76b
o a)\a Y ( )
Il Olll¢

which upon substitution into Equation (6.74) and using the chain rule gives the
principal components of the second Piola—Kirchhoff tensor as derivatives of W
with respect to the principal stretches as

ov
o2’

(67

3
S:ZSaaNa®Na; Soa =2

a=1

(6.77)

6.6.2 Spatial Description
In order to obtain an equation analogous to (6.77) for the Cauchy stress, substitute

this equation into Equation (5.45a,b); to give

I T 2 a\y
o=J 'FSF Z 5 (W N,) ® (FN,). (6.78)

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 16:45:10, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.007



6.6 ISOTROPIC ELASTICITY IN PRINCIPAL DIRECTIONS 177

Observing from Equation (4.44a) that F N, = A\,n,, yields the principal compo-
nents of Cauchy stress tensor, after simple algebra, as

Ao 0¥ 1 0¥
J O\, JOln),

g = Z OaaMa @ Mo, Taa = (6.79)

i=1

The evaluation of the Cartesian components of the Cauchy stress can be easily
achieved by interpreting Equation (6.79) in a matrix form using Equation (2.40)4
for the components of the tensor product to give

3
= Z Taa[Ma][1a)T, (6.80)

where o] denotes the matrix formed by the Cartesian components of o, and [n,]
are the column vectors containing the Cartesian components of n,,. Alternatively,
a similar evaluation can be performed in an indicial manner by introducing 7T, ; as
the Cartesian components of n, that is, n, = Z?Zl T, ;e;, and substituting into
Equation (6.79) to give

3 3
o=> <ZaaaTajTak> e; ® ex. (6.81)

dk=1 \i=1

The expression in brackets in the above equation again gives the Cartesian compo-
nents of the Cauchy stress tensor.

6.6.3 Material Elasticity Tensor

To construct the material elasticity tensor for a material given in terms of the prin-
cipal stretches it is again temporarily convenient to consider the time derivative
Equation (6.12), that is, S = C: E. From Equation (4.123), it transpires that E
can be written in principal directions as

3
. 1dX\2
E:Z - S No ® No+ § WQBA —A3) No ® Ng, (6.82)

a,f= 1
a8

where Wag are the components of the spin tensor of the Lagrangian triad, that is,
=y? 3=1 Wap N g. A similar expression for the time derivative of .S can be
obtamed by differentiating Equation (6.77) to give
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= 0N
3 2
Py dN
= 2 N, ® N,
2 2o a Vo ®
07521
3
+ Z (Saa - Sﬁﬁ)Wa,@ N, ® N,@ (6.83)
a7ﬁ:1
a8

Now observe from Equation (6.82) that the on-diagonal and off-diagonal terms of

E are
a2
g = 2Paas (6.842)
2F, E,s+ Fsq
Wag = B _ Zapt a4 (6.84b)

2 _\Z2 2 _ )2 ’ (
22 -0 A2 -\

Substltutmg Equations (6.84a,b) into (6.83) and expressing the components of E
as Fop = (No ® Np) & E yields

. 3 2 .
S:Z oy Eﬁﬁ(Na®Na)

ON2 8)\2
3
Saa - Sﬁ,@ . .
+ 30 T3 (Fast Baa) No ® N
a,B=1 @ B
o8

3
0*W
= E 4———- N
D) aafp
[aﬁl 8)%(“)/\6

)

3
SQCV - S .
+ Z A2 — )\Zﬁﬁ (Naﬂaﬁ +Naﬁ,6a):| : B (6.85a)
a,B=1 @ B
o
Naagg=Na ® No ® N3 ® Ng; (6.85b)
Nagap=Na ® Ng ® Ny ® Ng; (6.85¢)
Na,@ﬁoc:Na®N6®N,@®Na- (6.85d)
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6.6 ISOTROPIC ELASTICITY IN PRINCIPAL DIRECTIONS 179

Comparing this expression with the rate equation S = C : E, the material or
Lagrangian elasticity tensor emerges as

S
ol )\ a)\ ol A2
"o

(6.86)

Remark 6.4: In the particular case when A\, = Ag, isotropy implies that
Saa = Sps, and the quotient (Spq — Sas) (A2 — A%) in Equation (6.86) must
be evaluated using L’Hospital’s rule to give

. Saa - Sﬁﬁ 62‘11 62\11
lim 20000 o - . 6.87
Noda AL — N2 <6AgaAg ON20N% ©87

6.6.4 Spatial Elasticity Tensor

The spatial elasticity tensor is obtained by pushing the Lagrangian tensor forward
to the current configuration using Equation (6.14a,b), which involves the product
by F' four times as

3 1S40 — Sgﬁ
+ Z jTﬂ (¢4 (Napas] + ¢« N appal) ; (6.88a)
ao,gézﬁl
¢« Naags] = (FN,) ® (FN,) ® (FN3) ® (FNg); (6.88b)
¢« Napas) = (FNo) ® (FN3) ® (FN,) ® (FNp); (6.88¢)
b Napsal = (FN,) ® (FN3) @ (FNg) @ (FN,). (6.88d)

Noting again that FIN, = A,n, and after some algebraic manipulations using
the standard chain rule we can eventually derive the Eulerian or spatial elasticity
tensor as

3

1
Z J mnaaﬁﬁ az:: zgaanaaaa

oo — oga\2
[2e8 ﬂ BB )
+ Z 2 (naﬁaﬁ + naﬂﬁa) ; (6.89a)
a,f=1 B
a#fB
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Noass = Na @ Mo ® N ® ng; (6.89b)
Naaaa = Ma & Na @ Na Q) Ng; (6.89¢)
Napas = Na @ N @ Na & Ng; (6.89d)
Napsa = Na @ N Q Ng Q Nq. (6.89¢)

The evaluation of the Cartesian components of this tensor requires a similar
transformation to that employed in Equation (6.81) for the Cauchy stresses. Using
the same notation, the Cartesian components of the Eulerian triad 7,,; are substi-
tuted into Equation (6.89) to give after simple algebra the Cartesian components

of ¢ as
3 3
1 0*w
Oijkl - B_ jmTazT@]TﬁkTﬁl - azl QUaaTaiTajTakTal
TaaX; — TpsAa
+ Z ao ﬁ 0 a (ToiTp;ToarTa + TaiTﬁjTﬁkTal)- (6.90)
75 1 ﬁ
aF#p

Remark 6.5: Again, recalling Remark 6.4, in the case when A\, = g,
L’Hospital’s rule yields

lim anoz)\% - anoz)\i 1 82\1’ 62\11
m — = — — — Caa-
As—Aa A2 — )\% 2J [0lnAgdIlnAg  0lnA,0In)g

(6.91)

6.6.5 A Simple Stretch-Based Hyperelastic Material

A material frequently encountered in the literature is defined by a hyperelas-
tic potential in terms of the logarithmic stretches and two material parameters A
and p as

A
WA, A2, A3) = pu[(InAp)? + (InX2)? + (InX3)?] + 7 (In J)?, (6.92)
where, because J = A A9 )3,

InJ =InA +1n Ay +1n As. (6.93)

It will be shown that the potential ¥ leads to a generalization of the stress—strain
relationships employed in classical linear elasticity.
Using Equation (6.79) the principal Cauchy stress components emerge as

1 ov 2u A
Coa = T~ J In A\, + jl n.J. (6.94)
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Furthermore, the coefficients of the elasticity tensor in (6.90) are
1 O*v A2
- = — 4 7/11504
JOmmA0lnrg J J
The similarities between these equations and linear elasticity can be established
if we first recall the standard small strain elastic equations as

(6.95)

Taa = AE11 + €22 + €33) + 21Eqq- (6.96)

Recalling that InJ = InA; + In Ao + In A3, it transpires that Equations (6.94)
and (6.96) are identical except for the small strains having been replaced by the
logarithmic stretches and A and p by \/J and p/J respectively. The stress—strain
equations can be inverted and expressed in terms of the more familiar material
parameters I and v, the Young’s modulus and Poisson’s ratio, as

J
In\, = E[(l + V)00a — V(011 + 022 + 033)]; (6.97a)
n(2p + 3X) A
_ T S 6.97b
At o U T oy (6.97b,¢)

Remark 6.6: At the initial unstressed configuration, J = Ay, = 1, 04 = 0,
and the principal directions coincide with the three spatial directions n, =
e, and therefore Ti,; = 0. Substituting these values into Equations (6.95),
(6.91), and (6.90) gives the initial elasticity tensor for this type of material as

eijkl = N0kt + 1 (6ikdj1 + 0urdjk), (6.98)

which again (see Remark 6.3) coincides with the standard spatially isotropic
elasticity tensor.

6.6.6 Nearly Incompressible Material in Principal Directions

In view of the importance of nearly incompressible material behavior, coupled with
the likelihood that such materials will be described naturally in terms of princi-
pal stretches, it is now logical to elaborate the formulation in preparation for the
case when the material defined by Equation (6.92) becomes nearly incompressible.
Once again, the distortional components of the kinematic variables being used,
namely the stretches A,, must be identified first. This is achieved by recalling
Equations (4.43) and (4.61) for F' and Fto give

F=J"'3F

3
:J_1/3Z)\ana ® Na

a=1
3
Z (J73N\) ne @ N. (6.99)
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This enables the distortional stretches 5\& to be identified as
Ma=J B2 Ao = T30, (6.100a,b)

Substituting (6.100a,b), into the hyperelastic potential defined in (6.92) yields after
simple algebra a decoupled representation of this material as

U(A1, Az, A3) = WA, Ao, As) + U(J), (6.101)
where the distortional and volumetric components are

(A1, Ao, As) = p[(In A1)? + (In Ag)? + (In A3)?; (6.102a)

U(J) = %m(ln J)% K=+ ;M (6.102b)

Note that this equation is a particular case of the decoupled Equation (6.60) with
alternative definitions of U (.J) and W. The function U (.J) will enforce incompress-
ibility only when the ratio & to y is sufficiently high, typically 103~10%. Under such
conditions the value of Jis J ~ 1 and In J ~ J — 1, and therefore the value of U
will approximately coincide with the function defined in (6.61).

For the expression U(.J), the corresponding value of the hydrostatic pressure
p is re-evaluated using Equation (6.63) to give

_dU  klnJ
P=ar =g
In order to complete the stress description, the additional deviatoric component
must be evaluated by recalling Equation (6.79) as
1 ov
o0 = T oln A,
1 0¥ 19U
= J0mA, | JolnA,
1 0¥ wklnJ
T Joma, T
Observing that the second term in this equation is the pressure, the principal devi-
atoric stress components are, obviously,

(6.103)

(6.104)

, 1 90
Taa = T oA,

(6.105)
In order to obtain the derivatives of W it is convenient to rewrite this function with
the help of Equation (6.100a,b),, as
U = pu[(InA)? + (InA2)? + (In A3)?]
1
= p[(In A1)% 4 (In X2)? + (In A\3)?] + gu(ln J)?
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2
- gu(ln J)(InA; +1n A2 + 1In A3)

:umnhy+anMﬁ+4mA@ﬂ—émmjy. (6.106)

This expression for U is formally identical to Equation (6.92) for the complete
hyperelastic potential U with the Lamé coefficient A now replaced by —2.u/3.
Consequently, Equation (6.94) can now be recycled to give the deviatoric principal
stress component as

I N

= M, 1
ba =T e — 25 (6.107)

g,

The final stage in this development is the evaluation of the volumetric and
deviatoric components of the spatial elasticity tensor ¢ . For a general decoupled
hyperelastic potential this decomposition is embodied in Equation (6.68), where ¢
is expressed as

=04yt (6.108)

where the origin of the pressure component ¢, is the second term in the general
equation for the Lagrangian elasticity tensor (6.65), which is entirely geometrical,
that is, independent of the material being used, and therefore remains unchanged
as given by Equation (6.59b). However, the volumetric component ¢/, depends on
the particular function U (J) being used, and in the present case becomes
d*U
=J W I®I
—pJ

Il (6.109)

The deviatoric component of the elasticity tensor ¢ emerges from the push-
forward of the first term in Equation (6.65). Its evaluation is facilitated by again
recalling that U coincides with ¥ when the parameter A is replaced by —2u/3.
A reformulation of the spatial elasticity tensor following the procedure previously
described with this substitution and the corresponding replacement of o, by o/,
inevitably leads to the Cartesian components of ¢ as

.1 820 5
Cikl = ,3— jmTaiTajTﬁkTﬁl _;20'&&TaiTajTakTal
o’ )\2 ot /\2
+ j{: “aAQ O (T T Tor Tt + Toi T T Trat)s  (6.110)
a,f=1
o
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where the derivatives of W for the material under consideration are
1 0%  2u 2

L Y Wy 6.111
JOlmAdlnAg J P 3] (6111

6.6.7 Plane Strain and Plane Stress Cases

The plane strain case is defined by the fact that the stretch in the third direction
A3 = 1. Under such conditions, the stored elastic potential becomes

UM, A2) = p[(In X)) + (In Xp)?] + %(mj)?, (6.112)

where j = detaxo F is the determinant of the components of F' in the n; and no
plane. The three stresses are obtained using exactly Equation (6.94) with A3 = 1
and J = j.

The plane stress case is a little more complicated, in that it is the stress in the
n3 direction rather than the stretch that is constrained, that is, o33 = 0. Imposing
this condition in Equation (6.94) gives

A P
033=0=jan+7M1n/\3, (6.113)

from which the logarithmic stretch in the third direction emerges as

In\g = — Inj. 6.114
n A3 Ntop nj ( )
Substituting this expression into Equation (6.92) and noting that In J = In A3 +In 5
gives
A
W(A, A2) = p[(nA)? + (In Xp)?]) + 5(1nj)2, (6.115)

where the effective Lamé coefficient ) is

< 2
A=Y= Afzu'

(6.116a,b)

Additionally, using Equation (6.114) the three-dimensional volume ratio J can be
found as a function of the planar component j as

J =7 (6.117)

By either substituting Equation (6.114) into Equation (6.94) or differentiating
Equation (6.115) the principal Cauchy stress components are obtained as

A 2
e = 210+ i, (6.118)
J7 J7
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and the coefficients of the Eulerian elasticity tensor become

0%V A 2u

1
LR S 6.119
Jomaadlnr,  jo o0 (6.119)

6.6.8 Uniaxial Rod Case

In a uniaxial rod case, the stresses in directions orthogonal to the rod, 022 and o33,
vanish. Imposing this condition in Equation (6.94) gives two equations as

AlnJ +2pln Ay = 0; (6.120a)
AlnJ +2uln A3 = 0; (6.120b)

from which it easily follows that the stretches in the second and third directions are
equal and related to the main stretch via Poisson’s ratio v as

A

=—. 6.121
2N+ 2p ( )

Indo =InA3=—vinA;; v
Using Equations (6.93), (6.94), and (6.121), we can find a one-dimensional con-
stitutive equation involving the rod stress o1, the logarithmic strain In A;, and
Young’s modulus E as

g H2rt3))

; 6.122
Nt (6.122)

FE
o1 = 7 In Aq;

where .J can be obtained with the help of Equation (6.121)% in terms of \; and v as
J =), (6.123)

Observe that Equation (6.122) is precisely that used in Chapter 3, Equation (3.16),
and that for the incompressible case where J = 1, Equation (6.122) coincides with
the uniaxial constitutive equation employed in Chapter 1.

Finally, the stored elastic energy given by Equation (6.92) becomes

T(\) = %(mAl)?, (6.124)

and, choosing a local axis in the direction of the rod, the only effective term in the
Eulerian tangent modulus ¢/1711 is given by Equation (6.90) as

1 2p E
a _2011:7_20.11_ (6125)

= I A0 A J

§ Alternatively, see Example 3.1.
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Again, for the incompressible case J = 1, the term Ef — 2011 was already apparent
in Chapter 1, where the equilibrium equation of a rod was linearized in a direct
manner.

Exercises

1. A modified St. Venant—Kirchhoff constitutive behavior is defined by its corre-
sponding strain energy functional ¥ as

U(J,E) = g(ln J)2 + ullg,

where ITg = tr(E?) denotes the second invariant of the Green’s strain ten-
sor F, J is the Jacobian of the deformation gradient, and x and yu are positive
material constants.
(a) Obtain an expression for the second Piola—Kirchhoff stress tensor .S as a
function of the right Cauchy—Green strain tensor C'.
(b) Obtain an expression for the Kirchhoff stress tensor 7 as a function of the
left Cauchy—Green strain tensor b.
(c) Calculate the material elasticity tensor.

2. In a plane stress situation, the right Cauchy—Green tensor C' is

Cn Ci2 O 2
C = Co1 Coyo 0 i O3 = ﬁ;
0 0 Cs3

where H and h are the initial and current thicknesses respectively. Show that
incompressibility implies
Cui Chi2

Cys=II-" (C )z =15 C=
c Cor Co

Using these equations, show that for an incompressible neo-Hookean material
the plane stress condition S33 = 0 enables the pressure in Equation (6.54) to
be explicitly evaluated as

1 _
p= gu(Ié —211Z),

and therefore the in-plane components of the second Piola—Kirchhoff and
Cauchy tensors are

S=uI-1rg Cy;
o = pu(b—III.'I);

where the overline indicates the 2 x 2 components of a tensor.
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EXERCISES 187

3. Show that the equations in Exercise 2 can also be derived by imposing the
condition C's3 = 111 él in the neo-Hookean elastic function W to give

— 1
¥(C) = Sullg +IITZ = 3),

from which S is obtained by differentiation with respect to the in-plane ten-
sor C. Finally, prove that the Lagrangian and Eulerian in-plane elasticity ten-
sors are

C=2ulI_(C' ®C  +I)
e=2ulll; (I @ I+1).
4. Using the push back—pull-forward relationships between E and d and between
C and ¢, show that
E:C:E=Jd:c:d

for any arbitrary motion.
5. Using the simple stretch-based hyperelastic equations discussed in Section 6.6.5,
show that the principal stresses for a simple shear test are

011 = —099 = 2,usinh_1 1

Find the Cartesian stress components.
6. A general type of incompressible hyperelastic material proposed by Ogden is
defined by the following strain energy function:

U= Z“”A 5 457 —3).

Derive the homogeneous counterpart of this functional. Obtain expressions for
the principal components of the deviatoric stresses and elasticity tensor.
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CHAPTER SEVEN

LARGE ELASTO-PLASTIC
DEFORMATIONS

71 INTRODUCTION

Many materials of practical importance, such as metals, do not behave in a hyper-
elastic manner at high levels of stress. This lack of elasticity is manifested by the
fact that when the material is freed from stress it fails to return to the initial unde-
formed configuration, and instead permanent deformations are observed. Different
constitutive theories or models such as plasticity, viscoplasticity, and others are
commonly used to describe such permanent effects. Although the mathematics of
these material models is well understood in the small strain case, the same is not
necessarily true for finite deformation.

A complete and coherent discussion of these inelastic constitutive models is
well beyond the scope of this chapter. However, because practical applications of
nonlinear continuum mechanics often include some permanent inelastic deforma-
tions, it is pertinent to give a brief introduction to the basic equations used in such
applications. The aim of this introduction is simply to familiarize the reader with
the fundamental kinematic concepts required to deal with large strains in inelas-
tic materials. In particular, only the simplest possible case of Von Mises plasticity
with isotropic hardening will be fully considered, although the kinematic equations
described and the overall procedure will be applicable to more general materials.

We will assume that the reader has some familiarity with small strain inelastic
constitutive models such as plasticity, because several of the key equations to be
introduced will not be fully justified but loosely based on similar expressions that
are known to apply to small strain theory. More in-depth discussions can be found
in the Bibliography.

72 THE MULTIPLICATIVE DECOMPOSITION

Consider the deformation of a given initial volume V into the current volume v
as shown in Figure 7.1. An elemental vector dX in the local neighborhood of a

188

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:21:45, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.008



72 THE MULTIPLICATIVE DECOMPOSITION 189

X3,x3

X1,x1

Time=0

FIGURE 7.1 Deformation in a small neighborhood.

given initial particle P will deform into the spatial vector d in the neighborhood
of p shown in the figure. If the neighborhood of p could be isolated and freed from
all forces, the material in that neighborhood would reach a new unloaded config-
uration characterized by the spatial vector d& (Figure 7.2). Observe that insofar
as this neighborhood is conceptually isolated from the surrounding material it can
be arbitrarily rotated without changing the intrinsic nature of the deformation of
the material in the neighborhood. This potential indeterminacy will have impli-
cations on the choice of kinematic variables used in the subsequent formulation.
Of course if the material is elastic this unloaded configuration will differ from
the initial undeformed state only by a rigid body rotation. In the case of inelastic
materials, however, this is not true and a certain amount of permanent deformation
is possible. Note also that the unloaded state can only be defined locally, as the
removal of all forces acting on v may not lead to a global stress-free state but to a
complex self-equilibrating stress distribution.

As a result of the local elastic unloading the spatial vector dx becomes dx.
The relationship between dX and dx is given by the deformation gradient F' as
explained in Section 4.4. Similarly, the relationship between dx and dx is given
by the elastic component of the deformation gradient F,, and dX and dx are
related by the permanent or inelastic component F),. These relationships are sum-

marized as
der = FdX,; (7.1a)
dx = F, dx; (7.1b)
dx = F,dX; (7.1¢)
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dx
F i i F,
dx
X3,%3,x3 JX

X,,%,,x,
_ \_/ Time:r

I Time=0 F,

XX,

FIGURE 7.2 Multiplicative decomposition in the small neighborhood of a particle.

for any arbitrary elemental vector d X . Combining Equations (7.1b) and (7.1c) and
comparing with (7.1a) gives

F =F.F,. (7.2)

This equation is known as the multiplicative decomposition of the deformation gra-
dient into elastic and permanent components and constitutes the kinematic founda-
tion for the theory that follows. Recalling that F' = 0x/0X, it would be tempting
to assume that it is possible to find an overall stress-free plastic state & such that
F, = 0x/0X and F, = Ox/0x. This is, unfortunately, not possible because the
unloaded state can only be defined locally insofar as the locally unloaded neighbor-
hoods cannot be re-assembled to give an overall stress-free configuration because
they will not necessarily be geometrically compatible with each other.*

Strain measures that are independent of rigid body rotations can now be derived
from F' and its elastic and inelastic or permanent components. For instance, total
right Cauchy—Green tensors given as

C=F'"F; C,=F F,; C.=FlF; (7.3a,b,c)

are often used for the development of inelastic constitutive equations. Observe that,
like C, C), is a tensor defined in the reference configuration X, whereas C, is a
tensor defined with reference to the permanent plastic state .

* This is analogous to a statically indeterminate truss in which the external loading is such that some members
reach the yield stress but upon complete removal of the external loading the same members may not revert
to their original unstressed condition. That is, if these members were completely individually unstressed then
joint compatibility would not be achieved.
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72 THE MULTIPLICATIVE DECOMPOSITION 191

The stored elastic energy function ¥ is now a function of the elastic right
Cauchy—Green tensor C, as

¥ =¥(C,, X), (7.4)

and following similar arguments to those used in relation to Equations (6.7a,b),
equations for the second Piola—Kirchhoff and Kirchhoff stresses are derived from
U as

~ O ~
S=2_—: o=F.SF'. r=Jo. (7.5a,b,c)
0C,
For isotropic materials it is possible and often simpler to formulate the consti-
tutive equations in the current configuration by using the elastic left Cauchy—Green

tensor b, given as

b. = F.FT
_ —1p—T T
=FF,'F,'F
=FC,'F". (7.6)

Given that the invariants of b, contain all the information needed to evaluate the
stored elastic energy function and recalling Equation (6.25) for the Cauchy stress,
a direct relationship between the Kirchhoff stress and strain energy is given as

U(be, X) = U (Iy, Iy, Iy, X ); (7.72)
T = Jo = 2U;b, + 4Vyb? + 2111, Yy T; (7.7b)

where the Kirchhoff stress tensor 7 has been introduced in this equation and will
be used in the following equations in order to avoid the repeated appearance of the
term J 1. Recall that, even though the stress may be such that the material under-
goes a permanent deformation, the stress is still determined from the stored elastic
energy. For later developments it is useful to note that the tensors 7 and b, or b, !
commute, that is, 7b, = b7 and b, ' = b_ ! 7.

As previously mentioned, an important aspect of the locally defined unloaded
state is that it can be arbitrarily rotated by a rotation matrix @ (Figure 7.3). It is
therefore essential to use kinematic variables that are not only invariant with respect
to overall rotation of the body but are also invariant with respect to rotations  of
the unloaded state. Fortunately, it is easy to show that the permanent strain measure
C), and the elastic left Cauchy—Green tensor b, (but not C,, F¢, and F),) satisfy
these requirements.

This is explained by noting that the unit tensor I can be written as I = Q7' Q =
QQ", which allows the multiplicative decomposition given by Equation (7.2) to
be rewritten as
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X3,x3

X2%p

\_/ Time=1¢
X1,x

Time=0 F,

FIGURE 7.3 Arbitrary rotation of the elastic deformation gradient.

F =F*"F*; F*.=F.Q", F*,=QF,. (7.8a,b,c)

Clearly, the right Cauchy—Green tensor C' given in Equation (7.3a,b,c), remains
unchanged. Rearranging the above equations, the right Cauchy—Green tensors C),
and C, can be re-evaluated as

C',=FF,=F Q"QF, = F[F, = Cy; (7.9a)
Cc*.=FTF, =QF'F.Q" = QC.Q". (7.9b)

This reveals that the local permanent strain measure, as given by the right Cauchy—
Green tensor C,, remains unchanged but that the strain measure C., associated with
the recovery of the local stress-free (permanent) configuration from the deformed
position arbitrarily depends upon the rotation Q. It is also easy to show that the left
Cauchy—Green tensor remains unchanged, given that

b = F* . F*!
= FeQTQFZ
= b.. (7.10)

Consequently, the stored elastic energy and the Kirchhoff stress 7, given in the
hyperelastic constitutive Equation (7.7), also remain invariant to the same rota-
tion Q.

The fact that C), and b, unlike F), and F, are invariant with respect to an
arbitrary rotation of the unloaded state suggests that C), and b, are appropriate kine-
matic measures to be employed in the development of the constitutive equations.
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73 RATE KINEMATICS

It is clear from Section 7.2 that the state of stress in the hyperelastic—plastic mate-
rial is determined, through b., by the deformation gradient F' and the plastic right
Cauchy-Green tensor C), given by Equation (7.6) as b = F'C,; 1pT,

Generally, the solution process will provide the deformation gradient F' and,
consequently, to find the resulting b, and thence the stresses it is necessary to
derive a procedure for the evaluation of the right Cauchy—Green tensor C,. Recall
that the evolution of the permanent configuration is path-dependent in the sense
that C), cannot be obtained directly from the current configuration alone. This
implies that b, is also path-dependent and must be obtained by integrating a rate
form over a time or pseudo-time parameter. For elasto-plastic materials this rate
expression is obtained from the flow rule, which enables the evaluation of C), such
that Equation (7.6) provides b.. Kirchhoff stresses can then be found that satisfy
the elasto-plastic constitutive equations, that is, conform to the yield criterion. Of
course such stresses may not additionally satisfy equilibrium and, computation-
ally, the Newton—Raphson procedure will need to be employed to ensure that both
constitutive equations and equilibrium are satisfied.

In order to move toward an appropriate expression of the flow rule, the rate of
b. is expressed as

d Ob,

. . 0b,
b= b (FO.G(0) = 5+ F+ 52 G (7.11)

The two terms on the right-hand side of the above expression can be re-expressed
to provide a physical interpretation of b, as follows:
d _ db,

i)e = @be (F(t)?cp(t)) - E

dbe

= (7.12)

Cp= const F'=const

The first term measures the change in b, that results from the overall change in
deformation under the assumption that there is no further change in the permanent
strain. For example, this would be correct in the case of local elastic unloading.
Generally, however, further permanent deformation will occur in order to accom-
modate the inelastic constitutive requirements. Consequently, the second term in
Equation (7.12) measures the change in b, that results from a change in permanent
deformation, with the overall deformation, as given by F', remaining constant.

When recast later in incremental form suitable for computation it will be seen
that the first term in Equation (7.12) provides the so-called trial state of stress,
whereas the second term leads to the so-called return-mapping procedure which
modifies the trial state of stress to ensure satisfaction of the inelastic constitutive
requirements.
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In order to develop a physically meaningful flow rule using the terms in Equa-
tion (7.12), it is necessary to employ the concept of work conjugacy. Physically,
it is reasonable to assert that the internal rate of work per unit initial volume, w0,
done by the stresses 7 can be decomposed into elastic recoverable and permanent
nonrecoverable components, w, and ), respectively, the latter usually being called
the rate of plastic dissipation. This can be expressed as

W = We + Wp. (7.13)

These work-rate components will now be related to the terms in Equation (7.12)
and in this manner enable the development of the flow rule.

For this purpose, observe first that the total rate of work per unit undeformed
volume is given in terms of the Kirchhoff stress 7 and velocity gradient [ as

1db,
D = :l: M 776 bﬁ1 . 714
wW=T T (2 7 . ) ( )

Cp=const

The proof of this expression is given in Example 7.1. Similarly, it is shown in
Example 7.2 that the elastic component of the total work rate is

. 1dbe
We =T : lo=7: <2dt€be 1) , (7.15)
where the elastic velocity gradient [ is defined by analogy with the velocity gradi-

ent,l = FFfl, as
l.=F.F.'. (7.16)

EXAMPLE 7.1: Total work rate

Proof of Equation (7.14) relating the total rate of work, ), to the time derivative of
the left Cauchy—Green tensor b.. Recall the commutative property bgl‘r = rbgl,
thatis, F. TF lr = 7 F_TF. L.

1 db.
W= —-T: be_1
C), = const

2 dt
tr (T (Fc;lFT T Fc;lFT) F;TFgl)

w(rFF, 'F,"F F'F,"F,' + TFF,'F,"F F,"F,")

. 1 .
w(rFF") + Ju(rF.F,F, ' F,"F F."F.")

N = N = N

(continued)
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EXAMPLE 7.1: (cont.)

_1 . 1 T 7T
_§T.l+§tr<Fe F'tF.F,"F )

1 1 = il — T 421
:§T:l+§tr(7'F€ F'F.F,"F )

1 1 ]
:§T:l—|—§tr(TF*TFT>

1 1
:§T:l+§7':l:7‘:l.

The rate of plastic dissipation can now be calculated from Equations (7.12)—
Wy = W — We

(7.15) as
e _ 1db.,_
=T lﬂ be1 —T: <b61>
2 dt Cp= const 2 dt

1 [ db. dbe \
=7: || — - — |yt
2 dt Cp=const dt

1
=7:|—= % be_1
2 dt F= const

=T, (7.17)
from which the definition of the so-called plastic rate of deformation emerges as
1 db. 1
l,=—- —= b . (7.18)
g 2 dt F= const ‘

EXAMPLE 7.2: Elastic work rate

Proof of Equation (7.15) relating the total rate of elastic work, ., to the time deriva-
tive of the left Cauchy—Green tensor b.. Recall again the commutative property
b, 't = b, ', thatis, FTF'r = F.TF 1,

We = =T ¢ (bebgl)
— S (T (FeFZ + FeFeT> F;TFgl)
1 o —1l 1 1 T 1
=t (TFeFe )+ S (TFeFeFe_ F )
(continued)
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EXAMPLE 7.2: (cont.)

