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Preface

This book emerged from an “experiment in didactics” that has been under devel-
opment at the University of Florence (Italy) since the academic year 2006/2007:
teaching the mechanics of solids to undergraduate students in mechanical engineer-
ing in a deductive way from a few first principles, including essential elements of
the description of finite-strain behavior and paying attention to the role of invariance
properties under changes in observers.

We do not claim originality for this program and are also conscious of the
advantages of other approaches: ours is just a description of the origin of a
choice dictated by personal taste and history. It has been also motivated by the
consciousness that a merely descriptive style can risk reducing the treatment to a
list of special examples or formulas with unexplained origin, while an inductive
approach could give, even indirectly, prominence to reasoning by analogy, blurring
in some way the logical structure of the theory.

Since its inception, about 170 have taken the 84-hour course each year. All
students had previous training in analysis and geometry, including basic elements
of linear algebra. They were also trained in rational mechanics of mass points and
rigid bodies, which is taught in a course of the same length. Their mathematical
background had been enlarged during the course by requisite notions from tensor
algebra and analysis. We collect the pertinent material in an appendix, where we
clarify further the notation adopted in the text. One of us (PMM) developed the
“experiment” varying the course every year according to student response and the
changes in his perception. The other (LG) began later to transfer appropriate por-
tions of the spirit of the course to analogous courses in other fields of engineering.

There are several introductory textbooks on the mechanics of solids. Some of
them follow a strictly deductive program rather than being primarily descriptive or
having an inductive approach. We have written this book by following our personal
taste, with the goal of organizing the subject matter in a way that prepares the
readers for further study, being conscious that the development of mechanics could
require even modifications of the first principles. Beyond the technical aspects, our
conviction is that the subject must be presented in a critical way, without giving
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the reader the impression that it has been constructed as an immutable structure
crystallized once and for all. In fact, it seems to us that a merely dogmatic approach
to mechanics does not contribute to the possibility of deeply investigating the
foundational aspects of the subject. In contrast, the attention to foundational aspects
is the primary tool for constructing new models, even new theories: families of
interconnected models. The interest for the analysis of the theoretical foundations
is not a mere interest for the formal structure of the theories; rather, it has to be
stimulated in the students in university courses, even though perhaps only a few of
them will be involved in research activities after the completion of their education.
To us, even those who will work as professional engineers can take meaningful
advantage of this type of program so that they might eventually have the flexibility
to learn and (perhaps) manage new models and techniques, those that might be
developed to satisfy future technological needs or, above all, for giving us a better
knowledge of nature. Moreover, an attitude that favors the comprehension and
analysis of the foundational aspects of mechanical theories encourages one to search
for the physical meaning of every formal step we do, on the basis of our analytical,
geometric, and/or computational skills.

In this spirit, we begin with the definition of bodies and deformation, recovering
the kinematics of the rigid ones as a special case. In this way, we establish a link with
the basic courses in rational mechanics of mass points and rigid bodies, showing
how the subject matter we present is a natural continuation of the previous topics.
We distinguish between the space in which we select the reference point for a body
and the one in which we record shapes that we consider deformed. The second
space is what we consider the physical one, the first being just a “room” used
for comparing lengths, areas, volumes, with their prototypical counterparts that
we declare to be undeformed. This unusual distinction allows us to clarify some
statements concerning changes in observers and related invariance properties.

We distinguish also between material and spatial metrics, each defined in the
pertinent space. Then finite-strain measures emerge from the comparison between
one metric and the pullback of the other in the space where we decide to compare
the two. Small-strain deformation tensors arise from the linearization process. This
is the topic of Chapter 1.

Chapter 2 deals with the definition of observers and a class of their possible
changes, those determined by rotating and translating frames (i.e., coordinate
systems) in the ambient physical space. We call these changes in observers classical.
We suggest options for them, all pertaining to the way in which we alter frames in
space, indeed, irrespectively of the type of body considered; in fact, the class of
changes in observers is not to be confused with the class of admissible motions for
a body, although the two classes intersect.

In Chapter 3, we tackle the representation of bulk and contact actions in terms
of the power they develop. We write just the external power on a generic part of the
body and require its invariance under classes of isometric changes in observers. The
integral balances of forces and couples emerge as a result. Then they are used to
derive the action—reaction principle, the existence of the stress tensor, the balance
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equation in Eulerian and Lagrangian descriptions, the expression of the internal
(or inner) power in both representations. The approach follows the spirit of a 1963
proposal by Walter Noll.!

Chapter 4 deals with constitutive issues. We discuss the way of restricting a
priori the set of possible constitutive structures on the basis of the second law
of thermodynamics—here presented as a mechanical dissipation inequality—and
on requirements of objectivity. Our attention is essentially focused on nonlinear
and linearized elasticity. We discuss also the notion of material isomorphism.
Incidentally, when we foresee changes in observers in the reference (material)
space, the requirement that the observers record the same material forces the change
in observer itself to preserve the volume, according to the definition of material
diffeomorphism, irrespectively of the type of body under scrutiny. Such classes of
changes in observers become crucial in the description of material mutations, a topic
not treated here, since it goes beyond the scope of this book.

In Chapter 5, we discuss variational principles in linearized elasticity. Among
them, the Hellinger—Prange—Reissner and Hu—Washizu principles are additional
to the material constituting the course mentioned repeatedly above. The chapter
includes also Kirchhoff’s uniqueness theorem, and the Navier and Beltrami—
Donati—Michell equations. The latter equations are essential tools for the analyses
developed in the subsequent chapter. We end the chapter with some remarks on
two-dimensional equilibrium problems.

Chapter 6 deals with the de Saint-Venant problem: the statics of a linear elastic
slender cylinder, free of weight, loaded just on its bases. There are two ways of
discussing such a problem: in terms of displacements or stresses. We follow the
second approach and are indebted to the 1984 treatise in Italian on the matter by
Riccardo Baldacci.? The chapter ends with a proof of the basic Toupin’s theorem on
the de Saint-Venant principle.

Chapter 7 includes a description of some yield criteria and a discussion of
their role in the representation of the material behavior. There are several criteria,
introduced for various reasons, not all of the same importance. Our choice is to
include in this book just the classical ones, and nothing more.

In one aspect, Chapter 8 is separate from the program followed in the course
mentioned above. The chapter includes director-based models of rods, a term used
here in a broad sense for rods themselves, beams, shafts, columns, etc. Their
description is a revisitation in terms of invariance of the external power under
changes in observers—the view followed for the three-dimensional continuum—of

'Noll W. (1963), La Mécanique classique, basée sur une axiome d’objectivité, pp. 47-56 of La
Meéthode Axiomatique dans les Mécaniques Classiques et Nouvelles (Colloque International, Paris,
1959), Gauthier-Villars, Paris.

2Baldacci R. (1984), Scienza delle costruzioni, vol. I, UTET, Torino.
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a 1985 proposal by Juan Carlos Simo.? In the chapter, we include both the finite-
strain and linearized treatments; the course that we taught involved just the latter
one.

Chapter 9 is an overview of some bifurcation phenomena. Attention is essentially
focused on the Euler rod.

This book can be used variously for a course in the mechanics of solids, with the
instructor selecting some parts and neglecting others. Ours is just a proposal.

In ending this work, we have to express our gratitude to the Birkhduser team
for their help and in particular for their understanding of the reasons for our falling
behind the original schedule. Among others, we mention and thank Allen Mann and
Christopher Tominich for the care they have taken in following our work during
different portions of its development. Also, we thank the copyeditor, David Kramer,
for his work.

Firenze, Italy Paolo Maria Mariano
Luciano Galano
April 2015

3Simo J. C. (1989), A finite-strain beam formulation. The three-dimensional dynamic problem.
Part I, Comp. Meth. Appl. Mech. Eng. 49, 55-70.
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Chapter 1
Bodies, Deformations, and Strain Measures

1.1 Representation of Bodies

We have a body—a piece of the phenomenological world—in hand, and we want
to evaluate its changes in shape, under the action of external agencies, with respect
to a shape taken as a reference. In imagining a program for such an analysis, the
first step is to specify exactly what we mean by the word shape. The observation of
condensed matter at various spatial scales often reveals intricate molecular and/or
atomic architectures. This observation in itself furnishes just a partial view of the
material structure of a body, depending on the type of instrument used and its
resolution. The representation of the material’s morphology (the geometry of a body
at various spatial scales) that we may propose—indeed construct—f{rom time to time
is then a partial result with respect to the complex reality. The minimal essential
information that we need to make assertions about the material morphology is the
specification of a region B that the body under investigation might in principle
occupy in space, the Euclidean point space. Once such a choice has been made,
further information on the geometry at finer spatial scales can be added. We could, in
other words, construct a sort of hierarchy going deeper and deeper in the evaluation
of details that we want to include in the representation of the body’s morphology,
which is what we call its shape.

For the moment and the purposes of this book, here we limit the hierarchy to
the (let us say) zeroth degree. Hence, from now on, unless otherwise stated, we
shall identify the shape of a body with the region B of the physical space occupied
by it in certain circumstances. Among infinitely many possibilities, restrictions on
the choices of B are imposed by what we intuitively consider bodies in our daily
experience and the technical requirement that we use tools of mathematical analysis
such as the divergence theorem.

According to these restrictions, an appropriate choice is to consider B to be a
subset of the Euclidean point space £™, m = 1,2, 3, which is regularly open—it is,

© Springer Science+Business Media New York 2015 1
P.M. Mariano, L. Galano, Fundamentals of the Mechanics of Solids,
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a b

Fig. 1.1 The region indicated in panel (a) is an appropriate choice for B. What is indicated in
panel (b) is not appropriate (the aspect certifying the inappropriateness is the presence of the three
dots on the right, which render the set not regularly open)

therefore, by definition, an open set that coincides with the interior of its closure' —
and is endowed with a surface-like boundary, oriented by the (outward) unit normal
n to within a finite number of corners and edges (Fig. 1.1).

From now on we fix m = 3, unless otherwise stated. The choice is made to help
the intuition of the reader in visualizing physical concepts and the interpretation of
them. Over £3, the translation space V? is naturally defined: it is the space of vectors
generated by differences of points. A basis—that is, a set of linearly independent
vectors spanning V3, say e, ey, e3—is available. A generic point in B is indicated
by x. Once we take a specific point in £ and give it the role of the origin of a
coordinate system, we transform V3 into R3. In the frame selected, x is identified
by a triplet of numbers, namely x', x%, x3, when (as decided previously) the ambient
space is three-dimensional; otherwise, the list is enlarged or reduced according to
the dimension of the host space. In the subsequent pages, subsets of B with nonzero
volume and the same geometric properties of B itself will be called parts. The same
terminology will be used for subsets of images of 5 under a special class of maps
describing the change of place of a body.

1.2 Deformations

We fix a possible location B for a body and take it as a reference to define in what
sense another macroscopic shape can be considered deformed.

IThe closure of a set A of a given space (which is itself a set) is the union of A with the set
of its accumulation points, the elements not belonging to A but having elements of A in every
neighborhood. The notion of open set foresees the preliminary assignment of a topology in the
space where A is selected, namely a collection of sets (that we call open) containing the empty
set, the whole space, and such that the union of every family of open sets is in the class, as is the
intersection of every collection of finitely many open sets.
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It is not necessary that the body under scrutiny occupy 5. It is sufficient that it
could do so. The location B is a geometric setting in which we can compare lengths,
areas, and volumes.

We select B not in the physical space (or better, the space that we consider so),
but rather in an isomorphic copy of it. Hence we distinguish the space £° (or R?
if you wish) where we choose 55 from the one, namely &3 (or RY), containing all
the other places that we compare with the reference one—the isomorphism between
the two is the natural identification i : £ —> &3 (or ig : R3 —> R3)—or it can
be an orientation-preserving isometry (a rotation and a translation). Other reasons
justifying such a point of view will be clear later when we discuss the notion of
observers and their related changes.

Once we assign coordinate systems to £ and &3, we require that they have the
same orientation. In the translational space ]33, a basis is indicated by ey, €;, €3, and
a generic point in &3 is indicated by y, with components y', 2, y?.

From B, we determine other places in & by means of maps

x> y:=3x) €&, xeb,

which we presume are (i) one-to-one, (ii) at least piecewise differentiable, and (iii)
orientation-preserving. The last requirement implies that the generic y maps every
oriented volume in B onto a volume (remember the requirement of bijectivity) with
the same orientation.

The image of 5 under y (which we call the actual shape or current place of the
body and indicate by B, := y(B)) has the same geometric properties of B specified
above, thanks to the structural properties presumed for y.

The map ¥ is what we commonly call a deformation. Maps from R? to R? that
are C' and preserve the orientation of R? satisfy requirements (i) through (iii), but
they are not the only possible deformations. In fact, the theoretical structures that
we present here may give rise to boundary value problems that admit solutions
satisfying the assumptions (i) through (iii) only in some weak sense. Hence, spaces
larger than that of continuous and continuously differentiable point-valued functions
have to be considered. The choice of such spaces is addressed by the physical
features of the phenomenon that we are analyzing. We do not go into details here, for
this essay has just an introductory character. However, we mention the issue just to
warm the reader to be suspicious of phrases maintaining that continuum mechanics
develops only by “selecting a smooth diffeomorphism defined over a compact open
set of the ambient physical space and performing calculations.” Such a point of view
is in fact simplistic, as is clearly suggested by experience, culture, and nontrivial
analysis of specific cases to those who are pushed by intellectual curiosity to go
beyond introductory essays, even just a bit.



4 1 Bodies, Deformations, and Strain Measures
1.3 The Deformation Gradient

The spatial derivative of a deformation evaluated at a point x in B is denoted by F,
namely

F:=Dy(x),

for all x in B where y is differentiable.
Consider a smooth curve s —> x(s) € B with s € (—1,1) and evaluate at a
certain point, say x = x(0), its tangent

dx(s)
ds

t.=

s=0

The image of the curve s —> X(s) over the current place 53, is determined by the
deformation y and is given by the map s —> y(x(s)) € B,. Its tangent at y = y(x(0))
is given by

Lo dGE6)
“ ds

s=0

so that by chain rule, we get
t, = Dy(x)t = Ft.

Then F maps linearly tangent vectors to B to tangent vectors to B, (Fig.1.2). In
short, we write>? F € Hom(T, 3, T(xBa), which is tantamount to expressing the
inclusion F € Hom(R?, R?). Consider three linearly independent vectors at x € .
They span R?: linear combinations of them cover the whole space, so they are a
basis. Write e, €5, e3 for them and e!, €2, & for the dual basis,’ the one in the space
dual to R3, i.e., the space containing all possible linear forms over* R3, indicated
by R3*. Recall that the elements of the dual of a linear space are called covectors.
We can make an analogous choice at y = y(x). We indicate by e, e,, e3 the basis
vectors chosen at y, and by ¢!, 22, & the relevant dual basis.

With respect to the (dual) basis el, e, e ina neighborhood of x € B and the
basis €1, €3, e3 at y = y(x) in B,, F is given by

2Hom(A, B) indicates the space of linear maps from A to B. Here 7,3 indicates the linear space
of vectors tangent to all smooth curves on B crossing x. It is called the tangent space to B at x.
Analogously, 5B, is the tangent space to B, at y = y(x).

3¢ is defined by the condition ¢’ - ¢; = ¢€'(¢;) = 8}, with 8; the Kronecker symbol, which is 1 for
i =jandO for i # j.

“4Recall that there is a natural isomorphism between R? and its dual counterpart, and it is defined
by the metric.
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53

Fig. 1.2 Deformation of B

05'(x) .
F=-""3.
o 6 ®e,

where (and from now on) uppercase indices refer to coordinates in B, while
lowercase indices indicate coordinates in the actual shape B,, and we assume
Einstein’s convention to leave understood summation over repeated indices. The
iAth component of F is just

i 35)1'(]()
Fa= oxA

with a contravariant index’ i and a covariant index® A.

Commonly, F is called a deformation gradient, and we follow here that
tradition, although the definition of F that we have written at the beginning of this
section involves the derivative Dy(x) of the map y, rather than the gradient Vy(x),
which has, in the bases considered previously, the form

i A
Vi(x) = (—ayaix)) 5 ® e

SWhen we change the basis ¢;, ,, e3 into another basis, the ith component of F is altered as a
vector.

%When we change the dual basis ¢!, €2, ¢* into another one, the Ath component of F is altered as a

covector (the derivative of a function with respect to x, indeed).
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The difference between Dy(x) and Vy(x) can be appreciated once we recall that
the basis e;, ey, e3 determines locally a metric, namely a completely covariant
positive definite tensor g with generic component g4 given by

gap = {ea, ep)ps

where the angle brackets indicate a scalar product’ in R3. Since g is positive
definite, it admits an inverse g_l, which is a symmetric contravariant tensor with
components® g48. Using g~!, we get, in fact,

Vi(x) = Di(x)g ™",

(aﬂx))“_ (ayf(x)) "
ox T\ 9xB &

In this case we say that we have raised the index A by using the metric. When g
is the identity second-rank tensor, /-this means that e|, e, e; are orthonormal—the
iAth component of Vy(x) and the corresponding component of Dy(x) differ just by
the nature of the Ath component, which is contravariant in one case, so that formally,
we have’

which is

VSJ()C) S Hom(T:B, T?(X)Ba),

and covariant in the other case.

1.4 Formal Adjoint F* and Transpose F* of F

For a vector a € R? and covector b € I@3*, the formal adjoint F* of F is defined
by the relation

b-Fa=F*b-a,

where here, the dot in b - Fa indicates the natural product between a vector Fa and a
covector b. In other words, F takes the vector a in R* and pushes it forward in R?.

7We can assume that the scalar product is defined with respect to another frame in R? that we
consider orthogonal.

2

80f course we can consider the dual basis e!, €2, €3 as obtained from e, e,, e, by the action of

g1, so that e* = g"Bep.

°In other words, Vy(x) maps covectors at x in B into vectors at y = y(x) in the actual shape 3.
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Then we take a linear form over I@?, namely an element b of E@*, a covector, and
the value that it assumes over the vector Fa, that is, b - Fa = b(Fa). Conversely, in
the product F*b - a, we take a covector b in R3*, pull it back into R**, and evaluate
over a € R? the value of the covector F*b, namely F*b - a = F*b(a).

For vectorsa € R3 and a € H@, the transpose FT of F is defined by the relation

(Fa,a)gs = (a, F a)y,

where in this case, the angle brackets on the left-hand side of the equality indicate
the scalar product in RR3, while the brackets on the right-hand side represent, as
above, the scalar product in R3. In other words, F pushes forward the vector a € R3
into R?, where the vector Fu € R? is multiplied by the vector a € R? using the
scalar product in R3. Conversely, FT pulls back the vector a € R? into R?, where its
image, namely the vector FTa, is multiplied by a, using the scalar product in R?. The
two scalar product structures, the one in R* and the other in R3, may in principle be
different, meaning that they can be associated with different metrics.

The link between F* and FT is established by the metric g introduced previously
and the companion metric  in R? with components determined by the basis
1, e, e3, so that g’,:j = (E,‘, éj)ﬂé3.
Proposition 1. F7 = g7 !F*g.

Proof. First we recall that for a € R3andc € ]R{
(Fa,c)gs = Fa - gc = gc(Fa).

In other words, to evaluate the scalar product between the two vectors Fa and c,
we can change one vector into its corresponding covector ¢” := gc (an element of
R3*), and we compute the value of such a covector over the other vector. In this case
we say that we have lowered the index of ¢ by using the metric. Roughly speaking,
when g is just the second-rank identity tensor, i.e., g; = Jj;, with the right-hand side
the Kronecker symbol, namely

5. — 1 if i=j

YUOloif i#j
we have (Fa,c)zs = Fa-8c = Fa- ¢® = ¢"Fa = F\a*c’. The summation over
repeated indices is understood, as usual. When the metric g does not coincide with
the identity, which means that the basis ey, e,, 3 is not orthogonal—in the usual
jargon we say in this case that g is not flat—the sum Fj‘aAc'l? is affected by the
coefficients g;;, for we have c? = g',jcj . Moreover, with a in R? and b in R3**, we can
write

b-a= (g_lb, a)R3 = (a, g_lb)]R3 .
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In other words, when we have to evaluate b over q, i.e., when we want to compute
b(a), we can transform the covector b in the corresponding vector by means of the
inverse metric—the covector b becomes the vector g~'b—and we multiply g~'b by
a using the scalar product ( , )ps. The natural operation is to calculate b - a = b(a),
because we have just to compute the value of a linear function over R? at the vector
a. However, our previous remarks on the use of the inverse metric allow us to write

(a.FTc)ps = (Fa.c)gs = Fa-gc = a-F*gc = (a. g~ 'F*gc)y, .

The previous relations prove then the initial statement. O

In components we get (FT)A = gBF}/g,;. For the scalar product we have written
RR3 or R? as indices to the angle brackets to specify unambiguously the space where
the scalar product is considered, underlining in this way the role of the different
metrics, which are crucial in proving Proposition 1.

Warning: from now on, for the sake of conciseness, we shall at times use the dot
for both a product of a covector with a vector and the scalar product between two
vectors, leaving understood the action of the pertinent metric when necessary. We
shall taking care to specify every time the meaning in the specific context.

1.5 Homogeneous Deformations and Rigid Changes of Place

A deformation of the form
Xy =%x) =w+ F(x—x), x€DbB,

with w an arbitrary vector in R3, xo an arbitrary point in £3, and F constant in space,
is called homogeneous. An example of a homogeneous deformation is the inflation
of a balloon.

A special and significant case of homogeneous deformation occurs when F is in
SO(3)—let us write R for F in this case.'” The deformation

X—y:=yx)=w+ R(x—xy), x€bB, (1.1)

is an orientation preserving isometry, a rigid change of place. To recognize the rigid
nature of the deformation induced by w and R, consider two points x; and x; in 5,
and take their images under (1.1), calling them y; and y,, respectively. By evaluating
the distance between y, and y,, namely |y; — y2|2, and using (1.1), we get

10We recall that R € SO(3) means that R € Hom(R*,R?), detR = +1,R~! = R".
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Iyt —y2l> = (01 —y2), 01 — y2))s = (R(x; — x2), R(x; — x2)) s
= (01 = x2). RTR(xt — x2))s = ((x1 — x%2). (11 = 12)) s = |1 — 2],

so (1.1) is nothing more than an orientation-preserving isometry, a rigid change of
place.

We then define a body to be rigid when it admits as deformations only
orientation-preserving isometries.

1.6 Linearized Rigid Changes of Place

Consider parameter-dependent families of isometries defined by maps o —> wy €
R? and @ — R, € SO(3), with € (—1, 1) and R, coinciding with the identity,
which are differentiable with respect to the parameter. Define y, by

X > Yo 1= Yo (X) = Wy + Re(x — Xp).

We call the map x — y a linearized rigid deformation (or small rigid change
of place) when

dye(x)
y=R—
o a=0
By computing the derivative, we get
d dR
y=R2e R ().
da a=0 da a=0
Since
RIR, =1,
we obtain
d dR, dRZ dR dRy \"
0=—(R'R,) = RT—2 Ry = RE— + (RI—2)
da(“a) ada+daa “da+ ¢ da

which implies

R};dR‘” _ R};dR" T.
da da
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In other words, the second-rank tensor

dR
W= RI—~
do a=0
. . e - W .
is skew-symmetric. By writing ¢ for the vector R: - , we find that the generic
o |g=0

linearized rigid deformation is given by
y=c+ W(x—xp)

with ¢ € R3 and W € Skw(R3, R?).
Define now the vector field

xb—)u::ﬁ(x)zy—i(x)eRS,

where i : £3 — &3 isthe isomorphism (the identification, here) between £ 3and £3.
We call u a displacement. In particular we call u a linearized rigid displacement
when it has the form

u=c+ W(X—X()), (12)

with ¢ a vector in £ given by the difference ¢ — i(x). Since W is a skew-
symmetric tensor over the three-dimensional space, by definition there exists a
three-dimensional vector g such that for any other a € R3,

Wa = g x a,
so that (1.2) can be written as

u=c+qx(x-—x).