= 1l o+ %tr (F;TFglrFeFeT)

It will be explained in the next section that the use of this rate tensor to define
the flow rule ensures that the material dissipates energy due to plastic deforma-
tion as efficiently as possible. This phenomenon is formally stated as the principle
of maximum plastic dissipation, which is a fundamental principle underpinning
plasticity theory.

It is important to observe that Equation (7.18) implicitly contains the rate of
change of the inelastic right Cauchy—Green tensor. This is shown in Example 7.3 as

1 db.

1 .
l,=—- — bl=_-FC 'C,F " 7.1
P 2 dt |p A e (7.19)

=const

Algorithmically, however, it will prove more convenient to use expression (7.18)
for I, rather than (7.19) and thereby calculate C), indirectly from a time-integrated
beasCy' = F'p.F~ 7.

Before moving on to consider rate-independent plasticity it is worthwhile
recalling the main thread of the developments achieved so far. Since large defor-
mations and finite strains are involved, the basic kinematic description requires the
overall deformation gradient F', a permanent right Cauchy—Green tensor C,, and
the elastic left Cauchy—Green tensor b, all functions of a time-like parameter and
related by b = FC, LFT . Insofar as C), is path-dependent, b, is also implic-
ity path-dependent, and to determine b, requires the integration over time of the
rate of b.. Once b, is determined, stresses can be evaluated from the hyperelastic
energy function given in Equation (7.7). In addition to satisfying the equilibrium
conditions the stresses must conform to the constraints of the inelastic constitutive
equations (considered later in Section 7.4).

The following sections will introduce the means by which [, can be determined
and by implication how b, can be evaluated.
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EXAMPLE 7.3: Plastic rate of deformation

Proof of Equation (7.19) relating the plastic rate of deformation ,, to the time deriva-
tive of the right Cauchy—Green tensor, C’; 1. Observe that the time derivative of C,
can be found from the time derivative of C,, 1C, =T as

c,'Cc,+C,'C,=0;

lp - _% Cill;e F= const be_l - _%Fdifl FTbe_l
= %FdileTF_TCpF_l
i
—%FC;%%F*

74 RATE-INDEPENDENT PLASTICITY

Attention is now focused on the evaluation of the plastic rate of deformation, ,,.
For elasto-plastic materials this is given by an equation known as the flow rule
which relates [, to the current state of stress in the material. The simplest case, and
the only one considered in this text, is Von Mises plasticity with linear isotropic
hardening, which is defined by a yield surface function of the Kirchhoff stress 7, a
yield stress 7,, and a hardening variable &, as

3

f(r.&) =4[5 s 7) =7, <0; Ty =7, + Hép, (7.20a,b)
where, in terms of the mean stress, p, the deviatoric component of the Kirchhoff
stress is

v =7 —pJI. (7.21)

The constant H is a material-hardening parameter and 7"5 is the initial yield
stress. The yield surface, often called the yield function, defines an elastic limit
as determined by the generalized scalar Von Mises equivalent stress 4/ %(T’ 2 7).
If f(T,€,) < O then the material behaves elastically; if f(7,£,) = 0 then the
Kirchhoff stress tensor 7 must be such that the Von Mises equivalent stress equals
the current yield stress %8 + H¢, and elasto-plastic behavior ensues.
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The flow rule can now be defined by

1 db. _ LO0f(T,8p)
- __- = bl =LA P
b 2 dt € " or

F'= const

(7.22)

where +, a proportionality factor, is called the consistency parameter or plastic
multiplier. It is couched as a rate for dimensional consistency with the plastic rate
of deformation [,,.

The flow rule given in Equation (7.22), in which the direction of the plastic
strain rate coincides with the gradient of the yield surface, is known as associative.

Remark 7.1: The associative type of flow rule given in Equation (7.22)
is a consequence of the postulate of maximum dissipation of plastic work.
The total rate of work per unit initial volume, 7 : I, can be expressed using
Equations (7.13)—(7.15) and (7.17) as

Til=7:1l.+71:1, (7.23)

where 7 : I, is the rate of change of elastic energy and 7 : [, is the plastic
dissipation rate. The postulate of maximum plastic dissipation implies that
the rate of the work put into the deformation that cannot be accommodated
elastically is being dissipated plastically by 7 : 1, as efficiently as possible. It
is possible to show that maximizing the term 7 : [, subject to the constraint
f(T,ép) < 0leads to Equation (7.22), where 4 can then be interpreted as a
Lagrange multiplier.

Substituting the yield function given by Equation (7.20a,b) into the flow rule of
Equation (7.22) gives

T/
b=t s v e
5(7" :7) 3(7" 2 7)

In order to define the evolution of the hardening variable £, a traditional work-
hardening approach can be adopted. Given the Von Mises equivalent stress T,
defined as

- /g(T, 1), (7.25)

Where the rate £, is defined to be the work conjugate to 7 as

(7.24a,b)

Wy = 7E, (7.26a)
=T1:1, (7.26b)
/
e T A— (7.26¢)
Hr i)
= 47, (7.26d)
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from which
ép = 7. (7.27)

Insofar as &, has been defined as work conjugate to the Von Mises equivalent stress
7, the work-hardening variable £, can be designated as the Von Mises equivalent
plastic strain.

Remark 7.2: Note that the volumetric component of [, that is, tr(l,), is
zero. This can be shown by noting that by construction tr(7’) = 0, to give

tr(l,) = ryﬂ = 0. (7.28)

As a consequence the plastic deformation is incompressible and the determi-
nant of the inelastic (or plastic) deformation gradient is unity, that is,

det F, = 1. (7.29)

75 PRINCIPAL DIRECTIONS

The formulations that follow are greatly simplified by operating in principal direc-
tions. Obviously, this is essential if the hyperelastic energy is given in terms of elas-
tic principal stretches A ., such as for Ogden materials. But perhaps more impor-
tantly in the present context, employing principal directions will greatly facilitate
the integration in time of the flow rule.

Insofar as evaluation of the flow rule will eventually yield the left Cauchy—
Green tensor b, the elastic stretches can be obtained in the usual manner by
evaluating the principal directions of b, to give

3
be=Y Ao ® N (7.30)
a=1

Expressing the hyperelastic energy function in terms of the elastic stretches
and using algebra similar to that employed in Section 6.6 enables Equation (7.7b)
to be rewritten as

ov

= =1,23. 7.31ab
Taa 81n)\e,a7 (6% y 4y ( a,b)

3
T = § TaaNa @ Ma;

a=1

T In fact, working in principal directions will disguise the need to employ the so-called exponential map process
favored by many authors.
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It is crucial to observe at this point that the principal directions of b, and T are
in no way related to the principal directions that would be obtained from the total
deformation gradient F' nor to the inelastic component F),.

To proceed, it is now necessary to focus on a particular elastic material descrip-
tion. The fact that the formulation is expressed in principal directions implies that
the strain energy function should be a function of the principal stretches A o, such
as those given in Section 6.6. Furthermore, for elasto-plastic behavior the nearly
incompressible nature of the overall deformation needs to be taken into account.
Even when elastic deformation is compressible the plastic strain is incompressible
and much larger than the elastic component, leading to an overall behavior which is
nearly incompressible. These two requirements are met by the simple stretch-based
nearly incompressible material described in Section 6.6.6.

The principal components of the deviatoric Kirchhoff stress tensor are given
for this material as

2
7. =2pln Ae,a — g,uan S T =Taa—D; a=1273; (7.32a,b)

where the hydrostatic pressure p is defined in Equation (6.103).
The plastic rate of deformation given in Equation (7.22) can be re-expressed in
principal directions by introducing Equation (7.30) as

1db|
p:_,ﬁ bel
2 dt |,
1[d 3 ’
~ 72 [dt (Zkiwa@na)] 2 ire®mg | (3
F \o=1 /=1

Due to the possibility of plastic deformation, both the stretches A, ,, and the direc-
tion vectors 1, in the above equation are potentially subject to change with time at
constant F'. As shown in Example 7.4, the time derivatives of the principal direc-
tions n, at constant F' can be expressed in terms of the components of a skew
symmetric tensor W as

dn,,
dt

3
= Wagng; Wap=-Wsa; Waa=0. (7.34a,b,c)
F =1

This enables the plastic rate of deformation tensor to be expressed in principal
directions (see Example 7.4 for proof) as

3 2 3 2 2
1dX _ 1 Ao — A
l, = —3 det’a )\873 N Nng — E §Wag 76’63\2 2 N, ® ng.
a=1 o,f=1 e,3
aFf
(7.35)
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In addition, for isotropic materials the yield function can always be expressed in
principal directions of T, that is, f (7,&,) = f (Taa,&p), enabling the flow rule
Equation (7.22) to be expressed in principal directions as

Of (Taas
72 U100 %) | 5 (7.36)

OTaa

The above isotropic flow rule shows that, when expressed in principal directions, 1,,
can only contain diagonal entries. That is, there are no terms in the above equation
with a tensorial basis n, ® ng where a # 3. Consequently, the off-diagonal com-
ponents in Equation (7.35) must be zero, which reveals that W,3 = 0 and hence,
from Equation (7.34a,b,c),,

d
Na —0. (1.37)
dt F'= const
This statement enables the flow rule to be written succinctly in principal direc-
tions as
1 d)\2 9 Of (TaasEp)
= L=y =1,2,3; 7.38
p,ac 2 dt e,x Y aTaa « ( )
F'=const

which can be conveniently rearranged to give

dee.o . Of(Taas €,
lp,aa = Edi; = — 'yf(({;_acfp); Eex = In )\e,a- (7.39a,b)

F'= const

The fact that the rotation term W,3 = 0, in Equation (7.35), implies that [, is
symmetric, which justifies the terminology “plastic rate of deformation,” d,, since
dp=5 (L +1;).

Remark 7.3: Note that, for the simple one-dimensional truss case described
dee,a

in Chapter 3, the term ——3

coincides with €, used in Equa-

F=const
tion (3.53). This is easily shown byC(r)ggarranging Equation (3.49a,b,c,d)y as
€e = € — &p and taking the time derivative, at constant F' equivalent to

constant .

The partial derivative of the yield function with respect to the principal direc-
tions of 7 emerges as

1
Of (TaaEp) T o o /2 2¢ 2
87-()04 o / / = Ve 3 32 aa

T a=1

(7.40a,b)
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where v is a dimensionless direction vector normal to the yield surface described
with respect to the principal directions of 7 (Figure 7.4).

AT

f(7.8,,)=0

Epn

71

FIGURE 7.4 Dimensionless direction vector v normal to yield surface f(,&;).

EXAMPLE 7.4: Plastic rate of deformation in principal directions

Proof of Equation (7.35) for the plastic rate of deformation l,. Recall Equa-
tion (7.34a,b,c), as

ZWO"B ’I’Lg,

where W,z describes the rotation of the principal directions 72, at constant F'. Now,
observe that using the above equation the time derivative of n, - ng = dop at F'
constant yields Equations (7.34a,b,c); ., that is,

dna

F

Waop = —Wpa ;5 Waa =0.

The plastic rate of deformation [, can now be developed as follows:

1 db 2 -
b=y 2] w=d ] (Sotmesn) (Sazmen
2 dt |p F\= =
3 2
dAg dn,
= (Z na®na+z)‘ea Z ® na
=1 F

3
) (Z )‘e_,% ny ® "7>
F ~=1

3
Z dn,
+ )‘z,ana ® C,’Zf
a=1

(continued)
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EXAMPLE 7.4: (cont.)

. e, 2
= Z o Ng Q@ Ny + Z )\eyaWagng®na
a=1 F a,B=1
3 3
4 Z )\iaWag N, ®ng (Z )\gi ny,® n.y>
a,f=1 y=1
3 2
1 d)‘e [e%
= _5 (Z dt No @ na)
a=1 F
1 3 3
—5 | D2 Was (W0 = A2p) 0 ® 7 (Z A2n, ® n7> ;
@ =il y=1
a#
hence
> ld/\ioc —2 > 1 Aga_Ai,B
lp:Z—f d, Aeala® Mg — Z ~Wags )\27 Ny ® ng.
= a,B=1 2 e,8
a#p

76 INCREMENTAL KINEMATICS

Computationally, as explained in Chapters 1 and 3, a solution to the nonlinear
equilibrium equations that are obtained from consideration of geometric or com-
bined geometric and material nonlinearity is found by taking a sufficient number
of load increments, which may be related to an artificial or real-time parameter.
Consequently, it is now necessary to revisit many of the above equations in which
differentiability in “time” was implied and consider equivalent expressions in an
incremental setting.

Consider the motion between two arbitrary consecutive increments as shown
in Figure 7.5. At increment n the deformation gradient F',, has known elastic and
permanent components, F'.,, and F',, respectively, that determine the state of
stress at this configuration. In order to proceed to the next configuration at n + 1,
a standard Newton—Raphson process is employed. At each iteration the deforma-
tion gradient F',, 1 can be obtained from the current geometry. However, in order
to obtain the corresponding stresses at this increment n + 1 and thus check for
equilibrium, it is first necessary to determine the elastic and permanent components
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Time=1,

e, n+1

Time =1,

F

p.n+l

FIGURE 75 Multiplicative decomposition at times ¢ and ¢ + At.

of the current deformation gradient F',, 1 = F¢ 4 1F) ;1. Clearly, this is not
an obvious process because during the increment an as yet unknown amount of
additional inelastic deformation may take place.

It is, however, possible that during the motion from n to n + 1 no further per-
manent deformation takes place. Making this preliminary assumption, F'y, ;,11 =
F,,, and therefore C), ,41 = C), 5, and a trial left Cauchy—Green tensor can be
found as

bl | = Fn“C’I;}LFZH. (7.41)

Since C), is now assumed temporarily constant, the above expression conveniently
represents the exact time integration of the first term in Equation (7.12).

Using this trial strain tensor, principal directions and a preliminary state of
stress can now be evaluated as

3
. . 2 . .
bl = > ()t @ nif, (7.42a)
a=1
2. ov
trial __ trial trial
= §n auial "o ® ng (7.42b)
a=1 d

from which the deviatoric Kirchhoff stress tensor is expressed in component form,
using Equation (7.32a,b), as

3
. . . . . . 2
T/trlal — § T&glal nglal ® Tlgfal; T&glal =2 In )\glaal _ g/‘L In Jn-&-l.
=1

(7.43a,b)
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Note that 7/t4! is the state of stress that is obtained directly from bgjfll -1 under the
assumption that no further inelastic strain takes place during the increment. Invari-
ably, this trial state of stress will not be compatible with the assumption that no fur-
ther permanent deformation takes place during the increment and consequently the
state of stress requires modification occasioned by further permanent deformation.

To effect this, stress modification requires a further update to b, as indicated
by the second term in Equation (7.12). As previously explained, this is achieved by
integrating the flow rule over the time increment to give this additional change in
b, due to plastic deformation.

In Von Mises plasticity theory, as in many other metal plasticity models, the
plastic deformation is isochoric, that is, det F}, = 1; see Equation (7.29). Under
such conditions, J"*1 = J7*! in Equation (7.43a,b), where J"*! is the hyperelas-
tic elemental volume ratio, and the hydrostatic pressure p can be evaluated directly
from J" ! as in standard hyperelasticity; see, for instance, Equation (6.103).

The time derivative at constant F' in the flow rule Equation (7.39a,b) can now
be approximated incrementally as

dIn\cq InAZEE — I g
dt o At ’

F'= const

(7.44)

and therefore the flow rule in principal directions can now be expressed in incre-
mental terms as

InAZED = In AR = Ayl Ay =4TAL (7.45a,b)

«

The above equation represents a backward Euler time integration of the second
term in Equation (7.12).

Remark 7.4: Equation (7.45a,b), provides a generalization to large strains
of the small strain incremental plastic update rule, typically given as

Aep o = Afyaa(;f. (7.46)

To show this, simply note that the small strain additive decomposition € =
€e + €p taken at increments n and n + 1 implies

Aep o = (€Z+1 - e”+1) — €Z,a

ea
_ (EZH _ Ez,a) _ 6221
= gl _ gntl, (7.47)
This enables the flow rule to be written as
ept! — et = —Av(,i‘i, (7.48)

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:21:45, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.008



206 LARGE ELASTO-PLASTIC DEFORMATIONS

which, in the case of small strains, coincides with Equation (7.45a,b),.

This observation can be employed to extend the theory developed in this
chapter to more general plasticity models using widely formulated return-
mapping algorithms derived in the small strain context.

The evaluation of Ay, v7*!, and the elastic stretches In )\Z‘gl that ensure that
T radial lies on the yield surface is known as the, return-mapping algorithm and is
considered in the following section. Assuming this has been accomplished and the
elastic stretches have been obtained, the updated left Cauchy—Green tensor bZH
can be determined as

3
2
benr1=»_ (A nitt @ nit, (7.49)

a=1

where n"*1 can be obtained by approximating the time integration of Equa-
tion (7.37) as

dn nn+1 _ ntrial
- = C“Aia =0 (7.50)
dt F'= const t
: 1, trial
to give nV 1 = pmal,

The updated plastic right Cauchy—Green tensor and its inverse are finally found
from Equation (7.6) as

Coni1 = F£+1b;3z+1Fn+1; C;,TILH = F;Jlrlbe,nHF;Il' (7.51a,b)

7.6.1 The Radial Return Mapping

From Equations (7.32a,b), (7.43a,b), and (7.45a,b) the deviatoric Kirchhoff stress
in principal directions can be evaluated as follows:

7 ptial 2u(In )\2721 —In Agfgﬂ)

(6767 (07704
= —2uAyytt (7.52)
to give
The = o = 2uAy2 7t (7.53)

By virtue of Equation (7.40a,b) the above equation indicates that 7’ is proportional

to 7/" and is therefore known as the radial return mapping (Figure 7.6). As a

¥ Strictly in (7.52) 7/, should be denoted as (T&a)ﬁ 41> Where . + 1 refers to the load increment (or pseudo
time step) and k refers to the Newton—Raphson iteration that is driving the solution toward equilibrium.
However, to simplify, the notation 7, is retained.
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[(Zp e 1) =0 ) ,
\T/lrial

n+l

1
FIGURE 7.6 Radial return.

consequence of this proportionality, the nondimensional direction vector v can be
equally obtained from 7/ that is,

/tr1al

ol — ;  where, generally, |7||=+v7T:T,

I/ )
Bl f il

and therefore the only unknown in Equation (7.45a,b) is now A~.
In order to evaluate A+, multiply Equation (7.53) by v *! and sum over «
to give

(7.54a,b)

3

Z (;a g-‘rl Z /trial n+1 QMA’YZ n+l (7.55)

a=1

Substituting from Equation (7.54a,b), the appropriate expression for 2 +! gives

/trial || 2
[Es | 2y (;) ‘ (7.56)

Ve IRVE L

Simplifying the first two terms of the above equation together with the enforce-
ment of the yield condition (7.20a,b) gives

/||2

3 3 .. .
\/27" 7 = \/27'““"‘1 s p/uial 3 Ay = (7‘5 + Hepp + HAEp).
(7.57)

In addition, integrating Equation (7.27) in time gives

Az, = A, (7.58)
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208 LARGE ELASTO-PLASTIC DEFORMATIONS

Substituting this expression into Equation (7.57) enables A~ to be evaluated
explicitly as

f( trial ép, )
Ay = 3u+ H
0 if f(ralg,,) <0.

if trial = n) > 0:
1 f(T 7€p7 ) ’ (759)

Once the value of A~ is known, the current deviatoric Kirchhoff stresses are
easily obtained by re-expressing Equation (7.53) as

2uA
7_/ _ (1 nary > /trlal' (760)

ao /9 ||T/tr1al”

In order to be able to move on to the next increment, it is necessary to record the
current state of permanent or plastic deformation. In particular, the new value of
the Von Mises equivalent plastic strain emerges from (7.58) as

Epntl = Epm + AY. (7.61)

76.2 Algorithmic Tangent Modulus

The derivation of the deviatoric component of the tangent modulus for this con-
stitutive model follows the same process employed in Section 6.6, with the only
difference being that the fixed reference configuration is now the unloaded state at
increment n rather than the initial configuration. Similar algebra thus leads to

3
R 1 o7,
¢ = Z j Oln )\trldl naaﬂﬁ 2 :QUaa Naaaa
a’ﬁzl

aa )\trlal) Uﬁﬁ ( /\trlal)

00
a7

+

(Mapas + Mapsa): (7.62a)

where for any «, 3, 7, ¢ the fourth-order tensor 77, 3+0 18 defined as
Nagys = Na R ng @ ny ® ng. (7.62b)

In order to implement this equation the derivatives in the first term must first be
evaluated from Equation (7.60) as

oth ., < B 21 Ay ) O/ trial
oAU V2/3 || T/ ) 9In ALY
2urpe 0 Ay
o \/ﬁ Ol Al \ ||/l J* (7.63)
e7ﬁ
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77 TWO-DIMENSIONAL CASES 209

If the material is in the elastic regime, Ay = 0; hence the second term in Equa-
tion (7.63) vanishes and Equation (7.43a,b); shows that the derivatives of the trial
stresses are given by the elastic modulus as

aT/trial 2
_—ox . 64
i g ~ 2100 ~ 3 (7.64)

In the elasto-plastic regime, Ay # 0, and the second derivative of Equa-
tion (7.63) must be evaluated with the help of Equation (7.59) and the chain rule as

0 Ay \_ 1 3/2 Ay ) 9
dln )\t;igl ||T/trial|| ||T/trialH 3,LL + H HTltrialH dln )\;rjg] )

where simple algebra shows that

(7.65)

8”7” trialH Z Jirial or /trlal
Oln )\terj%l HT/ trial || oln )\trml

2
/tri l
HT/trlalH Z * 2M60‘ﬁ - glu’)

=2u+\/2/3 vg. (7.66)

Finally, combining Equation (7.63) and Equation (7.66) gives the derivatives
needed to evaluate the consistent algorithmic® tangent modulus as

07! 0, - 2u Avy (2 2 )
Oln )\tnal F||T/trldl|| ,u aB — 3:“’

2 223 M). (7.67)

o ”a’“(zu TH ]

The algorithmic procedure for implementing rate-independent Von Mises plas-
ticity with isotropic hardening is given in Boxes 7.1 and 7.2.

77 TWO-DIMENSIONAL CASES

As explained in Section 6.6.7, plane strain is defined by the fact that the stretch
in the third direction A3 = 1. Insofar as A3 = A, 3\, 3 it is clear that neither A, 3
nor \, 3 need be equal to unity. This implies that the trial Kirchhoff stress given by

§ This is alternatively called the consistent tangent modulus insofar as its derivation is consistent with the chosen
method of returning the trial stress to the yield surface; see also Section 3.5.6.
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210 LARGE ELASTO-PLASTIC DEFORMATIONS

Equation (7.43a,b) must be evaluated in three dimensions. However, the trial left
Cauchy—Green tensor given by Equation (7.41) assumes a simpler form as

—1
. Foi10x2) 0| [Cpnex2) 0 F£+1(2><2) 0
bg;?-li-l — 0 0 0l- (768)
—1
0 0 1 0 0 Cp,n(3,3) 0 0 1
From Equations (7.3a,b,c) and (7.29), det C; }L = 1; consequently, C’p_n(3 3) can
easily be found as
1
oL =" (7.69)
(3,3 -1
P33) T et Cp,n(2x2)

Observe that since A3 # 0 the calculation of the principal directions of btefifblrl,

the principal Kirchhoff stresses, and the evaluation of the yield function proceed
as for the fully three-dimensional case with other calculations remaining two-
dimensional.

For the case of plane stress the situation is not so simple, as the return algorithm
is no longer radial. This is because the yield surface becomes an ellipse given by the
intersection of a cylinder in principal directions and the horizontal plane 73 = 0.
Plane stress behavior is not pursued further; however, details can be found in Simo
and Hughes (1997).

BOX 7.1: Algorithm for Rate-Independent Von Mises Plasticity with
Isotropic Hardening

1. For load increment n + 1

2. For Newton—Raphson iteration k
3. Find F,’f +1 and given C, ! and &p,n» (k now implied)
Jn+1 =det Fpyq Jacobean
kln Jpi In (ve/V€) Pressure (mean stress) [mean
P= (Jnﬂ) {% “(ue/Ve)] dilatation, Section 8.6.5]
bte“ﬁrl =F,11C,, ;Ff 11 Trial left Cauchy—Green tensor

3
trial  __ § trial\2 _trial trial
be,n-i—l - (/\e,(x ) n(x ® noc

a=1

Trial stretches and
principal directions

. . )
riirial — 94 1n )\fol —3H InJmt! Trial Kirchhoff stress

(676

(continued)
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77 TWO-DIMENSIONAL CASES

BOX 7.1: (cont.)

4. Check for yielding
f(Tlrial’ ép,n

5. Radial return algorithm

If >0

)<0

Then

/ trial
n+1 — Taa

\/gHT/trialH

— f( rial épa”l)
3u+H

1%

Else
Ay=0

n+1l _ trial
In AL =In Al —

The = (1

A’ngJrl
QMAV

/trlal
/9 ||7./ trial ||

3
1\2 1 1
bentr = (AE) nit @ nit
a=1

Ny = ,ntrlal

7. Update stress

3
o= g Oaan Tt @niT!

a=1
8. Update tangent modulus
3

a0
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Yield function

Direction vector

Incremental plastic multiplier

Elastic response

Logarithmic elastic stretch

Return map

6. Update inverse of elastic left Cauchy—Green tensor

Principal deviatoric
Cauchy stress

Principal Cauchy stress

Cauchy stress

(naﬁaﬁ + naﬁﬁa)

1 o7 3
¢ = ———a_n - Z 200,,M
trial aafBp aa 'Taaoo
52, T oA o]
trial trial
N Z 0. /\na) O.ﬁﬂ(kna)
SR R

(continued)
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BOX 7.1: (cont.)

9. Update state variables

Update plastic right

C,l  =Fb
pat1 = Faprbeni1 F 1 Cauchy—Green tensor

Epnt1 = Ep,n + Ay Update equivalent plastic strain

10. Check equilibrium

If R > tolerance See Box 1.1
Then

k<k+1 GOTO2
Else

n<n+1 GOTOI1

BOX 7.2: Tangent Modulus

1. Update tangent modulus

3

3
C = Z % Cap na(xﬁﬁ - Z 20;04 T’aaaa

)\mal) — ()\ma])
BB
+ (na « + na a)
a%jl )\tr]al) ()\glgl) paf pB
a#B
If f>0
20 Ay 2
Then C/aﬂ — (1 \/7 ||7./tr1al || ( 'u aff 3[&)
o 2 2u4/2/3 Ay Plastic
a?p 3u—+ H || ial]| response
2 Elastic
Else cop = 2udap — 3H response

Exercises

1. Us1ng the multlphcatlve decomposition F'= F.F',, and the expressions | =
FFlandl, = F. F_ ", show that the plastic rate of deformation 1,, can be
obtained as
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EXERCISES 213

l,=F.F,F'F.
2. Starting from the expression F'. = F.(F,F),) and using a decomposition
similar to that shown in Equation (7.12), show that

_ dF.
dt

l, = Fl

F'=const

3. Use the equation obtained in the previous exercise to derive the flow rule in
principal directions, following a procedure similar to that described in Sec-
tion 7.5.

4. Consider a material in which the internal elastic energy is expressed as

U(C,C,). Show that the plastic dissipation rate can be expressed as

ov
oCp
Starting from this expression and using the principle of maximum plastic dis-

sipation, show that if the yield surface is defined in terms of C' and C,, by
f(C,C)p) < 0 then the flow rule becomes

o e Of
acocpy "~ Tac

Wy = — : Cy.
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CHAPTER EIGHT

LINEARIZED EQUILIBRIUM
EQUATIONS

8.1 INTRODUCTION

The virtual work representation of the equilibrium equation presented in
Section 5.4 is nonlinear with respect to both the geometry and the material. For
a given material and loading conditions, its solution is given by a deformed con-
figuration ¢ in a state of equilibrium. In order to obtain this equilibrium position
using a Newton—Raphson iterative solution, it is necessary to linearize the equi-
librium equations using the general directional derivative procedure discussed in
Chapter 2. Two approaches are in common use: some authors prefer to discretize
the equilibrium equations and then linearize with respect to the nodal positions,
whereas others prefer to linearize the virtual work statement and then discretize.
The latter approach is more suitable for solid continua and will be adopted herein,
although in some cases where a nonstandard discretization is used this approach
may not be possible.

8.2 LINEARIZATION AND THE NEWTON-RAPHSON
PROCESS

The Principle of Virtual Work has been expressed in Chapter 5 in terms of the
virtual velocity in the spatial configuration as

5W(¢,5v):/U:(dev—/f-évdv—/a t-dvda =0, (8.1)
or alternatively in the material configuration as
SW (¢, dv) :/ S:0EdV —/ fo-dvdV — | tg-dvdA. (8.2)
v v v
214
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8.2 LINEARIZATION AND THE NEWTON-RAPHSON PROCESS 215

Considering a trial solution ¢y, either of the above two equations can be linearized
in the direction of an increment u in ¢, as

W (¢r, 6v) + DOW (¢py, 0v)[u] = 0. (8.3)

Consequently, it is necessary to find the directional derivative of the virtual work
equation at ¢y, in the direction of u. It is worth pausing first to ask what this means!
To begin, a virtual velocity dv(¢p(X)) is associated with every particle labeled X
in the body, and it is not allowed to alter during the incremental change u(x)
(Figure 8.1). At a trial solution position ¢y, 6W (¢, dv) will have some value,
probably not equal to zero as required for equilibrium. The directional derivative
DSW (¢, dv)[u] is simply the change in 6TV due to ¢, changing to ¢y, +u. Since
dv remains constant during this change, the directional derivative must represent
the change in the internal forces due to w (assuming that external forces are con-
stant). This is precisely what is needed in the Newton—Raphson procedure to adjust
the configuration ¢, in order to bring the internal forces into equilibrium with the
external forces. Hence, the directional derivative of the virtual work equation will
be the source of the tangent matrix.

X3,X3

X1, X1

Time=0

FIGURE 8.1 Linearized equilibrium.