1.7 Kinematic Constraints on Rigid Bodies

We have already defined bodies admitting only isometries as possible deformations
to be rigid. Each such body has only six degrees of freedom in three-dimensional
Euclidean space: the components of ¢ and ¢, in other words, the placement of a point
(three parameters), and the orientation (the three Euler angles).

The definition of a rigid body is then based on a restriction on realizable
deformations for the body. Further restrictions can be imposed. They constitute what
we call kinematic constraints. Here we refer to those expressed by scalar-valued
maps f, depending on the displacement, and call then holonomic. We distinguish
two cases:
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fw) <0,

which we call a unilateral constraint, and

f) =0,

the so-called bilateral constraint. Specific cases of bilateral constraints appear in the
next section.

1.8 Kinematics of a 1-Dimensional Rigid Body

Consider a one-dimensional rigid body. It occupies in the reference place a portion
of a piecewise smooth line in £3. We assume that the body is subjected only to
linearized rigid displacements.

The placement of the body is in reference to an orthogonal frame defined by an
origin O and three linearly independent unit vectors e, e,, 3, a frame indicated by
{0, e1, €2, e3}. A generic point P of the body has coordinates x}D, xf,, x13,. The relevant
position vector is xp = (P — O).

As we have already seen, an arbitrary linearized rigid displacement is defined by
two vectors: the translation ¢ and the rotation g (Fig. 1.3), namely

u(P) =up=c+qxxp

with

c=clel +czez+c3e3, qza)lel +a)262+a)3e3.
Fig. 1.3 Rigid body in £3. 3 up,
Examples of translational and AT

rotational constraints
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For a rigid body, every bilateral punctual holonomic constraint is a combination
of two types of single constraints: (i) displacement up of a point P along a direction
(simple translational constraint) and (if) rotation about a direction prescribed
(simple rotational constraint). Let m be such a direction (Figure 1.3 shows two
possible choices of m corresponding to (i) and (ii)). In the first case (i), we write
formally

up-m = (c+qxxp)-m=6p, (1.3)
while in the second case (ii),
g-m=79, (1.4)

with Sp and ¥ two scalars that can be zero (in this case, the constraint is called
ideal). The simple translational constraint at P along the direction m is made by a
physical device imposed on P. Such a device is represented by a simple pendulum
having the axis parallel to m (Fig. 1.3, point P;). The simple rotational constraint
about a direction m is exerted by a device applied to a point. We call it a simple
torsional pendulum (point P, in Figure 1.3). A combination of two or more simple
translational or rotational constraints at the same point generates what is called a
multiple constraint. Its multiplicity is the number of simple constraints composing it.
For a rigid body, the set of equations of types (1.3) and (1.4), specifying all
bilateral, holonomic constraints imposed on it, determines an algebraic system

Ap =p. (1.5)

wherep = (¢!, ., o', 0?, a)3)T, and p is the vector of the prescribed translations

and rotations. Here A is the matrix of coefficients (those related to the specific frame
of reference considered), having dimensions n, x 6, with n, the number of simple
constraints. Equation (1.5) determines the kinematic state. In the selected frame, we
have

m= mlel + m2e2 + m3eg,,
and equations (1.3) and (1.4) can be written in components as
m'c! + mPc* + mic + (m3x,23 - mzx?)) o'+ (mlx% - m3x113) w?
+ (mPxp —m'x2) 0 = 8p,
m'o! + m*e® + m*e® = 9.

— If the system has only one solution, we say that the rigid body under considera-
tion is kinematically determinate.
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— If the system has no solutions (this case is possible only if p # 0), we affirm
that the body is kinematically impossible—it is not possible to satisfy all the
prescribed displacements that the constraints would impose.

— If the system has infinitely many solutions, we say that the rigid body is
kinematically indeterminate—the number and disposition of constraints are
insufficient to fix the body in space.

Denote by 1 the dimension of ker(A). It is called the lability of the constrained
body described by (1.5). Here ] indicates the number of degrees of freedom that
the constrained body can exploit in order to move. For a single rigid body, 1=
6 — ry, with r, the rank of A.

All these remarks apply also to systems of rigid bodies linked to one another.

A significant case occurs when for a single rigid body we have exactly six
constraints (n, = 6, A is square). If detA # 0, the algebraic system (1.5) admits
only one solution once p is assigned. In that case, the rigid body considered is always
kinematically determinate, and we refer to this circumstance by affirming that it is
kinematically isodeterminate. When p = 0 and detA # 0, the solution is p = 0,
so that the number and disposition of the six constraints are necessary and sufficient
to fix the body in space.

When n, <6, the body is not always kinematically determinate. If n, > 6 and
rank(A) = 6, we affirm that the rigid body is kinematically hyperdeterminate or
impossible, depending on p: there are too many constraints, and at least six of them
are linearly independent. However, if rank(4) < 6, the rigid body is once again
kinematically indeterminate or impossible, depending on p: some constraints are
ineffective, since they repeat conditions already imposed.

Consider a one-dimensional rigid body in a plane in three-dimensional space
undergoing planar linearized rigid displacements. Only three degrees of freedom
are involved. If the body is in the plane spanned by the vectors e;, e, (axes x', x?,
Fig. 1.4), the translation and rotation vectors defining an arbitrary rigid displacement
are respectively

Fig. 1.4 A one-dimensional Up,
rigid body in the plane x'x?.

Examples of translational and P /
rotational constraints !

2 Py
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c=cle1 +6‘2€2, q=a)3e3.

Consider a unit vector m = m'e; + m?e,. The constraints (1.3) and (1.4) can be
expressed explicitly as

m'c! +m*c® + (m2x11) - mle,) w® =8p (1.6)

w® =9, (1.7)

where x}, and x3 are the coordinates of the point P where the constraint is applied.
In this case, A is an n, X 3 matrix, and p has components ¢l ¢, and w?.

The kinematic classification of rigid bodies in £? is the same as in the three-
dimensional case. The constraints are represented by specific graphic symbols; the
most commonly used in £2 are shown in Figure 1.5. Analogous symbols hold in &3
with the meaning appropriate to the different dimension of the ambient space.

— The first constraint represented in Figure 1.5 is the simple pendulum (or trolley
or bogie or carriage if you wish). It obstructs the translation of the point P along
the x? direction (m®> = 1, m' = 0) and is holonomic, bilateral, and ideal. Its
multiplicity is 1. The same representation holds if the body is in £.

— The second constraint in Figure 1.5 is again the simple pendulum. It imposes
on the point P that it translate along the x> direction of the prescribed value §p
(m* = 1, m" = 0) and that it be holonomic and bilateral, and that it produce a
structural failure of amount §p. Its multiplicity is equal to 1. The displacement
involved in the previous definition is with respect to a reference place, or ground.
The same representation holds if the rigid body is in £.

— The third constraint in Figure 1.5 is called a hinge. It eliminates the possibility
for P to translate in any direction

up =0,

and is equivalent to two simple pendulums applied in P along two linearly
independent directions (for example m' = 1, m*> = 0 for the first pendulum
and m' = 0, m* = 1 for the second). Its multiplicity is 2 (double constraint). In
&3, this constraint is called a spherical hinge; the same graphical representation
of it holds, but the multiplicity is 3 (it is equivalent to three simple pendulums
applied in P along three linearly independent directions).

— The fourth constraint in Figure 1.5 is the simple torsional pendulum. It eliminates
rotations (m®> = 1, @> = 0) and is holonomic, bilateral, and ideal. Its multiplicity
is 1. In £3, it is represented as shown in Figure 1.3.
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Dofs
Name Multiplicity |constrained Symbols
,up=0| P P P
1. Pendul Simpl ! JA\
. Pendulum imple W%ﬁ e
(0] 1
—— T
pr—
2. Sinking ) p p P /\
Simple x /77%77 T
pendulum 0 I_ I_ I_
> gt dp P op
, up=0 P P P
3. Hinge Double Tt =0 % /%%77 %
(0] 21
3
=0
4. Torsional 2 v P P
Simple %‘:
pendulum 0
> g
2 ub =0 p P
5. Glyph Double w?=0 ; ; exen
O 1
>
ub =0
6. Joint Triple 22 w3 =0 §P
Wwr=0
0,

Fig. 1.5 Graphic symbols used to represent different constraints in £

The fifth constraint in Figure 1.5 is the glyph, a combination of a translational
pendulum (m*> = 1, m' = 0) and a torsional pendulum m =10 =01t
allows just translations along the x' direction. Its multiplicity is 2.

The sixth constraint in Figure 1.5 is the joint, a combination of a hinge and a
simple torsional pendulum at the same point P. Here up = 0 for every point of
the body (no linearized rigid displacement is possible). Its multiplicity is 3 (triple
constraint). In £3, this constraint has the same representation, but the multiplicity
is 6, since it is equivalent to a spherical hinge applied at P plus three torsional
pendulums having three linearly independent directions.

Graphics help us to represent arbitrary linearized rigid displacements, defined

by translation and rotation vectors ¢ and ¢, of a rigid body in a plane embedded in

&£3; a generic point P with coordinates x}, and x% is subjected to a displacement of

components (in the selected frame)

| 3.2 2 _ 2 3.1
Up =C — 0 Xp, Up = ¢” + W Xxp.
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If we suppose that w3 # 0, we call the point C defined by the coordinates

2 Cl

2
s Xc = —
C (1)3

1 C
Xp = ——
C 603

)

the rotation center. The point C is at rest and does not necessarily belong to
the rigid body. The displacement compatible with the constraints is a rotation w*
about C, as depicted in Figure 1.6. The diagrams representing the displacement
components are linear. Moreover, the displacement of every point P is normal to
the vector (P — C); the point C has finite distance from O, and it is called a proper
rotation center. When w> = 0, we obtain

and all points P have the same displacement, a rigid translation with components
¢! and 2. It can also be considered a rotation about a point C at infinity in the
direction normal to the displacement, a point indicated by (C), and considered an
improper rotation center, as described in Figure 1.7. The direction with improper
point C is inclined with respect to the x'-axis of the considered frame by an angle

o, considered positive when it is counterclockwise, such that tano = —c! / .

— If a (proper or improper) rotation center does not exist, the body is kinematically
determinate or hyperdeterminate, and 1=0.

— If C exists and is fixed, the body is kinematically indeterminate and has only
one degree of freedom (I = 1); the linearized rigid displacement is an arbitrary
rotation about C or a translation.

— If every point of a straight line can play the role of rotation center, the rigid
body is kinematically indeterminate and has two degrees of freedom (I =2);all
its possible displacements are given by the linear combination of two arbitrary
independent displacements, each one obtained by fixing arbitrarily two different
positions of C on the line.

— If every point in the plane can play the role of rotation center, the rigid body is
kinematically indeterminate and has three degrees of freedom (2 = 3) in the same
plane.

A constraint limits the possible places of the rotation center C of a rigid
body. Figure 1.8 reports some prominent cases. In the plane, a simple constraint
restricts the possible placement of C to a straight line; a double constraint (the
combination of two simple constraints) determines uniquely the position of C; a
triple constraint states that C does not exist. The kinematic analysis of a rigid body
in the plane reduces to finding the rotation center. Less simple is the analysis in three
dimensions, since a rotation axis is always available but not necessarily a rotation
center.
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Fig. 1.6 Linearized
displacements of a
one-dimensional rigid body
in £2 when w3 # 0

Fig. 1.7 Translation

(w® =0)ofa
one-dimensional rigid body
in £2

h

L

Fig. 1.8 Positions of C given by different ideal ¢

onstraints

1.9 Kinematics of a System of 1-Dimensional Rigid Bodies

The description of the kinematics of a single rigid body admits a natural generaliza-
tion to a system of K rigid bodies. We refer their position to a frame defined by an
origin O and three linearly independent orthogonal unit vectors ey, e, e3. A generic
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M hi

S aNe
Qank /
j

Fig. 1.9 Bodies 4 and k in a set of K rigid bodies in &3

point Py, of the Ath body has coordinates xj, , x7, . 3, . The pertinent position vector
is xp, = (P, — O). An arbitrary linearized rigid displacement of the Aith body is
defined by two vectors: the translation ¢; and the rotation gj, namely

Up = Cp + qn X Xp,
with
_ 1 2 3 _ 1 2 3
cp = cpe + cpex + cjes, qn = wye; + wjex + wjes,

so that 6K degrees of freedom are involved (Fig.1.9). As regards constraints,
equations (1.3) and (1.4) apply to the hth body when they impose restrictions to
displacements relative to the environment. With reference to a set of rigid bodies,
such constraints are called external to distinguish them from those among the same
bodies, which are internal to the system considered. For the external constraints we
rewrite equations (1.3) and (1.4) as

up, - my = (ch + g X Xp,) - my = 8p,. (1.8)

Gn -y = Oy (1.9)
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In components, evaluated with respect to an orthogonal frame, they read

11 20 33 3.0 23 1 13 30,02
myCy, + micy + micy + (mixp, — mipxp, ) o + (myxp, —mxp, ) 0

2.1 1.2 3_ %
+ (mh'xPh - thPh) a)h - 8Ph’
11 2.2 3.3_3
m,w, + m,w;, + mw; = V.

Let us assume that every body in the system admits at least one simple constraint
linking it to another body. Such a constraint, in fact an internal one, limits relative
displacements. In this case, equations (1.8) and (1.9) change into

(uPh - qu) ‘mhk = Sphks (1.10)
(qn — qr) - M = D, (1.11)

with the indices 4 and k referring to the hth and kth bodies connected at the point
Py, where there is a simple constraint. Here gphk and f’hk are the values of possible
relative displacements and/or rotations imposed. The assignment of constraints with
multiplicity greater than 1 is analogous to the case of a single body.

If we apply n, simple constraints to a set of K bodies, the relevant set of equations
of type (1.8), (1.9), (1.10), (1.11) constitutes a system of n, algebraic equations with
6K unknowns, again say

Ap =p.
with p = (C}C%C%a)lla)fa)l3 .. ,ck,ci,c;{,w}(,wlz(,a),%)rr and A an n, x 6K
matrix in this case. Hence, systems of rigid bodies can be classified into determinate,
isodeterminate, indeterminate, hyperdeterminate impossible families, exactly as
we have done for the single rigid body. Reduction to the two-dimensional case
(Fig. 1.10) will be treated explicitly in the exercises discussed in Section 1.11.

1.10 The Flat-Link Chain Method

As we have already pointed out, the kinematic analysis of a single rigid body reduces
to the determination of the rotation center. A generalization to a system of K bodies
is called the flat-link chain method. For the sake of simplicity, we present it first in
the case K = 2: two rigid bodies constrained by each other. If they have a linearized
rigid displacement, we can evaluate the center of rotation C; of the body indexed
by 1 and the center of rotation C, of the body 2 with respect to the environment.
These points are the so-called absolute rotation centers. Since the graphs of the
displacements of the two bodies are linear, they intersect in one point, called the
relative rotation center, denoted by Ci,, since it represents the rotation center of
one body in the relative displacement with respect to the other. The point C;, can
be proper or improper (the latter case occurs when w13 = a)g). As with external
constraints, internal constraints give analogous information about the position of
C, (Fig. 1.8).
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Fig. 1.10 Bodies 4 and k in a set of K rigid bodies in £2

Theorem 2 (First theorem on flat-link chains). Given two rigid bodies 1 and 2
constrained by each other, if they undergo linearized rigid displacements, the points
Cy,Cy, Cyy are aligned.

Formally, we write
C,Cy,Ca V. (1.12)

Figure 1.11 shows two typical cases. In the first case, we have a)l3 #* a)g, so that Cy;
is a proper point and the two bodies have the same displacement at C;,. In the second
case, w; = wj3; Cy, is an improper rotation center, and the displacement diagrams
of the two bodies are parallel straight lines. Even in the second case, equation (1.12)
holds. The flat-link chain method consists in finding C;, C;, and Cy, associated with

the constraints and the equation (1.12). Prominent cases are listed below:

— C; and C, do not exist < the bodies 1 and 2 are at rest (? =0).

— C; does not exist and C; is uniquely determined < body 1 is fixed and 2 rotates
around C, (I = 1).

— Cy, C; and Cy; are uniquely determined and are distinct points on a straight line
=> the bodies 1 and 2 rotate around their own centers as in Figure 1.11 (i =1).

— C4, C; and Cy; are uniquely determined and C; = C;; # C, = body 2 is fixed
and body 1 rotates around C, (? =1).
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0 7 1

(0] z1

Fig. 1.11 Position of the center C;, in two significant cases

— Cy, C; and Cy; are uniquely determined and C; = C, # C;; = the two bodies
move together as a single rigid body d=.

— Cj, Cy, and Cy;, are uniquely determined and C; = C, = Cj, = the two bodies
rotate independently around the respective centers (1=2).

— Cy, Gy, and Cy, are not uniquely determined and equation (1.12) holds for
different positions of the centers = the system of two bodies satisfies 1>2.
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Consider now a set of three rigid bodies (K = 3) and suppose that each body may
undergo a linearized rigid displacement. The points C;, C,, and Cj3 (the absolute
rotation centers) and the points Cy,, C3, and C,3 (the relative rotation centers) are
well defined.

Theorem 3 (Second theorem on flat-link chains). Given three reciprocally con-
nected rigid bodies 1, 2, and 3, if the three bodies can undergo linearized relative
rigid displacements, the relative rotation centers Ci,, Cy3, and Cy3 are aligned.

Formally, we write
Ci2,Ci3,C3 V.
In this case, we should have

C1,G,Cp2 v,
C1,G5.Ci3 v,
C,G5.Cy5 v,
Ci2,Ci3,Co3 V.

(1.13)

To analyze the kinematics of such a three-body system, we must determine the
existence and locations of all rotation centers, considering the external constraints
(for the absolute centers), those internal (for the relative centers), and the four
conditions (1.13). Some typical cases are listed below:

— Cj, C; and C3 do not exist < the system of rigid bodies is at rest (2 = 0).

— An absolute center C; does not exist < the jth body is fixed.

— The condition C;, C;, C;; v is not satisfied for some i and j = the bodies i and j
cannot move.

— The condition Cj,, Cy3,Cy3 v is not satisfied = the three bodies do not admit
relative displacements, i.e., they act as a single rigid body.

— The centers C;, Cs, C3, Cy2, C13, and Co;3 are at different specific points in £2 and
the conditions (1.13) are satisfied = the system is kinematically indeterminate
(in this case, | = 1) and a linearized rigid displacement is possible for each body
(Fig. 1.12).

Situations in which one or more centers are placed at the same point or all points
on straight lines can be rotation centers are more complex.

For four or more rigid bodies (K > 4), the previous theorems hold. For example,
for K = 4, the first theorem has to be applied to every pair of bodies, i.e., six times,
whereas the second theorem has to be applied to every triplet, i.e., four times. In
general, the first theorem has to be applied (%) times, while (%) times pertain to the
second one.

Further details appear in the exercises.
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Fig. 1.12 The external constraints determine C; and Cs. The internal constraints fix C;, and C,3,
while C, and C;3 follow from the theorems on flat-link chains. Conditions (1.13) are satisfied,
and the system is kinematically indeterminate (2 = 1). The figure shows the construction of the
diagrams of rigid displacements of each body

1.11 Exercises on the Kinematics of 1-Dimensional Rigid
Bodies

Exercise 4. Analyze the kinematics of the body represented in Figure 1.13.

Remarks and solution. The body is in £2, embedded in &3, and occupies the
segment AB with length . Its position is in reference to a frame with origin in A and
axis x! containing the segment AB. The orthogonal axis is indicated by x?, so that
the frame is, in summary, {A,x', x*>}. In A, there is an ideal hinge—it is equivalent
to two independent simple translational constraints—while in B, there is a simple
pendulum inclined by & with respect to the axis x'. Hence we have n, = 3:

- constraint 1 at A = (0,0), along m = (1, 0),
- constraint 2 at A = (0,0), along m = (0, 1),
- constraint 3 at B = (a, 0), along m = (cosa, sina).
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Fig. 1.13 One-dimensional rigid body constrained by a hinge and a pendulum

The equation (1.6) applies to each constraint. Then, we can write (6p = 0)

cl
CZ

05
05

sina (c* 4+ @a) + ¢' cosa = 0,

which is
1 0 0 c! 0
0 1 0 2t =130¢. (1.14)
cosa sina asina ) | 0? 0
For the determinant of the coefficient matrix (detA = asina), we have two

prominent cases. When o # 0, the three constraints are independent, and ¢! =
c? = w3 = 0is the solution of (1.14): the body is kinematically isodeterminate, and
no rigid displacement is possible.

Conversely, if « = 0, we have

100 c! 0
010 2 p=130¢,
100 ? 0

1 2

which admits infinitely many solutions ¢! = ¢?> = 0 and arbitrary w3: the body
is kinematically indeterminate (2 = 1). The linearized rigid displacement is a
rotation about A (rotation center). A diagram of the vertical rigid displacements
(the horizontal ones vanish) appears in Figure 1.14. A more synthetic view can be
obtained by considering the rotation center. It must be at A, due to the hinge. At the
same time, it should belong to the straight line passing through B, inclined like the
pendulum; hence if @ # 0, a unique location for the rotation center does not exist,
and the body is kinematically isodeterminate, while when o = 0, the rotation center
coincides with A (the body is then labile).
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Fig. 1.14 The special case 2
a = 0; C is the rotation
center

! ra =0

L a L

. 3
Fig. 1.15 Rigid body 22
constrained by three vertical
pendulums
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Exercise 5. Analyze the kinematics of the body in Figure 1.15.

Remarks and solution. The body belongs to a plane in which it occupies the
segment ABD with length 24, and no out-of-plane displacement is considered. The
frame considered is the same as in the previous exercise, namely {A, xt, xz}. In A,
B, and D, there are three ideal simple constraints: pendulums with vertical axis.
Equation (1.6) reduces explicitly to the system

2 =0,
A+ wa=0,
&+ w2a =0,
which is
010 c! 0
01 a =40
01 2a w3 0

and admits infinitely many solutions (¢> = 0, @> = 0, and ¢! arbitrary). The body
is kinematically indeterminate (I = 1). In other words, although the constraints
would be sufficient in number not to allow the body to move, they are arranged in a
way that leaves horizontal translation free. The rotation center belongs to the three
vertical straight lines passing through A, B, and D.
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Fig. 1.16 One-dimensional rigid body constrained by two hinges

Exercise 6. Analyze the kinematics of the body in Figure 1.16.

Remarks and solution. The body occupies the segment AB with length /a2 + 2.
Its position is in reference to the frame {A, X!, xz}. In A and B there are two hinges,
whence n, = 4:

- constraint 1 at A = (0,0), along m = (1, 0),
- constraint 2 at A = (0,0), along m = (0, 1),
- constraint 3 at B = (a, /), along m = (1, 0),
- constraint 4 at B = (a, /), along m = (0, 1).

For each constraint, equation (1.6) can be written explicitly as

cl=0,
=0,
c'—wll=0,
A+ wa=0,
which is
100 1 0
c
010 » 0
c _
10—/ 3 0
w
01 a 0

and admits only the trivial solution because rank(A)= 3. There are more than three
well-placed simple constraints: the body is kinematically hyperdeterminate, and no
linearized rigid displacement is possible. The rotation center does not exist, because
it should be placed simultaneously at A and B. If we eliminate one constraint,
the body remains with three simple translational constraints, and A becomes a
3 x 3 matrix. Since detA # 0, we still have the trivial solution, and the body is
kinematically isodeterminate.
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Fig. 1.17 Labile rigid body 2

Exercise 7. Analyze the kinematics of the body in Figure 1.17.

Remarks and solution. The kinematics develops in the plane where the body has
three simple translational constraints applied at the points A, B, and D. With respect
to the reference frame indicated in the figure, we have

- constraint 1 at A = (0,0), along m = (1, 0),
- constraint 2 at B = (a, 0), along m = (0, 1),
- constraint 3 at D = (a, —a), along m = (0, 1).