The linearization of the equilibrium equation will be considered in terms of the
internal and external virtual work components as

D6W (¢, 0v)[u] = DéWin(p, 6v)[u] — DOWex (6, 6v)[u], (8.4)
where
OWint(, 0v) = /0' : 0d dv; (8.5a)
IWext(, 0v) = /f <dvdv + / t-ovda. (8.5b)
v ov
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216 LINEARIZED EQUILIBRIUM EQUATIONS

8.3 LAGRANGIAN LINEARIZED INTERNAL
VIRTUAL WORK

Although the eventual discretization of the linearized equilibrium equations will be
formulated only for the Eulerian case, it is nevertheless convenient to perform the
linearization with respect to the material description of the equilibrium equations,
simply because the initial elemental volume dV’ is constant during the linearization.
This will then be transformed by a push-forward operation to the spatial configu-
ration. Recall from Equation (5.43) that the internal virtual work can be expressed
in a Lagrangian form as

SWini(@, dv) = /V S :5EdV. (8.6)

Using the product rule for directional derivatives and the definition of the material
elasticity tensor, the directional derivative is obtained as

DSWini(p, 6v)[u / D(SE : S)[u]dV
:/ OE : DS[u] dV+/ S : DSE[u]dV
14 \%
:/ 6E:C:DE[u]dV+/ S : DSE[u]dV, (8.7)
\% \%4

where D E[u] is given by Equation (4.71). The term DJ E[u] in the second integral
emerges from the fact that § E, as given by Equation (4.97), is a function not only
of dv but also of the configuration ¢ as
SE=_(0F F+ F'5F); 6F=__ =WV 8.8
2 ( + )7 (9X VU v. ( )
The directional derivative of this equation can be easily found, recalling from
Equation (4.70) that D F'[u] = Vju, to give

DSE[u) = %[(VU(S'U)TVOu + (Vou) T Vo). (8.9)

Observe that because the virtual velocities are not a function of the configuration
the term Vydwv remains constant. Substituting Equation (8.9) into (8.7) and noting
the symmetry of S gives the material or Lagrangian linearized Principle of Virtual
Work as

D§Win (b, 60)| / SE:C:DEu ]dV+/ S : [(Vyu)T Wév] dV.
|4
(8.10)
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8.4 EULERIAN LINEARIZED INTERNAL VIRTUAL WORK 217

Given the relationship between the directional and time derivatives as explained in
Section 4.11.3, note that 0 E can be expressed as D E[év], which enables Equa-
tion (8.10) to be written in a more obviously symmetric form as

D§Wini( @, 6v) [u] = /V DE[6v] : C : DE[u]dV + /V S : [(Vu)T Wov] av.
(8.11)

8.4 EULERIAN LINEARIZED INTERNAL
VIRTUAL WORK

Equation (8.11) can perfectly well be used and may indeed be more appropriate in
some cases for the development of the tangent stiffness matrix. Nevertheless, much
simplification can be gained by employing the equivalent spatial alternative to give
the same tangent matrix. To this end, the materially-based terms in Equation (8.11)
must be expressed in terms of spatially-based quantities. These relationships are
manifest in the following pull-back and push-forward operations:

DE[u] = ¢, '[e] = FTeF; 2 =Vu+ (Vu)l; (8.12a)
DE[év] = ¢;'[0d] = FT6d F; 26d = Vév + (Viv)T; (8.12b)
Jo = ¢.[S] = FSFT; (8.12¢)
3
Jo= ¢, [Cl;  Jegin = Z FyFiyFux FirCrykr; (8.12d)
1,J, K, L=1
JdV = dv. (8.12e)

With the help of these transformations it can be shown that the first integrand in
Equation (8.11) can be re-expressed in a spatial framework as

DE[év] : C: DE[u|dV =dd : e¢: edv. (8.13)

Additionally, the gradient with respect to the initial particle coordinates appearing
in the second integral in Equation (8.11) can be related to the spatial gradient using
the chain rule (see Equation (4.69)) to give
VYou = (Vu)F, (8.14a)
Voév = (Vov)F. (8.14b)
Substituting these expressions into the second term of Equation (8.11) and using

Equation (8.12c) for the Cauchy and second Piola—Kirchhoff stresses reveals that
the second integrand can be rewritten as

S : [(Vou)! (Woow)]dV = o : [(Vu)T (Vév)]dv. (8.15)
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218 LINEARIZED EQUILIBRIUM EQUATIONS

Finally, Equation (8.11) can be rewritten using Equations (8.13) and (8.15) to give
the spatial or Eulerian linearized equilibrium equations as

DéWin(p, dv)[u] = /(5d: c:edv+ /a : [(Vu) T Viv]dv. (8.16)

This equation will be the basis for the Eulerian or spatial evaluation of the tangent
matrix. Observe that the functional relationship between dd and dv is identical
to that between € and w. This together with the symmetry of ¢ and o implies
that the terms w and dv can be interchanged in this equation without altering the
result. Consequently, the linearized virtual work equation is symmetric in Jv and
u, that is,

DéWin (@, dv)[u] = DoWine(¢p, u)[0v]. (8.17)

This symmetry will, upon discretization, yield a symmetric tangent stiffness
matrix.

EXAMPLE 8.1: Proof of Equation (8.13)

In order to prove Equation (8.13), first rewrite (8.12a-b) in indicial notation as
DEy;[0v] = ZFil(sdiijJQ DEk[u] = ZFkK€kzﬂL-
iy k.l
With the help of these expressions and Equation (8.12d), the left-hand side of Equa-
tion (8.13) can be manipulated to give

DE[év] : C : DE[u]dV
= Z DEU[(SU]CUKLDEKL[u]dV

LKL
= > (ZFuMz‘ijJ)CIJKL(ZFkKﬁlelL> J ™ dv
LJK,L i k1

> 6dij( > FiIFjJFkKFlLCIJKLJ_1>5kldU
07kl LKL

E 0dij CijriEr dv
©,J,k,1

=dd : ¢ e dv.
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8.5 LINEARIZED EXTERNAL VIRTUAL WORK 219

8.5 LINEARIZED EXTERNAL VIRTUAL WORK

The external virtual work has contributions from body forces f and surface trac-
tions t. These two cases will now be considered separately.

8.5.1 Body Forces

The most common example of a body force is self-weight or gravity loading, in
which case f = pg, where p is the current density and g is the acceleration due to
gravity. By a simple pull-back of the body force component in Equation (8.5b) it is
easy to show that in this simple case the loading is not deformation-dependent and
therefore the corresponding directional derivative vanishes. Recall for this purpose
Equation (4.59) as p = po/J, which when substituted in the first term of the
external virtual work Equation (8.5b) gives

5We{(t(¢,5v):/?g-5vdv:/pog-évdV. (8.18)
v 14

It is clear that none of the terms in this expression depends on the current geometry,
and hence its linearization is superfluous, that is, D§WS, (b, ov)[u] = 0.

8.5.2 Surface Forces

Although a wide variety of traction forces exist, only the important case of uni-
form normal pressure will be addressed. However, the techniques illustrated by this
simple example are relevant to more complex situations such as frictional contact.

Figure 8.2 shows a general body with an applied uniform pressure p acting on
a surface a having a pointwise normal n. The traction force vector t is therefore
pn and the corresponding virtual work component is

X3

n

/ v
x(&m)

4 /
X1

dl

|

FIGURE 8.2 Uniform surface pressure.
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220 LINEARIZED EQUILIBRIUM EQUATIONS

SWE (¢, 0v) = /pn - dv da. (8.19)

a

In this equation the magnitude of the area element and the orientation of the
normal are both displacement-dependent. Consequently, any change in geome-
try will result in a change in the equilibrium condition and the emergence of a
stiffness term. Although it may be tempting to attempt the linearization of Equa-
tion (8.19) by a pull-back to the initial configuration in the usual manner, a more
direct approach is available by using an arbitrary parameterization of the surface as
shown in Figure 8.2. (An understanding of this approach is facilitated by imagining
the surface area a to be a single isoparametric element.) In terms of this parame-
terization the normal and area elements can be obtained in terms of the tangent
vectors dx /0 and Ox/On as

ox ox
A X a5

which enables the integral in (8.19) to be expressed in the parameter plane as

SWE (b, 0v) = /

A

ox Oz
| = X — . 21
s10(31) <8§ X 377) dédn (8.21)

Note that the only displacement-dependent items in this equation are the vectors
Ox/0¢ and Ox /On, which linearize to du /0 and Ou/On respectively. Hence the
use of the product rule and a cyclic manipulation of the triple product gives

ox ou ox ou
DIWE(.d0)fu] = | ep[aé. (877 « 5v> -Z (a5 y 5’u>]d£dn.
(8.22)

It is clear that Equation (8.22) is unsymmetric in the sense that the terms w
and dv cannot be interchanged without altering the result of the integral. Hence
the discretization of this term would, in general, yield an unsymmetric tangent
matrix component. However, for the special but frequently encountered case where
the position of points along the boundary Ja is fixed or prescribed, a symmetric
matrix will indeed emerge after assembly. This is demonstrated by showing that
the integration theorems discussed in Section 2.4.2 enable Equation (8.22) to be
rewritten as

ox [ ddév ox [ ddv
DSWE (. 5v0)fu] = /Af[ag' (577 x u> -2 (ag « u>

ox ox
—1-7{ puX5U-<U—I/>dl, (8.23)
BAE ( ) n 85 3 877

d&dn

where v = [vg, 1|7 is the vector in the parameter plane normal to O Ag. For the
special case where the positions along Ja are fixed or prescribed, both the iterative
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8.6 VARIATIONAL METHODS AND INCOMPRESSIBILITY 221

displacement u and the virtual velocity Jv are zero a priori along 0 A¢ and the sec-
ond integral in the above expression vanishes. (Additionally, if a symmetry plane
bisects the region a, then it is possible to show that the triple product in the second
term of Equation (8.23) is also zero along this plane.) Anticipating closed bound-
ary conditions a symmetric expression for D6W2, (¢, dv)[u] can be constructed
by adding half Equations (8.22) and (8.23) to give

1 oz [(Ou dov
DOWE (o)l = 5 | p5E- Kan < 5U>+(an « u>
13

—1 aw [<%X5v>+<66><u>
Lo [\ o B

Discretization of this equation will obviously lead to a symmetric component
of the tangent matrix.

d&dn

dédn.

(8.24)

EXAMPLE 8.2: Proof of Equation (8.23)

Repeated use of cyclic permutations of the triple product on Equation (8.22) and the
integration theorem give

0 0 0 ox
DoWE (o, 0v)[ul] :/A p{az . ((5'0 X 3:;) az ((5'0 X 877>}d§dn
¢
0 (Ox 0 (Ox
= /Agp {877 (8§ < (u X 5v)) 85( - (u x 5'0))] dédn
ox ddév ox dév
- ool (ex ) - oo (v )
o ) ()
Ae LOE \ On on \ ¢

ox ox
+ u><§’v-<1/1/)dl.
?iA;”( )\ "y

dédn

8.6 VARIATIONAL METHODS AND
INCOMPRESSIBILITY

It is well known in small strain linear elasticity that the equilibrium equation can
be derived by finding the stationary position of a total energy potential with respect
to displacements. This applies equally to finite deformation situations and has the
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222 LINEARIZED EQUILIBRIUM EQUATIONS

additional advantage that such a treatment provides a unified framework within
which such topics as incompressibility, contact boundary conditions, and finite ele-
ment technology can be formulated. In particular, in the context of incompressibil-
ity a variational approach conveniently facilitates the introduction of Lagrangian
multipliers or penalty methods of constraint, where the resulting multi-field varia-
tional principles incorporate variables such as the internal pressure. The use of an
independent discretization for these additional variables resolves the well-known
locking problem associated with incompressible finite element formulations.

8.6.1 Total Potential Energy and Equilibrium

For a truss, Section 3.5 introduced the equivalence between the stationary condition
of the Total Potential Energy (TPE) and the Principle of Virtual Work as expres-
sions of equilbrium. In that section the TPE, given by Equation (3.34), was divided
into internal and external components given by Equations (3.32) and (3.33) respec-
tively. The internal energy was given by the strain energy per unit initial volume
U(A) and the external energy, per node, by —F, - x,. Here ). indicates that ¥ is
a function of strain and x, is the position of the nodal force F',, with respect to an
arbitrary datum. These concepts can be generalized to the case of a continuum by
introducing a total potential energy functional whose directional derivative yields
the principle of virtual work as

H(d)) = Hint(¢) + Hext(d))v (8.25)
where
(@) = [ W(C)av: (8.262)
1%
Mew () = —/Vfo-de - /W to-xdA. (8.26b)

Here the strain energy per unit initial volume ¥(C') is given by Equation (6.6)
and the body force and surface traction external potential energy is an integrated
expression of Equation (3.33).

Note that traditionally the definition of external energy given by Equa-
tion (8.26b) has an opposite sign convention to the definition of external virtual
work given by Equation (8.5b). This implies that

DHext(¢) [67)] = _6Wext(¢> 5'0)' (8-27)

To proceed, we assume that the body and traction forces are not functions of
the motion. This is usually the case for body forces f, but it is unlikely that trac-
tion forces ty will conform to this requirement in a finite deformation context.
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8.6 VARIATIONAL METHODS AND INCOMPRESSIBILITY 223

(Obviously both these terms are independent of deformation in the small displace-
ment case.) Under these assumptions the stationary position of the above functional
is found by equating to zero the variation of II(¢) in an arbitrary direction du
obtained using the directional derivative as

DII(¢)[0u] = Vgg:DC’[(Su]dV—/vfo-éudV—/avto-zsudA

:/S:DE[éu]dV—/fo-(SudV—/ to-dudA =0,
v % oV (8.28)

where Equation (6.7a,b) for S has been used. With the help of Equation (4.90),
namely DE[dv] = 6 F, it is easy to see that, similarly to the case of the truss (see
Section 3.5.1), the above equation is identical to the principle of virtual work given
by Equation (8.2), that is,

DII(¢)[ov] = 0W (¢, dv), (8.29)

and consequently the equilibrium configuration ¢ renders stationary the total
potential energy. The stationary condition of Equation (8.25), i.e. Equation (8.28),
is also known as a variational statement of equilibrium.

Furthermore, the linearized equilibrium Equation (8.11) or (8.16) can be inter-
preted as the second derivative of the total potential energy as

DSW (¢, 6v)[u] = D?TI(¢)[0v, u). (8.30)

8.6.2 Lagrange Multiplier Approach to Incompressibility

We have seen in Chapter 6 that for incompressible materials the constitutive equa-
tions are only a function of the distortional component of the deformation. In
addition, the incompressibility constraint J = 1 has to be enforced explicitly.
This is traditionally achieved by augmenting the variational functional (8.25) with
a Lagrange multiplier term to give

(¢, p) =1I(¢) + / p(J —1)dvV, (8.31)

14

where p has been used to denote the Lagrange multiplier in anticipation of the fact
that it will be identified as the internal pressure, and the notation I implies that
the strain energy W is now a function of the distortional component C of the right
Cauchy—Green tensor (see Section 6.5.1), that is,

ﬂ(¢)_/ \i/(C)dV—/fo-:r;dV—/ to-wdd; W(C) = U(C).
v % oV 8.32)
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224 LINEARIZED EQUILIBRIUM EQUATIONS

The stationary condition of the above functional with respect to ¢ and p will
be considered separately. First, the directional derivative of II;, with respect to p in
the arbitrary direction dp is

DII. (¢, p)[0p] = /V Sp(J —1)dV = 0. (8.33)

Hence, if this condition is satisfied for all functions dp, the incompressibility con-
straint J = 1 is ensured.

The derivative of Equation (8.31) with respect to the motion in the direction of
dv is given as

DI, (¢, p)[v] = DIi(¢)[60] + / pDJ[5v] AV = 0. (8.34)
1%
Substituting Equation (8.32) and using Equation (4.76) for D.J[dv] and (6.51) for

the derivative of the second Piola—Kirchhoff stress gives, after some algebra, the
principle of virtual work as

]
D11 (¢, p)[ov] = 8— : DC[év]dV + / Jpdiviv dV — §Wex (o, 0v)
v oC v
(8.35a)
= / S’ : DE[év]dV + /pdiV(S'v dv — 0Wexi (@, 0v)
|4 v
(8.35b)

—/0'/ : 6ddv—|—/pI : 0d dv — dWexi (o, 0v) (8.35¢)
v v
= / o :0ddv — Wex (o, 0v) =0, (8.35d)

where Equation (8.12b) for the relevant push-forward operation and Equa-
tions (5.49a,b) and (5.50b) have been invoked. Observe that Equation (8.35¢)
clearly identifies the Lagrange multiplier p as the physical internal (hydrostatic)
pressure.

In the context of a Newton—Raphson solution process, the governing Equa-
tions (8.33) and (8.35d) need to be linearized with respect to both variables p and
¢ in the direction of respective increments Ap and u. Starting with Equation (8.33)
and using the linearization of .J as given in Equation (4.76), we have

D?T (¢, p)[dp, Ap] = 0; (8.36a)

D211 (¢, p)[0p, u] = / Spdivu dv. (8.36b)
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8.6 VARIATIONAL METHODS AND INCOMPRESSIBILITY 225

The linearization of Equation (8.35d) with respect to increments in p is easily
found using (8.35b) to give

D211 (¢, p)[dv, Ap| = / Apdiv dv dv. (8.37)

The obvious symmetry between Equations (8.37) and (8.36b) leads to a symmetric
tangent matrix upon discretization.

Finally, for the purpose of obtaining the derivative of (8.35d) in the direction
of an increment w in the motion, it is convenient to revert to a material description
and rewrite Equation (8.35d) as

DI (¢, p)[60] = / S : DE[5v]dV — 6Wea(¢,00); S = S + pJC~".
1%
(8.38)

The linearization of this expression in the direction of w is obtained in the same
manner as in Section 8.3 to give

D211 (¢, p)[0v, u] = /v DE[$v] : C : DE[u]dV

+ / S : [(Vu)! Wov] dv, (8.39)
1%
where the tangent modulus is given in Section 6.5.2 as
_ 0 / -1\ _ o .
C—28C(S +pJC™ ) =C+Cy; (8.40a)
P o8’
=2—:; 8.40b
C,=pJlC'®C™ -2T]. (8.40¢)

Similarly, in the current configuration Equation (8.39) becomes
D211 (¢, p)[0v, u] :/ od :c:edv+ / o : [(Vu)TVév]dv, (8.41)
v v

where the spatial tangent modulus is
c=C+4ey E=J1¢C; e =plIQI-21] (8.42)

In conclusion, the linearization of the governing Equations (8.33), (8.37), and
(8.41) is the combination of Equations (8.36), (8.37), and (8.41).

The above Lagrangian multiplier approach can be the basis for a successful
finite element implementation provided that the interpolations of ¢ and p are care-
fully chosen so as to avoid volumetric locking. It does, however, suffer from the
limitation of the presence of additional pressure variables. These two problems will
be considered in the next two sections, and the Lagrange multiplier approach will
not be pursued further.
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226 LINEARIZED EQUILIBRIUM EQUATIONS

8.6.3 Penalty Methods for Incompressibility

Penalty methods are an alternative to the Lagrangian multiplier approach to incom-
pressibility. There are two ways in which penalty methods can be introduced in
the formulation. A popular, physically-based approach, which conveniently elimi-
nates the pressure as an independent variable, is to consider the material as being
nearly incompressible, whereby a large value of the bulk modulus effectively pre-
vents significant volumetric changes. A second, less intuitive route is to perturb
the Lagrangian functional given in Equation (8.31) by the addition of a further
“penalty” term that enables the pressure to eventually be artificially associated
with the deformation, thereby again eliminating the pressure variable. It will tran-
spire that these two methods lead to identical equations. The perturbed Lagrangian
functional is

1
Up(¢,p) =1L(d,p) — / P p*dV, (8.43)
Vv K

where « is the penalty parameter and clearly ITp — Il as Kk — oo.
The stationary condition of the functional (8.43) with respect to p now becomes

DIIp(¢, p)[op] = /V 5p[(J —1) - ﬂ dvV = 0. (8.44)

Consequently, enforcing this equation for all dp functions gives an equation artifi-
cially relating p and J as

p=r(J—1). (8.45)

Referring to Section 6.5.3, Equation (6.64), it is clear that this equation represents
a nearly incompressible material with the penalty number « as the bulk modu-
lus. The use of this equation in a finite element context, either directly as a nearly
incompressible material or indirectly as a perturbed Lagrangian method, will lead
to a formulation involving only kinematic unknown variables.

The stationary condition of the functional (8.43) with respect to the motion is
identical to Equation (8.35d) and gives the principle of virtual work, where now
the internal pressure in the Cauchy stresses can be evaluated using Equation (8.45)
or, in general for a nearly incompressible material, using Equation (6.63). In con-
clusion, the linearized equilibrium equation is given directly by Equation (8.16),
where, as shown in Section 6.5.3, the tangent modulus is now

=0+ Fey; (8.46a)
X R 920 o8’

5 11 . _ _ oM .

¢ =J ¢.[C]; C_4acac_2ac’ (8.46b)

cp =pIQRI—2u; (8.46¢)

ey = 7 RQI=rJIRI. (8.46d)

dJ
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8.6 VARIATIONAL METHODS AND INCOMPRESSIBILITY 227

8.6.4 Hu-Washizu Variational Principle for Incompressibility

Neither the Lagrange multiplier method nor the penalty method as presented above
will result in a simple and efficient finite element formulation. This is because
the kinematically restricted motion implicit in the finite element discretization is,
in general, unable to distort while simultaneously meeting the incompressibility
requirement at each point of the body. This phenomenon manifests itself as a
catastrophic artificial stiffening of the system known as volumetric locking. One
common practical solution to this problem involves the use of different discretiza-
tions for p and ¢ in the Lagrange multiplier approach. Another ad hoc solution,
associated with the enforcement of incompressibility using nearly incompressible
constitutive equations, is to first separate the volumetric and distortional strain
energy as

1g) = [ #(€)av+ [ V)V ~Tea(o). (8.47)

\%
and then underintegrate the volumetric term containing U (.J).

A formal framework for the solution of locking problems for nearly incom-
pressible materials that has potential for further developments is provided by a
functional that permits the use of independent kinematic descriptions for the volu-
metric and distortional deformations. This can be achieved by introducing a three-
field Hu—Washizu type of variational principle as

Mo (6, J,p) = /V B(C)av + /V () dv + /V p(J — T)dV — Tew (),
(8.48)

where J is a new kinematic variable representing the dilatation or volume change
independently of the motion and p is a Lagrange multiplier enforcing the condi-
tion that .J = .J. The opportunity that this functional affords of using independent
discretizations for ¢ and .J will introduce sufficient flexibility to prevent locking.

The stationary conditions of the functional (8.48) with respect to ¢, .J, and
p will yield the equilibrium equation and the constitutive and kinematic relation-
ships associated with the volumetric behavior. To this end, we find the directional
derivative of I1 5y in the direction dv as

o

DUyw (¢, J,p)[dv] = V%: DC[(Sv]dV+/VpDJ[6v] av

— Dllexi(9)[6v]. (8.49)

Repeating the algebra used in Equation (8.35), the stationary condition with respect
to ¢ gives the principle of virtual work as

Dl yw (¢, J,p)[dv] = /a‘ : 6d dv — 6Wexi(p, dv) = 0. (8.50)

v
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The stationary condition of the functional (8.48) with respect to changes in .J
gives a constitutive equation for p as

dUu

DUyw (¢, J,p)[6J] :/ (dj — >5jdV =0. (8.51)

1%
Similarly, the stationary condition of the functional (8.48) with respect to p gives a
kinematic equation for .J as

DIy (6, 7. p)[op] = /V (J = opdV =0, (8.52)

Obviously, if §p and §.J are arbitrary functions, Equation (8.52) gives J = J
and Equation (8.51) gives p = dU/d.J. However, as explained, a finite element
formulation based on this procedure where the discretization of .J is based on the
same interpolation as ¢ confers no advantage, and volumetric locking will emerge.
This is usually prevented in a finite element context by judiciously choosing the
interpolating functions used for the volumetric variables J, p, and their variations,
§.J and dp. In particular, the simplest possible procedure involves using constant
interpolations for these variables over a given volume, typically a finite element.
The resulting method is known as the mean dilatation technique.

EXAMPLE 8.3: Hu-Washizu variational principle

Equation (8.48) is a Hu—Washizu type of variational equation in the sense that it
incorporates three independent variables, namely, the motion, a volumetric strain
field, and its corresponding volumetric stress. It is, however, a very particular case
as only the volumetric stress and strain components are present in the equation. A
more general Hu—Washizu variational principle involving the motion, a complete
stress field such as the first Piola—Kirchhoff tensor P, and its associated strain F’ is
given as

W (6, F.P) = [ W(F)dv+ [ Pi (g~ F)dV - (9,

v %
where now F' is an independent variable as yet unrelated to the deformation gradi-
ent of the motion, Vj¢. The stationary condition of this functional with respect to a

variation dv in motion ¢ gives the principle of virtual work as
DII(6, F, P)[5v] = / P YovdV — §Waa(e)[50] = 0,
1%

whereas the stationary conditions with respect to F' and P give a constitutive equa-
tion and a relationship between the strain and the motion as
(continued)
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8.6 VARIATIONAL METHODS AND INCOMPRESSIBILITY 229

EXAMPLE 8.3: (cont.)

ov

DII(¢, F, P)[§F] = /V <8F - P) : F dV = 0;

DII(¢, F, P)[5P] = /V(Vo¢ —F):0PdV =0.

These expressions are the weak forms equivalent to the hyperelastic relationship
P = 0V /OF and the strain equation F' = V)¢ respectively.

8.6.5 Mean Dilatation Procedure

For convenience, the following discussion is based on an arbitrary volume V,
which after discretization will inevitably become the volume of each element.

Assuming that p, J and dp, 6. are constant over the integration volume, Equa-
tions (6.48) and (6.49) yield

- 1 v

J == JdV = —: 8.53
% /V v (8.53a)

p= d—q . (8.53b)
dJ J=v/V

Observe that Equation (8.53a) shows that the surrogate Jacobian .J is the integral
equivalent of the pointwise Jacobian J = dv/dV . A typical expression for the vol-
umetric strain energy has already been introduced in Section 6.5.3, Equation (6.61).
In terms of .J, this equation now becomes

_ 1 -
U(J) = 5h(] = 1)?, (8.54)
from which the mean pressure emerges as
- v—=V
J) = . 8.55
o) = (") 855

At this juncture, it is convenient to acknowledge that the mean dilatation
method will be used in the finite element formulation presented in Chapter 9.
This enables us to incorporate a priori the mean pressure derived above using the
Hu—Washizu functional directly into the principle of virtual work to give

W (¢, 6v) = /0' : 0d dv — dWex(op, 6v) = 0, o =o +pI;

au

- (8.56)

b

;
J=v/V
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which can also be expressed in the initial configuration as

SW (¢, 6v) = / S : DE[6v]dV — §Wex(,0v) =0,8 = S +pJC~1.
1%

(8.57)
Given that the pressure is constant over the volume, Equation (8.56) can also be
written as
SW (¢, 6v) = /o" : 0d dv +p/div v dv — 6Wexi (@, dv)
v v
= /o" : 6d dv + pu(div 6v) — §Wex(p, dv) = 0, (8.58)
v
where the notation div implies the average divergence over the volume v, for
instance,
— 1
divév = — /div dv dv. (8.59)
v v

EXAMPLE 8.4: Mean deformation gradient method

Using the Hu—Washizu variational principle introduced in Example 8.3, it is pos-
sible to derive a technique whereby the complete deformation gradient F’, rather
than just its volumetric component, is taken as constant over the integration volume.
Finite element discretizations based on this type of technique are sometimes used
to avoid shear locking as well as volumetric locking. By assuming that P, F', and
their variations are constant in Example 8.3, the following equations are obtained for
F and P:

F:i/ Vb dV = Vid;
vy

0w

P- 2"
OF

9
F=%%¢

where Vj represents the mean (or average) gradient over the integration volume V.
With the help of these equations the principle of virtual work becomes

ST (¢, 60) = VP : Vpow — 6Wex (¢, 6v) = 0.

Note that this can be written in terms of the corresponding second Piola—Kirchhoff
tensor S = (V) "1 P as

SW(d)[0v] =V S : DE[6v] — Wy (¢, 6v) = 0;
2DE[6v] = (Vo) Vov + (Vov) Vo,
or in terms of the Cauchy stress tensor vo = VP (Vo) as

SW (@) [6v] = vo : Vv — Wy (¢, 6v) = 0; Vv = (Vow) (Vo) .
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8.6 VARIATIONAL METHODS AND INCOMPRESSIBILITY 231

As usual, it is now necessary to linearize the modified virtual work equation
in preparation for a Newton—Raphson iteration and the development of a tangent
matrix. Again, this linearization is first obtained using the initial configuration
Equation (8.57) for which the integral limits remain constant. Disregarding the
external force component, this gives

DéWini(, 6v)[u] = /VDE[&U] : 2% : DE[u] dV+/VS : DSE[u] dV

B (08" 9(JCTY
_/VDE[(SU] : 2<ac+pac> : DE[u]dV

+/V(DE[5U] : JC Y Dplu] dV+/V S : DSE[u]dV
:/ DE[6v] : (€ +C,) : DE[u]dV
\%4

+ /V S : [(Vou) T Vhow] + Dplu] /V DElbv]: JC~ aV.

(8.60)

Observe that, via Equation (8.53b), the pressure is now an explicit function of
the current volume and thus of ¢, and hence is subject to linearization in the
direction of u. With the help of Equations (4.129) and (8.56) together with Sec-
tion 4.11.3 and the usual push-forward operations (8.12), this equation is rewritten
in the current configuration as

DWW ini(p, 0v)[u] = / 6d : (E+eyp) : edot / o : [(Vu)'Vév]dv

v v

+v(div dv) Dp[u]. (8.61)

The linearization of the pressure term follows from Equation (8.53b) as

d>U
Dplu] = a7l D(v/V)[u]
J=v/V
1 d?U
== — DJu|dV
V dJ>? J:U/V/V [
2
= E ﬂ / Jdivu dV
2
S : (8.62)
Vd J=v/V
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232 LINEARIZED EQUILIBRIUM EQUATIONS

from which, finally,

DOW ine(¢p, 6v)| /5d (©+cp) redv

+ / o:[(Vu)TVév] dv + Ro(div év)(divu), (8.63)

where, for instance, for the volumetric potential shown in Equation (8.54),

VR

K= —. 8.64
F= (8.64)
The discretization of the mean dilatation technique will be considered in
Chapter 9.
Exercises

1. Show that the linearized internal virtual work can also be expressed as

oP oz

DoW (5, 50) ] = /V (Voov) : A: (Vo) dViA =50 = o,

where P is the first Piola—Kirchhoff tensor.
2. Show that, for the case of uniform pressure over an enclosed fixed bound-

ary, the external virtual work can be derived from an associated potential as
SWE(¢,6v) = DIE(¢)[dv], where

1
(6= [

Explain the physical significance of this integral.
3. Prove that, for two-dimensional applications, Equation (8.24) becomes

o
o= o5 ) (5 )

where k is a unit vector normal to the two-dimensional plane and 7 is a param-
eter along the line L, where the pressure p is applied.

4. Prove that, by using a different cyclic permutation than that used to derive
Equation (8.23), the following alternative form of Equation (8.24) can be found
for the case of an enclosed fixed boundary with uniform surface pressure:

dov ou dov ou
DSWE, (b, 50)[u] = /Aspm. [(85 X aﬁ) _ ( - 85)} dédn

5. Prove that, by assuming a constant pressure interpolation over the integra-
tion volume in Equation (8.44), a constant pressure technique equivalent to
the mean dilatation method is obtained.

dn,
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6. A six-field Hu—Washizu type of variational principle with independent volu-
metric and deviatoric variables is given as

U(C)dV+ /

HHW(¢7J_7F)p7P/)7) :/
|4

U(J)dv+ / p(J—J)dV
1%

\%4
—1—/ P : (Vyop—F) dV+/ yP': FdV,
v v

where C = FTF, J = det(Vh¢), and P’ denotes the deviatoric compo-
nent of the first Piola—Kirchhoff stress tensor. Find the stationary conditions
with respect to each variable. Explain the need to introduce the Lagrange
multiplier . Derive the formulation that results from assuming that all the
fields except for the motion are constant over the integration volume.
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CHAPTER NINE

DISCRETIZATION AND
SOLUTION

9.1 INTRODUCTION

The equilibrium equations and their corresponding linearizations have been estab-
lished in terms of a material or a spatial description. Either of these descriptions
can be used to derive the discretized equilibrium equations and their corresponding
tangent matrix. Irrespective of which configuration is used, the resulting quanti-
ties will be identical. It is, however, generally simpler to establish the discretized
quantities in the spatial configuration.

Establishing the discretized equilibrium equations is relatively standard, with
the only additional complication being the calculation of the stresses, which obvi-
ously depend upon nonlinear kinematic terms that are a function of the deforma-
tion gradient. Deriving the coefficients of the tangent matrix is somewhat more
involved, requiring separate evaluation of constitutive, initial stress, and exter-
nal force components. The latter deformation-dependent external force component
is restricted to the case of enclosed normal pressure. In order to deal with near
incompressibility the mean dilatation method is employed.

Having discretized the governing equations, the Newton—Raphson solution
technique is reintroduced together with line search and arc length method
enhancements.

9.2 DISCRETIZED KINEMATICS

The discretization is established in the initial configuration using isoparametric ele-
ments to interpolate the initial geometry in terms of the particles X, defining the
initial position of the element nodes as

n

X =) Nalé1,6.6) X, ©.1)

a=1

234
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9.2 DISCRETIZED KINEMATICS 235

where N, (&1, &2, &3) are the standard shape functions and n denotes the number of
nodes per element. It should be emphasized that during the motion, nodes and ele-
ments are permanently attached to the material particles with which they were ini-
tially associated. Consequently, the subsequent motion is fully described in terms
of the current position x,(t) of the nodal particles as (Figure 9.1)

T =) Nawa(t). 9.2)
a=1

X303 u,

FIGURE 9.1 Discretization.

Differentiating Equation (9.2) with respect to time gives the real or virtual
velocity interpolation as

v = Zn:Nava; ov = Zn:Na&va. (9.3)
a=1 a=1

Similarly, restricting the motion brought about by an arbitrary increment w to be
consistent with Equation (9.2) implies that the displacement w is also interpo-
lated as

n
u = Z Naoug. 9.4
a=1
The fundamental deformation gradient tensor F' is interpolated over an element

by differentiating Equation (9.2) with respect to the initial coordinates to give, after
using Equation (2.135a),

F=) .8 VN, (9.5)
a=1
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236 DISCRETIZATION AND SOLUTION

where VoN, = 0N,/0X can be related to VeN, = ON,/0§ in the standard
manner by using the chain rule and Equation (9.1) to give
ON, (9X\ TN, X
== —; — = X0 Q® VeN,. 9.6a,b
0xX (ag) o€ oE ;“@’5“ ©-020)
Equations (9.5) and (9.6a,b), are sufficiently fundamental to justify expansion in
detail in order to facilitate their eventual programming. To this effect, these equa-
tions are written in an explicit matrix form as

Fi1 Fia Fig n oN
F=|Fn Fpn Py | Fiy = Z%JTX? 9.7)
-1
F31 F3p  F33 ¢

and

0X1/061 0X1/0 0X1/0&s n
8X a)(I 8]Va
e 6X2/8§1 8X2/8§2 6X2/6£3 ; 85@4 = ZXa,I@~

93
0X3/0&1 0X3/0& 0X3/063

a=1

9.9)

From Equation (9.5), further strain magnitudes such as the right and left
Cauchy—Green tensors C and b can be obtained as

3
C=F'F= Z(wa - 2p)VoN, ® Vo Ny, Cry = ZFMFM; (9.9a,b)

a,b k=1
3
b=FF" =) (VoNa+VoNy) Za @ Tp;  bij = ¥ FixFix.  (9.9¢,d)
a,b K=1

The discretization of the real (or virtual rate of deformation) tensor and the linear
strain tensor can be obtained by introducing Equation (9.3) into the definition of d
given in Equation (4.101), and Equation (9.4) into Equation (8.12a), to give

n

1
d=> (0. ® VN, + VN, ® ,); (9.10a)
2 a=1
1 n
od = 3 ;(5% ® VN, + VN, ® 6v,); (9.10b)
1 n
€= 2;(ua®VNa+VNa®ua); (9.10¢)
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9.2 DISCRETIZED KINEMATICS 237

where, as in Equation (9.6a,b), VN, = 0N, /Jx can be obtained from the deriva-
tives of the shape functions with respect to the isoparametric coordinates as

ON, ox\ ToN, oxr < or; & ON,
= < ) ;$Q®V£Na, % = ;an%.

o DE of  Of o
(9.11a,b)

Although Equations (9.10) will eventually be expressed in a standard matrix form,
if necessary the component tensor products can be expanded in a manner entirely
analogous to Equations (9.6a,b) and (9.7).

EXAMPLE 9.1: Discretization

This simple example illustrates the discretization and subsequent calculation of key
shape function derivatives. Because the initial and current geometries comprise right-
angled triangles, these are easily checked.

(10,9)

©.3) (10,3)
& Time =0
! P
(0,0) & (4,0) X1.%1

The initial X and current « nodal coordinates are
Xi1=0, Xo1=4; X3,=0
Xi2=0; Xo2=0; X35=23;

11 =2 w21 =10; w3 =10;
T12=3; @22=23; x32=09.

The shape functions and related derivatives are
N1 =1-& —&;
ONy _ | =1 9N L ONs (08
No=6&; 0¢ -1 | 0§ o] 0§ 1]’
N3 = §2.

Equations (9.1) and (9.6a,b); yield the initial position derivatives with respect to the
nondimensional coordinates as
(continued)
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238 DISCRETIZATION AND SOLUTION

EXAMPLE 9.1: (cont.)

Xi=d&  0X 4 0| @QT;I 30

X, =3¢ 0§ 03] \9% 1210 4]
from which the derivatives of the shape functions with respect to the material coor-
dinate system are found as

ONi 13 0| -1|__ 113}
0X 12| o 4 1| 2] 4|

ONy 1 | 3| ON3z 110

0X 12| o |7 ox 12| 4 |
A similar set of manipulations using Equations (9.2) and (9.11a,b) yields the deriva-
tives of the shape functions with respect to the spatial coordinate system as

oM _1[ so][-1]_ 1[s],
ox 24 4 4 -1 24 0 ’

ONy _ 1| 3] Ny _ 10
ox 24| _4 |7 o0z 24| 4 |’

EXAMPLE 9.2: Discretized kinematics

Following Example 9.1, the scene is set for the calculation of the deformation gradi-
ent F' using Equation (9.7) to give

Fg=%1i55 +T2i75 +23i553%J =1, F = =
06

0Ny ON, ON3 116 8
0X 0X 00Xy 3 ;

Assuming plane strain deformation, the right and left Cauchy—Green tensors can be
obtained from Equations (9.9a,b) and (9.9¢c.d) as

|36 480 | 100 48 0
C:FTF:§ 48 100 0 |; b:FFT:§ 48 36 0
0 09 0 0 9

Finally, the Jacobian J is found as

] 6 8
J =det F' = det 3 0 6
0 0

w o O
I
S
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9.3 DISCRETIZED EQUILIBRIUM EQUATIONS 239

9.3 DISCRETIZED EQUILIBRIUM EQUATIONS

9.3.1 General Derivation

In order to obtain the discretized spatial equilibrium equations, recall the spatial
virtual work Equation (5.27) given as the total virtual work done by the residual
force r as

(5W(¢,5v):/0':(5ddv—/f-5vdv—/ t-dvda. (9.12)
v ov

(2

At this stage, it is easier to consider the contribution to 6W (¢, jv) caused by a
single virtual nodal velocity dv, occurring at a typical node a of element (e).
Introducing the interpolation for dv and dd given by Equations (9.3) and (9.10)
gives

SW ) (p, Nydv,) = /

U(e)

o: (dv, ® VN,)dv — / I+ (Ngov,) dv
1)(5)

. / t - (Nydve) da, (9.13)
ovle)

where the symmetry of o has been used to concatenate the internal energy term.
Observing that the virtual nodal velocities are independent of the integration and
Equation (2.52b), that is, o : (u ® v) = u - ov for any vectors u, v, enables the
summation to be rearranged to give

WO Nosvn) =ov,- ([ oVNdo- [ Nopa
v U(e)

(e)

— N,t da). (9.14)
ov(®)

The virtual work per element (e) per node a can, alternatively, be expressed in
terms of the internal and external equivalent nodal forces T,(f) and F,(f) as

SWE(p, Nydw,) = v - (T — FLO)), (9.15a)
where
3
e Na
T = / VN dv; T =3 / o1y N g (9.15b)
V©) g e T Oy
Flo) = / Nof dv + N,t da. (9.15¢)
U(E) 81)(5)

In this equation the Cauchy stress o is found from the appropriate constitu-
tive equation given in Chapter 6, which will involve the calculation of the left
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240 DISCRETIZATION AND SOLUTION

Cauchy-Green tensor b = FF; for example, see Equations (6.29) or (6.55a,b)
and Example 9.3.

EXAMPLE 9.3: Equivalent nodal forces T',

Building on the previous example, the calculation of the equivalent nodal forces
is now demonstrated. A compressible neo-Hookean material will be considered for
which ;4 = 3 and A = 2, which, using Equation (6.29), yields the Cauchy stresses
(rounded for convenience) for this plane strain case as

011 012 0 A 8 4 0
0= | 021 0922 0 :%(b_I)"‘j(an)Iz 4 3 0
0 0 033 0 0 0.7

From Equation (9.15b), the equivalent nodal internal forces are

ON, ON,
Tas = i1 i2—— | dv;
’ /U(e) (Ulaxl +028w2) v

a = ]., 2, 3 T171 = —24¢ T2,1 =8t T3’1 = 16t,

i=1,2 Tio=—12t  Tp2=0 Ty =12t

where ¢ is the element thickness. Clearly, these forces are in equilibrium.

The contribution to 6W (¢, N,dv,) from all elements e (1 to m,) containing
node a (e 3 a) is

SW (¢, Nadva) = Y W (¢, Nabdwa) = 604+ (T — Fla), (9.16a)

e=1
eda

where the assembled equivalent nodal forces are

Mea Ma

T,=)» T Fo=)Y FY. (9.16b,c)
e=1 e=1
esa eda

Finally, the contribution to 6W (¢, dv) from all nodes N in the finite element
mesh is
N N
SW (¢, 60) = W (¢, Nadva) = > 6v4- (Ta — Fa) =0. (9.17)
a=1 a=1
Because the virtual work equation must be satisfied for any arbitrary virtual nodal
velocities, the discretized equilibrium equations, in terms of the nodal residual
force R, emerge as
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9.3 DISCRETIZED EQUILIBRIUM EQUATIONS 241

R,=T,—F,=0. (9.18)

Consequently, the equivalent internal nodal forces are in equilibrium with the
equivalent external forces ateachnode a = 1,2,..., N.

For convenience, all the nodal equivalent forces are assembled into single
arrays to define the complete internal and external forces T and F respectively,
as well as the complete residual force R, as

T, Fy R,
T= 172 : F= F? . R= 1?”2 . (9.19)
L TN | L FN i L RN |
These definitions enable the discretized virtual work Equation (9.17) to be rewrit-
ten as
W (¢p,0v) = ovI'R = v (T —F) =0, (9.20)
where the complete virtual velocity vector sv’ = [5'01T, 5'02T, e 5'0%].

Finally, recalling that the internal equivalent forces are nonlinear functions of
the current nodal positions x, and defining a complete vector x of unknowns as the
array containing all nodal positions as

g

x=| " 9.21)

TN

enables the complete nonlinear equilibrium equations to be symbolically assem-
bled as

R(x) = T(x) — F(x) = 0. (9.22)

These equations represent the finite element discretization of the pointwise differ-
ential equilibrium Equation (5.16).

9.3.2 Derivation in Matrix Notation

The discretized equilibrium equations will now be recast in the more familiar
matrix-vector notation.” To achieve this requires a reinterpretation of the symmet-
ric stress tensor as a vector comprising six independent components as
T
g = [011,022,033, 012,013, 023" . (9.23)

* Also known as Voigt notation.
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242 DISCRETIZATION AND SOLUTION

Similarly, the symmetric rate of deformation tensor can be re-established in a cor-
responding manner as

d = [d11, do2, d33, 2d12, 2d13, 2do3) T, (9.24)

where the off-diagonal terms have been doubled to ensure that the product d” o
gives the correct internal energy as

/0' :ddv = /dTJdv. (9.25)

The rate of deformation vector d can be expressed in terms of the usual B
matrix and the nodal velocities as

ONg
Oz, 0 0
ON,
0 D 0
n 0 0 9
r3
d=) B.v,; B,= oy, o o | (9.26)
a=1 Oxa ory
8Na O 8Na
oxs3 o1
0 ON, ON,
L Ox3 Oxrs

Introducing Equation (9.26) into Equation (9.25) for the internal energy enables
the discretized virtual work Equation (9.13) to be rewritten as

5W(¢, Na(sva) = / (Ba5va)TQ dv — f- (Naé'va) dv
U(e)

/U(e)

- / t - (Nadv,) da. 9.27)
ov(e)

Following the derivation given in the previous section leads to an alternative
expression for the element equivalent nodal forces T((f) for node a as

T = / Bl o dv. (9.28)
,U(e)

Observe that, because of the presence of zeros in the matrix B, expression (9.15b)
is computationally more efficient than Equation (9.28).

9.4 DISCRETIZATION OF THE LINEARIZED
EQUILIBRIUM EQUATIONS

Equation (9.22) represents a set of nonlinear equilibrium equations with the cur-
rent nodal positions as unknowns. The solution of these equations is achieved using
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9.4 LINEARIZED EQUILIBRIUM EQUATIONS 243

a Newton—Raphson iterative procedure that involves the discretization of the lin-
earized equilibrium equations given in Section 8.2. For notational convenience the
virtual work Equation (9.12) is split into internal and external work components as

W (¢, 0v) = Win(, 0v) — IWexi (0, dv), (9.29)
which can be linearized in the direction u to give
D6W (¢, 0v)[u] = DéWin(p, 6v)[u] — DOWex(p, 6v)[u], (9.30)

where the linearization of the internal virtual work can be further subdivided into
constitutive and initial stress components as

DéWine(p, 0v)[u] = DWW, (b, 6v)[u] + DOW, (¢, dv)[u]

= /5d:o: edv+/o- : [(Vu) T Vv du. 9.31)

Before continuing with the discretization of the linearized equilibrium Equation
(9.30), it is worth reiterating the general discussion of Section 8.2 to inquire in
more detail why this is likely to yield a tangent stiffness matrix. Recall that Equa-
tion (9.15a), that is, 6W(6)(q§, Nydvg) = v, + (Tée) —FS‘")), essentially expresses
the contribution of the nodal equivalent forces T((f) and F((f) to the overall equilib-
rium of node a. Observing that F((f) may be position-dependent, linearization of
Equation (9.15c¢) in the direction Npuy, with N,dv, remaining constant, expresses
the change in the nodal equivalent forces T((f) and Fgf), at node a, due to a change
uy in the current position of node b as

DSW (¢, N,ova)[Nyup) = D(dv, - (TS — FE))[Nyuy)
= v, - D(T((le) — F((le))[Nbub}
= 604 - K9 9.32)

a

The relationship between changes in forces at node a due to changes in the current
position of node b is furnished by the tangent stiffness matrix K ((;), which is clearly
seen to derive from the linearization of the virtual work equation. In physical terms
the tangent stiffness provides the Newton—Raphson procedure with the operator
that adjusts current nodal positions so that the deformation-dependent equivalent
nodal forces tend toward being in equilibrium with the external equivalent nodal

forces.
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9.4.1 Constitutive Component: Indicial Form

The constitutive contribution to the linearized virtual work Equation (9.31) for
element (e) linking nodes a and b is

DSW,) (¢, Nudva)[Nyup)

1 1
:/( )5(6% ® VN, +V N, ® dvg) : e 5(% ® VN, +V N, ® up) dv.
(9.33)

In order to make progress it is necessary to temporarily resort to indicial nota-
tion, which enables the above equation to be rewritten as

DWW (¢, Nudvy)[Nyuy)

3
1 ON, ON, 1/ 0N, ON,
— v, 2 sy Ao d
ij;_l /v(e)2 ( Va,i oz, + 0Vq,j axi>01jkl 5 <Ub,k oz, Up,l B v
e ON, ON,
= > vas S @ikl 5 dv ) upg
i,k =1 v Oz; Oy ’
— v, - K9 9.34
Va c,ab U, . )

where the constitutive component of the tangent matrix relating node a to node b
in element (e) is

(K cablij = /v

EXAMPLE 9.4: Constitutive component of tangent matrix [K . ]

*. 9N, AN,

dv;  i,j=1,2,3.

© pi=1

The previous example is revisited in order to illustrate the calculation of the tangent
matrix component connecting nodes 2 and 3. Omitting zero derivative terms, the
summation given by Equation (9.35) yields

= (2 (2)- (e () o
= (e (1) (e (o
= (e (1) (e (oo
=) (3) - () () o

(continued)
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9.4 LINEARIZED EQUILIBRIUM EQUATIONS 245

EXAMPLE 9.4: (cont.)

where ¢ is the thickness of the element. Substituting for ¢;;3; from Equations (6.40)
and (6.41) yields the stiffness coefficients as

2 1 1
(K o23]11 = —gult; (K 23]12 = 5/\/75; (K 23]21 = iﬂlt;

2
[Kc23]22 = *g(X + 2u")t;

where ' = A\/Jand ¢/ = (p — AlnJ)/J.

9.4.2 Constitutive Component: Matrix Form

The constitutive contribution to the linearized virtual work Equation (9.31) for ele-
ment (e) can alternatively be expressed in matrix notation by defining the small
strain vector € in a similar manner to Equation (9.26) for d as

n
€ = [e11,622,633, 2610, 2613, 2623); €= Bat. (9.36a,b)
a=1

The constitutive component of the linearized internal virtual work (see Equa-
tion (9.31)) can now be rewritten in matrix-vector notation as

DSW (¢, 6v)[u)] = / od: c:edv= / 6d"De dv, (9.37)
\% v

where the spatial constitutive matrix D is constructed from the components of
the fourth-order tensor ¢ by equating the tensor product dd : ¢ : € to the matrix
product 6d” De to give, after some algebra,

1111 @1122 €133 €1112 1113 €1123
©2222 2233 2212 ©2213 €2223

3333 3312 3313 3323

D= . (9.38)
¢1212 ©1213 ©1223

sym. 1313 ©1323

2323

In the particular case of a neo-Hookean material (see Equation (6.29)), D becomes
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(N2 N N 0 0 0
N N4 N 0 0 0
oo | ¥ N OXN+2 0 0 0 |
0 0 0 4 0 0
0 0 0 0 4 0
0 0 0 0 0 4]
N = %; i = % (9.39)

Substituting for dd and g from Equations (9.26) and (9.36a,b) respectively into
the right-hand side of Equation (9.37) enables the contribution from element (e)
associated with nodes a and b to emerge as

D(SWC(E)(QS’ Nadva)[Npup) = / (Badva)TD(Bb’ub) dv

1}("3)

= dv, - ( / BIDB, dv> up. (9.40)
U(e)

The term in brackets defines the constitutive component of the tangent matrix
relating node a to node b in element (e) as

c,ab

K® / BZDB, dv. (9.41)
'U(e)

9.4.3 Initial Stress Component

Concentrating attention on the second term in the linearized equilibrium Equa-
tion (9.31), note first that the gradients of Jv and w can be interpolated from
Equations (9.3)-(9.4) as

Vv =) 60, ® VNg; (9.42a)
a=1

Vu= Z up @ VN, (9.42b)
b=1

Introducing these two equations into the second term of Equation (9.31) and not-
ing Equation (2.52b), that is, o : (u ® v) = u - ov for any vectors u, v, enables
the initial stress contribution to the linearized virtual work Equation (9.31) for
element (e) linking nodes a and b to be found as
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DéWo (@, Nobv,) [ Nyuy| = /U : (V)T Vv, do
= / o : [(0vg - up) VN, ® VN, dv
(e)

= (dvg - up) VN, oV Ny dv. (9.43)
,U(e)

Observing that the integral in Equation (9.43) is a scalar, and noting that §v, - u, =
v, « T'up, the expression can be rewritten in matrix form as
DWW, (b, Nabv) [Nous) = 60 - K s, (9.44a)
e)

where the components of the so-called initial stress matrix K g o are

K - / (VN, - e VNI du; (9.44b)
’ U(E)
(e) 8N 8Nb ' ) .

(K o) / . Z Fos 5@] dv; i,j=1,2,3. (9.44c)

k=1

EXAMPLE 9.5: Initial stress component of tangent matrix [K ; 4]

Using the same configuration as in Examples 9.1-9.4, a typical initial stress tangent
matrix component connecting nodes 1 and 2 can be found from Equation (9.44c) as

ON3
(K, 12] :/() {61\71 8]\71] SRRl D) 01 [1 0‘| dv

Ory 92| |5y oy 31;/22 0 1

JCOIOREICIINE

9.4.4 External Force Component

As explained in Section 8.5, the body forces are invariably independent of the
motion and consequently do not contribute to the linearized virtual work. How-
ever, for the particular case of enclosed normal pressure discussed in Section 8.5.2,
the linearization of the associated virtual work term is given by Equation (8.24) as
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1 ox dév ou
DSWE (o, 0v)[u] = 5 N pa—’S . [(an X u> - (51} X 677>] dé&dn

1 ox 0ov ou
"3, on Kas . “) - <5"’ . agﬂ dad
(9.45)

Implicit in the isoparametric volume interpolation is a corresponding surface rep-
resentation in terms of £ and 7 as (see Figure 9.1)

x(&,n) =Y _ Nata, (9.46)
a=1

where n is the number of nodes per surface element. Similar surface interpolations
apply to both v and u in Equation (9.45). Considering, as before, the contribution
to the linearized external virtual work term in Equation (9.30) from surface element
(e) associated with nodes a and b gives

DWP©) (b, Nubva)[Nyus]

1 N, N,
= (6vg X up) - 2/ Oz <8 Ny — 8bNa>d§d77

ac 06\ o an
1 ox [ ON, ON,
— (dvg X up) - 2/14§p677< ¢ Ny — agNa>dfd77
= ((SUQ X ub) . kpﬂb, (9.47)

where the vector of stiffness coefficients k,, ,, is

o= 5 | 958 (Fre = G s

2 Juloe\Ton T Tan
1 ox [ ON, ONy

—= [ p== Ny — =N, : 4
2Aﬁm@%b 0¢ Qmm o

Equation (9.47) can now be reinterpreted in terms of tangent matrix components as
DSWES (¢, Nadva) [Nyws) = v - Ky w, (9.49)

where the external pressure component of the tangent matrix is
pab — . p

3
K\ =€kl [K(fgb]ij:z:&jk[kgb] Go6hi=1,2,3  (9.49b)
k=1

where £ is the third-order alternating tensor (£, = =£1 or 0, depending on the
parity of the 7jk permutation).

Downloaded from http:/www.cambridge.org/core. University of Warwick, on 10 Dec 2016 at 17:21:50, subject to the Cambridge Core terms of use, available at
http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CBO9781316336144.010



9.4 LINEARIZED EQUILIBRIUM EQUATIONS 249

EXAMPLE 9.6: External pressure component of tangent matrix [K, ,5]

Consider the same triangle of Example 9.1 now representing a face on which pressure
p is applied. If the isoparametric coordinates are renamed &, ), the vectors dx /0
and Ox/0n in the vector of stiffness coefficients given in Equation (9.48) are con-
stant and depend upon the geometry of the particular surface element, whereas the
terms in parentheses depend only on the element type. Noting that if a = b the terms
in parentheses are zero, the resulting simple integration yields

Ny =1—-&§—n;Ny =& N3 =m;

8
ox ox

(97§_ 0 8777_ 6 |5
0 0

gL ox( 1\ 1 0z 1\
P12 = 9P8e\ "6 ) " 2P\ 3 )
g oL 0zl 1\ 10z 1\
P13 = oPae\"3) " 2P, \ T 6)

gL om s Ly L dwd 1
P2 = oPae\"6) " 2P\ 6)

Nonzero pressure stiffness submatrices are now found from Equation (9.49b) as

0 0 -2 0 0 -1
Kpol=%|0 o &[5 [Kpel=2]0 0 £ |;
8 8
[ 2 -8 0 1 8 0

00 1
[Kpasl=2| 0 0 -8
p,23 92 -3
| -1 & 0

9.4.5 Tangent Matrix

The linearized virtual work Equation (9.30) can now be discretized for element (e)
linking nodes « and b (see Equation (9.32) and Figure 9.2(a)), in terms of the total
substiffness matrix K ,; obtained by combining Equations (9.35), (9.44a,b,c), and
(9.49a,b) to give
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FIGURE 9.2 Assembly of linearized virtual work.

DEW O (¢, Nu6va)[Nows] = v - K wy; (9.50a)

K=K + K" K" (9.50b)

o,ab p,ab*
The assembly of the total linearized virtual work can now be accomplished by
establishing (i) the contribution to node a from node b associated with all elements
(e) (1 to mgyp) containing nodes a and b (Figure 9.2(b)); (ii) summing these
contributions to node a from all nodes b = 1, n,, where n, is the number of nodes
connected to node a (Figure 9.2(c)); (iii) summing contributions from all nodes
a = 1, N. This assembly process is summarized as

Mab

() DSW (¢, Nadwa)[Nows] = > DSW (¢, Nubv)[Nywp];  (9.51a)
e=1

eda,b
(ii) DSW (¢p, Nodv,)[u] = i DO6W (¢, Nodv,) [ Nyup); (9.51b)
b=1
N
(iii) DOW (¢, 6v)[u] = Y DIW (¢, Nadw,)[u]. (9.51¢)
a=1

This standard finite element assembly procedure can alternatively be expressed
using the complete virtual velocity vector given in Equation (9.20) together with

the corresponding nodal displacements u?' = [uf ul, .. .| ujlc,] and the assembled
tangent stiffness matrix K to yield

DSW (¢, 6v)[u] = v’ Ku, (9.52a)
where the tangent stiffness matrix K is defined by assembling the nodal compo-
nents as

K Ky Kin
K=| "2 7% o (9.52b)
| Knv1 Ko Knyn. |
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9.5 MEAN DILATATION METHOD FOR
INCOMPRESSIBILITY

The standard discretization presented above is unfortunately not applicable to sim-
ulations involving incompressible or nearly incompressible three-dimensional or
plain strain behavior. It is well known that without further development such a for-
mulation is kinematically overconstrained, resulting in the overstiff phenomenon
known as volumetric locking. These deficiencies in the standard formulation can
be overcome using the three-field Hu—Washizu variational approach together with
an appropriate distinction being made between the discretization of distortional
and volumetric components. The resulting independent volumetric variables p and
J can now be interpolated either continuously or discontinuously across element
boundaries. In the former case, new nodal unknowns are introduced into the final
solution process, which leads to a cumbersome formulation that will not be pursued
herein. In the latter case, the volumetric variables p and.J pertain only to an element
and can be eliminated at the element level. In such a situation, the simplest discon-
tinuous interpolation is to make p and.J constant throughout the element. This is the
so-called mean dilatation technique discussed in Section 8.6.5. Observe, however,
that for simple constant stress elements such as the linear triangle and tetrahedron,
the mean dilatation method coincides with the standard formulation and therefore
suffers the detrimental locking phenomenon.

9.5.1 Implementation of the Mean Dilatation Method

Recall from Section 8.6.5 that the mean dilatation approach for a given volume v
leads to a constant pressure over the volume, as indicated by Equations (8.53a-b).
When this formulation is applied to each element (e) in a finite element mesh the
pressure becomes constant over the element volume. In particular, assuming for
instance that the potential shown in Equation (8.54) is used, the uniform element
pressure is given as

e — (e

—a 9.53)

p© =

where V(¢) and v(©) are the initial and current element volumes.
The internal equivalent nodal forces for a typical element (e) are given by
Equation (9.15b), where now the Cauchy stress is evaluated from

o=0c +prI (9.54)

and the deviatoric stress o is evaluated using the appropriate constitutive equation
given by Equation (6.55a,b) or (6.107).
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252 DISCRETIZATION AND SOLUTION

Continuing with the discretization, recall the modified linearized virtual work
Equation (8.63), which for an element (e) is

DS (p,50)u] = [ dd:cied+ / o : [(Vu)" Vv] dv
U(e) ,U(e)
— Kol
+ 7o' (div ) (div 6v); F= (9.55)

where the elasticity tensor is ¢ = ¢ + ¢, and ¢ is the distortional component that
depends upon the material used, and ¢4, is given by Equation (6.59b) as

cp, =p(IQRI—20). (9.56)

The average divergences are now redefined for an element (e) as

_ 1 , 1 -
divu = - /u(e) divudv = @ /U(8> (;ua . VNa) dv; (9.57a,b)

—_— 1 _ 1 -
diviv = © /v<e> divivdv = e) /v(e) <QZ::15’U@ . VNa> dv.  (9.57c.,d)

Discretization of the first two terms in Equation (9.55) is precisely as given in the
previous section, but the final dilatation term needs further attention. For element
(e) the contribution to the linearized internal virtual work related to the dilatation
and associated, as before, with nodes a and b is

D(SW,EE) (¢7 Na(S'Ua) [Nbub]

:”( 5'va-VNadv></ ub-VNbdv>
Ve Jy© ()

— Sw, - [”( VN, dv) ® ( VN, dvﬂub
VN Sy 0(®

= v, - K\, up, (9.58)
where the dilatational tangent stiffness component is obtained in terms of the aver-
age Cartesian derivatives of the shape functions as

K =mOVN,@VNy; VNg=—— [ VN,dv. (9.59a,b)

U(e) v(©
The complete discretization of Equation (9.55) can now be written in terms of the

total element tangent substiffness matrix as

K =kK9 +K9 + K" (9.60)

o,ab K,ab’
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in which the surface pressure component K f:}lb (see Equation (9.50)) may, if

appropriate, be included. Assembly of the complete linearized virtual work and
hence the tangent matrix follows the procedure given in Equations (9.51)—(9.53).