Equation (1.6) reduces to the system
' =0,

A+ wa=0,
A+ wa=0,

or
100 c! 0
O0la 2 =30¢. (1.15)
0la w3 0

There are just two linearly independent equations. The body has one degree
of freedom (7 = 1), and the system (1.15) has infinitely many solutions, for
example p = (0, —aw?, ©*)T, with @ arbitrary. The body admits a linearized rigid
displacement, a rotation about C, a point with coordinates
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Fig. 1.18 Diagrams of 22
horizontal and vertical % a L
displacements of the body

coinciding with B. More synthetically, the center C must be placed on the horizontal
straight line crossing A and on the vertical straight line through D; hence C coincides
with B. Figure 1.18 shows the displacement diagrams.

Exercise 8. Analyze the kinematics of the body in Figure 1.19.

Remarks and solution. The body has a rotational constraint applied at A and a
translational one at B. The position of the body is in reference to the frame
{A, x!, xz} and we have

- constraint 1 at A = (0, 0), about the xX3-axis,
- constraint 2 at B = (a, 0), along m = (0, 1).

The kinematic conditions imposed by the constraints are then

=0,
A+ wa=0,

that we rewrite as

1
001 ;_0
0la o)
w

We have rank(A)=2, because there are two linearly independent equations. The
body has one degree of lability (I =1), and the system has infinitely many solutions,
(c',0,0)T, with ¢! arbitrary. The body admits horizontal translation. The rotation
center C is the improper point of the vertical direction. In fact, the simple pendulum
at B prescribes the center C on the vertical straight line through B, while the
constraint in A imposes the center C at an arbitrary point at infinity; the two
conditions are satisfied when C is the improper point of the vertical direction.
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Fig. 1.19 Labile rigid body

Fig. 1.20 Arch with three

hinges
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Exercise 9. Analyze the kinematics of the structure in Figure 1.20 in which x}, > 0

1 1
and x> Xg.

Remarks and solution. The structure is the so-called three-hinge arch. It includes
six simple translational constraints, four external and two internal. The position of
the bodies is in reference to the frame {A, x! ,xz}, where for the constraints in A, C,
and B (internal), we have respectively

- constraint 1 at A = (0, 0), along m = (1,0),
- constraint 2 at A = (0, 0), along m = (0, 1),

- constraint 3 at C = (x{.,x2), along m = (1,0),
- constraint 4 at C = (x(., x2), along m = (0, 1),
- constraint 5 at B = (x}, x3), along m = (1,0),
- constraint 6 at B = (x},x2), along m = (0, 1).

The kinematic conditions imposed by the six constraints are then

ie.,

c% =0,
ct =0,
c; —xzca)g =0,
c% + xlca)g =0,

1 1 2¢.3
¢ — ¢y — xp(w;

—a)23) =0,

d =3 +xh(w —w3) =0,
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100 0 0 O c! 0
01 0 0 0 O e 0
000 1 0—x2]|jw}|l O
00 0 0 1 xL af ]o
10—x2—-10 x3 c 0
01 x; 0 —1—x; w3 0

The determinant of the coefficient matrix is
XpXe — X¢X.

There are two cases. When the determinant is different from zero (the first case), the
structure is kinematically isodeterminate, and no rigid displacement is possible (the
six constraints eliminate exactly the six degrees of freedom). When the determinant
vanishes, the structure can exploit one of its six degrees of freedom (2 = 1), because
there are only five independent constraints. The lability condition is then

1.2 _ 1.2
XpXc = XcXp»

the case in which the three hinges fall into a line. An example is shown in
Figure 1.21, where xj = x3 = a and x;. = x2 = 2a. In this case, the previous
linear system admits infinitely many solutions, i.e., (0,0, —3, 2aw;, —2aw3, w3)",
with ; the rotation of the body /1. The absolute rotation centers of the two bodies
have coordinates (the relative rotation center is at B)

1 _ 2 _ 1 _ 2 _
Xe, =0, xe, =0, Xc, = 2a, X¢, = 2a.

If we consider an arbitrary small rotation of the body /I, we have the displacement
represented in Figure 1.22. The problem can be also analyzed by applying the flat-
link chain method, in particular the first theorem. The possible absolute rotation
center C; of the body I is located at A. Its counterpart C, for the body /I is at C.
Finally, the relative rotation center Cy, is at B. Since in the present case, the three
points are distinct, the structure is kinematically indeterminate if A, B, and C are
collinear; otherwise, it is isodeterminate.

Exercise 10. Analyze the kinematics of the structure in Figure 1.23.

Remarks and solution. The structure is composed by two bodies, indicated by / and
II and connected by the pendulum BC. There are two external and three internal
simple constraints (the glyph in D and the pendulum BC); 1, = 5, and the structure
has at least one degree of lability (1=1.

To have the possibility of a nonzero displacement, the rotation centers C;, C,,
and C, must be all on a straight line (first theorem of flat-link chains).
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Fig. 1.21 A kinematically
indeterminate structure with
three hinges

1

Fig. 1.22 Diagrams of possible linearized displacements

The rotation center C; is at B, the intersection of the lines r and s indicating the
axes of the carriages. The relative rotation center C;, is the improper point of the
vertical direction for the glyph at the point D and the pendulum BC. To satisfy the
alignment condition, the rotation center C, must be located on the line r. Hence,
the position of C, is indeterminate on the line r. We have then double lability
(I =2). Two independent linearized displacements can be obtained by fixing C,
at two arbitrary distinct points of the line r. Figure 1.24 shows two possible choices
for C,. In the first case, C, coincides with C; in the second case, C, is the improper
point of the vertical direction (a circumstance in which we have C; = Cy; # C;:
the body I is fixed and II may translate horizontally). The two independent rigid
mechanisms are depicted in Figure 1.24.
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Fig. 1.23 Kinematically !

indeterminate structure
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Fig. 1.24 Diagrams of the linearized displacements of two independent rigid mechanisms

Exercise 11. Analyze the kinematics of the structure in Figure 1.25.

Remarks and solution. The structure is composed of two bodies, / and II. There
are four external and two internal simple constraints: two carriages, a hinge (the
external constraints), and a glyph in B. We have n, = 6, which is the number of
pertinent degrees of freedom. The center C; of possible rotation of the body I is
the improper point of the vertical direction, because such a point is located on the
lines r and s indicating the axes of the carriages (Fig. 1.26). The rotation center C,
coincides with D. Finally, Cy; is the improper point of the vertical direction for the
glyph in B. Hence, the three points are collinear, and

C1 = C12 7é Cz.
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Fig. 1.25 Kinematically A I B C
indeterminate structure 7 =5 +
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Fig. 1.26 Diagrams of possible linearized displacements

In other words, there are six constraints, but only five are linearly independent;
in particular, the body /I is fixed, and [ translates horizontally. Figure 1.26 shows
the pertinent kinematics.

Exercise 12. Analyze the kinematics of the structure in Figure 1.27.

Remarks and solution. We have three bodies: I, II, and III (nine degrees of
freedom). There are six external simple constraints (two glyphs and a hinge) and
four internal simple constraints (two hinges): n, = 10. The centers C;, C;, C3, Ci2,
and C,3 of possible rotation are fixed by the constraints. Moreover, C;3 = C;: in
fact, Cy3 is on the line r (for having C;, Cs3, C;3 aligned) and on the line s (for the
alignment of C,, Cy3, and Cy3). Then we have

Ci,C,Cp v,
Ci,C3,Ci3 v,
C,C3,C3 v,

Ci2,Ci3,Cx3 v,
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Fig. 1.27 Kinematically hyperdeterminate structure

Fig. 1.28 Kinematically o I
impossible system O‘
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where the symbol ¢ indicates that the third alignment is not verified. Hence,
the structure does not admit any linearized displacement and is kinematically
hyperdeterminate.

Exercise 13. Analyze the kinematics of the two-body system with a structural
failure in Figure 1.28.

Remarks and solution. The structure involves n, = 7 simple constraints. At first,
we do not consider the carriage in B, so we think of a system with six simple
constraints and six degrees of freedom, in which the centers C;, C,, and Cj,
of possible rotation do not fall into line. Hence, the system is kinematically
isodeterminate, and no rigid displacement is possible. If we consider also the
constraint at B, we realize that the vertical displacement $ (the structural failure)
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is incompatible. Consequently, the system is kinematically impossible—we cannot
impose § at B if I and /I are rigid bodies.

Exercise 14. Analyze the kinematics of the structure in Figure 1.29.
Remarks and solution. A frame {E X!, xz} is considered as in the figure. The
structure has 15 degrees of freedom. They are collected in the vector

1 2 3 1 2 .3 1 2 3 1 2 3 1 2 3T
P = (c}.c1. 0],¢y,C5, @5, C3,C5, W3, Cy, Cy, Wy, C5,C5, W5) ",

where we have considered the numbering of the bodies in the figure. Also, there are
14 simple ideal constraints (at A and E four constraints, B involves three constraints,
etc.). If we label the constraints (for example, the four external and the ten internal in
sequence), the absolute and relative displacements that they prevent can be collected
in the vector

1 2 201 2 3 301 2 1 2 \T
(uy g, Ui, V3B, USe, Uppp, Uaps V13B, O3, V24D, Wiy, Usgps Usgys Uzsss Usss) s

where by v we have denoted displacements inclined at 45°. The kinematic condi-
tions imposed by the 14 constraints are then

cl=o0, cd =0,

c§+c§=0, c§+2aa)53 =0,
cl—ch=0, ct—c3=0,
c}—i—c%—cé—cgzo, a)f—a)g’zo,
c%—c%—c}t—i—cﬁzo, a)g—a)izo,

c%—cﬁ:O, c%+2aa)33—c}‘—2aa)i =0,
c%—cé:O, c%+2aa)§—cé—2aa)53 =0.

The matrix A of the coefficients is of dimension 14 x 15. Its rank is 13: the
structure has a double lability (2 = 2). Only 13 constraints are independent, and
two arbitrary linearized displacements are possible. With w = 0 and ¢z = —§,a
possible nontrivial solution is

(0,0,0,0,0,8/a,8,—8,0,—8,-8,8/a,0,-8,8/2a)".

Figure 1.30 shows the displacements of the bodies with the position of the centers
of rotation. The body / is fixed. With a); = §2 and cg = (0, another solution is

(0,0, $,0,0,$,0,0,5,0,0, §2,2a82,0,0)".
Figure 1.31 shows the displacements with the position of the centers of rotation. In

this second case, the bodies I to IV rotate around E as a single rigid body, while the
body V translates horizontally.
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Fig. 1.29 System of five rigid bodies

1.12 Changes in Volume and the Orientation-Preserving
Property

Homogeneous deformations (rigid-body displacements among them) are a very
specific—although important—case. In general, F' may change from place to place
and this is the setting that we primarily discuss here.

Consider a point x in B and take there three linearly independent vectors ey, e,, €3
constituting a parallelepiped in B with volume

V = (e1,ex X e3)ps = e1 - gea X e3),

where g is the metric selected in the reference configuration.

Given a deformation and the pertinent F, at the point y := y(x) we have another
three vectors generated by the action of F over the assigned triplet ey, e;, e3, namely
e; = Fey,ey = Fey,e3 = Fes. If we want to exclude from our description, the
collapse of finite-size portions of matter into a point, we have to impose

detF # 0. (1.16)
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Fig. 1.30 Diagrams of the first set of possible linearized displacements

In fact, if we take a vector e in B with nonzero modulus to map onto a vector e
also with nonzero modulus, the relation

e = Fe,
considered as an algebraic system linking the components of e in a given basis to
those of ¢ in another basis, implies that the condition (1.16) is necessary.
The three vectors ey, €;, 3 determine another parallelepiped with volume V,
given by
V.= (e1,ey x e3)gs = e1-g(ex x €3),

with g the metric in the ambient space where there is the deformed configuration.
We have

Va = (Fel,Fez X F€3)H§3 = (detF)V (117)
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Fig. 1.31 Diagrams of the second set of possible linearized displacements

To prove the last identity, we find it useful to select the orthonormal triplet
e, e;, e3, that is, the three vectors have components (1,0,0), (0,1,0), (0,0,1)
respectively. With these assumptions, we get

V, = epFAF,FLV = (det F)V,

because the determinant of F can be computed by the mixed product of the columns
of the matrix associated with F in some basis, that is, det F = F; - F, x F3, with
F; the ith column of F. The volume has its own algebraic sign: if we change the
orientation of e, or ez, the volume sign goes from plus to minus, and conversely
for e, or e3. The requirement that the deformation be orientation-preserving is then
tantamount to imposing that the algebraic sign of V be preserved in the transition to
V,. To satisfy the condition, it is necessary that

detF > 0,
which is a nonlinear constraint, the basic source of analytical difficulties in tackling

some boundary value problems involving finite strains. The relation between actual
and reference volumes, namely
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V, = (detF)V,
can be expressed in differential form:
dV, = (det F)dV.

By selecting the reference place as a setting in which we make the comparison
between the two volumes, from (1.17) we get

V,—

V—dt 1
=detF —1.
Vv

Hence 8y := det F — 1 represents the local relative volume change.

1.13 Changes in Oriented Areas: Nanson’s Formula

The relation (1.17) also allows us to establish how oriented areas change as a
consequence of the deformation. To this end, we write first the vector product e; x e3
in (1.17) as 7i*A,, with 72 a unit vector that is orthogonal to the parallelogram with
area A, determined by e, and e; and considered a surface oriented by the normal it
The same point of view is used for the product e, X e3 in the reference place, and
we write n*A for it, where A now indicates the area of the parallelogram determined
by e, and e3 and oriented by the unit normal n*. Using (1.17), we then have

Vo = (Fer, ii*Ad)gy = (e1. FTi"Ag)y, = (detF) (er,n"A), = (det F)V.
Hence, thanks to the arbitrariness of e;, we get
FTii*A, = (det F)n"A,
from which we obtain
A, = (det F)F "n*A, (1.18)

because det F > 0. However, we can also write
V, = (Fey.i"Au)g, = Fey - gii*A, = Fey - A,

where 7 is the covector associated with 72, namely 7 := gi*. Then, by taking into
account that (e;, n*A) = e - gn*A = | - nA, with n := gn*, we can write

Fe; -n"A, = (det F)e, - nA,
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which implies, thanks to the arbitrariness of ej, the relation
A, = (det F)F*nA. (1.19)

The difference between the formulas (1.18) and (1.19) rests essentially in the
way we consider the normal to a surface. The relation (1.18) applies when the
normal is considered a vector, that obtained by the vector product of two linearly
independent vectors spanning the tangent plane to the surface (recall that we are
considering it in three-dimensional Euclidean space) at a certain regularity point. In
contrast, in (1.19) we consider the normal to be a covector, i.e., the spatial derivative
of the function describing the surface, evaluated at the point under scrutiny. In
components, the relations (1.18) and (1.19) can be written respectively as

i"A, = (det F)(F")n"BA,
A, = (det F)(F")2nzA.

Previous formulas also apply when we consider both A, and A as infinitesimal
areas, denoting them in this case by da, and da, respectively. Then we can write

i*da, = (det F)F *n*da (1.20)
or
fida, = (det F)F *nda, (1.21)

depending on how we consider the normal. The latter point of view—the normal to
a surface at a point considered as a covector—is the one that we shall use later in
this book, unless otherwise specified.

Both expressions (1.20) and (1.21) are versions of what is commonly called
Nanson’s formula.

1.14 Finite Strains

Consider a vector w tangent to a smooth curve on 5 at a point x. When we impose
a deformation, w changes into w = Fw. In the transition from w to w, the vector w
is (at least in principle) stretched and rotated. The following theorem allows us to
distinguish between the two kinematic behaviors.

Theorem 15 (Polar decomposition theorem). Every linear operator G € Hom
(R™, R™) with det G # 0 admits the following decompositions, called left and right,
respectively:

G =RU = VR,
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with R an orthogonal linear operator,'' namely R € O(m), and U and V symmetric
linear operators, i.e., U,V € Sym(R™, R™). Both left and right decompositions are
unique. However, if det G > 0, we have R € SO(m).

We do not give a proof here, for one can be found in standard textbooks in
linear algebra. We simply apply the previous theorem to F and interpret the physical
meaning of left and right decompositions

F = RU = VR,

with R € SO(3) because det F > 0, as a consequence of the orientation-preserving
assumption. Since F € Hom™ (R, R3), the superscript + recalls the condition
det F > 0, we have to think of U and V as symmetric linear operators acting over
different, although isomorphic, spaces: U € Sym+ (R3 R, Ve Sym+ (]1@, H@).

In the case RU, we first strain the body. Then we change its location rigidly. By
writing VR, we mean that we are first applying a rigid displacement. That U and V
are associated with the strain can be seen by evaluating how a vector w tangent to a
generic curve in B at x changes its length when it is transformed into w = Fw as a
consequence of the deformation y.

Write w = [nand w = 771, with l,? € R, n and 7 unit vectors with respect to the
metrics g and g, respectively. The squared length of w is then given by

P=(ww =w-gw=>_Lg-n®n,
while the squared length of w reads
P=(@w=w-gw=0_8-1Qh.

We cannot compare them directly, because they belong to different spaces and are
written with respect to different frames. Hence, we must select a common geometric
setting to make the comparison. If we choose the reference place as the ambient
where we compare the two lengths above, we write

P=w-gw=Fw-3Fw=w-F*3Fw = Pn-F*3Fn = P(F*3F)-nQn,
expressing in this way 1 as a function of /. We define the second-rank tensor C as
C:=F*gF

and call it the right Cauchy—Green tensor. In components, we have

Cap = Fig;Fy.

R is said to be an orthogonal linear operator from R™ to itself, and we write R € O(m), when
R € Hom(R™,R™) and detR = +1 or —1. The set of orthogonal linear operators O(m) is a group.
Its subset SO(m), characterized by detR = +1, is a group as well. When R € SO(m), it describes
a rotation in R3. Otherwise, R represents a reflection.
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Since det F > 0 for the orientation-preserving condition and also detg > 0 by
the definition of a metric, C admits a positive determinant. Moreover, we have

C'=C"=(F"gF)" = F*'¢"F = F*gF = C,
i.e., C is symmetric. It is the pullback of the spatial metric g in the reference place,

and it is a new metric in B in this sense. The variation of length in transforming w
onto w is then given by

P?—P
12

=C-n®®n—g-n®®n=(C—g)-nQn.

We usually call the second-rank tensor E given by

Ei=1(C—g)
2
the strain tensor. It has the meaning of a difference of metrics and is
E = EABeA ® b ,

with
Esp = %(CAB — 8AB)-

The meaning of relative difference of metrics is attributed to the 1-contravariant,
1-covariant tensor

E:=¢'E,
which is
E= EgeA ® eB,
with
Ep= %(g_I)AC(CCB —8cp) = %(62 —83).

Hence, indicating by C the l-contravariant, 1-covariant version of the right
Cauchy—Green tensor, we write

~ 1 - -
E=—-(C-1D),
S(€=D
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where I is the 1-contravariant, 1-covariant identity tensor I = SQeA ® eP. The strain
tensor E is symmetric. In fact, we have

C=g'C=g 'F*3F = F'F,

so that CT = (FTF)T = FTF = C. Moreover, the identity I is symmetric, too. In
terms of the displacement field

= ux) =y—i(x) = yx) —i(x),

already defined, withi : €% — &3 the identification between the two copies of the
Euclidean space where we have considered reference and actual places, respectively,
the right Cauchy—Green tensor C becomes

C = F*F = (I + Du)*(I + Du),

where I = §'¢; ® €, so that
.1 ! R U T
E= E((I—i—Du) (I+Du)—1)= E(Du + Du”) + EDu Du, (1.22)

where Dt and D™ have, respectively, components (Die)y = 82 (Du)’ and (Du")3 =
(Du)}8%. In deriving the relation (1.22), we have exploited the identity

ITI = (gAB(ﬁégfjiSic)eA ® ec = 5283 ® ec = i
The transpose of I, namely IT = S?éi ® ey, changes Du into
Dljl = (DI:!A)CEA ® EC = (gABS;gij(DMj)C)eA ® ec.

By definition, in fact, the displacement u is a vector in the physical space &,
an element of its translation space that becomes R3 once we fix an origin of the
coordinate frame, while E is a tensor in the reference space. The premultiplication
of Du = (Du')s&; ® e* by I" = (g*85,g;)ea ® & implies the projection of u from
RR? to R. Also, the postmultiplication of DuT = (¢"®Dpifg;i)ea ® & by the identity
I = §ié; ® ¢* determines also the projection of u into R*. In other words, the
second-rank identity tensor I = §,&; ® ¢* is a shifter from R to R?.

The right-hand side of the relation (1.22) is commonly called the Almansi
tensor.

There are many possible measures of strain: functions of C vanishing when C is
the identity can in principle be adopted as strain measures.
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1—1
Write §; for the ratio 5 We have

6 =~2E-n®n+1-1,

or in components,

8=+ 2E pninf +1—1.

In particular, in the direction of the vector e4 of the basis at x we obtain

8, = V2Em +1—1.

Consider now two linearly independent vectors v and w tangent at x to different
smooth curves in B. When we impose a deformation, we find corresponding vectors
aty in B,, namely ¥ = Fv and w = Fw. The change in angle between the two
vectors is defined by

Yo = O — Uy,

in which « is the angle between v and w, and ¢, is the angle between v and w.
Hence, we compute

) Fv, F
(. w) — arccos (Fo. Fw)

Vv, v)y/(w, w) \/(FU,FU)\/(FW,FW).

In particular, if the two vectors at x are orthogonal, the change of angle is given by

Y = arccos

/4

Ya = E_aa-

Assign an orthogonal basis in a neighborhood of x € B. Let ¢4 and ep two vectors
of such a basis. Write a4 for the angle between the vectors Fes and Feg, obtained
after deformation, and y4p for the variation in angle y4p = % — aqp. We compute
(prove it as an exercise)

2EAB
VU F2Ex) (1 + 2Egs)

Yap = arcsin

Let A be the area of the parallelogram defined by two linearly independent
vectors v and w at the point x, and A, the area of the parallelogram defined by

a—

Fv and Fw at y. Write §4y,, for the ratio

. If we consider an orthogonal basis

at x, the change of area defined by the two vectors e4 and eg, namely 84, is
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Sap = \/(1 + 2Ep1) (1 + 2Epg) — 4 (Eap)” — 1.

The local relative volume change §y in terms of the Almansi tensor reads

Sy = y/detQE+1) — 1.

1.15 Small Strains

The condition
|Du| <1 (1.23)

defines the small-strain regime.

When the small-strain regime holds, we can confuse reference and actual shapes
without distinguishing them as subsets of different (although isomorphic) spaces.
Hence, in the small-strain regime, we shall write just x for the space variables, and
we shall not distinguish between upper- and lowercase indices, using just the latter.
No distinction is also made, in this setting, between the reference metric g and the
actual one g, and we shall write g = g;;¢' ® ¢/ by adopting the convention on indices
just mentioned.

1
Under the condition (1.23), we can neglect the term EDuTDu in the expression

of E, since it is of higher order with respect to |Du|, so that we can approximate
E by
E ~ —(Du + Du").

Here we have written Du instead of Du, because in the small-strain regime, we
confuse reference and current configurations, so that we avoid the use of the shifter
I =68 Qe.

We indicate by & the symmetric part of Du, namely

1
§:= E(Du + Du") = Sym(Du),
while by &, we denote its fully covariant version

& = Sym(gDu),

so that & = g;¢’ ® ¢/, with the generic component ¢;; given by
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1
&jj = E(ui‘j + uji),

where u; := gijuf is the ith component of the covector field u” = gu, and the comma
indicates the derivative with respect to the coordinate corresponding to the index to
the right of the comma; in other words, u;; is the ijth component of gDu, assuming g
constant in space. When {O, x!, X2, x3} is orthogonal, we omit the superscript b that
indicates the action of g, and we have simply u; = J;1¢/. The matrix associated with
& with respect to an orthonormal frame {O, X X2, x3} is given by

[e4]

% 1 ouy ouy l duy dus
o1 2\ T ) 2\ae T
. l ouy duy % l ouy ous (1.24)
“l2\ge T ox2 2o T
l ouy dus l duy dus %
2\ T ) 258 T o

The tensor ¢ is what is commonly called a small-strain tensor.
Consider a point x and a unit vector s. The relative variation in length along s in
the small-strain regime is given by

Si=¢e-(s®s) = sijsisi.

In particular, with reference to the coordinate system {O,x',x?, x*} introduced
ou

1 . .
above, the term &;; = E represents the elongation §; along the x'-axis. An
X

analogous meaning can be attributed to the other terms on the principal diagonal,

. 3142 31/!3 . . . . . .

ie., ﬁ and F Hence, if we imagine an infinitesimal cube centered at the point
X X

x with edges corresponding to the three coordinate axes, the relative variation in

volume in the small-strain regime, indicated by Jy, is given by the trace of &, namely

ou; Oup  Ous

Sy =tre=¢;1+en+e3=—+ — + —
BT T a2 T a3

= div u. (1.25)

The result can be obtained formally from what we have already found in the
finite-strain regime. Under the regularity assumptions for the deformation given at
the beginning of these notes, the determinant of F admits the expansion

det F = det(I + Du) = 1 + tr& + o(|Dul).
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Fig. 1.32 Angle variation in
the small-strain regime

Y2 = a1 a2
Y12 =2¢e1p =2e9

By neglecting leading-order terms, as allowed by the condition |Du| < 1, and
lowering the first index of & by multiplying & from the left by the metric, we obtain
once again (1.25), since det F — 1 represents the volume variation in the finite-strain
setting.

Off-diagonal terms in (1.24) have the meaning of angle variation. Precisely,

1
3 (% %) describes half the angle variation between the x' and x* axes;
X X
see Figure 1.32.
The sums

81/{1 8142
W
dur | Yz
oxt  oxd’
8142 8u3
PR

represent the area variations over the coordinate planes xaZ, 13, a3, respectively,

in the case of the small-strain regime.
Exercise 16. Linearize the finite-strain area variation.

We have determined ¢ so far from the knowledge of the displacement field
x — u(x). In experiments, however, we are often able to evaluate the elongations
along three independent directions and the angle variations among them at numerous
points. Let us suppose—it is an idealization—that we have a field of these measures,
namely a map x —> &(x) € Sym(R3, R?) assigning to every x a symmetric tensor
¢. The problem now is to evaluate whether there is a displacement field x —> u(x)
such that the associated strain field matches the assigned one. In this case, we say
that the strain € is compatible. Formally, such a requirement is tantamount to asking
for conditions of integrability of

1
&ij = E(uu + u;)
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considered as a system of linear partial differential equations in the unknowns u;,
and with data g;;. Let us assume, in fact, that once we know &(:), it is true that

1
e = 5(Dub + (Du)7),

where Du’ = gDu = D(gu), since we assume g to be constant. When the assigned
field x —> (x) € Sym(R?, R?) is of class C*(83), we may evaluate its curl twice.
We compute

1 1

curl e = Ecurl (Du’ + (Du)*) = E(curl Du’ + curl (Du”)T)

1 b 1 b
= —(0 + Dcurl v’) = =Dcurl «’,

2 2

so that
1 b
curl curl ¢ = —curl Dcurl u” = 0,

because curl D(-) vanishes. The condition
curl curl ¢ = 0,

in components

Eijnk t Enkij = Eikhj T Enjik

is a compatibility condition for the strain field &(-) and is necessary under the
assumed regularity assumptions. The compatibility is also sufficient when B is
simply connected (rigorous proofs can be found in treatises on the integration of
differential forms).

The analysis of compatibility conditions is formally simpler in the finite-strain
regime when a differentiable field x — F(x) is assigned. In fact, since F = I + Du,
we just need to have

curl F =0,

to ensure the existence of a displacement field determining F' point by point.
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1.16 Finite Elongation of Curves and Variations of Angles

Consider a continuous and continuously differentiable map ¢ : [0,]] — B, 1 > 0,
defining a curve on the reference place. Its length I(¢) is given by

1
(g) = A /()] ds.

where the prime denotes differentiation with respect to s, so that ¢’(s) is the tangent
to the curve at the point ¢(s). When we impose a deformation y : B —> &3, we
have over the deformed shape B, = y(B) another curve defined by the map ¢ :=

d
yog :[0,]] — ¥(B). The vector ¢’(s) = d—j}((p(s)) is then the tangent to the new
S

curve on B, at the point y(¢(s)) and is, by the chain rule, ¢’(s) = F¢'(s). The length
of the deformed curve is

[
1) = /0 17/(s)] ds.

Polar decomposition allows us to write

17'(5)] = (@(5).6'(5))* = (Fo/(5). Fo/(5))* = (RU(5). RUG/(s))"

= (Ug(5). Up' ()" = |Ug/(s)

’

so that

1
1@ = [ |vg'o)]as
0
and the variation in length §/, namely

512 1@~ o)

l(p)
is given by
!
/ |U¢’(s)|ds
0
7
[ leolas
0

and it depends only on U. When U is the identity, the deformation from ¢ to ¢ is
just a rigid-body change of place.

8l = -1,
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Consider now two such curves, say ¢; and ¢, crossing a point: ¢;(5) = @,(s),
5 € [0,/]. The angle o between the two tangent vectors ¢ (5) and ¢ (5) satisfies the
relation

(¢ (), 05 (3))

COS =
“ T @06

By imposing a deformation y on B, we determine on the current shape B, two
new curves ¢; = yog; and ¢, = yo, meeting at the image of the original crossing
point, namely

P1(5) = @2(5).

The two tangent vectors ¢ (5) and @5 (5) then form an angle & such that

__ (91®.9,6)) _ (Ug( (). Ups(3))

SU = 5o o = v - (1.26)
‘901(5)’ “Pz(s)’ ’U§01(S)‘ |U902(s)’

CO

Hence, the variation in the angle y, := « — @ depends only on U.

1.17 Deviatoric Strain

The small strain ¢ can be naturally decomposed additively into spheric and
deviatoric components, indicated respectively by &* and &?:

e=¢ + &%,
where
C= el
&= —(tre)l,
3
with I the second-rank identity tensor, and
d 1
e i =¢e— =(tre)l.
3
An immediate consequence of the definition of & is
tre? = 0,

which specifies that e/ describes just the isochoric strain—the shape changes, but
the volume remains invariant.
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When the strain is large, a multiplicative (rather than additive) decomposition of
F emerges. Define first

F:= (detF) 3F.
Here F is the spatial derivative of an isochoric deformation. In fact, we get'?

- det F’
detF = =1
det F

Hence, we can write the decomposition
F=FF o F=FF
with
Fi= (detF)s1,

where I is once again the second-rank identity tensor. Using F, we can also define a
version of the Cauchy—Green tensor C not accounting for volume changes. It reads

C:=F'F = (detF)"3C = (detF) i F'F.
In components, we get

Ch = (det F) 3 (F)F,.
By direct computation, we obtain

detC =1,

which confirms that C does not account for volume changes.

1.18 Motions

Motions are time-parameterized families of deformations

)~1 : B x (l(),tl) e 53,

12For every n X n real matrix M and real number B, the identity det BM = 8" det M holds.
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which have the already discussed properties with respect to space and are at least
two times piecewise differentiable with respect to time z € (#y, ;). The vector

d
(.0 = 23000

is the velocity at the instant ¢ of a material point y = y(x,t) that was at x in its
reference place. Hence, we have the field

(x, 1) —> y(x,1) € R3,

which is the so-called Lagrangian description of the velocity. More precisely, y is
a tangent vector to B, at y = y(x, t); formally, y € T,8,. We can also imagine the
velocity as a vector attached at y at the instant ¢, irrespective of the reference place
x. In this way, we have the field

(. 1) —> v(y, 1) € R?,

which is the so-called Eulerian description of the velocity. Once again, we have
v € T,5,, and above all,

y=v. (1.27)

The Eulerian and Lagrangian velocities coincide. The same statement does not hold
for the acceleration, for which we have, in Lagrangian description,

2

Y
y(xs t) = Ey(xvt)v

while in the Eulerian representation, we write a for the acceleration at y and ¢,
defined by

a_v
ot

v

+ (D)=

d
a(y,t) := Ef}(x, 1) = + (Dyv)v,

v
where % is computed by holding y fixed. Then we obtain

y#a

Since y = y(x, t), we can compute the derivative of v with respect to x, obtaining
by the chain rule,

Dv(y(x,t),t) = DyvDy = DyvF,
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where Dy is the derivative with respect to y, while D is the derivative with respect
to x, as adopted so far. However, due to the identity (1.27), we have Dv = Dy = F
and F = D,vF, which implies

Dy = FF™!
and

tr(FF~') = tr(Dyv) = div v.

1.19 Exercises and Supplementary Remarks

Exercise 17. Calculate the length variation of segments by taking B, as a geomet-
ric environment where we compare lengths, volumes, areas. Write such a variation
in terms of the so-called left Cauchy-Green tensor, denoted by B and defined by
B:= FFTwithB = Bje; ® & = (Fy(F")})e; ® &.

Suggestion. Write [ as a function of 1 by exploiting the relation w = F~!yp, with
we T Bandw € T,B,.

Exercise 18. Show that the second-rank tensor A := Bg™!, with components A’ =

E}gjk, is the pushforward in the current shape B, of the inverse referential metric

g~ and that the second-rank tensor A= 2B, with components Ay = gk,(]B—l)jf,
is the pushforward of the material metric g in B,,.

Suggestion. Use the relation FT = g~! F*g and its counterpart F* = g~ F~*g.

Exercise 19. Express the components of & in a spherical coordinate frame
{O,r, 0,9}, with r the radius from the origin O and in a cylindrical frame
{O,1,0,z7}.

Suggestion. Recall that for spherical coordinates, we have x! = rcos ¥ sing, x*> =

rsin® sing, x> = rcos ¢, while the cylindrical system is defined by x' = 7cos ¥,

X =rsind, X} =z

Exercise 20. Prove formally that the off-diagonal terms in (1.24) describe angle
1 (8141 8142

variation. Precisely, 7\ 52 + F) represents half the angle variation between
X X

the x' and x* axes (Fig. 1.32).
Suggestion. Write (1.26) in terms of u and linearize the resulting expression.

In the subsequent exercises in this section, we identify R3 with its dual R** and
denote components just by covariant indices—in this way, we refer essentially to a
flat metric. The choice is simply for notational convenience. There will be, in fact,
some powers of the coordinates, so that we find it convenient to write, e.g., xi2 instead
of (x')2.
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Exercise 21. Consider a prism obtained by translating a compact open subset §2 of
a plane in E3 along an interval (0, ) of an axis orthogonal to the plane containing 2
and crossing it at the barycenter. The boundary of the prism closure is 382 x [0, ] U
2 x {0} U 2 x {I}. Assume that the prism is rather slender, that is, diam 2 < .
Take an orthogonal frame of reference {O, x1, x5, x3} with origin at the barycenter
of the set §2 x {0}, the x3-axis coinciding with the prism axis itself, and x| and x,
corresponding to S2. Consider a displacement field having in the frame selected the
following components:

up = —vaxyxp,
2 2
Uupy=—al|——v——1_,
2 2
Uz = axaxz,

where v and a are positive constants. Find the components of € and interpret their
physical meaning.
Exercise 22. For the body described in the previous exercise, consider a displace-

ment field having in the frame selected the following components:

up = —U0xpx3,
U = 19X1X3,
uz = w(xi,x2),

where ¥ is a positive constant and w(xy,x) a differentiable function. Find ¢ and
interpret the physical meaning of the deformation produced.

Exercise 23. For the body considered in the two previous exercises, consider a
displacement field having the following components in the frame selected:

u = C (—Vxle)C3) s

_ 13 + X3lz xg VX3 ()C% —x%)
LEANTIT T T 2 ’
P—x3 2 2
us = C| ((p (X],Xz) — 2X3.X2 — —g vxg VXZ]XZ) N

where c1 and v are positive constants, and ¢(x1,x) is a differentiable function. Find
& and interpret the physical meaning of the deformation produced.

Exercise 24. Along the prism considered above assign a field x —> &(x) with
0 0 €13

[ei] 12 x) =1 0 0 ex ],
3 &3 0
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1 /0 1/0
where €13 = 3 (a—r: —0xy + axgxl), &3 = 3 (8—;; + 9x + c_lxgxz), w(-) is a

smooth function of x| and x, O > 0, a and a are constants. Find values of a and a
ensuring that the strain field x —> &(x) is compatible.

Suggestion. Calculate the second derivative of ¢ and determine a and a satisfying
Eijnk + Enkij = Eikyj + Enjik-

Exercise 25. In three-dimensional space, consider a point xo, a vector ¢ € R3 with
unit length, and a displacement field

u:=1ikx)=@w-—1)(c-(x—xp))c,

where v > 0 (consider a flat metric). Find the finite-strain change in volume around
the point xy and the small-strain change.

Suggestion. Since we have considered a flat metric, we have identified ¢ with it dual
counterpart ¢”. Consider then that det F = det(Du + I). The rest is a matter of direct
calculation.

Exercise 26. In three-dimensional space and fixing an orthogonal frame of refer-
ence, consider a deformation given by

yi(x) = kx —/_fxz -1,
2(x) = kxy + kxy,
y3(x) = 2x3,

withk, k > 0, x = (x1,x2,x3). Find F, C, R, U, where the last two second-rank
tensors are the factors of the left polar decomposition of F.

Suggestion. An algorithm to calculate R and U goes as follows:

1. Construct C and evaluate its eigenvalues A; and the associated eigenvectors
(called also proper vectors) T;.

2. Collect the square roots of eigenvalues in a diagonal matrix A := diag (J)T,)
Denote by T the matrix having as columns the eigenvectors 7;, namely 7 = (7;).
By the definition of eigenvalues, we have A = TCT". Also, since C = UTU =
U?, we have U = TA2TT.

3. R follows from the polar decomposition: R = FU™!.

The eigenvalues of C are called principal stretches, while the eigenvectors are
called principal stretch directions. In three dimensions, the principal stretches are
solutions of the algebraic equation

A3 —11/12 + LA -1 =0,

where I, I, and I3 are the principal invariants of C, and B = FF". They are
given by
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I =trC=trB,

1
L, = 3 ((tr C)? —trCz) =
I; = det C = detB.

% ((trIB%)2 - tr]B%z) ,

Exercise 27. Consider a deformation involving only a simple shear:

yi(x) = xi,
y2(x) = x2 + kxp,
y3(x) = x3,

with k > 0. Find the principal stretches.

Exercise 28. Consider the cylinder represented in Figure 1.33 with the reference
frame {O, x1, X3, x3}. Its radius is r, the height r/ /2. Consider a displacement field
with components

— 2
uy = kx3x2,
2
Uy = —kx3x1,
uz = kx%,

where k is a positive constant. Check that the resulting deformation is orientation-
preserving and evaluate k so that the elongation of the segment OA (point A has
coordinates (r/~/2,r/ N2, r/~/2)) is equal to 0.021y in the small-strain regime, with
Iy = r~/3/ /2 the initial length of OA.

Remarks and solution. Fromy = u + x, we get

yi = kx3x + xi,
Yo = —kx3xi + xa,
y3 = kx3 + x3.

As a consequence, F' has components listed in the following matrix:
1 kx% 2]063)62

—kx% 1 —ZkX3X1 s
0 0 1+ 3kd

and

det F = 1 + 3kx3 + k°x3 + 3k°x5
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Fig. 1.33 Cylinder

is positive at all points of the cylinder, and the deformation is orientation-preserving.
Find e. With n unit vector orienting the segment OA from O to A, the variation in
length §; at a generic point of OA along n defined by n; = ny = ny = 1/+/3 is

k(2xox3 — 2x1x3 + 3x§)
3 .

81 = &jning =

By parameterizing the segmentO_Aby X| =8,X =8X3=25,5 € [0, r/ﬁ], we
have

"IV j(2xxs — 23105 + 332) k3
Sloa = \/3/ 23 13 3 ds = P,
OA o 3 6\/5

Finally, the data prescribe
8loa = 0.021,

so that we must have

12
k= ——.
10072
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Fig. 1.34 Parallelepiped \ T3

Exercise 29. Consider the body in Figure 1.34, with the reference frame
{0, x1,x2, x3}. Take a displacement field having the following components:

_ 1 3)6? n 2)6%
"Eie\e T )

1 (2
”2_103 1)

uz = (3x3) .

103
Calculate the volume variation 8V in the small-strain regime.

Remarks and solution. We see that

Sy =tre =

oup  dup  duz 1 9xf 4x; 4dxy
0x dx,  Ox3 103 )

By integrating over the parallelepiped, we get

21
9)(?1 4x; 4dxp 21 ,
23 dndodn = —— PP
103///( +z+)x1x2x3 500

The body increases its volume.
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Exercise 30. Consider the cube of side I, represented in Figure 1.35, and the refer-
ence frame {0, x1, x3, x3}. Take a displacement field with the following components:

3

u = m(x% — 2)6% + x%),
3

U = M(fo —x3 —3x3),
3

uy = ——(2x3 + 2x3).

400!

Find the variation in area of the lateral surface of the cube.

Remarks and solution. In the small-strain regime, the specific changes of area
parallel to the cube faces are

o 8u2 8u3 _ 8u1 8u3 _ 8141 Buz
8uy = (8_x2+8_x3)’ 8apy = (8_)61—'—8_)63)’ 8ap, = (8_m+8_)cz)

Considering the cube faces 1 to 6, we have

3
SAI = m(-Z)CZ + 4)C3),

3
O, = m(—zxz + 4x3),

3
8,43 = m(le =+ 4X3),

3
Say = —— (201 + 4x3),
A4 4001( X1 + 4x3)

3
8A5 = m(le — 2)62),

3
= —(2)61 — 2)C2),

8
A6 4001

so that

3 1 1 ! 1
8Ajy = —— f f (4x3 — 2x7) dxrdxs + / / (2x1 + 4x3) dx1dxs3
200! 0o Jo 0 JO

L pl
3
+/ /(2)(1 —2)(?2)d)€1d)€2 = —lz,
o Jo 50

a positive value: the body increases its lateral surface area in the deformation.
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Fig. 1.35 Cube A3

T1

Exercise 31. Consider the cube represented in Figure 1.36, and the reference frame
{0, x1, x2, x3}. Take a displacement field having in the frame selected the following
components:

Uy = m@x? + x% — X1X3),
1

Uy = m(—x% + x1x2 + x%),
1

Uz = (2x§ + x1x3 — 3x§).

1031
In the small-strain regime, find the point at which the local relative change in volume

Sy is maximum.

Remarks and solution. In the small-strain regime, the volume variation is given by

1
Sy =tre = m (8x; —2xp + 3x3) .

11

Its maximum occurs at P,, = (1,0, [), where 6 = TR

Exercise 32. At a point of a body and with reference to a local and orthogonal
frame {O,x1,x,x3}, the components of the small-strain tensor are constant and
given by

2 1 0
[e5]=1071 1 3
0 3 2

Find the ratio between the elongation in direction n and that along m if

ny = l/ﬁ,nz = l/ﬁ,m =0andm; =0,m; = l/ﬁ,m3 = 1/«/5



1.19 Exercises and Supplementary Remarks 61

Fig. 1.36 Cube
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Their ratio is then 5

Exercise 33. Consider the cube with side | and a reference frame {O, x|, x2, X3} as
in Figure 1.37. Take a displacement field having the following components:

2
uy = kx3x2,
2
Uy = —kx3x1,
uz = kx;,
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Fig. 1.37 Cube T3

with k a positive constant. Find the components of € and E. Calculate the length,
angle, area, and volume variations at A along the coordinate axes and planes in

the two cases and compare the volume variation 8V .. in the cases k = nd
1

k —_ W.

Remarks and solution. The deformation gradient F has components (see

Exercise 28)

1
102 ¢

1 kx% 2]063)62
—kx% 1 —ZkX3X1 s
0 0 1+ 3kd

and
det F = 1+ 3kx3 + kx5 + 3k°x$

is positive at all points of the cube, so that the deformation is orientation-preserving.
As regards the components of the small-strain tensor, we get

0 0 X2X3
[Sij] =k 0 0 —X1X3
XoX3  —X1X3 3x§

At A with coordinates (/, [, [), € becomes
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o o0 P
[ei]A)=k[0 0o =P
Po—P 37

Hence, at A, the variations of length §; and angles y;;, i # j, in the axis directions,
and areas 8, on the coordinate planes and the volume variation 8y are given by

8§, =0, 8§, =0, 81, = 3kI%,
v12 =0, Y13 = 2kI%, Y23 = —2kI%,
8, =0, Sa;, = 3k2, 8,y = 3kI%,
Sy = 3kI%.

Finally, the variation of volume of the cube is
I pl gl
8V eupe = / / / (3kx3) dxdxadxs = k.
0 Jo Jo
Let us consider finite strain. In terms of the displacement, we have

1
Exp = E(MA'B + UupaA + uK,A”K,B)a

which is, in the case treated here,

[Eag]
k2 4
% 0 kxoxs + klexg
k2x§ 2. .3
= 0 T —kx1x3 + k X2X3 s
k2 (6 + 9%kx2
kxoxs + kK*xixy —kxixs + k2xox w + 26232 (2 4 12)
so that at A,
K2
— 0 kP + k21
2 K2
[Eas] (A) = - —kI2 + K21

17
kP + K2 —kP2 + KA 3k + 71«214
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The variations in length of a segment of unit length in the direction of the coordinate
axes are given by

S, =VI+RE—1, 8§, =VI+KF—1, 8, =1+ 6kP2+ 17K — 1.

The angle variations of the coordinate axes are

yi2 = 0,
2KE + K21
(«/1 n k214) (Jl TR T 17k214)

Y13 = arcsin

2~k + K21%)
(\/1 ¥ k214) (Jl 62 + 17k214)

Y23 = arcsin

The area variations on the coordinate planes are given by

Sa,, = K14,

Sary = V(1 + K2 (1 + 6kI2 + 1TK21%) — d(k2 + K214)2 — 1,

8y = V(1 + K1) (1 + 6k + 17K21*) — A(—kI2 + K214)2 — 1.

The volume variation in a neighborhood of a point is §y = 3kx3 + k*x3 + 3k°x§
(at A itis §y = 3ki> + k*I* + 3k1°). The total volume variation 8§V, is then

o 20330
8V ube = / / f (3kx3 + K25 + 3K°x3) dxydxadxs = kI° + — + )
0 Jo Jo 5 7
1 1 . .
Let us assume that k = —— and k = ——. In the small-strain regime, we get
102 1002
P P
Svcube = L = 0~ll37 8chbe = —— = 00113,
10 100

while when the strain is finite, we have

717 70143

Veupe = —— 12 2 0.1024P, 8V epe = P~ 0.010028.
7000 7-10°
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1.20 Further exercises

Exercise 34. Analyze the kinematics of the rigid body in Figure 1.38 and draw the
diagrams of the displacements.

Some elements of the solution: The body is kinematically indeterminate (2 = 1),

x¢ = a, x5 = a, C = center of rotation.

Exercise 35. Analyze the kinematics of the structure of three rigid bodies in
Figure 1.39 and draw the diagrams of the displacements.

Some elements of the solution: The structure is geometrically indeterminate
(2 = 1); the three bodies behave as a single rigid body rotating around the point
C, which is the intersection of the straight lines passing through A and D with
directions parallel to the axes of the pendulums.

Exercise 36. Analyze the kinematics of the structure in Figure 1.40 and draw the
diagrams of the displacements.

Some elements of the solution: The structure is geometrically indeterminate
(I = 1); the body III does not displace; the body /I translates horizontally; the
body I rotates around to hinge at A.

Exercise 37. Analyze the kinematics of the structure in Figure 1.41 and draw the
diagrams of the displacements.

Some elements of the solution: The structure is geometrically indeterminate
(I = 1); the two bodies translate vertically as a single rigid body.

Exercise 38. Analyze the kinematics of the structure in Figure 1.42 and draw the
diagrams of the displacements.

Fig. 1.38 Kinematically 22
indeterminate
one-dimensional rigid body
in the plane
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Fig. 1.39 Kinematically
indeterminate planar system
of three one-dimensional

rigid bodies s
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Fig. 1.40 Kinematically B C
indeterminate planar system O ~
Vi 0O
1 m a
A D
a
* +*
Fig. 1.41 Kinematically a A B C ‘
indeterminate planar structure §o\ ‘
- a K a -
Fig. 1.42 Kinematically B
indeterminate planar structure § A I ¢ 7 C
o
a a

Some elements of the solution: The structure is geometrically indeterminate
(I =1); the body I rotates around the hinge at A; the body II rotates around
the hinge at C with the same angle magnitude as that for body I but of opposite
sign.