9.6 NEWTON-RAPHSON ITERATION AND SOLUTION
PROCEDURE

9.6.1 Newton-Raphson Solution Algorithm

In the previous sections it was shown that the equilibrium equation was discretized
as 0W (¢, dv) = SvI R, whereas the linearized virtual work term is expressed
in terms of the tangent matrix as DSW (¢, 0v)[u] = dv? Ku. Consequently, the
Newton—Raphson equation W (dv, ¢x) + DIW (¢, dv)[u] = 0 given in Equa-
tion (8.3) is expressed in a discretized form as

vl Ku = —6v’'R. (9.61)

Because the nodal virtual velocities are arbitrary, a discretized Newton—Raphson
scheme is formulated as

Ku = —R(xg); Xg+1 = X + u. (9.62)

Although it is theoretically possible to achieve a direct solution for a given load
case, it is more practical to consider the external load F as being applied in a series
of increments as

l
F=) AF, (9.63)
i=1

where [ is the total number of load increments. Clearly, the more increments taken,
the easier it becomes to find a converged solution for each individual load step.
Observe that in the case of a hyperelastic material the final solution is independent
of the manner in which the load increments are applied. If, however, the material
is not hyperelastic, this conclusion may not hold.

An outline of the complete solution algorithm is shown in Box 9.1.

BOX 9.1: Solution Algorithm

® INPUT geometry, material properties and solution parameters
® INITIALIZEF =0, x=X,R=0
® LOOP over load increments

(continued)
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254 DISCRETIZATION AND SOLUTION

BOX 9.1: (cont.)

FIND AF using (9.15¢)
SETF =F + AF
SETR =R - AF
DO WHILE (||R]|/||F|| > tolerance)
FIND K using (9.50b)
SOLVE Ku = —R
UPDATE x = x +u
FIND F©), b®) and o) using (9.5), (9.9a,b,d) and typically (6.29)
FIND T using (6.15b)
FINDR=T-F
e ENDDO
e ENDLOOP

Remark 9.1: By comparing Equation (9.62) with the example given in Sec-
tion 2.3.4 relating to the linearization of a system of algebraic equations, it is
evident that the tangent stiffness matrix can be found directly as

K= aj; Kij = @;
ox ox yi
where ndof is the number of degrees of freedom in the problem. For some
situations, such as finite deformation thin shell analysis, where the discretiza-
tion of the kinematic quantities is very much algorithm-dependent, such a
direct approach, though tedious, may be the only method of obtaining the
tangent matrix coefficients.

i,j =1,ndof, (9.64)

9.6.2 Line Search Method

The Newton—Raphson process is generally capable of reaching the convergence of
the equilibrium equations in a small number of iterations. Nevertheless, during the
course of complex deformation processes, situations may occur where the straight
application of the Newton—Raphson method becomes insufficient. A powerful
technique often used to improve the convergence rate is the line search method.
This technique consists of interpreting the displacement vector u obtained from
Equation (9.62) as an optimal direction of advance toward the solution but allowing
the magnitude of the step to be controlled by a parameter 7 as

Xi+1 = Xi + nu. (9.65)

The value of 7 is normally chosen so that the total potential energy, I1(n) =
II(xg + nu), at the end of the iteration is minimized in the direction of u. This is
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9.6 NEWTON-RAPHSON ITERATION 255

equivalent to the requirement that the residual force at the end of each iteration,
that is, R(xx +nu), is orthogonal to the direction of advance u. This yields a scalar
equation for 7 as (Figure 9.3)

R(n) = u"' R(x + nu) = 0. (9.66)

Because of the extreme nonlinearity of the function R(7), the condition (9.66) is
too stringent and in practice it is sufficient to obtain a value of 7 such that

|R(n)| < p|R(0)], 9.67)

where, typically, a value of p = 0.5 is used. Under normal conditions, the value
1 = 1, which corresponds to the standard Newton—Raphson method, automatically
satisfies Equation (9.67), and therefore few extra operations are involved. Occa-
sionally, this is not the case, and a more suitable value of 1 must be obtained. For
this purpose it is convenient to approximate R(7) as a quadratic in 7). To achieve
this requires knowledge of the value R(0), together with the derivative dR/dn at
1 = 0, which, recalling Remark 9.1, is obtained from Equation (9.66) as

dR 7O0R T T
— =u"—| u=u K(xg)u=—-u"R(xy) =—R(0); (9.68)
By = G, = ) (1) = —R(0)

and, finally, a third value, which typically is the standard value of the residual force
for whichn =1, as

R(1) = u"R(x), + u). (9.69)
The quadratic approximation thus obtained with these coefficients gives

R(n) = (1 =n)R(0) + R(1)n* =0, (9.70)

n

R(0) R(1)

(a) (b)
FIGURE 9.3 Quadratic line search.
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which yields a value for 7 as

2
n=24 (g) o azgg. ©.71)
If o < 0, the square root is real and the current value for 17 emerges as
o a\?
=3 + (2) —a. (9.72)

Alternatively, if o > 0 (see Figure 9.3(b)), then 7 can be simply obtained by using
the value that minimizes the quadratic function, that is, 71 = «/2. Within each
(DO WHILE) iteration, the quadratic approximation procedure is repeated with
the three values R(0), R'(0), and R(n;), until Equation (9.67) is satisfied.

9.6.3 Arc Length Method

Although the line search method will improve the convergence rate of the Newton—
Raphson method, it will not enable the solution to traverse the so-called limit points
on the equilibrium path. Figure 9.4(a) shows two such limit points A and B in
an example of snap-back behavior. If the load is incremented, the solution will
experience convergence problems in the neighborhood of A and may jump to the
alternative equilibrium position A’. In many cases the equilibrium path can be fol-
lowed beyond A by prescribing a characteristic displacement and calculating the
load as the corresponding reaction. In Figure 9.4(a) this technique would enable
the solution to progress to the neighborhood of the limit point B, but, again, the
solution is likely to jump to point B’.

Various ad hoc schemes combining load and displacement incrementation have
been devised to deal with limit point problems, but these have been superseded by
arc length methods that constrain the iterative solution to follow a certain route

Sphere
F

NF -
VE

’ = s i

A A ANF
B s |+
AoF
B Ax, | u
X X
Xo X X

() (b)
FIGURE 9.4 (a) Snap-back behavior; (b) Spherical arc length method.
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9.6 NEWTON-RAPHSON ITERATION 257

toward the equilibrium path. This is achieved by controlling the magnitude of the
external loads by a parameter A so that the equilibrium equations become

R(x,\) = T(x) — AF = 0, (9.73)

where F is a representative equivalent nodal load. The value of X is now allowed to
vary during the Newton—Raphson iteration process by imposing an additional con-
straint equation. As a consequence of the proportional loading, load increment ¢ is
defined by an increment in the value of A over the value at the end of the previous
load increment ¢ — 1 as

AF; = AXF; AX=)— ;1. (9.74a,b)
Similarly, the total change in position over the load increment is denoted as Ax,
that is,

AX =X — X;_1. (9.75)

A number of arc length methods have been proposed by imposing different
constraint equations to evaluate the additional unknown A. A robust candidate is
the spherical arc length method, in which the additional constraint equation is

AxTAx + AN22FF = 52, (9.76)

Figure 9.4(b) illustrates this equation, where the constant s can be thought of as the
magnitude of the generalized vector

Ax
ANF

s = 9.77)

which defines a generalized sphere, which is the surface upon which the iterative
solution is constrained to move as convergence toward the equilibrium path pro-
gresses. The term 12 is a scaling factor that, in principle at least, renders (9.76)
dimensionally consistent.

The Newton—Raphson process is now established by linearizing Equa-
tion (9.73), taking into account the possible change in A, to give a set of linear
equations at iteration k as

R(xx, \i) + K(xx)u — vF = 0, (9.78a)

where u represents the iterative change in position and v denotes the iterative
change in A as

Xp+1 = Xg +u;  Axpi = Axg + u; (9.78b)

A1 = A+ Adgr1 = Adg + 7. (9.78¢)
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Solving the above equations gives the iterative displacements u in terms of the, as
yet, unknown parameter change ~y and the auxiliary displacements ug and ug as

u=ug+ur; ur=—K(x) 'R(xp, A\p); up=K(xy) 'F.

(9.79a,b,c)

In (9.78a), u and vy must be such that the constraint Equation (9.76) remains satis-
fied; hence

(Axs, + u) T (Axg + u) + (AN, + )22 F F = s2. (9.80)

Expanding this equation using (9.76) and (9.79a,b,c) gives a quadratic equation for
the unknown iterative load parameter change ~y as

a1y + asy 4+ as =0, (9.81a)
where

a1 = ubup + *F F; (9.81b)

as = 205 (Axy, + ug) + 2AN0°F F; (9.81¢)

as = ub(2Ax; + ug) + AxI Axy, + ANZY2FF — 5%, (9.81d)

There are two solutions v(!) and v to (9.81a), which when substituted into

(9.79a,b,c), (9.78b,¢), and (9.76) give two revised generalized vectors sl(:ll and
(2)

S).11- The correct parameter, ~1) or 4(2), is that which gives the minimum “angle”

0 between s; and s,(ﬁl, where 0 is obtained from

T() ;
cos V) = %k Skj“; S = Axkf ; S](cj)l = Ax + u,(]) _ |-
s ANF i (AN +~D)yF
9.82)

In practice, where many degrees of freedom exist, the scaling factor ¢ is taken
as zero; alternatively, if the representative load F is normalized and ¢ = 1, the
second term in the constraint Equation (9.76) reduces to A\?.

Exercises

1. A three-noded plane strain linear triangle finite element of unit thickness is
deformed as shown in Example 9.1. The material is defined by a compressible
neo-Hookean material with A = 2 and 1 = 3; see Equation (6.29). Calculate
the following items:

(a) deformation gradient tensor F';
(b) Cauchy—-Green tensors C' and b;
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EXERCISES 259

(c) second Piola—Kirchhoff and Cauchy stress tensors, S and o respectively;
(d) vector of internal nodal T, forces for each node a;
(e) component of the tangent stiffness K o3 connecting nodes 2 — 3.

2. Prove that the equivalent internal nodal forces can be expressed with respect to
the initial configuration as

T, = FSV,N,dV,
V(e

and then validate this equation by recalculating the equivalent nodal forces
found in Example 9.3.

3. Prove that the initial stress matrix can be expressed with respect to the initial
configuration as

o,ab

K —/()(VONG-SVONb)IdV,
VE

and then validate this equation by recalculating the initial stress matrix K, 12
found in Example 9.5.

4. Show that the constitutive component of the tangent matrix can be expressed
at the initial configuration as

e ON;
[Kiib} = Z / zl CIJKL aXb jLdV.
YR L=17 vV

5. With the help of Exercise 2 of Chapter 8, derive a two-dimensional equation
for the external pressure component of the tangent matrix K, for a line ele-
ment along an enclosed boundary of a two-dimensional body under uniform
pressure p.

6. Recalling the line search method discussed in Section 9.6.2, show that mini-
mizing I1(n) = II(x; 4+ nu) with respect to n gives the orthogonality condition

R(n) = ulR(x} +nu) = 0.
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CHAPTER TEN

COMPUTER IMPLEMENTATION

10.1 INTRODUCTION

We have seen in the previous chapters that the solution to the nonlinear equilib-
rium equations is basically achieved using the Newton—Raphson iterative method.
In addition, in a finite element context it is advisable to apply the external forces
in a series of increments. This has the advantage of enhancing the converging
properties of the solution and, where appropriate, provides possible intermediate
equilibrium states. Moreover, for path-dependent materials such as those exhibit-
ing plasticity, these intermediate states represent the loading path which needs to
be accurately followed. Furthermore, it is clear that the two fundamental quantities
that facilitate the Newton—Raphson solution are the residual force and the tangent
matrix. In this chapter we shall describe the MATLAB implementation of the solu-
tion procedure in the teaching program FLagSHyP (Finite element Large Strain
Hyperelasto-plastic Program).

It is expected that the reader already has some familiarity with the computer
implementation of the finite element method in the linear context. Consequently,
this chapter will emphasize only those aspects of the implementation that are of
particular relevance in the nonlinear finite deformation context.

The program description includes user instructions, a dictionary of variables
and functions, and sample input and output for a few typical examples. The
program can deal with three-dimensional truss elements and a number of two-
dimensional and three-dimensional elements, together with a variety of compress-
ible and nearly incompressible hyperelastic constitutive equations including simple
Von Mises hyperelastic—plastic behavior. It can be obtained, together with sample
data, as a download from the website www.flagshyp.com. Alternatively, it can
be obtained by email request to any of the authors: a.j.gil@swansea.ac.uk,
r.d.wood@swansea.ac.uk or j.bonet@swansea.ac.uk.

The master m-file FLagSHyP.m, which controls the overall organization of
the program, is divided into three sections. The first section includes a series of
statements designed to add the necessary directories to the path of the program.
The second section includes the function input_data_and_initialisation.m,
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10.1 INTRODUCTION 261

which is devoted to the reading of input/control data and the initialization of critical
variables including equivalent nodal forces and the initial tangent stiffness matrix.
The third section calls one of the three fundamental algorithms incorporated into
FLagSHyP, depending on the problem-dependent control variables chosen by the
user:

ALG1 The function Newton_Raphson_algorithm.m is the basic Newton—Raphson
algorithm, to be explained thoroughly in the remainder of this chapter.

ALG2 The function Line_Search_Newton_Raphson_algorithm.m combines the
basic Newton—Raphson algorithm with the line search procedure described
in Section 9.6.2.

ALG3 The function Arc_Length_Newton_Raphson_algorithm.m combines the
basic Newton—Raphson algorithm with the arc length procedure described
in Section 9.6.3.

The basic Newton—Raphson algorithm is described in Box 9.1 and amplified in
Box 10.1 to include the line search and arc length options. The items in parentheses
in Box 10.1 refer to program segments, each presented in Section 10.7 in a sepa-
rate box in which comments have been removed and only MATLAB instructions
are shown, along with a short description.

BOX 10.1: Solution Algorithm (ALG1)

INPUT geometry, material properties and solution parameters (FLagSHyP seg-
ment 2)

INITIALIZE F = 0, x = X (initial geometry), R = 0 (FLagSHyP segment 2)
FIND initial K (FLagSHyP segment 2)

LOOP over load increments (FLagSHyP segment 5)

® SET A= \+ A\ F =)\F, R =R — AXF (FLagSHyP segment 5)

e JF PRESCRIBED DISPLACEMENTS: (FLagSHyP segment 5)

o UPDATE GEOMETRY (FLagSHyP segment 5)
e FIND F, T,K,R = T — F (FLagSHyP segment 5)

END IF (FLagSHyP segment 5)
DO WHILE (||R||/||F|| > tolerance ) (FLagSHyP segment 6)

SOLVE Ku = —R (FLagSHyP segment 6)

IF LINE SEARCH FIND 7 (ALG2)

IF ARC-LENGTH FIND X (ALG3)

UPDATE GEOMETRY x = x + u (FLagSHyP segment 6)
FIND F, T,K,R = T — \F (FLagSHyP segment 6)

® END DO (FLagSHyP segment 6)
e OUTPUT INCREMENT RESULTS (FLagSHyP segment 7)
® ENDLOOP (FLagSHyP segment 8)
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262 COMPUTER IMPLEMENTATION

A feature of the FLagSHyP program is the arrangement of variables (and the
grouping of those sharing a similar nature) into data structures. The use of data
structures facilitates the understanding of all variables in the program, although
their use can introduce some computational overheads, noticeable in a large-scale
problem. Fundamental data structures are named in capital letters and their “chil-
dren” in lower-case letters. The following table presents the parent data structures
with their general description.

Name Comments

PRO. Program run mode, input/output files, problem title
GEOM. Nodes, initial and spatial coordinates, elemental volumes
FEM. Finite element information (shape functions) and connectivity
QUADRATURE. Gauss point information: location and weights
KINEMATICS. Kinematics quantities: F', b, J, ...

MAT. Material properties: p, A\, u, K, . . .

BC. Boundary conditions: fixed and free

LOAD. Loads: point loads, gravity, pressure load

GLOBAL. Global vectors and matrices: residual and stiffness
PLAST. Plasticity variables

CON. Program control parameters: line search, arc length, . . .

As an example, the table below describes some of the children of parent
data structures. A glossary of all the variables in the program is presented in
Appendix 10.13 at the end of this chapter.

Parent Child Comments

PRO. outputfile_name Output file name

GEOM. ndime Number of dimensions

FEM. mesh. Data structure with mesh information
QUADRATURE. element. Gauss point element information
KINEMATICS. F Deformation gradient at Gauss points
MAT. props Material properties

BC. freedof Free degree-of-freedom vector
LOAD. n_pressure_loads Number of pressure surface elements
GLOBAL. Residual Global residual force vector

PLAST. yield. Data structure for the yield function
CON. dlamb Incremental load parameter
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10.2 USER INSTRUCTIONS

In the execution of the master m-file FLagSHyP .m, the directories (and subdirec-
tories) code and job_folder are added to the directory path of the program. For
simplicity, all the necessary MATLAB functions comprising the FLagSHyP program
are located within subdirectories of the directory code, whereas input/output data
files are located within subdirectories of the directory job_folder. Moreover, the
program expects the input file (e.g. FLagSHyP_input_file.dat) to be located in
the directory job_folder/FLagSHyP_input_file. Notice that while the name
(e.g. FLagSHyP_input_file) or extension (e.g. .dat) of the input file is arbi-
trary, it must coincide precisely with the name of the subdirectory which contains
it (e.g. job_folder/FLagSHyP_input_file); otherwise an error will occur and
the program will not progress. The input file required by FLagSHyP is described
in the following table. The file is free-formatted, so items within a line are simply
separated by commas or spaces.

Item 1: Title Number of lines: 1
PRO.title Problem title

Item 2: Type of element Number of lines: 1
FEM.mesh.element_type Element type (see Note 1)
Item 3: Number of nodes Number of lines: 1
GEOM.npoin Number of mesh nodes

Item 4: Nodal information Number of lines: GEOM.npoin
ip, Node number

BC.icode(ip), Boundary code (see Note 2)
GEOM.x(i,ip) x,y, z coordinates
[i=1:GEOM.ndime] [Number of dimensions]

Item S: Number of elements Number of lines: 1
FEM.mesh.nelem Number of elements

Item 6: Element information Number of lines: FEM.mesh.nelem
ie, Element number

MAT .matno (ie), Material number
FEM.mesh.connectivity(ie,i) Connectivities
[i=1:FEM.mesh.n_nodes_elem] [Number of nodes per element]
Item 7: Number of materials Number of lines: 1
MAT.nmats Number of different materials
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Item 8: Material properties

Number of lines: MAT .nmats

im,
MAT .matyp(im),
MAT.props (ipr,im)

[ipr=1:npr (dependent upon
material)]

Material number
Constitutive equation type
Properties (see Note 3)

[Number of properties]

Item 9: Load information

Number of lines: 1

n_point_loads,

BC.n_prescribed_displacements,

LOAD.n_pressure_loads,

LOAD.gravt (i)
[i=1:GEOM.ndimel

Number of loaded nodes

Number of nonzero prescribed
displacements

Number of surface (line) elements
with pressure

Gravity vector

[Number of dimensions]

Item 10: Nodal loads

Number of lines: n_point_loads

ip,
force_value(i),

[i=1:GEOM.ndime]

Node number
Force vector

[Number of dimensions]

Item 11: Prescribed displacements

Number of lines:
BC.n_prescribed_displacements

ip,
id,

prescribed_value

Node number
Spatial direction

Nominal prescribed displacement

Item 12: Pressure loads

Number of lines:
LOAD.n_pressure_loads

ie,

LOAD.pressure(ie)

[in=1:FEM.mesh.connectivity_faces]

FEM.mesh.connectivity_faces(ie,in),

Surface element number
Force vector
Nominal pressure (see Note 4)

[Number of nodes per element]

Item 13: Control information

Number of lines: 1

CON.nincrm

Number of load/displacement
increments
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CON.x1lmax Maximum value of load-scaling parameter

CON.dlamb Load parameter increment

CON.miter Maximum number of iterations per increment

CON.cnorm Convergence tolerance

CON.searc Line search parameter (if 0.0 not in use)

CON.ARCLEN.arcln Arc length parameter (if 0.0 not in use)*

CON.QUTPUT. incout Output counter (e.g. 5 for every five increments)

CON.ARCLEN. itarget Target iterations per increment (see Note 5
below)

CON.QUTPUT .nwant Single output node (0 if not used)

CON.QUTPUT. iwant Output degree of freedom (0 if not used)

Note 1: The following element types (FEM.mesh.element_type) are recog-
nized (see also Section 10.4 for more details about these elements):
truss2: 2-noded truss

tria3: 3-noded linear triangle

tria6: 6-noded quadratic triangle

quad4: 4-noded bilinear quadrilateral

tetrd: 4-noded linear tetrahedron
tetr10: 10-noded quadratic tetrahedron

hexa8: 8-noded trilinear hexahedron.
Different element types cannot be mixed in a mesh. Given the element
name, the program automatically sets the number of nodes per element
(FEM.mesh.n_nodes_elem), the number of dimensions (GEOM.ndime),
and the number of Gauss points (QUADRATURE.element.ngauss).
It also identifies the associated type of surface or line element
for pressure loads and sets the corresponding number of nodes
per element (FEM.mesh.n_face_nodes_elem) and Gauss points
(QUADRATURE. boundary.ngauss).

Note 2: The boundary codes (BC.icode) are as follows:
0: free
1: x prescribed
2: 1y prescribed
3: =z, y prescribed
* Note that the arc length option in data item 13 cannot be used if nonzero prescribed displacements are

employed.
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4: z prescribed

5: =z, z prescribed

6: 1y, z prescribed

7: x,y, z prescribed.

Prescribed degrees of freedom are assumed to be fixed (that is, no dis-
placement) unless otherwise prescribed to be different from zero in input
item 9 or 11. If a displacement is imposed in input item 9 or 11, the
corresponding degree of freedom must have already been indicated as
prescribed in input item 4.

Note 3: The following constitutive equations have been implemented (see also
Section 10.6):

plane strain or three-dimensional compressible neo-Hookean

one-dimensional stretch-based hyperelastic plastic (truss2 only)

plane strain or three-dimensional hyperelastic in principal directions

plane stress hyperelastic in principal directions

plane strain or three-dimensional nearly incompressible neo-

Hookean

DohRwNe

plane stress incompressible neo-Hookean

N

plane strain or three-dimensional nearly incompressible hyperelas
ticity in principal directions

8: plane stress incompressible hyperelasticity in principal directions
17: plane strain or three-dimensional nearly incompressible hyperelastic
plastic in principal directions.

The corresponding list of properties MAT.props(i,im) to be read in
Item 87 are shown in the following table. For simplicity, the columns
of the table have been named as props (i), which refer to the specific
variable name MAT.props(i,im). In this table, p represents the den-
sity in the reference configuration, A and p are the Lamé coefficients,
Kk = A+ 2u/3 is the bulk modulus,* A is the thickness for plane stress
cases, E is the Young’s modulus, v is Poisson’s ratio, and area is the
initial cross-sectional area. Finally, 7, and H are the yield stress and
hardening parameter, respectively.

Note 4: For surface elements the direction of positive pressure is given by the
right-hand screw rule following the surface element numbering. For line
elements the positive pressure is at 90° turning counterclockwise to the
direction of increasing node numbering.

T For material 17, only p, p, A, Ty, and H are entered; x is calculated by the program and stored in
MAT.props(4,im).
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Type | props(1) | props(2) | props(3) | props(4) | props(5) | props(6)
1 P o A - - -
2 p E v area Ty H
3 p p A - - -
4 p " A h - -
5 p n K - - -
6 P I h - - -
7 p u : - - -
8 p I h - - -
17 P I A - Ty H

Note 5: Typically, a nonlinear structural analysis solution is carried out in a num-
ber of incremental steps, CON.incrm=1:CON.nincr, where CON.nincr
is the chosen maximum number of steps.

The applied loads can be point forces, pressure forces, or even pre-
scribed displacements. Any input value of these items is nominal and will
be multiplied by the load parameter increment CON.dlamb. The nominal
load multiplied by CON.dlamb is called an increment in load, AF (or Au
for prescribed displacements).

Typically, at each load step CON. incrm, the applied load is increased
by an amount equal to AF. This means that the nominal load has been
multiplied by lambda=CON.incrmxCON.dlamb to give the actual load
F, where lambda is called the load-scaling parameter.

If arc length control is employed then 1ambda is controlled indirectly;
see Section 9.6.3. A positive value of CON.ARCLEN.arcln will produce
a variable arc length, the value of which is determined by the desired
number of iterations per increment itarget. Irrespective of the magni-
tude input by the user (i.e. CON.ARCLEN.arcln= 1), the program will
work out the most appropriate value, discarding that entered by the user.
A negative value (simply as an indicator) for CON.ARCLEN.arcln will
provide a constant arc length. In this latter case, some experimentation
with values will be necessary. If the arc length option is not to be used,
input CON.ARCLEN.arcln = 0 and CON.ARCLEN.itarget = 0.

There is an additional control item, CON.x1lmax, which is the max-
imum value of the load-scaling parameter, and the program will stop
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when (CON.incrm X CON.dlamb) > CON.x1lmax, even if CON.incrm <
CON.nincr. Alternatively, the program will stop when CON.incrm =
CON.nincr even if (CON.nincr x CON.dlamb) < CON.xlmax.

At each load step the Newton—Raphson iteration attempts to achieve
equilibrium within a maximum allowed number of iterations, input as
CON.miter. Equilibrium is achieved when the residual force ||R|| <
CON.cnorm, where CON.cnorm is the convergence tolerance, usually
about 1076,

Convergence toward equilibrium can be improved by using the line
search option, which minimizes the residual force in the direction of the
Newton—Raphson iterative change in the position of the structure. Line
search is activated and controlled by the parameter CON.searc, which
should have a value of about 0.5. The line search algorithm cannot be
used in conjunction with the arc length method (a warning message is
displayed in that case and the program stops).

To facilitate easy plotting of load displacement graphs, output
from a single node and single degree of freedom (at that node) can
be specified. Parameter CON.OUTPUT.nwant specifies the node and
CON.QUTPUT. iwant the degree of freedom. The output is in a file always
called flag.out which contains the increment number, the coordinate
relating to the degree of freedom, the force relating to the degree of free-
dom, the current value of CON. x1amb, and (if used) the current arc length
value CON. ARCLEN. arcln.

The somewhat contrived example shown in Figure 10.1 has been chosen to
illustrate as many diverse features of these input instructions as possible. The
required input file is listed in Box 10.2. Note that point loads, gravity loads,

Y 3.4
0.25
1.2
—17 1 8 9
—] [_]Type6
—2 3 4 [ Type 4
— 4 5 6
E—: l g=9.8
—13 1 2
1 2 3
X
y L=0.02
0.025 0.015

FIGURE 10.1 Simple two-dimensional example.
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10.3 OUTPUT FILE DESCRIPTION 269

pressure loads, and prescribed displacements are all subject to the same incremen-
tation in the solution procedure.

BOX 10.2: Input File for Example in Figure 10.1

2-D Example quad4
9

130.00.0
221.00.0
332.00.0
40001.0
501.01.0
602.01.0
700.02.0
831.02.0
902.02.0

4

111254
226523
315874
425698

2

14

1.0 100. 100. 0.1
26

1.0 100. 0.1
1330.0-9.38
91234
310.02

22 -0.025
32-0.015
1870.25
2740.25
314 -0.25
210.05.0251.e—100.00.01571

10.3 OUTPUT FILE DESCRIPTION

The program FLagSHyP produces a largely unannotated output file that is intended
as an input file for a postprocessor to be supplied by the user. The output file is
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only produced every CON.QUTPUT . incout increments. The contents and structure
of this file are shown in the table below.

Item 1: Title Number of lines: 1
PRO.title, Problem title
¢ at increment: ’, num2str Increment number

(CON. incrm),

¢ load: ’, num2str(CON.xlamb) Current load parameter

Item 2: Type of element Number of lines: 1
FEM.mesh.element_type Element type

Item 3: Number of nodes Number of lines: 1
GEOM.npoin Number of mesh nodes

Item 4: Nodal information Number of lines: GEOM.npoin
ip, Node number

BC.icode(ip), Boundary code
GEOM.x(i,ip), x, 1, z coordinates

force(i) External force or reaction
[i=1:GEOM.ndime] [Number of dimensions]

Item 5: Number of elements Number of lines: 1
FEM.mesh.nelem Number of elements

Item 6: Element information Number of lines: FEM.mesh.nelem
ie, Element number

MAT .matno(ie), Material number
FEM.mesh.connectivity(ie,i) Connectivities
[i=1:FEM.mesh.n_nodes_elem] [Number of nodes per element]
Item 7: Stress information Number of lines:

QUADRATURE. element .ngauss X
FEM.mesh.nelem

Stress(i,ig,ie) Cauchy stress for each Gauss point
[i=1:stress_components] (2-D) stress: 0z, Ozy, Oyy (plane
strain)

[ig=1:QUADRATURE.element .ngauss] (2-D) stress: 0yy, Oy, Oyy, h (plane
stress)

[ie=1:FEM.mesh.nelem] (3-D) stress: N, (truss)

(3-D) Stress: 044, Opys Oxzy Oyys
Oyzy 02z
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The output file produced by FLagSHyP for the simple example in Figure 10.1
is listed in Box 10.3.