Exercise 39. Analyze the kinematics of the planar structure consisting of four one-
dimensional rigid bodies as shown in Figure 1.43 and draw the diagrams of the
displacements.

Some elements of the solution: The structure is geometrically indeterminate and
admits two types of possible mechanisms (I = 2). In the first possible kinematics,
the body I does not displace, while 1, /II, and IV translate horizontally as a single
rigid body. In the second mechanism, the bodies /I and /V do not displace, while /
rotates around the point A, and /I rotates through the same angle around the point B.
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Fig. 1.43 Kinematically indeterminate planar structure consisting of four one-dimensional rigid

bodies



Chapter 2
Observers

2.1 A Definition

An observer is a representation of (that is, the assignment of reference frames to)
all geometric environments necessary to describe the morphology of a body and its
motion.

This definition extends the standard one, which foresees the assignment of
reference frames just in the ambient physical space. It is worth recalling, however,
that in traditional treatments, there is no distinction between the space including
the reference place and the one in which we evaluate the body shapes considered
deformed. We accept, in contrast, such a distinction here for reasons, which will
become evident in this chapter, related to changes in observers, and for other
technical reasons appearing in the evaluation of minimizers in nonlinear elasticity
and related to energy variations about them—a topic going, however, rather far from
the introductory character of this book.

The word “all” in the definition suggests a way of considering observers in
refined descriptions of the morphology of bodies aiming to represent the finer
architecture of the matter in the aspects that appear (or that we believe are)
sometimes crucial in the phenomena under consideration. In these cases, another
space enters the scene: the one in which we select appropriate additional descriptors
of the material morphology at various spatial scales. We do not go into details here.
A special case of what we have just mentioned is, however, developed with a number
of details in Chapter 8: it is the construction of the so-called direct models of beams
or rods. We remark that it is a special case because the general setting includes in
a unified view the available models of materials with prominent microstructural
effects on the gross behavior such as ferroelectrics, quasicrystals, microcracked
bodies, and polymeric materials. However, for the moment and to maintain the
introductory character of this book, we focus attention on only the ambient physical

© Springer Science+Business Media New York 2015 69
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space, the one including the reference place, and the time interval for the description
of the body morphology adopted so far is based solely on the recognition of the
regions in the three-dimensional point space that bodies may occupy.

2.2 Classes of Changes in Observers

When we alter in some specific way frames (i.e., coordinate systems) in the spaces
where we describe the body morphology and its evolution in time, we are defining
classes of changes in observers. We have many options. However, since the space
where we place current shapes of bodies is the Euclidean one, it is natural to think
of changes in observers determined by time-parameterized families of isometries,
in particular those maintaining the orientation of frames. Translations and rotations
can be, in fact, defined in the three-dimensional point space adopted so far, since
they can be assigned together in the n-dimensional case with n > 1, because the
one-dimensional space admits only translations.

In speaking of changes in observers, it is commonly required that all observers
be able to evaluate the same reference place. Such a requirement forces us to
distinguish between the space containing the reference place and the one in which
we include the body shapes considered deformed. In fact, if reference and deformed
shapes were to be described in the same space, since a change in observer alters
frames in the whole space, two observers, i.e., two different frames, would in general
evaluate different reference places. Such a circumstance would be in contrast to
the standard requirement of an invariant reference place, at least in the absence of
material irreversible mutations, a case not treated here.

According to traditional instances, we define classical changes in observers to
be those changes

1. that leave invariant the reference place (then the reference space),

2. that are synchronous,

3. that alter by means of translations and rotations the (physical) space in which we
record motions.

Let O and O’ be two observers, i.e., two classes of frames. At time ¢, the observer
O records an actual place y for a certain material element, which is in a place y’ for
the observer O'. If O and O’ are connected in time by classical changes as defined
above, then y and y’ satisfy the relation

Y =w(t) + () (y — o). 2.1)

involving the values of smooth functions ¢ —> w(z) € £ and 1 —> Q(1) € SO(3),
and an arbitrary fixed point yy. By differentiation, we get

V' =W+ 00 —y) + 0. (2.2)
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The vector y can be pulled back from O to O by means of the inverse of Q,
namely QF, and the projection into O is indicated here by y* and given by

v =0%. (2.3)

To accept such a relation, consider two points y; and y,, as evaluated by O, and
their counterparts y| and y; in O’ given by (2. 1). Their differences ¥ =y, and y; —y,
are elements of the translation space V over £°. V is an affine vector space, which
reduces to R* once the origin of a coordinate system is fixed. The vectors y| — )
and y; — y; are connected by the relation

Yi =, =001 — ).

which follows from (2.1) by direct calculation. The result justifies immediately the
relation (2.3).
For y*, we get

¥* = e + () x (v = yo) + 3. 24

where ¢(r) and ¢(7) belong to R3. In fact, by premultiplication by QF, from (2.3) we
get first

¥ =0 = 0" + Q"0 — yo) +

Since by definition Q7Q = I, with I the second-rank identity tensor ] = Sie;- e,
by time differentiation we obtain

0'0+ Q"0 =0,
or better,
Q"0 =—-(Q"0)".

a relation declaring that the second-rank tensor 070, with components Q}(ij, is

skew-symmetric, so that for every vector a € ]f@, there exists a vector g € R3 such
that (QTQ)a = ¢ x a. In the common geometric jargon, ¢ is called the axial vector

of Q7.

Since y(x,f) is equal to v(y,t)—the equivalence between Lagrangian and
Eulerian representations of the velocity, y and v respectively, was discussed in the
previous chapter—we can substitute y* with v* and y with v in (2.4), obtaining its
equivalent relation in the Eulerian representation:

vt =) +q() x (v —yo) + v. (25)
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The vectors ¢ and g represent the translational (c¢) and rotational (g) velocities at
which O realizes that O’ is flowing away.

In summary, we affirm that the classical changes in observers just defined are
changes of frames (then of coordinates) in the ambient space &3 determined by the
action of the Eulerian group.'

2.3 Objectivity

Consider a linear map G from R? to R?, namely G € Hom(R?, R?). Take a vector
v € R? and its image Gv, a vector with components G’v’ Under classical changes
in observers, the vector v becomes v/ = Qu accordrng to (2.3). Define G’ as the
element of Hom(R3, [R3) such that

0(Gv) = G'(Qv).
By premultiplication by QT = 0!, we get
= 0GO", (2.6)

thanks to the arbitrariness of v. In components, the previous expression can be
written as

Gi' = Q/GH(Q").

where the indices i, j refer to the coordinates before the change in observer, while
h, k denote coordinates thereafter. By acting from the left, 0 € SO(3) projects
the vectorial component of G, the one indicated by the contravariant index of G,
in the frame of the second observer. The action of QT from the right in (2.6)
projects the covariant component of G into the frame defining the second observer.
The procedure can be extended to tensors of arbitrary rank (p, g) over the ambient
space. Let G be such a tensor with components G Under classical changes in

observers, G becomes G’ and has components

~/hy...h h 1.0 j
Gyl = Q.0 G (O - (@) @7

All tensors altered by isometric changes in observers in accord with (2.7) are
called objective.

Such a group is denoted by R3 x SO(3), since it is the semidirect product of IR? and the special
orthogonal group SO(3).
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— The relations (2.2) and (2.5) tell us that the velocity in both Lagrangian and
Euleria representations, is not objective.

— By deriving (2.2) in time, we also get that the acceleration y(x, f) in Lagrangian
representation is not objective, because with j' the acceleration evaluated by the
second observer, we have

¥ =+ O — yo) + 209 + 05

— An analogous result holds for the acceleration in Eulerian representation.
The deformation gradient F is not objective. Here F has components F,. The con-
travariant index i refers to coordinates in the ambient (physical) space E3. The
covariant index A is associated with coordinates in the reference space, which
remains unchanged by classical changes in observers in €. Then with F’ the
deformation gradient evaluated by the second observer, we get

F = QOF.

2.4 Remarks and Generalizations

We shall assume objectivity for some elements of the framework for the mechanics
of continua presented here—in fact the standard one—with consequences far from
being merely technical.

We record (apprehend) physical events through the intermediary of a framing.
In the setting discussed here, we can distinguish between place and time, a
distinction that we do not have naturally at our disposal in a general relativistic
setting. Also, we exclude here influence of the observation on the phenomena, which
we include, in contrast, in quantum mechanics. In the present classical setting,
a phenomenon is independent of the assignment of frames (a meter, a clock, let
us say) although different framings (different observers) may in general propose
different descriptions of it. The question then arises how to relate statements made
by different observers.

When we require objectivity of some entity (scalar, vector, tensor of any rank
greater than one), we are prescribing a type of relation between evaluations of
such an entity by two different observers related by a sequence of rotations and
translations.

However, objectivity, defined in the standard sense presented here, is not the
sole option for the class of changes in observers discussed so far. It is just one of
the possibilities, indeed a natural one, once we have selected Euclidean space as
the ambient one. A list of other possible classes of changes in observers follows.

— We could imagine considering not only changes of frames based on rotations and
translations in the ambient space but also in the reference space. Such a class
of changes in observers is appropriate when we want to describe the mechanics
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of solids undergoing structural macroscopic irreversible mutations such as the
creation and growth of voids and/or cracks, and the growth of inclusions or
their movement with respect to the rest of the body. In such cases, in fact,
the actual shape is no longer in one-to-one correspondence with the reference
place; rather, it can be connected with another reference place differing from
the original one by only the “defect” pattern. In this case, we have naturally a
family of reference places, and we can use a vector field x —> w(x) € R3 over
B to describe the incoming change of reference place, due to the occurrence of
defects, so that we may assume that x —> w(x) is not always associated with
a diffeomorphism, at least in a neighborhood of x.> Hence in principle, changes
in observers may involve different evaluations of the vector field w. Changes in
observers determined by the action of the Euclidean group even on the reference
space—a class of changes enlarged with respect to what we have treated so far—
would impose a rule of the type

w*=w+c+gx(x—x),

where ¢ and g are different from the translational and rotational velocities ¢ and
g, respectively, in the ambient space. Also, the same concept of objectivity could
be enlarged to include changes of frames in the reference space.

— Itis not strictly necessary that changes in observers be isometric, like the classical
ones. By leaving invariant the reference space, we could alter frames in the
ambient space by means of time-parameterized families of diffeomorphisms.
Then, instead of (2.4), we would have

V=940, 2.8)

with v a superposed velocity field over the current place. When v = c¢(f) + ¢(f) x
(y — yo), the equation (2.8) reduces to (2.4). A generalization of such a class of
changes in observers involves the action of the group of diffeomorphisms over
the reference space.

We do not explore in detail the possible consequences of selecting one of these
changes in observers and requiring the invariance of some appropriate functional.

However, if we were to explore these possibilities, we would understand in what
sense the choice of a class of changes in observers can be considered a structural
ingredient of a mechanical model, not a rule independent of the model itself.

2Amap f : R® —> R3 is a diffeomorphism when it is one-to-one and both f and f~! are
differentiable.



Chapter 3
Forces, Torques, Balances

3.1 A Preamble on the Notion of Force

In beginning the third chapter of his 1977 book A First Course in Continuum
Mechanics, Clifford Ambrose Truesdell III (1919-2000) wrote the following:

Forces and torques, like bodies, motion and masses are primitive elements of mechanics.
They are mathematical quantities introduced a priori, represented by symbols, and subjected
to mathematical axioms that delimit their properties and render them clear and useful for the
description of mechanical phenomena in nature.

That point of view has been successfully pursued by the Truesdellian school.
In the production of that school we find results that allow us to consider mass
and balances of forces and torques (call them also couples) as results emerging
from invariance properties imposed on the power they exert, as external entities
with respect to the body, or some energetic principle. Such invariance requirements
are considered primitive concepts. These results fall within the basic program of
analysis of the foundations in continuum mechanics, based on the search for first
principles allowing reduction of axioms. The program is motivated not only by
aesthetic considerations, but also and primarily by the essential desire to have at
one’s disposal tools that can be safely managed when we want to enlarge the
traditional scheme of continuum mechanics to tackle the description of macroscopic
effects of complex microstructural phenomena. In any case, regardless of the setting
in which we want to address our analyses, we face the problem of describing the
fact that bodies interact with the environment and that their constituents display
analogous behavior toward each other to maintain the integrity of the body itself or
to break it up.

Here, our attention is focused on the mechanics of tangible bodies. We leave
a part the description of corpuscular phenomena at atomic scale, which can be
adequately described by concepts and methods pertaining to quantum theories,
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or we consider just indirectly the effects of such phenomena on the macroscopic
deformative behavior. The mechanisms we are discussing are classical in this sense.

Within the realm of Newtonian mechanics, consider a point with constant mass
m in three-dimensional space. What we call force on the point is, in fact, a model of
a circumstance that alters the motion of that mass point, evaluated by some observer.
Moreover, to alter that motion, we have to exert power.

The first descriptor of the action over the mass point considered is kinematic:
the velocity. Then we have two options: the first is to assume that force is a primitive
concept, indicating it by the common arrow, or to consider power to be primitive,
taking it as a linear functional of the velocity. The two options have been accepted
and pursued successfully. We follow the second one, finding it more flexible when
we want to extend the setting treated here to more intricate situations involving,
e.g., material microstructures—a matter not tackled here but falling within a general
model-building framework including the special case discussed in Chapter 8.

When we write P(v) for the power over the mass point considered (v is the
velocity), the assumed linearity with respect to v implies

P) =f*-v

with f* a covector, an element of the vector space dual to the one including v.
However, since v € R?, f* belongs to R3*, which is isomorphic to R>. Such a
choice defines the force f* through the power and justifies automatically its usual
representation in vector form.

Since P(v) is a scalar, we find it natural to assume that it is invariant under
changes in observers altering v according to

V¥ =v+c+gx -y,

with y the current place of the mass point, ¢ and g the translational and rotational
velocities, respectively, defining the relative rigid motion between the observers
considered (see the previous chapter). Invariance of P(v) means that we impose
the identity

P(v) =P@")
for every choice of ¢ and ¢g. That requirement implies
Plc+gx(y=y0)) =0,
that is,
frletgxy=y)) =f e+ (G —y0) xf) g =0.
The arbitrariness of ¢ and g imposes the identities

ff=0
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and
o —yo) xfF=0.

They are Newton’s laws requiring that the total force f and the total torque
(v — yo) x f* acting over the mass point be balanced.
Let us define now the quadratic form

1, 1 1
“mpl = —m(v.v) = ~mav - v,
SMIvf" = Sm(v.v) = Smgv-v

with g the metric in space, and assume that v is a differentiable function of time.
It is the kinetic energy of the mass point considered.

Assume that f3t is the sum of inertial, ", and noninertial, f, components, with
f™ a force such that its power is equal to the negative of the kinetic energy time rate,
namely

? (Lmg +fMv=0
2\ 2 gu v v =

for every choice of v.
Since neither m nor g depends on time, we obtain

dv .
me— in | | =0,
( S +f) v

and the arbitrariness of v implies

) dv
in __ _m~_,
f 8

so that Newton’s law f* = f 4+ f = 0 acquires its common differential form written
first by Euler, namely

fe mNdv

= gdt’
that is,

dv

= Mm—

! dt

when the metric in space is flat, i.e., when g is the second-rank identity tensor with
both covariant components. However, we are analyzing bodies extended in space,
not a single mass point or a finite number of copies of it. The problem then is
to extend the previous reasoning to the analysis of continuous bodies extended in
space.
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3.2 Bulk and Contact Actions

To start, we find it expedient to render precise in what sense we consider portions of
a body extended in space. We say that a part of a body is any portion of it occupying
in the reference place B a subset b with nonvanishing volume measure, an open set
coinciding with the interior of its closure and endowed with a surface-like boundary
oriented by the normal at all points but a finite number of corners and edges. We can
consider parts of the body in the actual shape B,. The previous definition still holds,
and we shall indicate by b, parts taken in B,.

When we imagine extracting a part b, of' B, and to look at it only, its interactions
with the surrounding medium are commonly subdivided into bulk and contact
classes.

The first class includes the interactions between the interior of b, and the set of
the other separate parts of B, and the rest of the environment in which the body is
placed (in fact a universe of bodies). Contact actions are those exerted between b,
and the other separate parts of B, and the rest of the environment that share with B,
at least part of the boundary db,,.

The question is now the representation of such actions. A remark addressing
a reasonable choice is that we have represented the morphology of the body only
by means of the region in the Euclidean point space that it occupies, without any
further description or specification of the material structure. In other words, in our
modeling view, b, is occupied by an uncountable number of material points. The
rate of change in the shape is described by the velocity field, which is in fact a
vector field. We could then imagine reproducing for all points in b, what we have
done for a single material point isolated in space. In other words, for every point, we
consider a velocity (a vector) and a force (consequently a covector) exerting power
over it.

To formalize such a view, we insist that the power be a functional depending on
parts and velocity fields that is linear with respect to the velocity and additive with
respect to disjoint parts. The difference between this and what we have discussed for
the single material point in the previous section rests on the presence of parts, which
is necessary if the body is extended in space. In principle, we can define different
powers. Here, we prefer on the one hand to be minimalist—meaning that we want
to include the smallest number of ingredients—while on the other hand, we have to
account for both bulk and contact actions as described qualitatively above.

We define then the external power Pﬁi’(v) exerted over b, in the velocity field
v, i.e., the power exerted by all agencies external to b,, by

Pl (v) :=/ bfl-vdu—i—/;b t-vdH?,

"When we speak of “part b of B” or “part b, of B,,” we mean “part of the body occupying the
subset b in B,” with the same interpretation for b,.
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where dy is the volume measure and d#? is the area measure, generically indicated
this way throughout the book, leaving to the domain of integration the specification
of the space in which they are considered. Here bg is a covector field over b, so that
the product bg - v is naturally defined without specifying a scalar product structure.
Once one such a product has been defined, essentially by the assignment of a metric
in space, b,% can be identified with a vector at every point when it is premultiplied by
the metric. Analogous remarks hold also for t, defined uniquely at almost all points
of db,,.
Since Pg’:(v) is a scalar, we find it natural to accept the following axiom:

Axiom 1 (Power invariance). The external power szt(v) is invariant under clas-
sical (isometry-based) changes in observers.

Formally, the axiom can be expressed as follows:
Pg, (v) = Pg. (v"),

for every part b, and all velocities ¢ and ¢ appearing in (2.5). Since v* = v + wg,
with vg = ¢ + ¢ X (y — yp), the axiom implies

Pel(vg) = 0,

which is

/ bﬁ-(c+qx<y—yo)>du+/ t(c 4 g x (0 — yo)dH? = 0.

db,

Since ¢ and g are constant in space, the previous identity becomes

c([ bzf;d/L-F/ thz)

ba ab,

+q-(/(y—yo)xbidu+f (y—YO)XthZ)=0~
b, db,

The arbitrariness of ¢ and g implies

/ brdu +/ tdH?> =0, (3.1
b, b,

(v —yo) xbidu + [ (y—yo) xtdH* =0 (3.2)
ba by

independently. These two equations are the integral balances of forces and couples
in Eulerian representation, because the fields involved are defined over the current
shape B, of the body.
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1. The integral balances of forces and couples can both be derived from a unique
source: the invariance of the external power of actions over a generic part b, of
B, under classical (isometry-based) changes in observers. It is not necessary to
postulate them a priori as two independent axioms.

2. If db,, is partially in common with the external boundary d5,, over db, N a3, the
density t has to be understood as that of the external forces applied to the body
boundary.

3. Contact actions described by t do not include couples. In other words, we assume
that no actions along the boundary db, develop power in curl v. The assumption
is Augustin-Louis Cauchy’s (1979-1857). Imagine that we divide the body in
B, virtually into two distinct pieces by an orientable (smooth) surface X'. The
adjective orientable indicates that the normal is uniquely defined over the cut
point by point. Denote by A the intersection of X' with B,, i.e., A = ¥ N B,.
The action of the atomic bonds linking the two portions of the body across A and
ensuring coherence of the body can be summarized as a force F and a couple M.
Cauchy’s axiom prescribes that when we consider a sequence {A;} of subsets of

A, shrinking to a point y € A as k goes to infinity, the averages m and m ,
k k
with |Ay| the area of Ay, tend to t(y) and 0, namely
F . M
im — =1, lim — = 0. (3.3)
k=00 |A| k=00 |Ay|

It is a common usage to call t traction. Cauchy’s assumption has in a sense its
origin in the geometric description of the body morphology. We have, in fact,
identified the body just with the region 5 that it occupies in three-dimensional
Euclidean point space. In this way, for us a body is just a set containing infinitely
many material points connected to one another. When we cut the body in B,
through X', we are ideally breaking at each point of ¥ N 3, the links bridging
across X pairs of material points; Figure 3.1 contains a schematic picture. Such
links can carry, in principle, forces and couples. Material elements are, in fact,
just points, and their instantaneous changes of place are described by the velocity,
a vector field. When we break (ideally, we repeat) the material bond at a point,

Fig. 3.1 Schematic
interpretation of Cauchy’s cut
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the possible couple there is reduced to a force, because the two forces in the
couple are subdivided by symmetry, so one force goes to one side of the cut,
its companion to the other side. This picture justifies the choice of the second
identity in (3.3). The actions described by this scheme are of first-neighbor type.

4. When we cross y € BB, with another cut, say Z:‘, oriented at y by a normal different
from the one pertaining to X, in principle the limit process in (3.3) will generate
a traction different from that associated with X', and we can assume that

t=t(.n),

with n the normal to the cut at y. This assumption is the called Cauchy’s
postulate. It is assumed to hold at every instant along every admissible motion;
we have left implicit the dependence on time. George Karl Wilhelm Hamel
(1877-1954) and Walter Noll later proved that the same t pertains to all cuts
having at y a common normal n. Also, Roger Fosdick and Epifanio G. Virga
have shown in 1989 the independence of t on the curvature of the surface X'.

The bulk actions bﬁ depend on y in addition to the time ¢. Assume that

sup |b2| < +o00.
y€Bq4

The validity of the integral balance of forces implies then that there exists k£ > 0

such that
/ tdH?
aba

Theorem 2 (Action-reaction principle). Assume that E(-, n) is continuous on B,
(the overbar indicating closure), and bg is bounded as above. For every unit vector
n, we have

< kvol(b,).

t(y,n) = —t(y, —n).
Proof. Consider a square D with side length o < 1(the length is, in fact, 1o, with 1

endowed with dimension, so that « is dimensionless), oriented by the normal n and
with the center at y. Take the parallelepiped given by

2
Pt :={9=&ién|&eD,— sésoﬂ.

Call the squares given by

D4 and D_,.
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2 2
The boundary 93, is the union D4, U D_, U | 9D x —%, %iD Ify ¢ 08,

then for appropriate choices of « we can take 13, all inside B,. The volume of B, is
2 2

a*; the areas of both D4y and D_, are a?; while the area of (8D X [—%, %]),

the lateral boundary with respect to n, is 4a3. Since the interior of B3, is a part of

B, the integral balance of forces (3.1) holds for it. The assumed boundedness of b}

implies also the inequality
/ tdH?
0PBa

< ka*,

which is

1

5 < ka?,
(07

/ tdH?
amﬂt

and tends to

1
— | tan*=o0
o7 Jopa

as @ — 0. The last identity becomes

o Ol2 2 2

)
@ Jpy, -5 +%]

2 1 2 1 2
tdH + = tdH” + — tdH” = 0.
o GDX[
Thanks to the assumed continuity for t with respect to y, by letting @ go to zero,
shrinking D to y, we see that the first integral in the previous sum tends to t(y, n),
the second to t(y, —n), while the third goes to zero because the integral is of order
. Hence in the limit obtained by shrinking 93, to y, the relation in the statement
of the theorem follows. O

A shorter proof can be developed, though we achieve conciseness at the cost of
greater abstraction.

Alternative Proof. Consider a plane 7 oriented by the normal » that intersects B,
and select an arbitrary compact set D with regular boundary in the intersection of
the plane with B,. Write C, for the set

— _ o o
Co = {YZY+§”|YGD7—EESEE}.