BOX 10.3: Output File for Example in Figure 10.1
2-D Example at increment: 1, load: 5
quad4
9
1 3 0.0000E+00 0.0000E+00 -3.3614E+00 9.5002E-01
2 2 1.1889E+00 -1.2500E-01 0.0000E+00 -2.1952E+00
3 3 2.1000E+00 -7.5000E-02 -1.2617E+00 -2.2113E+00
4 0 2.9056E-01 7.8088E-01 0.0000E+00 -2.4500E+00
5 0 1.2833E+00 1.0620E+00 0.0000E+00 -4.9000E+00
6 0 2.0531E+00 1.2262E+00 0.0000E+00 -2.4500E+00
7 0 5.0207E-02 1.6092E+00 0.0000E+00 -1.2250E+00
8 3 1.0000E+00 2.0000E+00 -3.8769E+00 -4.3497E-02
9 0 2.3964E+00 3.8249E+00 6.0000E+00 1.5775E+01
4
111254
226523
315874
4256098
3.1165E+01 1.6636E+01 -2.9752E+01 9.9858E-02
3.7922E+01 7.0235E+00 2.9804E+01 9.2369E-02
9.8170E+00 2.8948E+01 2.3227E+01 9.6515E-02
-9.1664E+00 5.2723E+01 -5.2341E+01 1.0566E-01
-3.1460E+01 9.0191E+00 6.9610E+01 9.7692E-02
-4.4255E+01 1.9009E+01 4.0029E+01 1.0422E-01
-1.0503E+01 1.4344E+01 5.8661E+01 9.4115E-02
-1.0937E+00 4.3534E+00 8.4855E+01 8.8759E-02
2.9733E+00 4.9849E+00 -8.6633E+00 1.0056E-01
-2.5993E+00 1.0535E+01 -4.9380E+00 1.0075E-01
-1.0028E+01 1.6380E+01 -2.4223E+01 1.0326E-01
-3.7416E+00 1.0076E+01 -2.8318E+01 1.0306E-01
1.8711E+01 2.7033E+01 1.2770E+02 8.0604E-02
5.8710E+01 9.3889E+01 5.0464E+02 5.2100E-02
1.4861E+02 2.3372E+02 7.0689E+02 3.9520E-02
1.3288E+02 1.6687E+02 3.5422E+02 5.4008E-02
2-D Example at increment: 2, load: 10
quad4
9
1 3 0.0000E+00 0.0000E+00 -6.0853E+00 2.5627E+00
2 2 1.3519E+00 -2.5000E-01 0.0000E+00 -3.9191E+00
3 3 2.2000E+00 -1.5000E-01 -2.4435E+00 -2.9205E+00
4 0 5.4010E-01 6.6991E-01 0.0000E+00 -4.9000E+00
5 0 1.5590E+00 1.1437E+00 0.0000E+00 -9.8000E+00
6 0 2.2245E+00 1.2882E+00 0.0000E+00 -4.9000E+00
(continued)
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BOX 10.3: (cont.)
7 0 1.9116E-01 1.3055E+00 0.0000E+00 -2.4500E+00
8 3 1.0000E+00 2.0000E+00 -8.4712E+00 -2.7232E+00
9 0 3.3987E+00 6.1513E+00 1.2000E+01 3.1550E+01
4
111254
226523
315874
425698
6.2596E+01 2.1249E+01 -3.2758E+01 9.6870E-02
6.1948E+01 9.8381E+00 5.4321E+01 8.5200E-02
2.1019E+01 4.4812E+01 4.5486E+01 9.2526E-02
-1.5069E+01 1.0427E+02 -1.0393E+02 1.1028E-01
-5.0536E+01 1.8529E+01 1.0546E+02 1.0025E-01
-5.4947E+01 3.3161E+01 9.1325E+01 1.0362E-01
-1.1718E+01 3.2504E+01 1.1797E+02 8.9494E-02
-9.7154E+00 1.7872E+01 1.2969E+02 8.6976E-02
2.1962E+01 8.2142E+00 -4.1974E+00 9.8174E-02
-2.0453E-02 1.3036E+01 7.8808E+00 9.9204E-02
-3.3571E+01 3.7568E+01 -3.3248E+01 1.0611E-01
-2.7830E+00 2.9571E+01 -4.8372E+01 1.0477E-01
8.3822E+01 6.9453E+01 3.6196E+02 5.1329E-02
1.6278E+02 4.2678E+02 1.7024E+03 2.9913E-02
4.7504E+02 9.9613E+02 2.7018E+03 1.8205E-02
4.1084E+02 6.3881E+02 1.3761E+03 2.4400E-02

104 ELEMENT TYPES

Nodes and Gauss points in a given finite element can be numbered in a variety
of ways. The numbering scheme chosen in FLagSHyP is shown in Figures 10.2
and 10.3.

In order to avoid the common repetitious use of shape functions for
each mesh element, FLagSHyP (with the exception of truss2) stores in

FIGURE 10.2 Numbering of two-dimensional elements.
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FIGURE 10.3 Numbering of three-dimensional elements.

memory the shape functions and their nondimensional derivatives for each
Gauss point of the chosen element type. This information is stored in the two-
dimensional array FEM. interpolation.element.N and the three-dimensional
array FEM. interpolation.element.DN_chi used to store shape functions and
derivatives, respectively. Specifically, the dimensions of FEM.interpolation.
element .N are the number of nodes per element (FEM.mesh.n_nodes_elem) and
the number of Gauss points per element (QUADRATURE. element .ngauss), which
can be depicted as follows:

N1(§1,7717C1) Nl(fmanm7gm)
m = QUADRATURE.element
.ngauss;
n = FEM.mesh.n_nodes_elem.
Nn(é-l)nlagl) Nn(émanmaCm)

Analogously, the dimensions of FEM. interpolation.element.DN_chi are
the number of dimensions (GEOM.ndime), the number of nodes per element
(FEM.mesh.n_nodes_elem), and the number of Gauss points per element
(QUADRATURE. element .ngauss):

8N1 (§Z7nl)<2) T aNn (57/777“@')

¢ = 1 : QUADRATURE. element
BNI (glanhcl) T %(gl?nhcl)

.ngauss;

n = FEM.mesh.n_nodes_elem.

3N1 (5177717@) T 8Nn (5177717CZ)
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The coordinates (in the nondimensional isoparametric domain) of all the
quadrature points necessary for the accurate integration of a finite element are
stored in the two-dimensional array QUADRATURE. element.Chi, of dimensions
GEOM.ndime and FEM.mesh.n_nodes_elem, while their corresponding weights
are stored in the one-dimensional array QUADRATURE.element .W, of dimension
FEM.mesh.n_nodes_elem.

Exactly the same type of arrays are constructed for the line or surface ele-
ments and stored in FEM.interpolation.boundary.N (for shape functions),
FEM.interpolation.boundary.DN_chi (for shape functions derivatives), and
QUADRATURE.boundary.W and QUADRATURE.boundary.Chi (for Gauss point
information).

10.5 SOLVER DETAILS

For the solution of the resulting system of linear algebraic equations Ku = —R,
FLagSHyP uses the MATLAB command u = —K\R, where K denotes the assem-
bled global stiffness matrix (GLOBAL.K) and R is the assembled global residual
vector (GLOBAL .RESIDUAL). MATLAB will aim to take advantage of possible sym-
metries in the problem, redirecting to the most appropriate linear algebra solver,
with the final objective of minimizing the computational time while maintaining
the accuracy of the final solution. Specifically, tailor-made solvers can be utilized
for dealing with a sparse matrix K as in the present case.

In order to take advantage of the sparse solver capabilities, the final assembled
stiffness matrix K. + K, + K,; — K, is stored in a temporary one-dimensional vec-
tor array (global_stiffness), along with two other temporary one-dimensional
vector arrays (of the same length as global_stiffness), namely (indexi) and
(indexj), where the rows (indexi) and columns (indexj) corresponding to the
entries of the stiffness matrix are saved. By making use of the MATLAB intrinsic
function sparse.m, these vectors are assembled into GLOBAL . K.

Finally, it is important to remark that the linear algebra solver is not restricted
to the typical case of a symmetric stiffness matrix. In other words, it allows for
the most general case of pressure loads which can lead to an unsymmetric stiffness
matrix. This results in the need to store both lower and upper triangular entries
of the assembled stiffness matrix K. However, as stated above, if the symmetry
of K is detected when the MATLAB command Ku = —R is executed, a specific
symmetric solver will then be employed.

Algorithm 1 shown below depicts in a simplified diagram the way in which
the element tangent stiffness matrix is formed as a series of loops beginning
with element and Gauss quadrature and cascading down to nodes and dimensions
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loops. Upon completion of these calculations, the sparse assembly process is car-
ried out. Notice that this process is repeated for the assembly of each of the
various components of the assembled global stiffness matrix, namely the consti-
tutive matrix component K. (refer to the function constitutive_matrix.m),
the geometric or initial stress matrix component K, (refer to the func-
tion geometric_matrix.m), the volumetric mean dilatation stiffness compo-
nent K, (refer to the function volumetric_mean_dilatation_matrix.m),
and the external force pressure stiffness component K, (refer to the function
pressure_load_matrix.m).

Algorithm 1: Calculation and storage of assembled constitutive matrix entries

Input : counter=0; indexi(:)=0; indexj(:)=0;
global_stiffness(:)=0

Output: GLOBAL.X

for ielement=1:FEM.mesh.nelem do

for igauss=1:QUADRATURE. element .ngauss do

for anode=1:FEM.mesh.n_nodes_elemdo

for bnode=1:FEM.mesh.n_nodes_elem do

for i=1:GEOM.ndime do

for j=1:GEOM.ndime do

Evaluate indexi (counter);

Evaluate indexj (counter);

Evaluate stiffness coefficient k;

Assign global_stiffness(counter) « k;

counter < counter + 1;

end

end

end
end

end

end

GLOBAL .K=sparse(indexi, indexj,global_stiffness)
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To illustrate the assembly of the global stiffness matrix, consider the some-
what artificial example in Figure 10.4, comprising three triangular elements with
one degree of freedom per node and two Gauss points per element. The figure
shows the process by which a stiffness coefficient k per Gauss point, shown in
Algorithm 1, is assigned to the appropriate location in the global_stiffness
vector in a sequence determined by counter. Also observe in Figure 10.4 how the
MATLAB function sparse.m assembles a typical global stiffness entry from its
Gauss point contributions.

Element

k;lj'g\ .
Gauss point &

Nodes/dof’s indexi, indexj

counter global stiffness vector
2 3 4 5 6 7 8 9

i
a a a a a a a a a
{ ki1 k21,1 k51,1 ki1 k321 k52,1 151 K251 kss1 |
10 11 12 13 14 15 16 17 18
a a a a a a a a a
kii2 k312 ki, ki k322 k52,2 kis 2 k3s 2 kss,z |

19 20 . 27 28 29 .. 36 37 38
ng,l k§2,1 """ kg5,1 ng,Z k?Z,Z """ kgS,Z k§3,1 kfl-:3,1 |

|9 39 40 s 45 46 47 48 49 e 54
k§3,1 kgzl-,l """ k§5,1 k§3,2 k23,2 k§3,2 k§4,2 """ kgS,Z}

sparse.m assembles
a a b b c c
GLOBAL_KSS == k55'1 + k55]2 + k55’1+ k55’2+ k55'1 + k55‘2

FIGURE 10.4 Stiffness matrix assembly; counter refers to the location of the stiffness
coefficient k in the global stiffness vector.

10.6 PROGRAM STRUCTURE

In order to give an overview of the structure of the program FLagSHyP, Box 10.4
lists the main functions comprising the program. The remainder are either functions
common to standard linear elasticity finite element codes or subsidiary functions
that are not crucial to an understanding of the flow of the program and can be
examined via a program download (see www.flagshyp.com). The functions in
italic typeface are described in detail in the following sections.
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BOX 10.4: FLagSHyP Structure

FLAGSHYP ottt ittt ettt e m-file
COdE it Main code directory
| 50lution_equations .........c.oeeeeeieiieinienn.n. Solution algorithms directory
Newton_Raphson_algorithm ............... Newton—Raphson master function
Arc_Length_Newton_Raphson_algorithm ......... Arc length master function
Line_Search_Newton_Raphson_algorithm ....... Line search master function
ATCLEI t vt ittt i e Arc length algorithm
linear_solver Solver of linear system of equations
SEATCH vttt Line search algorithm
Linput_reading .................................. Reading of input data directory
| boundary_codes ..........iiiiiiiiiiiiiiin., Reading of boundary conditions
L elinfo ... Pre-allocate element information
L incontr ... Reading input control parameters
b INnelems ...ttt e Reading element information
f—inloads ...l Reading loading information
finnodes ... Reading nodal information
 —input_data_and_initialisation ............ Initialization of some variables
f—MATPLOP vt vttt ittt i i Reading material properties
L reading_input_file ..., Reading input function
- o] 1T Read input file name
4 —initialisation ..........iiiiiiiiiiiiiiiiens Initialization functions directory
{—numerical_integration ................ Numerical integration functions directory
| FEM_shape_functions ..............coiiiiiiiiinnn, Shape functions directory
| KIinematics ......oiviiiiiiiiiiiiiiiiiiiiia, Kinematics calculations directory
gradients ..........c.iiiiiiiiiiiiennn Computation of fundamental kinematics
kinematics_gauss_point .............. Extraction of quantities at Gauss point
ormal_vector_boundary ..............cciiiiiinnn ormal vector at surface
L thickness_plane_stress ............o.... Plane stress thickness computation
constitutive Iaws ..........cciiiiiiiiiiiiia, Constitutive behavior directory
Cauchy_type_selection .. Cauchy stress tensor (material selection)
elasticity_modulus_selection ........ Elasticity tensor (material selection)
uab_choice ............ Checking function for materials in principal directions
elasticity_tensor ............ .. ..ol Elasiticy tensor directory

ctensl ... Elasticity tensor material 1
Ctens3 ... e Elasticity tensor material 3
CEEeNS4 .t e Elasticity tensor material 4
Ctensb ... e Elasticity tensor material 5
CEENSE vttt e e Elasticity tensor material 6
CEENST ettt e e Elasticity tensor material 7
CEENS8 . e e Elasticity tensor material 8
Ctensl? .. Elasticity tensor material 17
SELESS ittt e e e Stress tensor directory
Stressl ...l Stress tensor material 1
SETeSS3 it Stress tensor material 3
SEreSS4d ...t Stress tensor material 4
SEressb ... e e Stress tensor material 5
SEresSS6 ...ttt Stress tensor material 6
SEreSST ittt s Stress tensor material 7
SEreSS8 ...t Stress tensor material 8
SETPeSSIT it Stress tensor material 17
plasticity ... Plasticity functions directory
element_calculations ................ ...l Element calculations directory
} _element_gravity_vector ........................ Load vector due to gravity
| element_gravity_vector_truss ........... Load vector due to gravity (truss)
| _element_force_and_stiffness ............ Force vector and stiffness matrix
| element_force_and_stiffness_truss ...... Truss element force and stiffness
| constitutive_matriz ............. i, Element constitutive matrix
L geometTic_matriT ....... ...t Element initial stress matrix
{mean_dilatation_pressure ............ Mean dilatation pressure computation
—mean_dilatation_pressure_addition ........ Adds pressure to stress tensor
{mean_dilatation_volumetric_matrix .............. Mean dilatation matrix
| pressure_element_load_and_stiffness ......... Pressure load and stiffness
L _pressure_load_matrix .............o0iiiian, Element pressure load matrix
L global_assembly ..........ceeiiiiiiiiiiiiiiiiinan, Assembly functions directory
external_force_update ..............oiiiiinn Update of the external forces
force_vectors_assembly .............. Assembly of the external force vector
gravity_vector_assembly ................... Assembly of the gravity vector
pressure_load_and_stiffness_assembly ...Assembly pressure residual and
stiffness
residual_and_stiffness_assembly ......... Assembly residual and stiffness

L solution_update ..........iiiiiiiiiiii i e Update geometr

| convergence_check ............coeevveinnnn Newton—Raphson convergence chec
L solution_write .........iiiiiiiiiiii i Output solution
] o} o o3 o PP Auxiliary functions
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10.7 MASTER m-FILE FLagSHyP

As stated at the beginning of this chapter, the master m-file FLagSHyP . m is divided
into three sections, presented below.

FLagSHyP segment 1 - Master m-file

clear all;close all;clc;
%ASECTION 1

if isunix()

dirsep = /7
else

dirsep = ’\?;
end
basedir_fem = mfilename(’fullpath’);
basedir_fem = fileparts(basedir_fem);
basedir_fem = strrep(basedir_fem, [’code’ dirsep ’support’],’’);
addpath(fullfile(basedir_fem));
addpath(genpath(fullfile(basedir_fem,’code’)));
addpath((fullfile(basedir_fem,’job_folder’)));

%%SECTION 2

[PRO,FEM, GEOM, QUADRATURE,BC,MAT,LOAD,CON, CONSTANT, ...
GLOBAL,PLAST,KINEMATICS] = input_data_and_initialisation(basedir_fem);

%%SECTION 3

if abs(CON.ARCLEN.arcln)==0
if ~“CON.searc
Newton_Raphson_algorithm(PRO,FEM, GEOM, QUADRATURE,BC,MAT,LOAD, ...
CON,CONSTANT,GLOBAL ,PLAST ,KINEMATICS) ;
else
Line_Search_Newton_Raphson_algorithm(PRO,FEM,GEOM, QUADRATURE,. ..
BC,MAT,LOAD,CON,CONSTANT,GLOBAL ,PLAST ,KINEMATICS) ;
end
else
Arc_Length_Newton_Raphson_algorithm(PRO,FEM,GEOM, QUADRATURE, . ..
BC,MAT,LOAD,CON,CONSTANT,GLOBAL ,PLAST ,KINEMATICS) ;
end

The first section sets up the directory path, which has been previ-
ously explained in the user instructions. The second section is the function
input_data_and_initialisation.m, for the reading of input/control data and
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the initialization of variables including the initial assembled tangent stiffness and
equivalent nodal forces. At this stage, it is appropriate to get an overview of the
third section before dealing in detail with the input data and initialization function.
Depending on the values chosen by the user for some of the problem-dependent
control variables, this redirects the program to one of the three fundamental algo-
rithms incorporated into FLagSHyP, namely ALG1, ALG2, and ALG3.

The three ALG MATLAB functions share many sub-functions, but ALG1 consti-
tutes the majority of the program. As a result, we will focus on the description
of this basic algorithm in order to give a general overview of a standard large
strain nonlinear finite element computer program. Once this function has been
fully understood, it is expected that readers can then proceed to study the other
two functions (with the help of Sections 9.6.2 and 9.6.3).

Within the function Newton_Raphson_algorithm.m, it is essential to under-
stand one crucial function, namely, residual_and_stiffness_assembly.m,
which assembles the residual force (GLOBAL.Residual) and the global tangent
stiffness matrix (GLOBAL .X). This requires the computation of the equivalent nodal
forces due to internal stress and the main components of the stiffness matrix
for each element, which is carried out in element_force_and_stiffness.m.
Consequently, it provides a vehicle for examining those aspects of the compu-
tation that are particular to finite deformation analysis. In addition, the function
pressure_load_and_stiffness_assembly.m evaluates the equivalent nodal
forces due to surface pressure and the corresponding tangent matrix components.
Additional functions included are 1inear_solver.m, which calls the linear solver
for the computation of the unknown displacements u, update_geometry.m, which
updates the geometry of the deformed solid, and check_residual_norm.m, which
verifies whether convergence has been achieved.

Within the function residual_and_stiffness_assembly.m mentioned
above, it is important to distinguish between truss and continuum elements. Specif-
ically, for truss elements the function element_force_and_stiffness_truss.m
evaluates the equivalent nodal forces and the components of the tangent stiffness
matrix. This function is not described as it is transparent in its replication of the
equations in the text. For any other kind of finite element, the counterpart func-
tion element_force_and_stiffness.m evaluates the same quantities. This lat-
ter function is more complex, hence lengthier, as it is not restricted to simplified
truss kinematics and it allows for the consideration of a large variety of kine-
matics hypotheses, for example, near incompressibility, analysis along principal
directions, or plane stress.

The function element_force_and_stiffness.m calls the utility func-
tions Cauchy_type_selection.m and elasticity_modulus_selection.m to
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compute the stress tensor and tangent modulus, respectively, depending upon the
material type selection, either a pure hyperelastic or an elasto-plastic material. The
remaining functions in the program are either relatively similar to standard finite
element elasticity codes or are a direct implementation of equations contained in
the book.

Returning to a detailed consideration of the second section of FLagSHyP, this
is presented below.

FLagSHyP segment 2 - Input data and initialization

function [PRO,FEM,GEOM,QUADRATURE,BC,MAT,LOAD,CON,CONSTANT,GLOBAL, ...
PLAST,KINEMATICS] = input_data_and_initialisation(basedir_fem)

PRO = welcome(basedir_fem);

if “PRO.rest
fid = PRO.fid_input;
[FEM, GEOM, QUADRATURE,BC,MAT,LOAD,CON,PRO, ...
GLOBAL]= reading_input_file(PRO,fid);

CONSTANT = constant_entities(GEOM.ndime) ;

CON.xlamb = O;

CON.incrm = O;

[GEOM, LOAD,GLOBAL,PLAST,KINEMATICS] = initialisation(FEM,GEQM,...

QUADRATURE,MAT,LOAD,CONSTANT,CON,GLOBAL) ;

cd(PRO. job_folder)

save_restart_file(PRO,FEM,GEOM, QUADRATURE,BC,MAT,LOAD,CON,CONSTANT, ...
GLOBAL,PLAST,KINEMATICS, >internal’)

The program can start either from an input data file or, when convenient, using
data from a restart file written during a previous incomplete analysis. The mode
of operation is recorded in the variable PRO.rest read by the welcome.m func-
tion. Function initialisation.m sets global residual vector GLOBAL.Residual
to zero and defines the initial geometry GEOM. x0 as the current geometry GEOM. x.
In addition, the equivalent nodal forces due to gravity are evaluated and the function
residual_and_stiffness_assembly.m is called to compute the global tangent
stiffness matrix at the unstressed configuration (this coincides with the small strain
linear elastic stiffness matrix). The function initial_volume .m evaluates the total
mesh volume and prints this on the screen. This is particularly useful in order to
check the validity of the geometry given by the input file but also fundamental in the
case of dealing with a nearly incompressible material, where the initial elemental
volume is necessary for the mean dilatation algorithm. All the relevant information
is dumped to a restart file.
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FLagSHyP segment 3 — Restart
else
cd(PRO. job_folder);
load(PRO.restartfile_name) ;
[GLOBAL,PLAST] = residual_and_stiffness_assembly(CON.xlamb,GEQM, ...
MAT,FEM, GLOBAL,CONSTANT, QUADRATURE . element ,PLAST,KINEMATICS) ;

end

The program can restart from a previously converged incremental step in order
to progress to subsequent increments. This can be useful when wishing to continue
the analysis to obtain further incremental solutions. In the following it is assumed

that the data are read for the first time.

FLagSHyP segment 4 — Reading Input data
function [FEM,GEOM,QUADRATURE,BC,MAT,LOAD,CON,PRO,GLOBAL] =...
reading_input_file(PRO,fid)

print_statement (’beginning_reading’)
PRO.title = strtrim(fgets(fid));
[FEM, GEOM, QUADRATURE] = elinfo(fid);

switch FEM.mesh.element_type

case ’truss2’
FEM.interpolation.element = [];
FEM. interpolation.boundary = [];

otherwise
QUADRATURE.element = element_quadrature_rules(FEM.mesh.element_type);

QUADRATURE.boundary = edge_quadrature_rules(FEM.mesh.element_type);
FEM = shape_functions_iso_derivs (QUADRATURE,FEM,GEOM.ndime) ;

end

[GEOM,BC,FEM] = innodes(GEOM,fid,FEM);

[FEM,MAT] = inelems(FEM,fid);

BC = find_fixed_free_dofs(GEOM,FEM,BC);

MAT = matprop(MAT,FEM,fid);

[LOAD,BC,FEM,GLOBAL] = inloads(GEOM,FEM,BC,fid);
CON = incontr(BC,fid);

fclose(’all?’);
print_statement (’end_reading’)

Function elinfo.m reads the element type FEM.mesh.element_type and
establishes the basic information regarding the specific type of finite element to
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be used. Function innodes.m reads nodal input data, namely initial coordinates
(GEOM. x) and boundary conditions (BC.icode). Function inelems.m reads rele-
vant element information, namely connectivity (FEM.mesh.connectivity) and
material type (MAT.matno). Function find_fixed_free_dofs.m classifies the
degrees of freedom in fixed and free, based on the nodal boundary condition
information. Function matprop.m reads in material property data (MAT.props).
Function inloads.m inputs loading and prescribed displacement items. Finally,
function incontr.m reads the solution control parameters (CON).

FLagSHyP segment 5 - Increment loop
function Newton_Raphson_algorithm(PRO,FEM,GEQOM,QUADRATURE,BC,MAT, ...
LOAD,CON,CONSTANT, GLOBAL ,PLAST,KINEMATICS)

while ((CON.xlamb < CON.xlmax) && (CON.incrm < CON.nincr))
CON.incrm = CON.incrm + 1;
CON.xlamb = CON.xlamb + CON.dlamb;

[GLOBAL.Residual ,GLOBAL.external_load] = ...
external_force_update(GLDBAL.nominal_external_load,...
GLOBAL.Residual,GLOBAL.external_load,CON.dlamb) ;

if LOAD.n_pressure_loads
GLOBAL = pressure_load_and_stiffness_assembly(GEOM,MAT, ...
FEM, GLOBAL ,LOAD, QUADRATURE. boundary,CON.dlamb) ;

end

if BC.n_prescribed_displacements > O
GEOM.x = update_prescribed_displacements(BC.dofprescribed,...
GEOM.x0,GEOM.x,CON.xlamb,BC.presc_displacement) ;
[GLOBAL,updated_PLAST] = ...
residual_and_stiffness_assembly(CDN.xlamb,...
GEOM,MAT,FEM, GLOBAL ,CONSTANT , QUADRATURE . element ,PLAST ,KINEMATICS) ;

if LOAD.n_pressure_loads
GLOBAL = pressure_load_and_stiffness_assembly(GEOM,. ..
MAT,FEM, GLOBAL,LOAD, QUADRATURE . boundary, CON. xlamb) ;
end

end

The while controls the load or prescribed displacement incrementation. This
remains active while the load-scaling parameter CON.xlamb is less than the
maximum CON.x1lmax and the increment number is smaller than the total number
of increments CON.nincr.
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The imposition of an increment of point or gravity loads immediately cre-
ates a residual force. This is added to any small residual carried over from the
previous increment by the function external_force_update.m. This prevents
errors in the converged solution (for instance, due to a large tolerance value
CON. cnorm) from propagating throughout the solution process. The further addi-
tion to the residual forces due to an increment in applied surface pressure is
evaluated by calling pressure_load_and_stiffness_assembly.m with the last
argument set to the load parameter increment CON.dlamb. At the same time
pressure_load_and_stiffness_assembly.m evaluates the addition to the tan-
gent matrix caused by possible geometrical changes to the pressure surface and the
increment in the magnitude of the pressure.

If prescribed displacements have been imposed, then the current incre-
ment in their value will immediately change the current geometry and neces-
sitate a complete re-evaluation of equivalent internal and surface pressure
forces and the tangent matrix (this is effectively a geometry update). In this
case, function update_prescribed_displacements.m will reset the current
geometry for those nodes with prescribed displacements based on their ini-
tial coordinates, the nominal value of the prescribed displacement, and the cur-
rent load-scaling parameter CON.xlamb. Function residual_and_stiffness_
assembly.m recomputes the residual vector and the global tangent stiff-
ness matrix due to the new updated configuration. Subsequently, function
pressure_load_and_stiffness_assembly.m is now called with the last argu-
ment set to CON.xlamb, to add the total value of the nodal forces due to sur-
face pressure and obtain the corresponding initial surface pressure tangent matrix
component.

FLagSHyP segment 6 - Newton-Raphson loop

CON.niter = 0;

rnorm = 2*CON.cnorm;

while((rnorm > CON.cnorm) && (CON.niter < CON.miter))
CON.niter = CON.niter + 1;
displ = linear_solver (GLOBAL.K,-GLOBAL.Residual,BC.fixdof);

The while loop controls the Newton—Raphson iteration process. This
continues until the residual norm rnorm is smaller than the tolerance CON.cnorm
and, of course, while the iteration number CON.niter is smaller than the maxi-
mum allowed CON.miter. Note that rnorm is initialized (rnorm = 2*CON.cnorm)
in such a way that this loop is completed at least once. The function
linear_solver.m solves the linear system of equations to obtain the incremental
displacements u.
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FLagSHyP segment 7 — Solution update and equilibrium check loop
GEOM.x = update_geometry(GEOM.x,1,displ,BC.freedof);

[GLOBAL,updated_PLAST] = ...
residual_and_stiffness_assembly(CON.xlamb,GEOM,MAT,...
FEM, GLOBAL,CONSTANT , QUADRATURE . element ,PLAST ,KINEMATICS) ;

if LOAD.n_pressure_loads
GLOBAL = pressure_load_and_stiffness_assembly(GEOM,MAT, ...
FEM, GLOBAL ,LOAD, QUADRATURE. boundary,CON. x1lamb) ;

end

[rnorm,GLOBAL] = check_residual_norm(CON,BC,GLOBAL,BC.freedof);

if (abs(rnorm)>1e7 || isnan(rnorm))
CON.niter=CON.miter;
break;

end

end

The function update_geometry.m adds the displacements evaluated
in segment 6 to the current nodal positions GEOM.x. Given this new
geometry, the two functions residual_and_stiffness_assembly.m and
pressure_load_and_stiffness_assembly.m serve the same purpose as
described in segment 5. Finally, checkr_residual_norm.m computes the resid-
ual norm rnorm given the residual force vector GLOBAL.Residual and the total
external force vector (including pressure loading).

FLagSHyP segment 8 — Retry and output results

if ( CON.niter >= CON.miter)
load(PRO.internal_restartfile_name)
fprintf(’Solution not converged. Restart from previous...
step by decreasing the load parameter increment to ...
half its initally fixed value. {\mibf n}’);
CON.dlamb = CON.dlamb/2;

else
PLAST = save_output(updated_PLAST,PRO,FEM, GEOM, QUADRATURE, . ..
BC,MAT,LOAD,CON,CONSTANT,GLOBAL ,PLAST,KINEMATICS) ;

end

end
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Function save_output.m writes out the output file described in Section 10.3.
This occurs at every CON.QUTPUT . incout increment and is stored in the relevant
example folder within job_folder with a unique identifier. In addition, the func-
tion utilizes the MATLAB function save .m to dump all variables within the exist-
ing workspace. This is continually refreshed to be available for an automatic restart
in the event that the Newton—Raphson iteration does not converge, in which case
the program will reduce the load increment by half (CON.d1lamb«—CON.dlamb/2).

10.8 FUNCTION residual_and_stiffness_assembly

This function assembles the residual force vector and the main components of
the global tangent stiffness matrix for all elements other than those surface (line)
elements subjected to pressure load, which are considered in Section 10.11.

residual_and_stiffness_assembly part 1 - Initialization

function [GLOBAL,updated_PLAST] = residual_and_stiffness_assembly(xlamb,...
GEOM, MAT, FEM, GLOBAL , CONSTANT , QUADRATURE , PLAST ,KINEMATICS)

updated_PLAST = PLAST;
GLOBAL.external_load = xlamb*GLOBAL.nominal_external_load;

switch FEM.mesh.element_type
case ’truss2’
n_components = FEM.mesh.nelem*FEM.mesh.n_dofs_elem~2;
otherwise
n_components_mean_dilatation =...
MAT.n_nearly_incompressiblex* (FEM.mesh.n_dofs_elem~2);
n_components_displacement_based = ...
FEM.mesh.nelem* (FEM.mesh.n_dofs_elem~2+. ..
(FEM.mesh.n_nodes_elem~2+GEOM.ndime) ) *QUADRATURE . ngauss;
n_components = n_components_mean_dilatation +...
n_components_displacement_based;
end

counter = 1;

indexi = zeros(n_components,1);

indexj = zeros(n_components,1);
global_stiffness = zeros(n_components,1);
GLOBAL.T_int = zeros(FEM.mesh.n_dofs,1);

The segment above initializes the dimension of the vectors indexi and index j
required for the allocation of the stiffness terms in the vector global_stiffness.
In addition, the size of the vector GLOBAL.T_int is initialized based upon the total
number of degrees of freedom FEM.mesh.n_dofs.
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residual_and_stiffness_assembly part 2 — Element loop

for ielement=1:FEM.mesh.nelem
global_nodes = FEM.mesh.connectivity(:,ielement);
material_number = MAT.matno(ielement);
matyp = MAT.matyp(material_number) ;
properties = MAT.props(:,material_number);
xlocal = GEOM.x(:,global_nodes);
x0local = GEOM.xO(:,global_nodes) ;
Ve = GEOM.Ve(ielement);
PLAST _element = selecting_internal_variables_element (PLAST,...
matyp,ielement) ;

switch FEM.mesh.element_type
case ’truss2’
[T_internal,indexi,indexj,global_stiffness,counter,...
PLAST_element] = ...
element_force_and_stiffness_truss(properties,...
xlocal,x0local,global_nodes,FEM,PLAST element,...
counter,indexi,indexj,global_stiffness,GEOM) ;
otherwise
[T_internal,indexi,indexj,global_stiffness,counter,...
PLAST_element] = ...
element_force_and_stiffness(FEM,xlocal,x0local,...
global_nodes,Ve,QUADRATURE, properties, CONSTANT, ...
GEOM.ndime,matyp,PLAST_element,counter,KINEMATICS,...
indexi,indexj,global_stiffness);
end

GLOBAL.T_int = force_vectors_assembly(T_internal,global_nodes,...
GLOBAL.T_int,FEM.mesh.dof_nodes);

updated_PLAST = plasticity_storage(PLAST_element,...
updated_PLAST,matyp,ielement);
end

GLOBAL.K = sparse(indexi,indexj,global_stiffness);
GLOBAL.Residual = GLOBAL.T_int - GLOBAL.external_load;

For all element types the function residual_and_stiffness_assembly.m
loops over all the elements. For each element other than truss2, the function
element_force_and_stiffness.m is called to obtain the element equivalent
force vector T_internal and the element contribution to the global stiffness
matrix global_stiffness.