For « sufficiently small, we can take C, such that its interior is a part of ,,.
Then the integral balance of forces (3.1) holds for it. By letting o go to 0, from the
inequality



3.2 Bulk and Contact Actions 83

/3 t(y. n)dH>?

< kvol(Cy),

determined by the boundedness of bg, we get

lim t(y, n)dH? = 0. (3.4)

a—0 aC

o —a
In the limit &« — 0, the two copies of D at height — and — with respect to the
normal n of D both collapse onto D, and the equation (3.4) reduces to

/D (. n) — (v, —n)) dH? = 0.

The arbitrariness of D implies that the integrand vanishes.

|
The previous theorem is a version of the action—reaction principle. It has a key
role in proving Cauchy’s theorem stating the linearity of t(y, n) with respect to n.

Theorem 3 (Augustin-Louis Cauchy). If t(-,n) is continuous, then t(y,-) is
homogeneous and additive, i.e., a second-rank tensor field y +—— o(y) exists
and is such that

to.n) = o)n().

The version in components of the previous expression depends on whether
we consider the normal n as a vector or a covector. In the latter case, it is the
normalized derivative of the function defining the surface oriented at y by n, namely

_ O (Vf)'

n = ¢'. When we transform Df into the gradient Vf, we get n = ——e¢;.
|Df| VA

Hence in the first case,
ti = O'ljnj,

and o (y) is a linear operator mapping covectors at y € BB, into other covectors at the
same point, and we write o (y) € Hom(7} B,, T} B,) for short. In the second case,

t,' = O’,‘jl’t] s
and o (y) is now a linear operator mapping vectors at y € B, into covectors at the
same point, and we write o (y) € Hom(T,B,, T} B,).

Proof. The proof here is the standard one by Cauchy. Consider a point y in B,, an
orthogonal frame (e, e2, e3) with origin in y, and a unit vector n (with covector
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counterpart n°) at y not coinciding with any base vector e;. Take a tetrahedron 7
with oblique side T of area a(7), oriented by #n; the other sides 7;, with area a(T;), are
oriented by the normals n; = — sgn(nb - ¢;)e;; in this sense, these faces are mutually
orthogonal. The assumed boundedness of the bulk actions implies, as above, the

validity of the inequality
/ tdH?
aT

with k the constant already mentioned above. If we let the diameter? of 7~ go to zero,
then the right-hand side of the inequality (3.5) goes to zero, too, and we obtain

1
lim — | tdH*>=0. 3.6
diam T >0 a(7) /37- (3:0)

Such an integral is the sum of the integrals over the faces of the tetrahedron.
In particular, due to the continuity of t(-, n), we get

1 -
li — | taH? =t
diam >0 a(?) /; M 0.m)

and, thanks to Theorem 2,

1
a(?)

kvol(T)
a(?)

=

(3.5)

sulim % / | taH? = —(n” - nt(y. n).
Since n; is the normal to the ith coordinate side of the tetrahedron, we compute

— (") t(y. )
=sgn(n” - e))(n" - e) 1(y, — sgn(n” - e)e;)
= —sgn(n’ - &) (n" - ;) Wy, sgn(n” - e;)e;),

but once again, Theorem 2 implies
t(y, sgn(n” - e;)e;) = sgn(n” - e) 1(y, &),

and we get

—(nb - 1) f(y, n;) = —(nb -e;) i()’, e;)

2The diameter of a set A in a metric space is the maximum distance between two points taken over
all pairs of points in .A.
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for (sgn(n-e;))> = 1. As a consequence, as diam7 — 0, equation (3.6) can be
written as

3
t.n) =) (et e) =0,
i=1
which is
3
t.n) =) ({0.e) @ e’
i=1

Then t is a linear function of n, the proportional factor being the second-rank tensor

3

o) =Y t.e)®e;. O

i=1

The tensor o defined by the previous expression has components 0{ . The first
is determined by the covector component ti(y, ej), the traction over the side with
normal e;. The second component is given by ¢; itself.

By considering a part b, and taking the normal to db, as a covector, the integral
balances then read

/ ﬁdu%:/ ondH* =0,
a 3[’41

/(y—YO)be,dM-i-[ (v —yo) x ondH? = 0.
ba ab,

3.3 Inertial Effects and Mass Balance

We adopt the following assumptions:

1. bi admits additive decomposition into inertial, bZ’, and noninertial, b,, compo-
nents, namely

bt = b, + b™.
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2. The inertial component satisfies the identity
d : : in
E(kmenc energy of b,) + | b -vdu =0
ba

for every b, and velocity v at all instants where the velocity is time differentiable.
The kinetic energy pertaining to b, with reference to the velocity v is given by

1
—f 0 (v, ) d.

{kinetic energy b,} = 3

a

where p, := p,(y, ) is the mass density, with p, a continuous and differentiable
function of space y and time ¢ such that the mass M (B3,) of the body in the actual
configuration 3, at the instant ¢ is given by

M(B,) = /B Py, )dp.
3. The mass of the body in its reference place at the instant 7 is given by

MB) := /B F(x)dp.

If the body does not lose its mass, M(B8) and M (15,) coincide. Moreover, we have
du(y) = (det F)du(x) by a change of coordinates, namely

/ Qad/L:/Qadethu.
B B

If not only is the total mass preserved but also mass is not redistributed within the
body, meaning that no generic part loses mass to the rest of the body or acquires
mass from it, we have

M(by) = M(b)

when b, = y(b), which is (with p := p(x)

/ Qadu=/gadethu=/9du
a b b

0 = 0qdetF 3.7

and implies

thanks to the arbitrariness of b. Equation (3.7) is the local mass balance
in referential (or Lagrangian) representation. The reference mass density o
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depends only on space variables, it is, in fact, 0 = g(x), while the actual mass
density o, depends also on time, and we have g, = 0,(¥(x,),t). Under the
assumption that g, is differentiable with respect to its entries, the time derivative
of the local referential mass balance (3.7) can be written as

0=p,detF + Qude'tF.

Lemma 4 (Euler identity). The following relation holds:

where div is the divergence evaluated with respect to y, namely div v := trDyv.
Proof. The proof is based on a direct calculation. We have, in fact,

ddetF

detF = -F = (det F)F™* - DyvF

= (det F)F*F* - Dyv
= (detF)i -Dyv = (det F) divv,

with? 7 the second-rank, 1—contravariant, 1 —covariant tensor I = S;éi ® . O

The Euler identity implies
0a + 0adivy =0, (3.8)

which is the local mass balance in Eulerian representation. However, 9, =

d
Ep}(j}(x, 1), 1), that is,

dy 00,

) 004
a:D7 a® — =
@ ve dt+ ot

ot

+ (DyQa) - V.

y fixed y fixed

Hence another way to express the local balance of mass in Eulerian representation

is given by

004
ot

+ div(g,v) = 0,

0
where we have left understood that the partial derivative % is evaluated with y
held fixed.

i ddetF P i
3We have detF = e;FF,F. so that we compute S = ewiF5Fs = ey PR (F~H! =
1

= (detF)F*.

P ddetF
e PuFLFESE(F~)) = (detF)(F~")}, which is
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The pointwise balance of mass helps us in evaluating the consequence of the
assumed link between the rate of the kinetic energy and the power of the inertial
action over B, for any choice of the velocity field. In fact, by changing coordinates
from the actual to the reference place, we have

d d [ 1 d 1
| oavvydp=— | -0.v-vdu=— | =0.8v-vdetFdpu,
0 B”Q(vtw =G )y, 2008V V=G | 50a8v - vdetFdp

but now the integration domain B does not depend on time, in contrast to 3,, and

we can commute time derivation with integration, obtaining, with the notation @ =
dv

_dv . . .
gz for the covector associated with the acceleration a := T

d Lo detFd
— | =p.8v-vde
i ], 208 M

1 1 .
=/ (Eéagv-vdetF-i-Qaab'UdetF-F EQagU'UdetF) du
B
1. . b 1 . .
= 5Qagv-vdetF—i—Qaa -vdetF + EQagv-vdethlvv du
B

1 1 Da
= / (zg'agv -vdetF 4 gua” - vdet F — Egagv . vQ— detF) du
B

a

:/Qaab-vdeth;L:/ 04d” - vdu,
B Ba

where we have used the identities du(y) = (detF)du(x) and divv = & As a
consequence, the assumed validity of the identity ‘

d

1 in
= Buzga(v,v)dujL/ b -vdu =0

Ba

for any choice of the velocity field implies

bZ’ = —Qaab.

3.4 Pointwise Balances in Eulerian Representation

Assume that the map y +— bai (y) is continuous, while y —> o (y) is continuously
differentiable. Gauss’s theorem for tensor fields implies

/ 0nd7—[2=/ divodu,
b, a
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so the integral balance of forces can be written as

/ bidu +/ ondH* = / (b} +divo)du = 0,
ba 8bu a
and the arbitrariness of b, implies the local balance of forces

bt +divo =0 in B,,

or, by considering the additive decomposition of bﬁ and the expression of inertial
actions deduced above,

b, +dive = Qaa". 3.9

The integral balance of couples can be written as
/ (y —yo) x bidu + /; (v —yo) X ondH?* = 0.
b" ¢ ba

With the previous assumptions, Gauss’s theorem implies

(v — yo) X ondH? =/ div ((y — yo) X 0) dp. (3.10)
ab, a

If we write p for the difference (y — yp), the second-rank tensor (y — yg) X o reads
epo, with e Ricci’s symbol. By considering, for example, the version of o with
both contravariant components (which is an assumption that is not essential for
the subsequent results, but is useful for the readability of the formula) we obtain
(epo); = ewp'o.

The divergence of epo implies derivatives with respect to y. Then we get in
components

(epo), ; = ewp' 0¥ ; + ew p' ;0"
=eyp' oY ; + eikz(g]lﬂjk = ewp' 0¥ ; — eo’™,
or more concisely,
div(epo) = epdivo —eo” = p x divo —eo”.

Substituting into (3.10) and introducing the result in the integral balance of couples,
we get

/ (6 —0) x (b} + dive) —eo™)dpu = 0.

a
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The validity of (3.9) and the arbitrariness of b, imply also

and, by premultiplication by Ricci’s symbol e,
eeo = 0. (3.11)
An algebraic property is
€ijk€im = 8itSjm — SimSj1,
so that
eec =0 —0"7,
and (3.11) can be written as

o =0, (3.12)

which is the local balance of couples.

The symmetry of the stress tensor—the consequence of the integral balance of
couples—and the fact that its components in every given basis are real numbers
imply that o can be expressed in diagonal form: three linearly independent vectors
er, ey, en exist with their covector counterparts e/, e/, e/, and three real

numbers oy, o7, oy such that
I 11 11
o=o0,Qe +opgey Qe +open Qe .

The numbers oy, o7, and oy are called the principal components of the stress, or
the principal stresses for short. Their existence means that there is a basis at y, the
one given by the eigenvectors of o, in which the matrix of the components of ¢ is
diagonal, namely

) (o) 0 0
|:O—lji| == 0 oy 0
0 0 owm

In other words, in the frame defined by the eigenvectors, we see just normal stresses
in the coordinate planes, shear stresses appearing explicitly only when we rotate the
frame. In any case, from the knowledge of the principal stresses we may deduce
the maximum of the shear stresses emerging in the representations of o when
the frame rotates with respect to the one determined by the eigenvectors. Such a
maximum shear stress is given by

1
5 max (|o; — oy, log — o, |ow — o1]) ,
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as emerges clearly in the graphic representation of the properties of o involving
the so-called Mohr circles, a topic not touched here but common to all second-rank
symmetric tensors.

3.5 Inner Power

Let us consider the external power in Eulerian representation on b, and apply
Gauss’s theorem to the integral over the surface db,. For that integral, we then get

/ an-vd’H2=/ o*v-ndH? =/ div(c*v)du.
db, b,

ba

In components, we have div(c*v) = (O"ij v%) ;, so that by evaluating the derivative
with respect to y/, we get

div(c*v) = v-divo + o - Dyv.

By inserting this last relation into the bulk integral above, we then obtain
P (v) = / bt vdp +/ on-vdH*
a aba
=/ bi-vdu+/ (v-divo 4+ o -Dyv)du

:/ (bi—i—diva)'vdu—i—/ o-Dydu.

a

The validity of the pointwise balance (3.9) implies the identity
Pei(v) = f o-Dyvdp = / o - (SymDyv + SkwDyv) dp.
bH a

Since o is symmetric—a consequence of the balance of couples and the validity
of the balance of forces—the product o - SkwD,v vanishes (as always occurs in the
scalar product between symmetric and skew-symmetric real second-rank tensors),
and we obtain

Pl (v) :/ o - SymDyvdpu.

The integral on the right-hand side is commonly called the inner power in Eulerian
representation and is denoted by P (v).
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The identity
Per(v) = Pyl (v)
can be chosen as a first principle. We can require, in fact, a priori that the identity
P (v) = Pg!'(v) (3.13)

hold for every choice of the velocity fields assumed to be differentiable in space and
compactly supported over B,,.

The arbitrariness in the choice of the velocity implies that it is not strictly related
to the specific motion under investigation—the one along which the stress involved
in the expression of the power occurs—and in this sense, the velocity field in the
identity (3.13) can be called virtual. The previous identity, accepted as a first
principle, could be then called the principle of virtual power for the presence of
the virtual velocity. Its immediate consequence would then be the validity of the
pointwise balance equations of forces and couples.

There is a difference between obtaining balance equations from the principle of
the virtual power or deriving them from the invariance of the external power alone,
as done so far.

1. The assumption of the principle of virtual power as a first principle requires that
we prescribe an expression of the inner power, an additional assumption to those
we have made so far. For it, we have also to know the existence of the stress o,
which is proved here on the basis of the knowledge of the integral balances,
reducing in this way the role of the principle of virtual power as primary origin
of the pointwise balances.

2. The acceptance a priori of (3.13) for every choice of the velocity field is the
prescription of the (so-called) weak form of the balance equations. In other
words, when we write (3.13) as a primary assumption, we should have already
in mind the structure of the balance equations, in contrast to what we do when
we postulate at the beginning the sole expression of the external power, which
is based only on the presumed classification of the actions over a generic part of
the body.

3.6 Balance Equations in Lagrangian Representation

The relations describing how volumes and oriented areas change along a deforma-
tion allow us to write balance equations in terms of fields defined over the reference
shape B. In fact, we have

/ brdu = / bt det Fdu
a b
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and

/ ondH? = | (detF)oF *ndH>,
db, ab

where b, = $(b), with b a part of B. As a consequence, if we define b* and P by
bt := bt det F
and
P:= (detF)oF ¥,

the integral balances of forces and couples become respectively
/b*du +/ PadH? =0 (3.14)
b b
and
/(y—yo)xbidu+f (v — yo) X PndH* = 0. (3.15)
b b

In this case, we affirm that the integral balance equations are expressed in
Lagrangian (or referential) description (or representation). From (3.14), using
Gauss’s theorem and exploiting the arbitrariness of b, we get

b* + DivP = 0, (3.16)

where the uppercase letter denoting the divergence operator reminds us that the
derivatives are evaluated with respect to coordinates x* in B. The quantity P is called
the first Piola—Kirchhoff stress after Gabrio Piola (1794-1850) and Gustav Robert
Georg Kirchhoff (1824—1887).

The same technique—a combination of Gauss’s theorem and the arbitrariness of
b—can also be applied to the referential balance of couples (3.15). However, without
repeating all calculations already developed, we just observe that the identity

(det F)o = PF*,
deriving from the definition of P, implies that
PF* € Sym(R?, R?),

since o is symmetric. In components, we write P'F)y = F, P for P = P/¢' ® e.
The same reasoning holds if we consider the normal as a vector (so in this case, o
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has both covariant components: 0 = 0;;¢' ® &) and define a version of P with both
covariant components by

P:= (detF)oF T,
yielding
PFT € Sym(R?, R?)
once again from the symmetry of o. In this case, P = Pyé' ® €.

The external power in the referential description, denoted by P¢¥(y), in terms of
the first Piola—Kirchhoff stress, is given by

PE(H) = / b*-ydu + / Pi-ydH>.
b b
By applying Gauss’s theorem to the second integral, we obtain
f Pii-ydH* = / (P*y) - ndH* = /Div(P*y)dM = /(P-F+j)-DivP)d,u.
3b b b b
Using the pointwise balance (3.16), we eventually get

PG = /bp-ﬁdu.

The right-hand side is what is called an inner (or internal) power in referential
description (or representation) and is denoted by Pé’"’ ).

In a rigid motion of the whole body, the points of the body (i.e., the material
elements) do not change their relative positions, so that the inner power (the stress
power) must vanish. As a consequence, we recover once again the symmetry
of PF*, namely the pointwise balance of couples. To obtain the result, consider
arigid velocity field

g i= (1) + q() X (y — yo),
or equivalently,
vg = c(1) + WO = yo).
with yp an arbitrary point in the physical space &% ¢(r) and q(t) translational and

rotational velocity vectors, respectively; W(r) a skew-symmetric tensor having ¢(r)
as characteristic vector, so that Wp = ¢ x p for every p € R3. For vg, we have

DyUR =W.
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Since
P-F = P-DywF = PF*-Dyv,

imposing the absence of inner power along every rigid motion of the whole body
corresponds to the condition

PF*-Dyvg = PF*-W =0

for every W. The arbitrariness of W implies the symmetry of PF*, since the scalar
product between symmetric and a skew-symmetric real tensors always vanishes. The
same result can be obtained by considering the velocity in referential description,
namely

yr = @) + WO = o).
for which, in fact, we have
F = Dyp = WF.
The consequence is that
0=P-WF=PF*-W

for every choice of W. Hence, the symmetry of PF* follows once again. Previous
calculations show also that in the Eulerian description,

o-W=0

for every skew-symmetric second-rank tensor W. The arbitrariness of W implies
once again the symmetry of 0.

In referential description, the inertia terms can be rederived by requiring that their
power equal the negative of the time variation of the kinetic energy for every choice
of velocity field compactly supported over B. The formal reasoning retraces steps
already taken in the Eulerian representation.

1. Since bt = (det F)b}t, by definition, the assumed additive decomposition of

in

bi into inertial, b!', and noninertial, b,, components translates into a similar
decomposition of »*, namely

bt =b" +b,

where b™ := (det F)b™ and b := (det F)b,.
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2. As in the Eulerian case, b is identified by imposing the identity
d . . n
o {kinetic energy of B} + [ b" -ydu =0 (3.17)
B

for every velocity field (x,f) +—— y(x,f) compactly supported over 5 at all
instants ¢. The kinetic energy of B is here given by

|
[Eg(y,y)du,
B

which can be written also as

|
/nggydu-
B

Since B is fixed in time, by substituting this last integral into (3.17) and
evaluating the time derivative, we eventually get

fB (085 — b™) - §dp = 0,

which implies, thanks to the arbitrariness of y, compactly supported over B, the
identification

bin = _Qg)}7

so that the pointwise balance of forces in Lagrangian (referential) representation
can be written as

b + DivP = ogy,
or alternatively,
b + DivP = oj’,
with 3 := gy the covector naturally associated with ¥ by the metric g in

the ambient space. Even in the Lagrangian representation, to derive balance
equations we could accept the identity

PE'G) = PE"G)

as a first principle holding for every choice of differentiable velocity field
compactly supported over 3, or equivalently, we could write

PEG) = Pi"G),



3.7 Virtual Work in the Small-Strain Setting 97

assuming its validity for every part b and square-integrable velocity field, with
bulk and contact actions at least with the same regularity in space. However, as
in the case of the Eulerian representation, if we followed this point of view, we
should once again postulate not only the expression of the external power but also
the form of the internal power and the existence of the stress, which is, in contrast,
a derived quantity. Moreover, we should also impose that the internal power
vanishes when it is evaluated along any rigid-body motion. These assumptions
correspond even in this case to an a priori assumption of the weak form of the
balance equations, in other words, to have already in mind the structure of such
equations.

3.7 Virtual Work in the Small-Strain Setting

In terms of the displacement field u := u(x,t) := y(x,t) — i(x), and in the small-
strain regime, namely when |Du| < 1, also P ~ o, and we do not distinguish
between reference and current configurations, the external work over a generic
part b of B is denoted by L’ (u; b) and defined by

L% (u; b) :=/bi-udu+/ on-udM?,
b Jab

where o is now considered a function of x rather than y. The reason for this choice
relies on the absence of an explicit distinction between B and B5,, and therefore
between x and y, and we write impartially Div or div “confusing” the derivatives
with respect to x with those with respect to y. Moreover, we have taken into account
that in the small-strain setting, b~ bg.

By applying Gauss’s theorem to the second integral in the definition of L, we
obtain

L (u; B) := / bt udp + / (u-divo + o - Du)du
B B
= / ((b* + divo) -u + o - Du) dp.
B
If b* and o satisfy the balance of forces, the last integrand reduces to
0 -Du = o - (Sym Du + Skw Du) .
The validity of the balance of couples implies

0-Du=o0-SymDu=o-¢,
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so that
L™ (u; B) = / o-edu.
B

The last integral in called the inner (or internal) work and is denoted by L™
The identity

Lext — Linn (318)

can be interpreted in three ways that are different versions of what is called the
principle of virtual work.

To have a concise expression for the three versions of the principle, as a matter
of notation, we state that a system of actions (bi, 0) is balanced when it satisfies the
balance equations b* + Divoe = 0 and o is symmetric, and a displacement—strain
pair (u, ) is compatible when ¢ = Sym Du, irrespective of the contravariant or
covariant character of the components of the tensors involved.

1. For every pair of balanced actions and compatible displacement—strain fields,
even independent of one another, in the small-strain setting, the identity

Lext _ Linn

holds.
2. Given a pair of fields (b*, o), if the identity

Lext _ Linn

holds for all compatible displacement—strain fields, then the pair (b*,o) is
balanced.
3. Given a displacement—strain pair (u, ) of fields, if the identity

Lext _ Linn

holds for every field of balanced actions, the pair (u, &) is compatible.

3.8 Remarks on the External Power Invariance Procedure

The procedure based on power-invariance, used so far, is indeterminate with respect
to powerless terms. In particular, the identification of inertia terms furnishes a
result holding to within powerless addenda (Coriolis-type terms). This circumstance
suggests a way of defining inertial frames. In particular, we may assume that
the result of the power-based identification of the inertial terms is exact in the
reference frame of at least one observer—exactness means here that powerless
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terms vanish. We apply the term inertial to all the observers satisfying the previous
statement and for which a body with uniform velocity remains in that state until
external actions appear.

Traditionally, inertial observers are identified as those in the three-dimensional
ambient space oriented toward the stars that were considered (rather erroneously)
fixed. Relativity theory, in particular its general version, has furnished a way to
overcome the difficulty of identifying privileged frames that we can call inertial.

Another aspect of the procedure is that the representation of the actions and the
balance equations emerge independently of the specification of the state variables.
Moreover, integral balances of forces and couples can be derived, because the
Euclidean group acts naturally over the ambient space selected. Such balances can
be also defined because that space can be naturally equipped with a linear structure.
In fact, when we fix a point in £ and consider the vectors determined by the
difference of the other points and the fixed one, we construct R3, a linear space.
The integrands of the integral balances of forces and torques are elements of R3*,
the dual space, which can be identified with R3. Their integrals make sense, because
the integrands belong to a linear space, so that the sum, even of infinitely many
terms, as the integral implies, is well defined, and the result is in the same space as
that of the addenda.

3.9 Discontinuity Surfaces

3.9.1 Classification

The assumption that the stress fields x —> P(x) and y — o (y) are continuous and
continuously differentiable can be relaxed by accepting that they may experience
bounded jumps across a finite number of surfaces or lines or points in the domain
where they are defined (B or B,). In this case, we state that they are piecewise C!
and write PC! for short.

The assumption is dictated by physical circumstances. A body composed of two
different pieces of material glued across a surface is an example. If we think of
corrosion of metallic bodies, one such discontinuity surface is the one distinguishing
the corroded portion from the rest. These examples, two among many, suggest a first
classification of discontinuity surfaces: those exhibiting relative motion with respect
to the rest of the body (second example) and those not exhibiting such motion (first
example).

Another distinction is between coherent and incoherent discontinuity surfaces
(interfaces for short). In the first class we find interfaces across which the rest of the
body can be just folded. When, in contrast, the portions of the body on one side and
the other can slide one with respect to the other, the interface is called incoherent.
Furthermore, we distinguish structured interfaces from the unstructured ones. The
former class includes interfaces that can sustain surface stresses, thin layers modeled
by surfaces endowed with their own energy. The absence of particular interface
stress defines the latter class.
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Below we shall consider only unstructured interfaces moving relatively to the
rest of the body. As a further restriction, accepted just for the sake of simplicity, we
shall consider interfaces that can be represented by means of C? functions. However,
the extension of the result presented to faceted interfaces does not present special
difficulties.

3.9.2 Geometry and Analysis

Let us consider in 53 a surface C defined by
C:={xeB|f(x) =0},

with x —> f(x) € R a C*>(B,R) function. At x € C, the surface is oriented by the
normal

= Vf(x)
VW)
considered as a vector or by
- DI
- IDfMI

taken as a covector.

By projecting V or D over the surface C, we obtain respectively the surface
gradient and the surface derivative of a given differentiable field, denoted
respectively by V, and D;. We have, in fact,

Via := Va(l —m @ m"), Dga := Da(I* — " ® m),
yvhere 1 is here the 1-covariant, 1-contravariant identity tensor [ = 8§eA ® €8, and
I* its dual counterpart 1-contravariant, 1-covariant.
The second-rank tensor

L:=-V,m*

with contravariant components is called the curvature tensor of C at x. The negative
of its trace, namely

K = —trL,

is the Gaussian curvature.
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Consider a field x —> a(x) taking values in some linear space £, namely a(x) €
L, x € B, continuous everywhere but on a smooth surface C oriented by the normal

m* at every point x in C. For § € R, we denote by a™ (x), x in C, the limits

at(x) = lim a(x £ 8m"),
§—0+t

if they exist. We define the jump of x —> a(x) at x € C to be the difference

[a] (1) == a™ (x) —a” (x),

and call

(@ @) +a (x))

N =

{a) () :=

the average.
Ifin £, a product (a; (x), a»(x)) —> a;(x)a;(x) is defined and is distributive with
respect to the sum, for the limit values of a; and a; at C we can write

[a1a2] = [a1] {a2) + (a1) [az] -

The jump, as just defined, plays a role in Gauss’s theorem. In fact, consider, for
example, the stress field y —> o (y) on B, and assume that it is of class C! over B,
except on a surface C,, where it has bounded jumps. In this case, Gauss’s theorem
prescribes that for every part b,e crossed completely by C, and divided into two
distinguished parts with nonzero volume, we have

/ ondH? = / divo du + / [0l mdH?, (3.19)
dbac bac bacNCq

where m is the normal orienting C, point by point. Assume that C, evolves
within B, with velocity field v relative to the velocity field v pertaining to 53, in
some motion. A pertinent physical example is that of a solidification front. Other
examples are the evolution of paraelectric—ferroelectric interfaces in ferroelectrics
and ordered-isotropic interfaces in liquid crystals or polymeric classes such as
nematic elastomers. Write v, for the component of v along the normal m and
consider a field (y, £) —> @4 := Pa(y, f) taking values in a finite-dimensional vector
space. Assume also that ¢, might have bounded discontinuities across C, and is of
class C! elsewhere at each ¢. In this case, a transport theorem states that

d
_ )
dt Jo,. Padpt

(3.20)

¢, . )
:/b ( ; +d1v(¢av)) dp + /b ([pav] - m — [a] D) dH?.,

at acNCq



102 3 Forces, Torques, Balances

provided we give meaning to the products ¢, v and [¢,v]-m, depending on the tensor
nature of ¢,, a meaning that is obvious when ¢, is a scalar. Detailed proofs of the
relations (3.19) and (3.20) can be found in several classical treatises of mathematical
analysis.

We are here interested in two significant special cases. The first is the case in
which ¢, coincides with the density of mass p,. By applying the previous transport
theorem to the integral balance

d
— du =0 3.21
dr oo Pad L ( )

and using the pointwise balance of mass (3.8), we obtain

f ([0av] - 1 — [pa] ) dH2 = 0,
bacNCy

The arbitrariness of b,c implies the pointwise balance of mass along a moving
discontinuity surface C,:

[pav] tm— [pa] U = 0.

Notice that when v,, = 0, i.e., C, has no normal motion, and the previous balance
reduces to

[pav] -m = 0,

which implies the continuity of the normal component of the momentum across the
fixed C,. Such a property is lost when C, moves relatively to the rest of the body,
with normal motion, as we are considering here. To evaluate the details—and this
is the second case mentioned above—we have to choose ¢, coincident with the
momentum p,v°. Hence by the transport theorem, we obtain

d
— | pav’dp =/ paadu—/ J"lar?,
dt bac bac bacNCqy

where j is shorthand notation defined by

J = {Pa) Um — (pavb> -m".

Hence, the balance of forces in Eulerian representation,

d
— pav’dpt =/ b,du +/ ondH?,
dt bac bac dbac
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becomes

(by + dive — pea)dp + / (lo]m + j[v"]) dH* = 0,

baC bgc ﬂCa

thanks to the transport and divergence theorems.
The arbitrariness of b,c implies the pointwise balance of forces (3.9) at points
not belonging to C,, where, in addition, we obtain

[0]m +j[v’] = 0, (3.22)

which is the balance of forces along a moving discontinuity surface. Notice that
when v = 0, or alternatively, j = 0, such a balance reduces to the equation

[o]m =0,

which declares the continuity of the normal component of the stress.

The surface C, has a counterpart in the reference configuration B, because the
map x —> Yy is one-to-one. Let us write C for the preimage in B of C, under
the deformation x — y. The surface balance of forces (3.22) has a referential
(Lagrangian) counterpart in terms of the first Piola—Kirchhoff stress. To get it, we
have first to consider a version of the transport theorem on B, involving fields of
type (x,1) —> ¢ := ¢(y, 1), taking values on finite-dimensional linear spaces. If ¢
is a C! field over B with bounded discontinuity over C, we get

d

— | ¢du= / édu — / [p]" dH?, (3.23)
dr Jp, be beNC

where be is the counterpart of b,c and is completely crossed by C, which divided
it into two disjoint pieces with nonzero volumes. Here v;, is the referential normal
velocity of C. In B, the density of mass is assumed constant. Using Gauss’s theorem
and taking into account the transport theorem (3.23), the referential version of the
balance of forces,

d
- p)'/bd,u:/ bdu—i-/ PndH?,
dt be be dbe

becomes

f (b + DivP — pi’) dp + / ([PYin + p[3"10},) dH? = 0.
be

beNC

The arbitrariness of b then implies the pointwise balance of forces (3.16) at points
far from C and the surface balance

[Plin = —pl3'17,

along C.
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3.10 Exercises

In the following exercises, we identify R? with its dual and write all components
with the indices in covariant position. The choice is just a matter of convenience,
motivated by the same reasons expressed in Chapter 1.

Exercise 5. At a point P of the actual shape of a body, the components of the stress
tensor with respect to an orthogonal frame are given by

1 0
[o] ={0 2
3 0

—_— O W

(physical units are N /mmz). Calculate the principal stresses and the principal
directions, the maximum and the minimum normal stresses, the maximum modulus
of the shear stresses.

Remarks and solution. The principal stresses o7, o7, and oy are the eigenvalues
of the stress tensor, as defined in Section 3.4, and are the roots of the so-called
characteristic equation, i.e., the third-rank polynomial equation

03 —1102 +12C7 —13 = O,
in which Iy, I», and I3 are the invariants of o. Here I is the trace o;; of the stress
tensor; I, is the sum of the determinants of the principal minors of o; I3 is the

determinant of o°:

Iy = o1 + 0 + 033,

2 2 2
I, = 01102 + 011033 + 022033 — 0], — 03 — 033,
13 = dCt(O’ij).
In the special case of the exercise, we have I} = 4,1, = —4,and Is = —16, and

the characteristic equation is
0’ —40*—4do +16 =0,
which can be rewritten as
(6> =20 —8)(c —2) = 0.
It admits three real solutions: 0 = —2, 0 = 2, and 0 = 4, so that

o = -2, oy =2, om =4
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are the principal stresses in N/mm?. Using them, the invariants of o can be
rewritten as

I = o7+ oy + oy,
I, = o701 + 0101 + opOW,
I; = oj0q107;.

The eigenvectors associated with oy, o7, and oy respectively are called principal
directions and can be determined by substituting for o in the algebraic system

011 —0 012 013 nj 0
021 Opn—0 023 nm|=10
031 032 033 — 0 n3 0
the relevant principal stress. For example, taking 0 = 0; = —2, we have
30 3 ny 0
0 4 0 n =10
30 3 n3 0

in the specific case of the exercise. Such an algebraic system admits as a solution
the vector (1,0, —ny). Similarly, we obtain for 6 = o = 2 the solution (0, ny, 0),
and for 0 = oy = 4, the solution (n1, 0, n;). Normalizing to have unitary lengths,
we obtain the three eigenvectors ny, ny;, and ny;, namely

1 1 1 1
=|(—,0,—], =(0,1,0), =|—,0,—].
ny (ﬁ ﬁ) ny = ( ) nur (\/5 ﬁ)

We also realize that n;; = n; x ny. We can call the stress state in the exercise
triaxial, because all the principal stresses are nonzero. The minimum normal stress
is o7 = —2 (compressive stress), and the maximum is oy; = 4 (tensile stress).
Hence, in this case there are planes on which the normal stress is zero. Denoting by n
the generic vector normal to one of these planes, we have ojn;n; = 0. The maximum
modulus of the shear stresses around P is (in N/mm?)

1
— oy — oyl = 3.
2| 1 1l

Exercise 6. At a point P of the actual shape of a body, the components of the stress
tensor with respect to an orthogonal frame are given by

2 -1 1
[oj]=-1 0 -1
1 -1 0
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(physical units are N/mmz). Find the principal stresses, the normal stress
component

o, =0-(MQ®n) (3.24)
ti the pl ith [ 7 (1 ! 1) d th dulus of th
acling on e ane wi normal n = —_—, =, —= an € moautus o, e

§ P V3 V3 V3

shear stress
T, = OR— O, (3.25)
on the same plane.

Remarks and solution. The invariants of the stress tensor are

and the characteristic equation is
0’ —20*—30 =0.

Its roots are oy = —1, oy = 0, and oj; = 3. The principal stresses are distinct,
so that there are exactly three principal planes. The stress state is called biaxial,
because one principal stress is zero. We have from the definition (3.24),

o, = o;nin; = 0,

and from the definition (3.25),

T, =0n= - —

2 2
—€ én.
33

24/2
Its modulus is equal to L— N/mm?.

V3

Exercise 7. At a point P of the actual shape of a body, the components of the stress
tensor with respect to an orthogonal frame are given by

20 —1 O
[oi]=| -1 22 2].
0 2 3

with o a parameter. Decompose the stress into its spherical and deviatoric parts.
If 0,,() and Jy(a) denote the average stress and the quadratic invariant of the
deviatoric stress, calculate the value of a such that 0,,(ct) = Jo(), if any.
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Remarks and solution. The stress tensor admits the decomposition
0j = Sijo-m + Sij (3.26)
with 80, the isotropic or spherical component,

1 1
op = 50; = =1,
3 3

and s;; the deviatoric component. The decomposition in unique. The principal
directions of s;; are the same as those of the total stress, while the eigenvalues of
the tensor s are given by
St = 01 — O, Sy = 01 — Om, Sur = o — Om-

Then we obtain

J1 =511+ 52+ 533 =0,

Jy = =g (5h 4 sy 5y 255 2% 4 258),

J3 = det(sy),
or, in terms of the principal stresses,

Ji=s1+sp+sm =0,

1
Jr = > (S% + 5%1 + 5%11) ;

—

Ty =< (s; 4 sy +5i) -

w

In the case under consideration, the isotropic stress is

w= o+l
0, 3(X

and the deviatoric component is given by

2
—o—1 —1 0
3 2
[sil=] -1 Za-1 2
3
0 2 ta 42
—=u
3
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40

=80

-4 -2 0 2 4 [e%

Fig. 3.2 Isotropic stress and quadratic invariant of s;; versus the parameter o

o 1 .
The quadratic invariant J, = ERAA then

S (e +3a-0).

By representing the functions o0,,(«) and J;(«) (Fig. 3.2), we see that the equation
om(a) = Jo(«) has no real solutions, since

4 4 27
§a+1=§(—a2+3a—6) = a2—2a+7=0,

which has discriminant equal to —23 < 0.

Exercise 8. At a point P of the actual shape of a body, the components of the stress
tensor with respect to an orthogonal frame are the same as in Exercise 5. Calculate
the octahedral tangential stress, namely the modulus t,.; of the tangential stress

1
on the plane with normal ng = — (n; + ny + nyy).

V3

Remarks and solution. We have already calculated the principal stresses and the
principal directions n;, ny, ny; of the stress tensor. Writing o,,4 for o - (ngy ® ny), we
have by definition

Toet = |Ta| = |ong — Oyanal.
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Consequently, we obtain

. —2n; 4 2ny + Anyy A (4 g+ ng) - —10n; + 20y 4 8nyy
’ V3 3 33

and

214

Toer = |Ta] = N 2494 N/mm?.

3.11 Further Exercises

Exercise 9. Consider a body in a three-dimensional space. Fixing an orthogonal
frame, a generic point y has coordinates (yi,y,,y3). In this frame, the stress has
components

20y1 + y2 V3 kiys
[Oij] =k y3 30y; + 200 Y1
kiys ! 30y, + kays

In the absence of inertial effects, find the components of the bulk forces b
equilibrating the stress field and the values of k| and ky so that b = 0 for every k.

Elements of the solution. ky = —20,k, = 0.

Exercise 10. At a point P of the actual shape of a body, the components of the stress
tensor with respect to an orthogonal frame are given by

-5/6 —1/3 13/6
[oj]=|-1/3 5/3 -1/3
13/6 —1/3 —=5/6

(physical units are N/ mm?). Calculate the principal stresses of the deviatoric part
of the stress.

Solution. s; = —3,sy = 1,5y = 2.

Exercise 11. At a point P of the actual shape of a body, the components of the stress

tensor with respect to an orthogonal frame are given by

0o 1 1
[og] =1 1/2 1/2
1 1/2 1/2
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(physical units are N/ mm?). Find a plane m, such that the moduli of normal and
tangential stresses are o, = 3/2, T, = 4/5 or o, = 3/2, t, = 9/10.

An element of the solution: 1In the first case, the plane does not exist. In the second
case, the plane is available.



Chapter 4
Constitutive Structures: Basic Aspects

4.1 Motivations and Principles

Consider an orthogonal coordinate frame {O,x',x?,x*} in the reference space £*
and write explicitly the components of the balance equations

0ii’” = b + DivP,

where we have considered that y(x, 1) = iu(x, t), with u := u(x, t) the displacement
at the point x and the instant r. We obtain

1 2 3
oif) = by + oL 4 P P
ox!  oxz  ox

1 2 p3

b 2 2 2
S ST T N

0t 2+ ox! + ox2 + ox3
1 2 p3

b 3 3 3
— by = 3 3

Qs 3+ ox! + ox2 + ox3

i.e., a system of partial differential equations with three unknown components of
the displacement, namely u;, i = 1,2, 3, and nine unknown stress components P,
i,A = 1,2, 3. The number of independent stress components is further reduced by
the balance of couples, which implies the symmetry of PF*. The number of stress
components exceeds that of the balance equations. Such is also the case in the spatial
representation of the balance equations.

To overcome the problem, it suffices to link in some way the stress components
with the displacement. The relations establishing these links are what we call
constitutive structures. They are state functions expressing the inner actions at
a point in the matter—the traction in the scheme that we are analyzing here—with
the variables describing the state of the material element at the place considered.
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The notion of state is a primitive concept in the continuum theories that we
know. The specification of the list of state variables indicates the way in which
we think that a material element—the organization of the matter at a geometric
point—feels the rest of the body.

— The simplest way to describe the interactions of a material element at x with
the rest of the body is to assume that the stress at x depends on the state of the
matter in an immediate neighborhood of x, meaning that the state of material
elements at finite distance from x in some shape of the body may be disregarded
in calculating the stress at x. We generally call this point of view the principle of
local action. It excludes long-range interactions in space.

— Another question is the behavior in time. For this, our experience of the
macroscopic world suggests that we assume that the stress at the place x and the
instant 7 is determined by the history of the state up to the time ¢. We commonly
call such an assumption the principle of determinism.

— Also, it seems natural to assume that when a given observer perceives a body as
made by a certain material class, any other observer must record the same type
of material.

The last statement in the list above has an intrinsic vagueness in the word “same”
and has to be specified with respect to changes in observers. To this end, consider,
for example, two observers O and O’ connected by a classical change. We have
already assumed that the Cauchy stress o is objective, meaning that ¢’, namely
the tensor evaluated by (0, is given by Qo Q", with Q the orthogonal tensor with
positive determinant characterizing the isometry from O to . Let us assume that
o depends only on the motion ¥(-,-). The assumption that @ and O’ evaluate the
same material class is here interpreted by stating that o’ depends then on y'(-, ),
the motion perceived by (O'. This point of view is what we commonly call the
principle of frame indifference. An analogous interpretation can be given when
instead of isometric changes in observers we consider the enlarged class determined
by diffeomorphisms. In this case, the principle of frame indifference is called the
principle of covariance of the constitutive equations.

In what follows, we shall accept the principles of determinism, locality, and
frame indifference. In this way, we exclude cases in which the stress at a point
could depend on some weighted average of the states of points in a neighborhood of
the considered point that is finitely extended in space.

The axioms that we accept here are intuitive. Their role in the foundations of
continuum mechanics was pointed out by Walter Noll in 1950s.

4.2 Examples of Material Classes

The essential step in defining a material class of bodies is to specify the nature of the
state ¢ of a generic material element or the whole body. Independently of its specific
expression, we say in general that ¢ is an element of a topological space, where
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for each pair of distinct states we can find nonintersecting neighborhood of them.
In short, we say that the state space is Hausdorff. Moreover, when we consider the
state of an entire body, the state space is infinite-dimensional, since ¢ is a collection
of fields. For a single material element, the state space is infinite-dimensional when
¢ is a history (the past history, according to the axiom of determinism), i.e., ¢ is
nonlocal in time, while it is finite-dimensional when ¢ depends only on the current
time and ¢ is the value of a field mapping the point and instant considered into some
finite-dimensional state space.

In what follows, within the setting of the axioms of determinism, locality, and
frame indifference, we shall refer just to the state of a point and shall consider it an
element of a finite-dimensional space. A list of special cases follows.

— The choice ¢ = F defines what we commonly call simple materials. In this
case, since F is defined over the reference place, the natural stress measure we
have to refer to is the first Piola—Kirchhoff stress P. In particular, we write

P = P(x,F),
reducing the expression to
P = P(F)

when the material does not change its type of response from place to place. In this
case, the material is said to be homogeneous. Moreover, always within the range
of simple materials, we could have

P = P(x,1,F)

if we are describing aging effects. )
— Another choice could be ¢ = (F,F), and the first Piola—Kirchhoff stress
would be

P = P(x,F,F).

That choice leads to the simplest approach to the description of the viscous
behavior. We have P = P(F, F ) for homogeneous viscous materials and P =
i’(x, t,F, F ) in the case we need to describe aging effects. In general, however,
viscosity is more completely described by assuming the dependence of the stress
on the entire history of F or portions of it that are finitely extended in time.

— In the previous examples, we have implicitly assumed an isothermal environ-
ment. When such a condition is not satisfied, the temperature enters the list
of state variables. We must ask what the word temperature in fact refers to.
We have a clear definition of temperature for a perfect gas in terms of the
molecular kinetic energy. In the case of solids, that definition can be applied
to the phonons, particles determined by the quantization of the traveling waves,
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in crystals, for phonons can be considered a gas flowing through the atomic
lattice. However, such a concept—it is neither exploited nor detailed here—is
not completely pertinent to all possible changes in solids. A standard way to
introduce temperature in continuum mechanics is to refer to it as a phenomeno-
logical quantity. A thermometric scale or a heating measure is a way of ordering
states. In this way, an empirical temperature ¢ is commonly introduced, with the
idea that it is specified by the laws it satisfies, specifically by the second law
of thermodynamics and its consequences. Once we have accepted this view, for
elastic and/or viscoelastic processes along which heat is absorbed or emitted, we
write

P = 13(x, F,?9)
or
P=P(x,F,F,0)

respectively for what we call thermoelastic or thermoviscoelastic materials. In
writing such expressions, we are conscious that the temperature is a concept
with a clear meaning at equilibrium, a concept making sense also in a number
of nonequilibrium processes, with related limitations in the interpretation of its
character.

The previous list does not exhaust all possible material classes but gives an idea
of what we are talking about.

4.3 A Priori Constitutive Restrictions and the Mechanical
Dissipation Inequality

Once we have decided on the list of the state variables, a problem is the assign-
ment of the explicit constitutive structure. Experiments address possible choices.
Experiments are, however, necessarily limited and developed in special conditions.
We consider basic principles in determining a priori constitutive restrictions to
the constitutive structures.

The first is the assumption that different observers must perceive the same
material class. Formally, we express this assumption by imposing objectivity or
covariance, as already mentioned.

Another principle limiting possible constitutive relations is the second law of
thermodynamics. Any constitutive relation must be compatible with the second law
of thermodynamics. If we accept such a statement, we have to render explicit the
expression of the second law we are referring to. In the isothermal setting considered
here, we commonly call such a law the mechanical dissipation inequality or the
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isothermal version of the Clausius-Duhem inequality. For every part b of 5,
it reads

d
7 (free energy of b) — P¢¥(y) < 0.

We assume that the inequality holds for every part b of B and choice of the velocity
fields. For the free energy, we accept the expression

{free energy of b} = / vdu,
b

calling v the free energy density,' a function of the state variables that is assumed
to be differentiable, so that for every part b of B, we write

d
_ d _ ext (. <0,
dt/bw w—="Pg0) =

and we assume that it is valid for every choice of b and y. The assumption accepted
in the previous chapter that P¢"(y) is invariant under classical changes in observers
and the validity of the regularity assumptions justifying the pointwise balances
imply the identity P¢"(y) = Py (y). Then we can write

d .
= du— | P-Fdu<0.
dr/bv’“ /b u =

Since b does not vary in time, since it belongs to B, the time derivative and integral
commute, and we obtain

/(w_p.ﬁ)dugo.

b

I'The existence of the free energy can be determined in an abstract setting, without reference to a
specific material class, by resorting to the notions of state, process, and action. We do not need
to specify otherwise the state, except to declare that it is an element of a Hausdorff topological
space. Paths in the state space represent state transformations. They are determined by processes,
operators acting over the state space and representing ways in which the body “perceives” the
external environment. Finally, actions are functionals assigning to every state transformation a
number. Actions depend on the initial state of the path and the process. We commonly require that
actions be continuous with respect to the states and additive with respect to the prolongations of
paths by means of “subsequent” state transformations (the external power that we have defined
previously is an action, for example). In this setting, the free energy is a concept associated with
an action or a class of actions. It is a state function such that the difference of its values over an
arbitrary pair of states is bounded by the infimum of the action considered, provided that the two
states can be connected by a path. We do not go into details. We just mention these aspects for
the sake of completeness and to open a window onto a wider landscape. For further details, the
reader can refer to Miroslav §ilhavy’s treatise referenced at the end of this book as a suggestion for
further reading. Here, we just assume the possibility of defining the free energy as an integral over
the volume of a differentiable density.
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The arbitrariness of b implies the local form of the mechanical dissipation
inequality:

v —P-F<O. .1)

To exploit it, we have to determine not only the list of state variables entering P but
also those on which the free energy density depends. Below, we discuss again the
examples from the previous section.

4.3.1 Simple Bodies

Let us assume

v =vxF)
and

P = P(x,F).