Within the element loop, force_vectors_assembly.m assembles the
element equivalent force T_internal into the global equivalent force vector
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GLOBAL.T_int. Once the loop over elements ends, the element stiffness con-
tributions in global_stiffness are assembled into the global stiffness matrix
GLOBAL.K, employing the MATLAB intrinsic function sparse.m. In addi-
tion, the global residual vector GLOBAL.Residual is obtained after subtracting
the equivalent external force vector (GLOBAL.external_load) from the inter-
nal force vector (GLOBAL.T_int). When element type is truss2 the function
element_force_and_stiffness_truss.m is used for the calculation of the
equivalent nodal forces and tangent matrix. The coding is not discussed herein
as it is self-explanatory.

The element_force_and_stiffness.m function called in part 2 above will
now be considered in detail.

element_force_and_stiffness part 1 - Prior to Gauss point loop

function [T_internal,indexi,indexj,global_stiffness,counter,...
PLAST_element] = element_force_and_stiffness(FEM,xlocal,...
x0local,element_connectivity,Ve,QUADRATURE,properties,...
CONSTANT ,dim,matyp,PLAST,counter ,KINEMATICS,indexi, ...
indexj,global_stiffness)

T_internal = zeros(FEM.mesh.n_dofs_elem,1);
KINEMATICS = gradients(xlocal,xOlocal,FEM.interpolation.element.DN_chi,...
QUADRATURE ,KINEMATICS) ;

switch matyp
case {5,7,17}
[pressure,kappa_bar,DN_x_mean,ve] = ...
mean_dilatation_pressure(FEM,dim,matyp,properties,...
Ve, QUADRATURE,KINEMATICS) ;
otherwise
pressure = 0;
end

Here the element internal equivalent force vector T_internal is initialized
based upon the number of element degrees of freedom FEM.mesh.n_dofs_elem.
The function gradients.m computes all the kinematics quantities associated with
a finite element, such as F and b = FF7 and the pointwise volume ratio
J = det F (or area ratio in the case of plane stress). For convenience, these quan-
tities are computed at all Gauss points of the element and stored in the variables
KINEMATICS.F, KINEMATICS.b, and KINEMATICS.J. Other elemental quantities
of interest computed in gradients.m include the current Cartesian derivatives
ON,/O0x of the shape functions (refer to Equation (9.11a,b)), which are stored in
KINEMATICS.DN_x, and the weighted Jacobian per Gauss point, which is stored in
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KINEMATICS. Jx_Chi. Using the left Cauchy—Green tensor b, it is then straightfor-
ward to obtain the Cauchy stress and elasticity tensor for each of the seven material
types implemented.

For nearly incompressible materials 5 and 7 and the elasto-plastic mate-
rial 17, the mean dilatation technique described in Chapters 8 and 9 is used
to obtain the internal element pressure p (pressure) from the volume ratio J
(Jbar in the program) using Equation (8.53a). This is implemented in function
mean_dilatation_pressure.m.

Referring to Algorithm 1, we now consider the Gauss integration loop.

element_force_and_stiffness part 2 — Gauss point loop

for igauss=1:QUADRATURE.ngauss
kinematics_gauss = kinematics_gauss_point (KINEMATICS, igauss);

[Cauchy,PLAST,plast_gauss] = Cauchy_type_selection(kinematics_gauss,...
properties,CONSTANT,dim,matyp,PLAST,igauss) ;

c = elasticity_modulus_selection(kinematics_gauss,...
properties,CONSTANT,dim,matyp,PLAST,plast_gauss,igauss) ;

[Cauchy,c] = pressure_addition(Cauchy,c,CONSTANT,pressure,matyp);

th = thickness_plane_stress(properties,kinematics_gauss.J,matyp);

JW = kinematics_gauss.Jx_chi*QUADRATURE.W (igauss)*th;
T = Cauchy*kinematics_gauss.DN_x;
T_internal = T_internal + T(:)*JW;

[indexi,indexj,global_stiffness,counter] = constitutive_matrix(FEM,...
dim,element_connectivity,kinematics_gauss,c,JW,counter,indexi,...
indexj,global_stiffness);

DN_sigma_DN = kinematics_gauss.DN_X’*(Cauchy*kinematics_gauss.DN_x);
[indexi,indexj,global_stiffness,counter] = geometric_matrix(FEM,...
dim,element_connectivity,DN_sigma_DN,JW,counter,indexi,...
indexj,global_stiffness);
end
switch matyp
case {5,7,17}
[indexi,indexj,global_stiffness,counter] = ...
volumetric_mean_dilatation_matrix(FEM,dim,...
element_connectivity,DN_x_mean,counter,...
indexi,indexj,global_stiffness,kappa_bar,ve);
end
PLAST_element = PLAST;
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For each Gauss point, and once the relevant kinematics quantities have been
extracted, the function Cauchy_type_selection.m evaluates the Cauchy stress
tensor as a function of the left Cauchy—Green tensor and the properties of the mate-
rial of the element ielem under consideration. Within this function, depending on
the value of the variable MAT .matyp (MAT .matno(ielem)), a specific stress func-
tion is called. Analogously, the function elasticity_modulus_selection.m
evaluates the elasticity tensor as a function of the left Cauchy—Green tensor and
the properties of the material of the element ielem.

For materials 5, 7, and 17, the mean dilatation procedure applies and the
pressure evaluated in function mean_dilatation_pressure.m is now added
to the deviatoric Cauchy stress tensor in the function pressure_addition.m.
Recalling that we remain within the Gauss loop, the Cauchy stress components
and the Cartesian derivatives of the shape functions are used to compute and
assemble the equivalent nodal forces T employing Equations (9.15a—c). Function
constitutive_matrix.m then evaluates the constitutive component of the tan-
gent matrix according to the indicial Equation (9.35). The initial stress matrix is
obtained and assembled in geometric_matrix.m using Equation (9.44c). This
function will be described in detail in Section 10.10.

In addition, and once the Gauss integration loop is completed, the dilata-
tional component K, of the tangent matrix is computed at the element level and
assembled in function mean_dilatation_volumetric_matrix.m using Equa-

tion (9.59a,b).

Cauchy_type_selection — Stress tensor evaluation

function [Cauchy,PLAST,PLAST_gauss] = Cauchy_type_selection(kinematics,...
properties,cons,dim,matyp,PLAST,igauss)

PLAST_gauss = [];
switch matyp
case 1
Cauchy = stressl(kinematics,properties,cons);
case 3
Cauchy = stress3(kinematics,properties,dim);
case 4
Cauchy = stress4(kinematics,properties,dim);
case 5
Cauchy = stressb(kinematics,properties,cons,dim) ;
case 6
Cauchy = stress6(kinematics,properties,cons);
case 7
Cauchy = stress7(kinematics,properties,dim);

(continued)
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(cont.)
case 8
Cauchy = stress8(kinematics,properties,dim);
case 17
PLAST_gauss.OLD.invCp = PLAST.invCp(:,:,igauss);
PLAST_gauss.OLD.epbar = PLAST.epbar(igauss);
[Cauchy ,PLAST_gauss] = stress17(kinematics,...
properties,dim,PLAST _gauss);
PLAST = plasticity_update (PLAST_gauss.UPDATED,...
PLAST,igauss,matyp) ;
end

Depending on the value of the variable MAT .matyp (MAT .matno (ielem)), the
function Cauchy_type_selection.m selects a specific stress tensor function.

elasticity_modulus_selection — Elasticity tensor evaluation

function c_tensor = elasticity_modulus_selection(kinematics,...
properties,cons,dimension,matyp,PLAST,plast_gauss,igauss)

c_tensor = [];
switch matyp

case 1

c_tensor = ctensl(kinematics,properties,cons);
case 3

c_tensor = ctens3(kinematics,properties,dimension);
case 4

c_tensor = ctens4(kinematics,properties,dimension);
case b5

c_tensor = ctensb(kinematics,properties,cons,dimension);
case 6

c_tensor = ctens6(kinematics,properties,cons);
case 7

c_tensor = ctens7(kinematics,properties,dimension);
case 8

c_tensor = ctens8(kinematics,properties,dimension);
case 17

plast_gauss.0LD.invCp = PLAST.invCp(:,:,igauss);
plast_gauss.0OLD.epbar = PLAST.epbar(igauss);
c_tensor = ctens17(kinematics,properties,dimension,plast_gauss);

end

Similarly, depending on the value of MAT.matyp (MAT .matno(ielem)), the
function elasticity_modulus_selection.m selects a specific elasticity tensor
function.
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It is now worthwhile discussing some aspects of the implementation of the
stress tensor and elasticity tensor for the various materials. In particular, the stress
calculations for the elasto-plastic material 17 will be considered in more detail.
Recall that these calculations are particular to each Gauss point; for example,
within an element, one Gauss point could be elastic while another could have
become plastic.

Material 1. For a compressible neo-Hookean material, the functions
stressl.mand ctensl.m are described in Section 6.4.3. The Cauchy stresses are
evaluated in stressl.min terms of the b tensor from Equation (6.29), whereas the
coefficients of the elasticity tensor are obtained in ctens1.m using Equation (6.40).

Material 3. For a hyperelastic material in principal directions, the prin-
cipal directions m, and principal stretches A, are computed by the function
gradients.m and stored in KINEMATICS.n and KINEMATICS.lambda, respec-
tively. Given these stretches and directions, the function stress3.m evaluates the
Cartesian components of the Cauchy stress tensor with the help of Equations (6.81)
and (6.94). Finally, the function ctens3.muses Equations (6.90), (6.91), and (6.95)
to compute the corresponding elasticity tensor.

Material 4. A plane stress hyperelastic material in principal directions is
described in Section 6.6.7 and is implemented in a similar way to the previ-
ous material, the main difference being in the parameter v, which is obtained in
stress4.m and ctens4.m. For this material, the current thickness, computed in
the function thickness_plane_stress.m, is updated in terms of the volume ratio
J, the area ratio j, and the initial thickness stored in MAT . props (4, im) (see Exer-
cise 4 of Chapter 4). The current thickness is stored as the fourth stress for output
purposes.

Material 5. A nearly incompressible neo-Hookean material is discussed
in Sections 6.5.2 and 6.5.3. The deviatoric Cauchy stresses are evaluated in
stress5.m using Equation (6.55a,b). Note that in the mean dilatation method
the pressure is constant over the element and therefore evaluated in segment 2
outside the Gauss point loop. This pressure value is added to the deviatoric com-
ponents in pressure_addition.m. Analogously, function ctens5.m obtains the
deviatoric component of the elasticity tensor and pressure_addition.m adds the
volumetric component (refer to Equations (6.59a,b)).

Material 6. The plane stress incompressible neo-Hookean material is dis-
cussed in Exercise 2 of Chapter 6 and implemented in functions stress6.m and
ctens6.m. Initially, the effective shear coefficient ' is evaluated, dividing i by
j2 = detax2 b. As shown in Exercise 2 of Chapter 6, an effective lambda coef-
ficient (see Equation (6.40)) emerges as twice the effective shear coefficient. The
thickness is finally computed as in material 4, with the exception that due to incom-
pressibility J is equal to 1.
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Material 7. The nearly incompressible material in principal directions is
discussed in Section 6.6.6. Stretches and principal directions are first evalu-
ated in gradients.m. Function stress7.m implements Equation (6.94) with
A being set to —2u/3 to give the deviatoric Cauchy stresses in accordance
with Equation (6.107). The internal hydrostatic pressure is subsequently added
in pressure_addition.m. The deviatoric components of the elasticity tensor
are obtained using the function ctens7.m. Finally, the volumetric component is
obtained as per material 5.

Material 8. This material, implemented in functions stress8.m and
ctens8.m, is identical to material 4, but because of incompressibility A — oo
and hence v =0, J = 1, and A= 2u.

Material 17. This material is presented below in two parts. Part 1 evaluates the
yield function and part 2 considers the consequences of this calculation, namely
elastic or plastic behavior at the Gauss point.

stress17 part 1 — Cauchy stress and elasticity tensors
function [Cauchy,PLAST] = stressi7(kinematics,properties,dim,PLAST)

invCp = PLAST.OLD.invCp;

ep = PLAST.OLD.epbar;

mu = properties(2);

DIM = dim;

J = kinematics.J;
F(1:dim,1:dim) = kinematics.F;

be_trial(1l:dim,1:dim) = F*(invCp*F’);
[V,D] = eig(be_trial);

lambdae_trial = sqrt(diag(D));
na_trial = V;

tauaa_trial = (2*mu)*log(lambdae_trial)- (2*mu/3)*log(J);
switch dim
case 2
DIM = 3;
lambdae_trial(3) = 1/det(invCp);
tavaa_trial = (2*mu)*log(lambdae_trial)- (2*mu/3)*log(J);
na_trial = [[na_trial(:,1);0] [na_trial(:,2);0] [0;0;1]1];
be_trial(3,3) = lambdae_trial(3);
end
tau_trial = zeros(DIM);
for idim=1:DIM
tau_trial = tau_trial + ...
tauaa_trial (idim)*(na_trial(:,idim)*na_trial(:,idim)’);
end

f = Von_Mises_yield_function(tau_trial,ep,properties(5),properties(6));
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In part 1 above, the trial left Cauchy—Green tensor, given by Equation (7.41),
is first evaluated in order to calculate the associated principal directions and
stretches. Subsequently, the trial principal (see Equation (7.43a,b)) Cartesian devi-
atoric Kirchhoff stresses are computed to enable the yield function to be evaluated
in accordance with Equation (7.20a,b).

stress17 part 2 — Cauchy stress and elasticity tensors

if £>0
[Dgamma,nu_a] = radial_return_algorithm(f,tau_trial,...
tauaa_trial,mu,properties(6));
lambdae = exp(log(lambdae_trial) - Dgamma*nu_a) ;
norm_tauaa_trial = norm(tauaa_trial,’fro’);
tauaa = (1-2*mu*Dgamma/(sqrt(2/3)*norm_tauaa_trial))*tauaa_trial;
tau = zeros(dim);
be = zeros(dim);
for idim=1:DIM
tau = tau +...
tauaa(idim)*(na_trial(1:dim,idim)*na_trial(1:dim,idim)’);
be = be + ...
lambdae (idim) “2*(na_trial(1:dim,idim)*na_trial(1:dim,idim)?);
end
else
tau = tau_trial(l:dim,1:dim);
tauaa = tauaa_trial(l:dim);
Dgamma = O;
nu_a = zeros(dim,1);
be = be_trial(l:dim,1:dim);
end

Cauchy = tau/J;

Cauchyaa = tauaa/J;
PLAST.stress.Cauchy = Cauchy;
PLAST.stress.Cauchyaa = Cauchyaa;

invF = inv(F);
PLAST.UPDATED. invCp = invF*(be*invF’);
PLAST .UPDATED.epbar = ep + Dgamma;

PLAST.trial.lambdae = lambdae_trial(1:dim);
PLAST.trial.tau = tau_trial(1:dim,1:dim);
PLAST.trial.n = na_trial(1:dim,1:dim);

PLAST.yield.f = f;
PLAST.yield.Dgamma = Dgamma;
PLAST.yield.nu_a = nu_a(l:dim);
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For the elastic case, the same implementation as with material 3 is used to
calculate the deviatoric Cauchy principal stresses. Note that the pressure found in
mean_dilatation_pressure.m is added to the deviatoric Cartesian stress com-
ponents in pressure_addition.m. Analogously, the deviatoric and volumetric
components of the elasticity tensor are identical to those for materials 3 and 5 and
computed in ctens17.m and pressure_addition.m, respectively.

For the plastic case, the radial return algorithm given by Equations (7.59)
and (7.60) is implemented to find the incremental plastic multiplier and the
deviatoric Kirchhoff principal stresses. In addition, the elastic left Cauchy—
Green tensor is evaluated from Equation (7.49). The Cartesian deviatoric
Cauchy stresses are found using Equation (6.81) and added to the pressure in
pressure_addition.m. The deviatoric component of the tangent modulus, given
by Equation (7.62a), is evaluated in ctens17.m and added to the volumetric com-
ponent in pressure_addition.m. Finally, the state variables are updated, namely,
the Von Mises equivalent strain (Equation (7.61)) and the inverse of plastic right
Cauchy—Green tensor given by Equation (7.51a,b);.

The radial return algorithm is described in Section 7.6.1 and summarized under
Material 10.17 in Appendix 10.14 at the end of this chapter. The vector nu_a, nor-
mal to the yield surface, is given by Equation (7.54a,b) and the incremental plastic
multiplier Dgamma by Equation (7.59). Trial stretches 1ambdae are evaluated using
Equation (7.45a,b). The radial return operation gives the deviatoric Kirchhoff prin-
cipal stresses tauaa using Equation (7.60). Finally, the updated left Cauchy—Green
tensor be is evaluated using Equation (7.49).

Additionally, Appendix 10.14 contains the constitutive equations for all the
material types presented in indicial form with appropriate references to equations
within the text.

10.9 FUNCTION constitutive_matrix

This function implements the constitutive component of the tangent stiffness
matrix. Recognizing the continual iterative updating of the geometric and consti-
tutive terms, the function is identical to that found in a standard linear elasticity
program.

constitutive_matrix

function [element_indexi,element_indexj,element_stiffness,counter] =...
constitutive_matrix(FEM,dim,element_connectivity,kinematics_gauss,...
c,JW,counter,element_indexi,element_indexj,element_stiffness)

(continued)
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(cont.)

for bnode=1:FEM.mesh.n_nodes_elem
for anode=1:FEM.mesh.n_nodes_elem
for j=1:dim
indexj = FEM.mesh.dof_nodes(j,element_connectivity(bnode)) ;
for i=1:dim
indexi = FEM.mesh.dof_nodes(i,element_connectivity(anode));
sum = 0;
for k=1:dim
for 1=1:dim
sum = sum +...
kinematics_gauss.DN_x(k,anode)*c(i,k,j,l)*...
kinematics_gauss.DN_x(1,bnode)*JW;
end
end
element_indexi(counter) = indexi;
element_indexj(counter) = indexj;
element_stiffness(counter) = sum;
counter = counter + 1;
end
end
end
end

The constitutive matrix calculation shown above is within the Gauss integration
loop shown in Algorithm 1. The innmermost quantity sum is a direct implementa-
tion of Equation (9.35).

10.10 FUNCTION geometric_matrix

Although all stiffness matrix calculations are a direct implementation of the rele-
vant equations given in the text, it is instructive to consider the computation and
assembly of the initial stress matrix K, which is of particular significance in finite
deformation analysis.

geometric_matrix

function [element_indexi, element_indexj,element_stiffness,...
counter] = geometric_matrix(FEM,dim,element_connectivity,...
DN_sigma_DN,JW,counter,element_indexi,element_indexj,...
element_stiffness)

(continued)
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(cont.)

for bnode=1:FEM.mesh.n_nodes_elem
for anode=1:FEM.mesh.n_nodes_elem
DNa_sigma_DNb = DN_sigma_DN(anode,bnode) ;

element_indexi(counter:counter+dim-1) = ...
FEM.mesh.dof_nodes(:,element_connectivity(anode)) ;

element_indexj(counter:counter+dim-1) = ...
FEM.mesh.dof_nodes(:,element_connectivity(bnode)) ;

element_stiffness(counter:counter+dim-1) = ...
DNa_sigma_DNb*JW;

counter = counter + dim;
end
end

This function is called from element_force_and_stiffness.m within a
Gauss and element loop. The variable DNa_sigma_DNb contains the quantity
V N, - 0V Ny, computed according to Equation (9.44c), which is saved in the vec-
tor element_stiffness. The vectors element_indexi and element_indexj
store the degree-of-freedom numbers corresponding to spatial directions of the

nodes anode and bnode. Given the diagonal structure of every elemental initial
(e)

o.ab’ only diagonal entries are stored.

stress matrix contribution K

10.11 FUNCTION pressure_load_and_stiffness_assembly

For cases where there are surface or line elements with pressure applied, this
function assembles the equivalent nodal forces and tangent stiffness matrix con-
tributions.

pressure_load_and_stiffness_assembly — Surface element loop

function GLOBAL = pressure_load_and_stiffness_assembly(GEOM,...
MAT,FEM, GLOBAL,LOAD, QUADRATURE, x1amb)

GLOBAL.nominal_pressure = zeros(FEM.mesh.n_dofs,1);
GLOBAL.R_pressure = zeros(FEM.mesh.n_dofs,1);
GLOBAL.K_pressure = sparse([],[],[],FEM.mesh.n_dofs,FEM.mesh.n_dofs);

(continued)
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(cont.)

n_components = ...
(FEM.mesh.n_face_dofs_elem~2*xQUADRATURE.ngauss)*LOAD.n_pressure_loads;
indexi = zeros(n_components,1);

indexj = zeros(n_components,1);

global_stiffness = zeros(n_components,1);

counter = 1;

for ipressure = 1:LOAD.n_pressure_loads
element = LOAD.pressure_element (ipressure);
global_nodes = FEM.mesh.connectivity_faces(:,element);
material_number = MAT.matno(element) ;
matyp = MAT.matyp(material_number) ;
properties = MAT.props(:,material_number) ;
xlocal_boundary = GEOM.x(:,global_nodes);

counter0 = counter;
[R_pressure_0,indexi,indexj,global_stiffness,counter] = ...
pressure_load_element_Residual_and_Stiffness(properties,...
matyp,xlocal_boundary,global_nodes,GEOM.ndime,...
QUADRATURE,FEM, counter, indexi,indexj,global_stiffness);

nominal_pressure = LOAD.pressure(ipressure)*R_pressure_0;

GLOBAL.nominal_pressure = force_vectors_assembly(nominal_pressure,...

global_nodes,GLOBAL.nominal_pressure,FEM.mesh.dof_nodes) ;

global_stiffness(counterQO:counter-1) = ...

LOAD.pressure(ipressure) *xlamb*global_stiffness(counterO:counter-1);
end

GLOBAL.K_pressure = sparse(indexi,indexj,global_stiffness,...
FEM.mesh.n_dofs,FEM.mesh.n_dofs);

GLOBAL.Residual = GLOBAL.Residual + xlamb*GLOBAL.nominal_pressure;
GLOBAL.K = GLOBAL.K - GLOBAL.K_pressure;

This function loops over the elements and, for each element, calls the function
pressure_element_load_and_stiffness.m to evaluate the current unit pres-
sure load vector, which is stored in the variable R_pressure_0. Within the latter
function, a loop over the Gauss points of the surface or line elements is carried
out, where the tangent vectors dx/0¢ and Ox/0n are evaluated. This enables the
equivalent nodal forces and the tangent stiffness matrix contributions due to sur-
face pressure to be calculated. For two-dimensional cases, the vector dx/0n is
set to [0,0, —1]7, so that when the cross product with Oz /¢ is taken the correct
normal vector (normal_vector) is obtained. Using the current unit pressure load
vector R_pressure_0, the nominal pressure value LOAD . pressure (ipressure),
and the current load parameter CON . x1amb, the equivalent nodal force is obtained
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and used to assemble the global residual vector GLOBAL . Residual and to calculate
and assemble the global stiffness matrix GLOBAL.K_pressure.

10.12 EXAMPLES

A limited number of examples are described in this section in order to show the
capabilities of FLagSHyP and illustrate some of the difficulties that may arise in
the analysis of highly nonlinear problems. Where appropriate, the yield stress is
chosen to give obvious finite deformation elastic behavior prior to the onset of
plasticity.

10.12.1 Simple Patch Test

As a simple check on the code, the nonlinear plane strain patch test example shown
in Figure 10.5 is studied. Two irregular six-noded elements making up a square are
employed and boundary displacements are prescribed as shown in order to obtain
a uniform deformation gradient tensor given by

F:[2 0]; J =3/2.
0 3/4

Assuming material 1 with values A = 100 and p = 100, the program gives the
correct state of uniform stress that can be evaluated from Equation (6.29) as

a:’u(b—I)—l—j(lnj):[Q??'og ’ ];

J 0 —2.136
b=FF" = 40 .
0 9/16
y 1 —1
oI
yl/4 \h/4 11/4
K721 A
—1

12 1

L1 2
FIGURE 10.5 Patch test.
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10.12.2 Nonlinear Truss

Plane stress truss: The nonlinear truss example described in Section 1.3.2 can now
be re-examined. For this purpose, a single four-noded element is used with the sup-
port conditions shown in Figure 10.6(a). In order to minimize the two-dimensional
effects, a large length-to-thickness ratio of approximately 100 is used. The ini-
tial angle is 45° as in Figure 1.5 of Chapter 1 and the initial thickness is set to
1/4/2 so that the initial area of the truss is 1. Material 8 is used with y = 1/3,
which for v = 0.5 implies ' = 1. The displacement of the top node is prescribed
either upward or downward in small increments of 0.5. The resulting vertical force
is shown in Figure 10.6(b) and is practically identical to that obtained in Section
1.3.2 using the logarithmic strain equation and shown in Figure 1.5.

It is worth noting that when the truss is pushed downward and reaches the —45°
position, the program apparently fails to converge. The reason for this is simply
that at this position the stresses in the truss, and hence all the reactions, are zero to
within machine accuracy. Consequently, when the convergence norm is evaluated
by dividing the norm of the residuals by the norm of the reactions, a practically
random number is obtained. In order to escape from this impasse, an artificially
large convergence norm must be chosen for the increment that corresponds to this
position (0.98 has been used by the authors). The computation can then be contin-
ued using normal convergence norms for the rest of the increments. Note that the
restarting facilities in FLagSHyP enable this artifice to be easily performed.

Solid truss: The elasto-plastic single truss element example given in Section
3.6.1 is now repeated using a single eight-node hexahedron element with the same
dimensions and boundary conditions as those given in Figure 10.6(a). In order to
maintain a value of Young’s modulus of 210 000 kN/mm? and a Poisson’s ratio of

99 1

99

(not to scale)

y/IL
(@ ®

FIGURE 10.6 Plane stress truss example: (a) Geometry; (b) Load—displacement curve.
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0.3, the corresponding constants for material 17 are p = 80 769.23 kN/mm? and
A = 121 153.86 kN/mm?, the yield stress and hardening parameters remaining the
same at 7, = 25000.0 kN/mm? and 1.0 respectively. The analysis was carried out
using a fixed arc length of 5.0. Elastic and elasto-plastic load deflection curves are
shown in Figure 10.7 (the Z axis now being the vertical direction), and coincide
with the results using the single truss element, the elastic analysis being achieved
with an artificially high yield stress.

NS /
0.05 /\ \ /‘_—_7\ e
F/EA . < /

Elastic

0.1 \

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
(Z-z)L

FIGURE 10.7 Solid truss example: elastic and elasto-plastic load—displacement curves.

10.12.3 Strip with a Hole

This is a well-known plane stress hyperelasticity example where an initial 6.5 X
6.5 x 0.079mm? strip with a hole 0.5 mm in diameter is stretched in the hori-
zontal direction and constrained in the vertical direction, as shown in Figure 10.8.
Given the two planes of symmetry, 100 four-noded quadrilateral elements are used
to describe a quarter of the problem. A plane stress incompressible neo-Hookean
material model is used with ;1 = 0.4225 N/mm?. The strip is stretched to six times
its horizontal length using only five increments. The load-displacement curve is
shown in Figure 10.8(b), and Figure 10.8(c) displays the final mesh.

10.12.4 Plane Strain Nearly Incompressible Strip

This well-known example has been included in order to illustrate the difficulties
that can be encountered using the penalty type of nearly incompressible plane
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FIGURE 10.8 Strip with hole: (a) Geometry; (b) Load-stretch curve; (c) Final mesh.

strain or three-dimensional materials implemented in FLagSHyP in conjunction
with a displacement control process. In this case a 20 x 20 mm? strip is clamped
and stretched as shown in Figure 10.9. Because of the symmetry, only a quarter of
the problem is actually modeled, using 256 four-noded mean dilatation quadrilat-
eral elements. Material 5 is used with ;. = 0.4225 N/mm? and x = 5 N/mm?. The
final mesh is shown in Figure 10.9(b), where for a total horizontal stretch of 3 a
vertical stretch of 0.3711 is observed (smaller values are obtained as  is increased
to reach the incompressible limit).

- —
20 mm
=)
=
5
<! L /
/

N

~SsSsSS 77z
N

(b)

FIGURE 10.9 Incompressible strip: (a) Geometry; (b) Final mesh.
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Although the material is slightly compressible (v =~ 0.46), the solution requires
200 increments in order to ensure that the Newton—Raphson iterative process
reaches convergence in a reasonable number of steps. In fact, if the value of &
is increased in order to approach the incompressible limit (say to 50 or 500), an
even larger number of increments is needed. This is in clear contrast with the pre-
vious example, which could be run in five increments. Unfortunately, using large
increments in the present case leads to large changes in the volumes of those
elements containing nodes with prescribed displacements, which, because of the
relatively large bulk modulus, give extremely large internal pressures at these ele-
ments. These unrealistic pressure values lead in turn to very large residual forces
from which the Newton—Raphson process fails to converge. This problem is typ-
ically solved using the augmented Lagrangian technique whereby equilibrium is
first reached using small initial values of x, which are then progressively increased,
always maintaining equilibrium by further iterations if necessary, until the desired
k/ ratio is reached. This technique enables very large final values of x/u to be
used without increasing the number of increments needed. In order to keep the
code as simple as possible, however, this technique has not been implemented in
FLagSHyP, which implies that a very large number of increments is needed for
plane strain or three-dimensional problems involving true incompressible materials
and displacement control.

10.12.5 Twisting Column

This example shows the deformation pattern of a relatively complex structure when
subjected to a torsion induced behavior via the application of surface loads. The
structure is comprised of a horizontal short beam resting on top of a column. The
geometry and dimensions (without units) are those shown in Figure 10.10(a). Also
in that figure, the finite element structured mesh used for the numerical simulation
is displayed, comprising 576 hexahedral elements (hexa8), with an element size
chosen as 0.25 x 0.25 x 0.25 throughout the entire domain. A three-dimensional
compressible neo-Hookean material has been used with material properties (with-
out units) g = 100 and A = 100, corresponding to a Young’s modulus of 250 and
a Poisson’s ratio of 0.25, respectively.

A torque is applied on the structure through a uniform positive (compressive)
pressure follower load of nominal value 100 on the horizontal structural compo-
nent, specifically in the regions defined by {0 < X < 1.5}n{Y = 0.5}n{Z > 6}
and {1.5 < X <0} N{Y = —-0.5} N {Z > 6}. A sketch showing this pressure
load is displayed in Figure 10.10(b). The load leads to the rotational deforma-
tion depicted in Figure 10.11, where a series of snapshots are included for various
values of the load increment CON.xlamb. The simulation is performed without
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FIGURE 10.10 Twisting column: (a) Geometry; (b) Pressure load distribution.

the need to resort to the line search or arc length algorithms. A variety of possi-
ble output plots are possible. However, to get a sense of the rotation of the col-
umn, Figure 10.12 shows the force—displacement diagram corresponding to the
node defined by initial coordinates [1,0.5,6.5]. Specifically, graphical represen-
tation of the norm of the equivalent nodal force (due to the surface load) at the
node is plotted against the component of the nodal displacement along the OX
direction.

10.12.6 Elasto-Plastic Cantilever

This example shows the elastic and elasto-plastic behavior of a cantilever under-
going finite deformations. The geometry is shown in Figure 10.13(a), where 20, 2,
and 8 hexa8 elements are used in the X, Y, and Z directions respectively. The con-
stants for material 17 are ;1 = 80769.23 kN/mm? and A\ = 121 153.86 kN/mm?,
the yield stress and hardening parameters being 7, = 2500.0 kN/mm? and 1.0 cor-
responding to a value of Young’s modulus of 210000 kN/mm? and a Poisson’s
ratio of 0.3 respectively. The elastic analysis is carried out with an artificially
high yield stress. In both elastic and elasto-plastic cases a variable arc length is
used. Figures 10.13(b,d) show the load deflection behavior at the tip of the can-
tilever, while Figure 10.13(c) shows the development of plasticity at the support
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(e)

FIGURE 10.11 Twisting column example: (a) CON.x1amb=0.00; (b) CON.xlamb = 0.16; (c)
CON.x1amb=0.32; (d) CON.x1amb=0.60; (¢) CON.x1lamb=0.92; (f) CON.x1lamb=1.24.

for a load of 788.18 N. Observe that Figure 10.13(c) shows coordinates and not the
displacement at the loaded point. Also, note that an analysis will fail when the tan-
gent matrix looses its positive definite nature for this material model. Essentially,
the simple logarithmic stretch-based constitutive model is only valid for moderate
deformations, even though displacements may be large.
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FIGURE 10.12 Twisting column example: curve displaying the norm of the equivalent nodal
force vs the OX component of the displacement at node [1,0.5, 6.5].
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FIGURE 10.13 Large deflection elasto-plastic behavior of a cantilever: (a) Geometry; (b)
Detail of force deflection behavior; (c) Deformation showing yielding at the support at a
load of 788.18 N; (d) Overall force deflection behavior.
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10.13 APPENDIX: DICTIONARY OF MAIN VARIABLES

The main variables of FLagSHyP are listed below, grouped according to their
parent data structure. In addition, some other important variables are included.

PRO.rest - Restart file indicator: .true. if
problem
is restarted, . false. if problem is
started
from scratch
PRO.title - Title of the problem
PRO.inputfile_name - Name of input file
PRO.outputfile_name - Name of output file
PRO.outputfile_name_flagout - Name of single degree of freedom
output file
GEOM.ndime - Number of dimensions
GEOM.npoin - Number of nodes in the mesh
GEOM.x - Current coordinates
GEOM. x0 - Initial coordinates
GEQOM.Ve - Initial elemental volume
GEOM.V_total - Total initial volume
FEM.mesh.element_type - Type of element
FEM.mesh.n_nodes_elem - Number of nodes per element
FEM.mesh.n_face_nodes_elem - Number of nodes per surface (line)
element

subjected to pressure loads

FEM.mesh.nelem - Number of elements
FEM.mesh.connectivity - Element connectivity
FEM.mesh.connectivity_faces - Connectivity of surface (line) elements
subjected to surface loads
FEM.interpolation.element.N - Element shape functions
FEM.interpolation.element.DN_chi - Element shape function derivatives
FEM.interpolation.boundary.N - Boundary element shape functions
FEM.interpolation.boundary.DN_chi - Shape function derivatives of surface
(line)
elements subjected to pressure loads
QUADRATURE. element.Chi - Gauss point locations
QUADRATURE.element . W - Gauss point weights
QUADRATURE. element .ngauss - Number of Gauss points per element
QUADRATURE. boundary.Chi - Gauss point locations (boundary
element)
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QUADRATURE. boundary.W - Gauss point weights (boundary element)

QUADRATURE. boundary .ngauss - Number of Gauss points per boundary
element

KINEMATICS.DN_x - Current Cartesian derivatives of shape
functions

KINEMATICS.Jx_chi - Volume ratio (Jacobian) between current
and nondimensional isoparametric
domain

KINEMATICS.F - Deformation gradient tensor

KINEMATICS.J - Volume ratio (Jacobian) between current
and initial domain (J = detF")

KINEMATICS.Db - Left Cauchy—Green deformation tensor

KINEMATICS.Ib - First invariant of the left Cauchy—Green
deformation tensor

KINEMATICS.lambda - Principal stretches

KINEMATICS.n - Principal directions

MAT .matno - Element material number identifier

MAT.nmats - Number of materials

MAT.props - Material properties: the first is always

the initial density, the rest depend on
the material type

MAT .matyp - Material number identifier
MAT.n_nearly_incompressible - Number of nearly incompressible
materials
BC.icode - Nodal boundary condition identifier
BC.freedof - Nodal free degrees of freedom
BC.fixdof - Nodal fixed degrees of freedom
BC.n_prescribed_displacements - Number of prescribed displacements
BC.presc_displacement - Prescribed displacement vector
BC.dofprescribed - Prescribed degree of freedom
LOAD.n_pressure_loads - Number of pressure load surface elements
LOAD.gravt - Gravity vector
LOAD.pressure - Value of pressure in surface element
LOAD.pressure_element - Element subjected to pressure
GLOBAL.nominal_external_load - Nominal external load (without pressure)
GLOBAL.Residual - Global residual vector
GLOBAL.external_load - Current load vector
GLOBAL .nominal_pressure - Equivalent nodal force due to pressure
GLOBAL.T_int - Equivalent internal force vector
GLOBAL.XK - Global stiffness matrix
GLOBAL.R_pressure - Equivalent internal force vector due to
pressure
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GLOBAL.K_pressure

PLAST.
PLAST.
PLAST.
PLAST.
PLAST.
PLAST.
PLAST.
PLAST.
PLAST.
PLAST.

yield.f
yield.Dgamma
yield.nu_a
trial.lambdae
trial.tau
trial.n
UPDATED. invCp
UPDATED. epbar
stress.Cauchy

stress.Cauchyaa

CON.nincr

CON.incrm
CON.x1lmax
CON.dlamb
CON.miter
CON.niter
CON.cnorm

CON.searc

CON.msearch

CON.incrm
CON.xlamb
CON.ARCLEN.farcl
CON.ARCLEN.arcln
CON.ARCLEN.itarget

CON.ARCLEN.iterold

CON.ARCLEN.xincr
CON.ARCLEN.afail
CON.QUTPUT. incout
CON.QUTPUT.nwant
CON.QUTPUT.iwant

eta
etal
rtu
rtul
displ
dispf
rnorm

C
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Global stiffness matrix due to pressure
Yield surface value

Incremental plastic multiplier

Direction vector

Trial elastic stretches

Trial Kirchhoff stress tensor

Trial eigenvectors

Updated plastic right Cauchy—Green tensor
Updated equivalent plastic strain

Cauchy stress tensor

Cauchy principal stresses

Number of load increments

Current load increment

Maximum load parameter

Incremental load value

Maximum number of iterations per increment
Current iteration per increment
Convergence criterion for Newton-Raphson
Line search parameter

Maximum number of line search iterations
Current load increment

Current load parameter

Logical fixed arc length indicator

Arc length parameter (0.0 means no arc length)
Target iteration/increment for variable

arc length option

Number of iterations in previous increment for arc
length

Total displacement over the load increment
Logical arc length failure indicator

Output counter

Single output node

Output degree of freedom

Scaling factor or displacement factor
Previous value of the parameter eta
Current dot product of R by u

Initial dot product of R by u
Newton—Raphson displacement vector u
load component of the displacement vector ug
Current residual norm

Fourth-order tensor
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indexi - Vector storing the row entry of the stiffness
matrix coefficient

indexj - Vector storing the column entry of the stiffness
matrix coefficient

counter - Counter to travel through the vectors storing
the stiffness matrix coefficients

global_stiffness - Vector storing each coefficient of the stiffness
matrix

mu - 1 coefficient (material parameter)

lambda - A coefficient (material parameter)

kappa - K coefficient (material parameter)

H - strain hardening (material parameter)

10.14 APPENDIX: CONSTITUTIVE EQUATION
SUMMARY

To facilitate the understanding of the implementation of the various constitutive
equations, the boxes below summarize the required constitutive and kinematic
equations for each material type. These equations are presented here in an indicial
form to concur with the code.

Material 10.1: Three-dimensional or plane strain compressible
neo-Hookean

A
oij = %(bij —dij) + j(ln J)dij (6.29)
ikt = N 0ijOnt 4 1 (dirdji + 0udjk) (6.40)
A p—AnJ
No= = = 6.41
J’ J ( )

Material 10.2: One-dimensional stretch-based hyperelastic plastic

Ti l” 1 Ti (1—2v)
;%+1::z;; ;o= (AT (3.67, 3.66)
eril =AM (3.684,b.0)
(continued)
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Material 10.2: (cont.)
;;rfl E 531';13+1 (3.77a,b)
s epn) =m0 | = () + Hepn) (3.78)
tr1a1 =
yEp,n _
f(ErL‘++1]—IP ) ]ff(qtzr].ﬁllagp,)>0
Ay = (3.85)
0 lff( gljrllvgp,n) S 0
Tnt1 = Todh — EAv sign(7,41) (3.81)
dTni1 EH
If >0 = 3.90
f d5n+1 E+H ( )
d n
Else CTntl _ g (3.15)
dEnJrl

Material 10.3: Three-dimensional or plane strain hyperelasticity in
principal directions
2
o = 7“ In A, + gan (6.94)
3
= Z o'aaToziTaj; (Tai =MNgy ei) (681)
a=1
SN+ 2(p — Jowa)o
Cijkl = Z 7 aoCap ToiToiTaiTs
a,B=1
3
+ 3 ptap (TaiTsiTarThr + ToiTp; Tk Tor) (6.90, 6.95)
a,i:ﬁl
U(m)\g — o2 ]
[op = W; if A\g #Ag or (6.90, 6.91, 6.95)
Map = % —Oaq ifAq = )\ﬂ
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Material 10.4: Plane stress hyperelasticity in principal directions

T=3 i’“;u (6.116a,0),
A=A (6.116a,b),
J=j7; (J =dv/dV; j = da/dA) 6.117)
2 A
aaazj'uln)\a—i—jlnj (6.118)
2
0ij =Y OaaTailoji  (Tai =m0-€;) (6.81)
a=1
,
A4 2(p — Joaa)0a
Cijkl = Z (p 7 Joap ToiToiTeiTs
a,B=1
2
+ > ttap (TaiTsTar Dot + TaiTs; TorTar) (6.90, 6.119)
a,B=1
B
Coard — 033\2
aarp BB . 1% .
flap = —— LT A £ Ng OF flag = — Taa if Aa = Ag
A2 — X2 J
(6.90, 6.91, 6.119)
h = E (Exercise 4 of Chapter 4)
J

Material 10.5: Three-dimensional or plane strain nearly
incompressible neo-Hookean

_ ,U(e)

J = m (8533)

p=nr(J—1) (8.55)
(e)

R = KJ% (8.64)

(continued)
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312 COMPUTER IMPLEMENTATION

Material 10.5: (cont.)
P Y P 6.55
5 = M ij — 3160 (6.55)
05 = O';j —|—p(5¢{7‘ (5.49a,b(a))
. ! 1 1 1
Cijkl = 2uJ 6Ib (0051 + 010,k) — gbijékl - §5ijbkl + §Ib§ij5kl
(6.59a)
Chpijkl = P (0ij0k1 — a0 — 6iadjn) (6.59b)
Material 10.6: Plane stress incompressible neo-Hookean
(Exercise 1 of Chapter 6)
J=1, (J=dv/dV, j=da/dA)
.. = PR p— ._2 .. . b2 e
Oi5 = /'I’(bl] J 6zg)7 (] = ggg b)
Cijrt = N30k + ' (8ix0j1 + 6k
2u
)\/ = 5
;2
7
/J/ = 72
H
h = —
J
Material 10.7: Nearly incompressible in principal directions
J =0y (8.53a)
klnJ
=____° 6.103
P 7 ( )
(continued)
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10.14 APPENDIX: CONSTITUTIVE EQUATION SUMMARY 313

Material 10.7: (cont.)
-dp kK
F=J—==—=— 8.62
R g g°°P (8.62)
2 2
a;a:—ﬁan+7“1nAa (6.107)
3
ol =3 OnaToiTogi  (Toi=nq-e€;) (6.81)
a=1
Oij = J;j +p5lj (5.49&,b)a
Chpijkt = P(0ij0k — dindji — 0i1djk) (6.59b)
) 1
DD i [(N — J0a)0as = g | TaiTaTonTp
a,B=1
3
+ Z tias (ToiTsiTorTa1 + TiTs; ToxTut) (6.110, 6.111)
a,B=1
a#f
ol A% — gl A2
aa”p BB . o 12 . -
fiag = W, ifda ZXg  OF g = 5 — ol if Ao =g
(6.110, 6.91, 6.111)

Material 10.8: Plane stress incompressible in principal directions

A—oo; =0, A=2u (6.116a,b)
J=1  (J=dv/dV; j=da/dA) (6.117)
Taa =21t InAg + An j (6.118)
2
0ij =Y aaTwiToj;  (Tai = N - €;) (6.81)
a=1
2 —
ikl = Z A+ 2(p — 0aa)bas) TaiTa; TaeTp
a,B=1
2
+ Z tap (ToaiTpiTarTs + Tailp; TaiTpi) (6.90, 6.119)
a,f=1
a#f3
(continued)
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314 COMPUTER IMPLEMENTATION

Material 10.8: (cont.)

Jao)\% — O’ﬁgAi'

MQﬁ:W7 ifAag FAg O flag = [t — Oaa if Ao = Ag
o (6.90, 691, 6.119)
h= 7 (Exercise 4 of Chapter 4)

Material 10.17: Three-dimensional or plane strain hyperelastic-plastic
in principal directions

J =0y (8.53a)

. H? (6.103)
/trial

s T (7.54a,b)

1 _ aq
a i}
\/%”T/mdl”

Ttrial 5 ) )
f( ’ P,n) if f(Tmal,é:p,n) >0

Ay = 3p+H (7.59)
0 lf f(Ttrial7§p,n) S 0
YT = In AT — At (7.45a,b)
20 .
T&a — (]_ — M)T(;glal (760)
NoTE
! 1 /
Oaa = Taa (5.31a,b)b
Jn+1
O = 0ho + D (5.49a,b),
2
0ij =Y OaaTailng:  (Toi =0 €;) (6.81)
a=1
3 1 3
ikl = Z 7 Cos ToiTojTaiTs — Z 2000 ToiToj TurTu
a,B=1 a=1

Taa(NH)” = oy (N2)”

_|_
L (A (e

(TwiT3iTarTp +T0iTs;TarT o)

N

RS
o

(7.62a)

(continued)
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10.14 APPENDIX: CONSTITUTIVE EQUATION SUMMARY 315

Material 10.17: (cont.)

f(,rtrial7 6_17,71) < 0 (7.203,b)

i) (0= 54)
If f>0cus=(1-——"—)(2p0ap— =
f 8 ( 2/3”,7./tr1a1|| HOap 3”

vy =2 22348y (7.67)
B H |
2
Else  Cap = 2pdas — 5h (7.64)
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INDEX

Almansi strain, 5 main variables, 306
physical interpretation of, 105 output file, 269
tensor, 103, 111 program structure, 277-298
alternating tensor, 40 solution algorithm, 261
angular velocity vector, 127 solver, 274
arc length method, 256 user instructions, 263
area change, 116 computer program
area ratio, 147 FLagSHyP, xviii
assembly process, 240, 250 simple, xv, 18-19
augmented Lagrangian method, 302 conservation of mass, 113
rate form, 130
backward Euler time integration, 84, 205 consistency condition, 80
bifurcation point, 3, 4 consistency parameter, 79, 198
Biot stress tensor, 152 incremental, 205, 208
body forces, 139, 142, 147 constitutive
linearization of, 219 equation summaries, 309-315
buckling, 4 equations, 158
bulk modulus, 173, 182, 266 matrix, 245
tangent matrix, 244
cantilever continuity equation, 113, 130
elasto-plastic, 303 convective
simple, 2 derivative, 121
Cartesian coordinates, 22, 96 stress rate, 155
Cauchy stress, 6 cross product, see vector product
uniaxial, 59
Cauchy stress tensor, 140, see stress tensor deformation gradient, 100
in principal directions, 141 discretized, 235
objectivity of, 141 distortional, 114
symmetry of, 145 elastic component, 189
Cauchy—Green tensor, see right and left in principal directions, 110
Cauchy—Green tensor incremental, 134
column linearized, 117
simple, 3 mean, 230
compressible neo-Hookean material, 165 plastic component, 189
computer implementation, 260-306 polar decomposition, 106-112
constitutive equations, 266, 309-315 time derivative of, 122
element numbering, 272 density, 98
element types, 265, 272 determinant of a tensor, 38
Gauss point numbering, 272 linearization of, 15, 52
internet address, 260, 276 deviatoric stress tensor, 153
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deviatoric tensor, 43 internal truss, 64
dilatation equivalent stress, see Von Mises equivalent stress
pure, 167, 174 Euler buckling load, 4
directional derivative, 12-15, 45-51, 54 Eulerian (spatial) elasticity tensor, 161, 172, 179
function minimization, 51 Eulerian description, 98
linearity of, 48 Eulerian strain tensor, see Almansi strain
of a determinant, 15, 52 examples, see finite element analysis
of inverse of a tensor, 52 trusses, 89
of volume element, 119
properties of, 48 Finger tensor, see left Cauchy—Green tensor, 103
relation to time rates, 121 finite deformation analysis, 96, 97
discretized equilibrium equations finite element analaysis
matrix-vector form, 241 twisting column, 302
tensor form, 239 finite element analysis
distortional elasto-plastic cantilever, 303
deformation gradient, 114 elasto-plastic single element, 299, 300
stretches, 182 hyperelastic single element, 299
distortional strain energy, 170, 171, 182 plane strain strip, 301
divergence, 55 simple patch test, 298
discretized average, 252 strip with a hole, 300
properties of, 55 finite element method
divergence theorem, 57 summary, 2
dot product, see vectors first Piola—Kirchhoff stress tensor, see stress tensor
double contraction, 37 FLagSHyP, 61
properties of, 37, 41, 42 flow rule, 193
double product, see double contraction in principal directions, 201
dyadic product, see tensor product incremental, 205
uniaxial, 79
eigenvectors and eigenvalues fourth-order tensor, 41-45
of second-order tensor, 38 deviatoric, 43
Einstein summation convention, 22 identity, 42
elastic potential isotropic, 43
compressible neo-Hookean, 165 skew, 43
general, 159 symmetric, 43
incompressible neo-Hookean, 170 frame indifference, see objectivity, 154
Mooney—Rivlin, 172 inelastic aspects of, 191
nearly incompressible, 172 function minimization, see directional derivative
St. Venant—Kirchhoff, 161
elastic potential in principal directions, 175 Gauss point numbering, 272
nearly incompressible, 182 Gauss theorem, 57
plane strain, 184 generalized strain measures, 111
plane stress, 184 geometric stiffness, see initial stress stiffness
simple stretch-based, 180 gradient, 54
uniaxial, 185 properties of, 55
elasticity tensor, 42, 44, see isotropic elasticity tensor Green (or Green’s) strain, 5, 11
Eulerian (spatial), 162, 166, 174, 179, 183 linearized, 118
Lagrangian (material), 160, 165, 179 physical interpretation of, 105
element numbering, 272 tensor, 103, 111
email addresses, 260 time derivative, 123, 128
engineering strain, 5 Green—Naghdi stress rate, 155
equilibrium equations
differential, 144, 148 hardening parameter, 79, 197
discretized, 239-242 homogeneous potential, 170
linearized, 215 Hu—Washizu variational principle
rotational, 144 six-field, 233
translational, 142 three-field, 227
truss, 66 hydrostatic pressure, see pressure
equivalent nodal forces hyperelasticity
external, 239 definition, 159
internal, 239, 242 incompressible and nearly incompressible, 168—175
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320 INDEX

isotropic, 162—168 Lamé coefficients, 44, 166, 266
isotropic in principal directions, 175-186 effective, 166, 184
simple stretch-based, 180 left Cauchy—Green tensor, 103, 108
uniaxial, 64, 66, 185 discretized, 236
elastic, 191
identity tensor, 27 in principal directions, 199
incompressibility rate, 193
Lagrange multiplier approach, 223 trial elastic, 204
mean dilatation technique, 229, 251 updated elastic, 206
penalty method, 226 Lie derivative, 125, 155, 162
incompressible materials, 168—175 limit points, 7, 256
incremental kinematics line search method, 254
in plasticity, 203 linear stability analysis, 4
uniaxial, 81 linearization, 12—15
incremental plastic multiplier, 84, 86, 208 function minimization, 51
inelastic behavior of a determinant, 15, 52
three-dimensional, 188-209 of algebraic equations, 15, 49
algorithm, 210 of inverse of tensor, 52
three-dimensional truss, 75-88 uniaxial kinematics, 63
algorithm, 88 linearized
two-dimensional, 209 deformation gradient, 117
initial stress stiffness, 9, 247, 259 Eulerian external virtual work, 219-221
integration theorems, 56 Eulerian internal virtual work, 218
internal equivalent nodal forces, see equivalent forces Lagrangian (Green’s) strain, 118
internal virtual work, 146 Lagrangian internal virtual work, 216
invariants left Cauchy—Green tensor, 118
of left Cauchy—Green tensor, 164 right Cauchy—Green tensor, 118
of right Cauchy—Green tensor, 162 virtual work, 215
second-order tensor, 36-39 volume change, 119
vector, 36 load correction matrix, 70
inverse of second-order tensor, 27 load increments, 16, 253
isochoric, see distortional load stiffness matrix, 70
isoparametric element loading/unloading conditions, 80
geometry interpolation, 234 locking
isotropic elasticity tensor shear (Example 8.4), 230
compressible neo-Hookean, 166 volumetric, 227, 230, 251
nearly incompressible hyperelastic, 174 logarithmic strain, 5
nearly incompressible hyperelastic in principal additive decomposition, 77
directions, 183 material, 112
isotropic material spatial, 112
definition, 162 uniaxial, 62

isotropic tensors, 35, 40, 43
mass conservation, see conservation of mass

Jacobean, 113, 116 material description, 98
Jaumann stress rate, 155 uniaxial motion illustration, 98
material elasticity tensor, see Lagrangian elasticity

Kelvin effect, 168 tensor
kinematics material strain rate tensor, 123, see Green strain

definition, 96 material time derivative, 120

discretized, 234 material vector triad, 109

uniaxial, 61 material virtual work equation, see virtual work
Kirchhoff stress equation

uniaxial, 59, 65 maximum plastic dissipation principle, 79
Kirchhoff stress tensor, 147 mean dilatation technique, 228, 229

discretization of, 251
Lagrange multipliers (for incompressibility), 223 multiplicative decomposition
Lagrangian description, 98 of deformation gradient, 190
Lagrangian (material) elasticity tensor, 160, 171, 174, uniaxial stretch, 76
179

Lagrangian strain tensor, see Green strain natural strain, see logarithmic strain, 5
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nearly incompressible materials, 172 spatial, 146
in principal directions, 181 pull back, 101, 106, 124, 125, 150, 151, 155, 161, 217
neo-Hookean material pure dilatation, see dilatation
compressible, 165 push forward, 101, 106, 109, 124, 151, 155, 161, 172,
incompressible, 170 174,217
Newton—Raphson method, 12, 15, 45-48, 48, 50, 67,
88,253 rate-independent plasticity
convergence, 17 general, 197
modified, 17 in principal directions, 199-203
solution algorithm, 17, 253 uniaxial, 77
nodes, 234 rate of deformation tensor, 124
numbering of, 272, 273 physical interpretation, 124
nonlinear computational mechanics rate of volume change, 129
definition, 1 residual force, 6, 144, 239-241
nonlinear equations, 15 return mapping, 60, 206
general solution, 46—48 general, 193
uniaxial, 85, 86
objectivity, 130 right Cauchy—Green tensor, 103, 106
Cauchy stress, 141 discretized, 236
second Piola—Kirchhoff tensor, 154 distortional, 114
stress rates, 154 elastic component, 190
Ogden material (Exercise 6.6), 187 plane stress, 186
Oldroyd stress rate, 155 plastic component, 190
orthogonal tensor, 28 updated plastic component, 206
out-of-balance force, see residual force rigid body motion, 125, 130
rotation tensor, 106
patch test, 298 rotational equilibrium, 144
path-dependent material, 60
penalty method second-order tensor, 26—39
for incompressibility, 226 inverse, 27
penalty number, 173, 182 isotropic, 35
perturbed Lagrangian functional, 226 linearity of, 27
Piola transformation, 151, 154 orthogonal, 28
Piola—Kirchhoff stress tensors, see stress tensor skew, 28
first, 158 symmetric, 28
second, 9, 160 trace, 36
planar deformation (Exercise 4.7), 135 transpose, 27
plane strain, 184 two-point, 100
plane stress, 184 second Piola—Kirchhoff stress tensor, see stress
plastic tensors
modulus, 79 shape functions, 235
multiplier, see consistency parameter shear
rate of deformation, 195 simple, 115, 167, 173
uniaxial strain, 80 shear locking, see locking
uniaxial strain rate, 79 simply supported beam, 51
plasticity, 60, see rate-independent plasticity skew tensor, 28, 31
Poisson’s ratio, 44, 181, 185 small strain tensor, 10, 118
polar decomposition, 29, 106-112 snap-back behavior, 256
pressure, 153, 169, 173 snap-through behavior, 7
uniform element, 251 spatial description, 98
pressure force uniaxial motion illustration, 98
enclosed boundary case, 221 spatial elasticity tensor, see Eulerian elasticity tensor,
linearization of, 219 see elasticity tensor
principal Cauchy stress, 141, 177, 180, 184 spatial vector triad, 109
principal directions, 106-112, 127, 141 spatial virtual work equation, see virtual work
isotropic elasticity, 175-186 equation
nearly incompressible material, 181 spin tensor, 126
principle of maximum plastic dissipation, 196, 198 St. Venant—Kirchhoff material, 161
principle of virtual work, 60, 72, 145-151, 222 stationary condition, 71
material, 151 stiffness, see tangent stiffness matrix
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one degree of freedom, 8
strain energy function, see elastic potential and
volumetric strain energy
elastic, 191
general, 159
uniaxial, 64, 65
strain measures, see Almansi, engineering, Green,
logarithmic
one-dimensional nonlinear, 4
stress rates
convective, 155
Green—Naghdi, 155
Jaumann, 155
Oldroyd, 155
Truesdell, 154
stress tensor, 35
Cauchy, 6, 137-142, 164, 165, 171, 180, 184
deviatoric, 153
first Piola—Kirchhoff, 148, 158
Kirchhoft, 147, 191
in principal directions, 199
physical interpretations, 148, 151
second Piola—Kirchhoff, 9, 150, 151, 160, 163, 165,
170, 173, 176, 191
trial deviatoric Kirchhoff, 204
updated trial deviatoric Kirchhoff, 206, 208
stress update
uniaxial, 84
stress vector, 241
stretch
elastic, 199
stretch (uniaxial), 59, 61
elastic, 76
plastic, 76
stretch tensor
material, 107
spatial, 108
stretches
in principal directions, 109
surface forces, see pressure force
linearization of, 219
symmetric tensor, 28, 43

tangent (stiffness) matrix, 16, 87, 243
constitutive component
indicial form, 244
matrix form, 246
dilatational component, 252
external force (pressure) component, 248
initial stress component, 247
source of, 215, 243
truss (elastic), 68
tangent matrix, 50
tangent modulus, see elasticity tensor
algorithmic, 208
continuum
elastic, 209
elasto-plastic, 209
uniaxial (definition), 59
uniaxial (elastic), 69

INDEX

uniaxial (elasto-plastic), 87, 88
Taylor’s series expansion, 47
tensor analysis, see gradient, divergence, integration
theorems
tensor product, 29
components of, 31
properties of, 29
third-order tensor, 39—41
time integration, 83
total potential energy, 13, 51, 60, 71, 222
trace of second-order tensor
definition, 36
properties, 37
traction vector, 137, 140, 147
transformation tensor, 28
translational equilibrium, 142
transpose of second-order tensor, 27
trial
deviatoric Kirchhoff stress, 204
elastic left Cauchy—Green tensor, 204
uniaxial elastic stretch, 82, 84
uniaxial Kirchhoff stress, 84
Truesdell stress rate, 154
truss member
analysis, see examples
general elasto-plastic, 59
simple one-degree-of-freedom, 6
twisting column, 302
two-point tensor, 100, 107, 110, 148

user instructions for computer program FLagSHyP,
263

variational formulation, 60, 71, 222
variational statement, see Hu—Washizu, see total
potential energy
vectors, 22-26
modulus (magnitude) of, 36
scalar product, 22
transformation of, 23-26
vector (cross) product, 26
velocity, 119
velocity gradient tensor, 122
virtual displacement, 71
virtual velocity, 74
virtual work
for trusses, 72
principle of, 145
virtual work equation
association with directional derivative, 14, 75, 223
discretized, 241
linearization, 215
material, 151
spatial, 146
Voigt notation, 241
volume change, 113
linearized, 119
rate of, 129
uniaxial, 62, 65
volumetric locking, see locking
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volumetric strain energy, 173, 182 work conjugacy, 147, 194
Von Mises

equivalent plastic strain, 199, see incremental
plastic multiplier, 208

yield condition
uniaxial, 79
yield surface, 197
equivalent stress, 197, 198 vector normal to, 202, 207
plasticity, 197 Young’s modulus, 6, 44, 181, 185
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