At fixed x we presume that both the free energy and the stress are defined on the
whole set of all possible F’s. An analogous assumption holds when we insert other
state variables. Then the inequality (4.1) reduces to

(a—w—P)TfO.
OF

The arbitrariness of F , justified by that of y and the absence of constraints over F R
implies the a priori restriction

p=

=5 4.2)

on the first Piola—Kirchhoff stress, which is transferred to the Cauchy stress by the
standard relation

Iy

= (det F)"' PF* = (detF)™' —
o = (detF) (det F) oF

F*

where, we recall,

detF =

Jdetg d t( 8yi)
et —|.
Jdetg axA
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The Cauchy stress above is of type o = o{ e-e.

With the assumptions made here, the free energy density appears as a potential
for the whole stress. It is not always so, as is evident in the presence of viscous
effects, where the previous property holds just for a part of the stress.

4.3.2 Viscous Bodies: Nonconservative Stress Component

We say that a body manifests viscous behavior when the actual value of the stress
depends on portions in time of the strain history. Among possible dependencies,
the simplest choice is to include in the list of state variables the strain rate. Let us
tentatively assume

¥ = Y& F.F)
and
P=P(x,F.F),

as we have already mentioned. Substitution into (4.1) implies the inequality

Y 1V
(ﬁ—P)-F+ﬁ-F§0, 4.3)

provided that the map (x, 1) —> F := Dy(x, 1) is twice differentiable in time. Unless
we do not impose constraints on F and F, we can choose arbitrarily both F and F,
independently of each other. Since the inequality (4.3) is assumed to hold for every
choice of the rates involved, the arbitrariness of F implies

y
aF

Hence the free energy density cannot depend on F in this setting. The inequal-
ity (4.3) then does not imply (4.2), because the dependence of P on F would
be incompatible with i, which is independent of the same variable. A way to
solve the controversy is to assume that the first Piola—Kirchhoff stress admits the
decomposition

P = P(x,F,F) = P°(x,F) + P/(x,F.,F),

so that by defining P° := P°(x,F) and P! := P!(x,F,F), the inequality (4.3)
reduces to
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(al_pc).r_w.ﬁgo,
oF

and the arbitrariness of ¥ implies

Y
P = —
oF
which is analogous to (4.2), and
PlF>0. (4.4)

The last inequality verifies the dissipative nature of P?, implicitly that of the viscous
processes. Its validity for every choice of F implies

P! =a(x,F,F)F (4.5)
with a(-) a positive definite scalar function. If so, we obtain
P4 F =a(x, F,F)|F)?,

which is greater than or equal to zero and vanishes when F = 0. Accordingly, the
overall expression for the first Piola—Kirchhoff stress is

_ W F)

P
oF

—|—a(x,F,F)F,

and the related Cauchy tensor is

o = (detF)™!

Jr(x, F ..
%F* + (det F) la(x, F, F)FF*.

A structure for P¢ of the type
P! = A(x,F, F)F,

with A a second-rank positive definite tensor, would also be compatible with (4.4).
However, although the second law permits such a choice, it could have further
undesirable consequences, the analysis of which falls outside the scope of this book,
in which we pay attention essentially to elastic behavior. We consider, in fact, just
conservative processes. For them, the mechanical dissipation inequality reduces to
an identity; the free energy coincides with the internal energy, which is also called
elastic energy.
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4.3.3 Elastic Materials in an Isothermal Setting: Further
Constitutive Restrictions

Consider a body in an isothermal bath displaying conservative behavior under
external action. Assume that the body is simple. By rendering formally explicit what
is expressed in the last lines of the previous section, we write

d / &(x, F)dp — PE(3) = 0, (4.6)
dr Jy

where, as anticipated above, the internal energy density ¢ = e(x, F) appears in
place of the free energy. The two densities are related by the following standard
expression:

v =e+ On,

where ¢ is the temperature, 7 the entropy. When the temperature and entropy are
constant, the free energy reduces to the internal energy, modulo a constant: the
mechanical dissipation inequality becomes (4.6).

The identity (4.6) excludes the possibility of a dissipative component of the
stress, as can be proved by following the same steps of the previous section. The
structural constitutive choice for P is then the same as the internal energy density—
what we commonly call the elastic energy density in this setting—so that the first
Piola—Kirchhoff stress derives from a potential, and (4.3) reduces to

P=PxF) = g—;(x, F). 4.7

A problem is then the explicit assignment of e(x, F). Help in reducing the
arbitrariness of the choice is given by the requirement of objectivity of the elastic
energy density, which pertains to the inner structure of the material. Classical
changes in observers alter by isometries the entire ambient space in which we
describe the current (macroscopic) configurations of the body. Such changes do not
alter the material structure. It is then natural to require objectivity of the elastic
energy, with an essential consequence.

Definition 1. Let £ be a linear space. A function
f:L—R
is said to be convex if for every £ € [0, 1] and A, B € L, the inequality
JEA+ (1-§)B) < &f(A) + (1 - §)f (B)

holds.
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Lemma 2. Letf : L —> R be differentiable. Then f is convex over L if and only if

d
1) 1B = L (B)- (4~ B), 48)

for every A and B in L.

The proof proceeds in two steps: (1) We assume that f is convex, and we deduce
the inequality (4.8). (2) Then we take a generic differentiable function f satisfying
the inequality (4.8) and show that as a consequence, it is convex.

Proof. If f is convex, from the definition we get

J(B+E§A-B) =f(B)+E(f(A)-f(B),

which is
O TE < -rem 49
We then find the limit
f(B+EA—B)—f(B) d _of
: — £f(B+E(A—B)) EZO—@(B%(A—B)

as £ — 0. By inserting the result in the inequality (4.9), we get (4.8). To prove the
converse, let us use Z to indicate the sum £A + (1 — &)B. If f is differentiable and
satisfies the inequality (4.8), we get

of _ of
fA)—f(2) = a_Z(Z) A-2)=(1- 5)8—2(2) “(A-B)
and

i _
fB) =)z @) (B=2) =~ 5-(2) - (4= B).

By multiplying the first inequality above by & and the second by (1 — &), and
summing the results, we get

§(A) + (1 =5f(B) 2f(2) =f(EA+ (1 -§)B),

i.e., f is convex. O

Theorem 3. In the finite-strain regime, the objectivity of the elastic energy density
of simple bodies, e(x, F), and its possible convexity with respect to F are physically
incompatible.
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Fig. 4.1 If e(x, F) were &(z, F)
quadratic with respect to F, it
would have a unique
minimum

-
)
=

Fig. 4.2 Section of an elastic plate reaching two possible equilibrium configurations under the
same boundary conditions

The theorem excludes the choice of e(x, F) as a quadratic function of F. In
other words, thanks to the a priori restriction (4.7), in the finite-strain regime,
the first Piola—Kirchhoff stress P cannot depend linearly on the deformation
gradient F. Informal evidence of the result emerges, however, when we accept that
an equilibrium configuration of an elastic body satisfies the minimum of the elastic
energy. Hence, if e(x, F) were quadratic (i.e., strictly convex) with respect to F,
there would be a unique minimum (see Figure 4.1). Consider now an elastic plate
undergoing bending as a consequence of some boundary conditions expressed in
terms of displacements. A deformed configuration and its reverse counterpart appear
in Figure 4.2. Both shapes are at equilibrium under the same boundary conditions,
so that we do not have uniqueness. A rigorous proof of the theorem is, however,
necessary.

Proof. Write e(F) instead of e(x, F) for the sake of brevity, because the explicit
dependence on x does not play a role in the proof. If e(-) were a convex function
of F, since it is differentiable by assumption, the previous lemma would allow us
to write
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QF) ~2(F) = % (F)- (OF ~ F)
= 2P Q- DF = JeF* @~ 1).
In other words, the inequality reduces to
HQF) —5(F) = PF* - (0 — 1) = (det F)o - (@ — ).
The objectivity of &(-) can be written as 2(QF) = &(F), so that
o-(Q-1) =0,

since det F' > 0. The inequality must hold for every choice of Q. However, we could
find some choices of Q such that the inequality is satisfied if and only if o admits at
least one negative eigenvalue. Should ¢ represent an isotropic stress state, namely
o = —pl, with p a scalar, with the previous choice of Q, the inequality would
exclude the state p < 0, i.e., tension or compression, depending on the choice of the
convenction that we adopt on the positive sign of the traction. O

We should not forget that Q in the proof is associated with changes in observers,
and it has conceptually nothing to do with the class of admissible deformations,
although a body can have a rigid change of place.

Beyond the obstruction indicated by the previous theorem on the possible choices
of the elastic energy density, objectivity implies further restrictions. To satisfy the
objectivity condition

e(QF) = e(F),

if and only if it depends on the symmetric tensor U appearing in the left polar
decomposition or, equivalently, on the square power of U, i.e., C = FTF, which
is not affected by rotations in the ambient space, being defined on the reference
place. By the left polar decomposition, we have

C = F'F = (RU)*(RU) = U*R*RU = U"U.
Then we write
e(x, F) = é(x, C).

However, since C = g~'C, with C = F*gF, and in the elastic setting that we treat
here, g does not change, we can also write

e(x,F) = e(x,C),
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or more explicitly,
e(x,F) =e(x,C(F,2)).
Write also
e(x. F) = pe(x, C(F. 8))

to express the density of mass, and consider once again the spatial metric g
independent of time. We assume here also that the mass is pointwise conserved.

Theorem 4. For an elastic material undergoing large strains, the following rela-
tions hold:

P—2~Faé o=2 ;0
= 2p8 PTek = Pagag-

Proof. First we notice that
P-F=FF'g7'P.F=F'g7'P.F*3F
= F'g7'P- (Sym(F*gF) + Skw(F*gF)).
Moreover, since g is independent of time, we compute
C = F*gF + F*gF = F*3F + (F*3F)".
Hence, by defining the second-rank tensor S by
S:=F'g"'P,

a tensor commonly called the second Piola—Kirchhoff stress tensor, we can write?

. 1 .
P F=-5-C
2

because S is symmetric (prove the property as an exercise), so that § - Skw(F *gF)
= 0. Also, we consider S a function of x and C, as we are forced to do once the
objectivity restricts the dependence of e on F' to that on C, suggesting the same
choice for P, which is fully connected with the energy in the way we have already
shown.

Consequently, from equation (4.6), thanks to the arbitrariness of b, we get

. 1 .
e=P.-F==5-C
2

2Notice that the choice P = P(x, C) corresponds to S = S(x, C).



124 4 Constitutive Structures: Basic Aspects

i.e.,
de 1. .
—xC)—=SxC))-C=0,
(rjetr0 - 350.0)
for every choice of C, which is tantamount to stating that
= de
S, C) =2p—(x,0).
(5.0) = 2052(x.0)

From the definition, however,

de
S=F'g'P=2p—,
8 Poc

and the first relation of the theorem is proved. For the second relation, we first notice
that

02 (x,C(F.g)) _ 9 dCpy _ e

— — Fi F/ ,
0g;; dCap 08  0Cap * A
that is
de e
8_2 - FéF*. (4.10)

Then, using the first relation in the theorem, we compute

1 PE* 2p 7 BEF*
o = = —_— s
det F detFeac

and using the pointwise balance of mass p, det F = p and the identity (4.10), we
get finally the second relation in the theorem, commonly called the Doyle-Eriksen
formula. 0

We make the following comments on the previous results.

— When we require objectivity of the elastic energy, we are requiring that we pay
internal energy (inside the material) only when we change the shape of the
body by crowding and/or shearing the material elements. The energy density
e depends, in fact, just on C or, by extension, on any strain measure in the
isothermal setting that we are considering.

— The stress o can be viewed as a consequence of the change of energy due to the
variation of the metric in space: the geometric meaning of the Doyle-Eriksen
formula. The result is not in contrast with the standard view that the stress is a
consequence of the elongation or the shortening of material bonds. Consider, in
fact, a segment in 3,. By fixing g, we can elongate the segment and evaluate the
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superposed strain by computing the new length of the segment with respect to g.
Stress emerges in the process. Conversely, we can evaluate the initial length of the
segment; we change g and compute the length of the same segment with respect
to the varied metric. If we have changed g in a way producing the length of the
segment previously elongated, we have simulated the same process, so we must
have stress once again.

4.3.4 The Small-Strain Regime

In the small-strain regime, since 0 & P, the mechanical dissipation inequality can
be written on 3 as

d
—/Wdu—/cr-éd,ufo, (4.11)
dr Jg B

and we assume that it holds for every choice of ¢. For inhomogeneous simple bodies
in an isothermal setting, we assume ¥ = ¥/ (x,&) and 0 = 6 (x, £). We write ¢ =
V() and 0 = & (¢) in the homogeneous case.

The arbitrariness of ¢ implies that of the part of B, because we can select arbitrary
fields x — £(x) compactly supported over 13, the local form

oy )
(g—a)'efo,

i.e.,
o= 8—1’//, (4.12)
de
or
O’ _— %
T 9e]

once we substitute the free energy with the elastic one, a substitution permitted
in the elastic isothermal setting. Such a substitution is inappropriate when viscous
effects occur, because the entropy varies as a consequence of the viscous dissipation.
For viscous inhomogeneous materials in the same isothermal conditions, we write
v = &(x, e, &) and o = 6 (x, ¢, £). The additional assumption

o =0°+0"

with 0¢ = 6°(x, ) and 0 = 6%(x, &, €), is also necessary, because the mechanical
dissipation inequality requires that y be independent of &, analogously to what we
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have discussed in the finite-strain regime. In this case, the relation (4.12) holds only
for the energy-dependent part o¢ of the stress, namely

ae—a—w
e’

while the dissipative part satisfies the inequality
o?. >0, 4.13)
which implies, for example,
o = a(x, e, 8)é, (4.14)

with a(-) a positive definite scalar function. Once again, the relation (4.14) is not the
sole solution to the dissipation inequality (4.13). However, we prefer to refer just
to it, avoiding here a discussion about the ancillary consequences of solutions of
the type

ol = A(x, ¢, )¢,

with A a positive definite fourth-rank tensor, which is symmetric in the first two and
the last two components, namely Ajne = Ay and Ay = Ayjgp.

4.3.5 Linear Elastic Constitutive Relations

Let us assume that the condition |Du| < 1 applies, ensuring the small-strain regime.
The argument pictured in Figure 4.2 to visualize the physical incompatibility
evidenced in Theorem 3 no longer holds, since in the small-strain regime, we do
not distinguish between reference and actual shapes: they can be (approximately)
considered superposed, modulo the identification of the reference space with the
ambient one. The elastic energy is a function of the small-strain tensor ¢ and can be
chosen to be quadratic:

1
e(x,e) := E(CS) -e40p- ¢,

where C is a fourth-rank tensor depending possibly on x. When C is independent of
x, we say that the material is homogeneous. The relation (4.12) implies the linear
constitutive equation

o = Ce + oy,
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where oy is the so-called prestress, which is a possible initial stress state, like the
one appearing in extruded metallic artifacts.

We do not consider here the prestress 0y, so that the elastic energy density e(x, €)
has the form

1
e(x, &) = E(Cs) - &, 4.15)
and the constitutive restriction (4.12) implies simply
o = Ce.

Without distinguishing between covariant and contravariant components,® we can
write

0j; = Cijhkghk-

The symmetry of o requires the symmetry of C with respect to its first two
indices, i.e.,

Cijnk = Ciip.
Moreover, since
92e
Cijm = ———.
88,;,'88;”(

by Schwartz’s theorem, C is endowed with major symmetries, namely
Cijnk = Chuj.

Symmetry with respect to the last two indices then follows, namely
Cijnke = Cijn.

The physical assumption that the energy density is non negative implies the need
of considering C a positive definite tensor:

(CA)-A=>0 (4.16)
for every second-rank tensor A. The equality sign holds only when A vanishes. In

this case, we say that C is pointwise stable. A special choice of Ais A = ¢ ® c,
with @ and ¢ in R3, and the condition (4.16) becomes

3We exploit the identification of R?® with its dual.
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(C,-jhkakcha"ci > 0.
In particular, for a and ¢ different from the null vector, we have
Cyjmdtc"dc' > 0, 4.17)

a condition called strong positive ellipticity. Pointwise stability implies strong
positive ellipticity, but the converse does not hold.

4.4 Material Isomorphisms and Symmetries

Implicit in the discussion so far about the constitutive relations is the assignment
of a reference shape for the body. A question is whether and in which sense
constitutive relations are sensitive to the choice of the reference place. Preliminary
notions appear necessary to answer this, at least in the specific case of simple bodies
considered above and in what follows.

4.4.1 Objectivity of the Cauchy Stress

In deriving above the Doyle—Ericksen formula, we have obtained the relation

8 CED)

0 =2p,8 3C 4.18)

We have considered o as the value at (y, f) of a symmetric-tensor-valued function.
This point of view still remains, but now, the relation (4.18) allows us to consider o
as a value at a certain instant ¢ of a function depending on x, namely, fixing g,

o =0(F(x,1),x). (4.19)

5. The second-rank contravariant tensor & is then

Write now ¢ for g~
0=05"¢Qe¢,

so that by (4.18),

& = 2pF—F*. (4.20)



4.4 Material Isomorphisms and Symmetries 129

The value 6’ measured after a classical change in observer in the ambient space
is then

de
—/=2a F— F*O* = *,
o PaQ 3 Q" =000

since F becomes QF.
Let us now write & for the second-rank tensor & g. The tensor & is obtained from
0 just by lowering by g the second index of &, namely

6=0je;®e.

For the value ¢’ evaluated after a classical change in observer, from the
identity (4.20) we obtain

&' = Q60"

All developments in this section are based on the assumption that O € SO(3) is
of the form

0=0&®d.

The choice is natural because F is 1-contravariant and 1-covariant, so that the
product QF appearing after a classical change in observer can be written as

OF = QIF\&; ® &
If we consider in addition even Q € SO(3) of the form
0= Q’,:Ei ® é¢j,
we can write
o' = QoQ" 4.21)
for the stress tensor o evaluated after a classical (isometry-based) change in
observer, a value indicated by o”.

This relation follows directly from (4.18). To get it, we have first to recall that
under classical changes in observers in the ambient space, we have

gij — Q?éth_’f,
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since g is a fully covariant second-rank (symmetric) tensor. By insertion in (4.18),
we get

de
BCAB

0! =2p,0 g0 Q' F, ——F}'Q,

o e
= 204028, F

F*l j
AaCAB Bq

3 by . .
= 2paQ§1ghka§mF;[Q]1 = Q?U,];Qi,

which is exactly the relation (4.21) in components. It declares that under the
validity of (4.18), the stress tensor o is objective. We generally assume that the
relation (4.21) holds beyond the validity of the relation (4.18). In other words,
we assume that o is objective independently of the material class it is referred to.
We can call the assumption the principle of frame indifference of the stress.

4.4.2 Material Isomorphisms

Let us restrict once again our attention to the class of simple materials. The con-
stitutive structure indicated by (4.19) is referred to a reference place 5, as we
have already mentioned. To put in evidence the dependence on the reference
configuration, we could write explicitly 3 as a subscript of o, namely

o =o6g(F(x,1),x).

The previous relation states that the reference place B is occupied by a body
consisting of a simple material, and nothing more. Consider two distinct points x;
and x; in B. They are occupied by two different material elements. A question is
how we can give formal expression to the statement “the two elements at x; and x;
are made of the same simple material” by exploiting only the concepts discussed
so far. A viewpoint on this problem was suggested by Walter Noll in 1958. We say
that the two elements are made of the same type of material elements when (1)
p(x1) = p(x2) and (2) under the same strain, they undergo in time the same stress.
In other words, the two material elements at x; and x, have the same mass and are
indistinguishable by local measures of stress under the same strain. In short, we say
that the two elements are materially isomorphic.

The same question can be asked about two points x; and x, pertaining to two
distinct reference configurations 3; and B, of different simple bodies. To allow the
comparison, we assume the possibility of establishing between at least a pair of
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neighborhoods Z(x;) and Z(x;) of x; and x, a one-to-one differentiable mapping
f : Z(x;) — Z(x,), with differentiable inverse, a diffeomorphism. Let us write H
for Df ! (x).

Definition 5. We say that there is a material isomorphism between x; and x, when
at every instant,

L p(x) = plx2),
2. 6(F) = 6(FH), where we leave understood the dependence on x.

Condition (1) in the previous definition implies that det H is unitary, thanks to
the balance of mass. We summarize formally the previous statement by writing
H € Unim*(R?* R?) and reduce further the notation to Unim to indicate the
unimodular group of linear operators from R3 into R3. In particular, we need
Unim™, i.e., the subgroup of second-rank tensors with determinant equal to 1. The
restriction is necessary because if we assume det F > 0, we need also det FH > 0.
When H is the identity, the second condition in the previous definition is trivially
satisfied. However, there could be other linear operators H satisfying that condition.
Write H and K for two of them. We should have then

&5(F) = &(FH)
and

5(F) = 6(FK),
which implies

&(F) = 6(FHK).

As a special case, the map f can be selected so as to map at x € B the
neighborhood Z(x) onto itself. With this choice, if H satisfies condition (2), then
H~! does also. In this case, the set of H satisfying condition (2) contains the identity
and is closed under the composition (H,K) —> HK € Unim and the inverse
operation. Such a set is then a group, and we call it the symmetry group of the
material occupying the reference place BB at a point x. Let us denote it by G(x). Itis
a subgroup of Unim™. The special orthogonal group SO(3) is a maximal subgroup
of Unim*. When Gg(x) is a proper subgroup of Unim™ and contains SO(3), then
it coincides with SO(3) itself. In Noll’s view, the nature of the symmetry group
discriminate between simple solids and simple fluids.

Definition 6. Along orientation-preserving motions we call a material element at
x solid when at every instant, its symmetry group Gg(x) is included in SO(3) or
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coincides with it, while we call it fluid when the symmetry group is the whole of
Unim ™ 4

Imagine that a body is solid at x. Choose H = QT € SO(3). Condition (2) in the
definition of material isomorphism can then be written as

G(F) = G(FQ").

with Q of the type QgeA ® €P, i.e., a linear operator mapping vectors over the
reference space onto covectors of the same space. When such a Q acts on the right as
in the previous formula involving the stress, it maps covectors of the reference space
onto covectors of the same space. We use the transpose of Q when it is applied on
the right to allow the action of the same component (although now in contravariant
position) operating when it acts on the left.

4.5 Symmetry Group and Changes of the Reference Place

Consider another reference place B, obtained from B by means of a one-to-one
differentiable mapping & : B —> B’ with derivative having nonzero determinant.
Write G for Dh(x) (recall that we take det G # 0, so that G™' exists). Write also x’
for h(x). Assume that it is possible to reach the same actual configuration B, from B’
and B using different deformations, and write F’ and F for the relevant deformation
gradients evaluated at x’ and x, respectively. Figure 4.3 explains the situation.

Since the deformed configurations are the same, if we are handling a body made
of a simple material, we should have

5(F') =6(FG™).

This remark allows us to find a relationship between the two symmetry groups
G (¥') and Gp(x). We have first

4The definition is different from that proposed in 1959 (and refined in 1972) by Noll. In fact, he
calls a material element at x solid when its symmetry group is included in the full orthogonal
group and not only its special subgroup of rotations. In other words, in the definition of solids,
Noll includes reflections. Then he calls a material element having the full unimodular group
as symmetry group fluid. In proposing such a definition, however, Noll does not impose the
orientation-preserving nonlinear constraint det /' > 0. In this way, he can select as changes in
observers those involving the full orthogonal group. In other words, with y and y’ the actual
placements of the same material element evaluated by two observers, O and O’ respectively,
which differ from each other by a time-parameterized family of isometries, we have always
y =y +w) + Q@) — yo), with w(r) € R3, but now Q(¢) € O(3) instead of Q(¢) belonging
just to SO(3). In this setting, even the notion of objectivity changes, because it involves the full
orthogonal group, i.e., reflections in addition to rotations.
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Fig. 4.3 Reaching the same actual configuration from different reference places

6(FG™" = 6(FHG™) (4.22)
with H € Gg(x). Figure 4.4 clarifies the identity.
We then obtain
5(F') = 6(FHG™") = 6(FG"'GHG™") = 6 (F'GHG™") (4.23)
and

G(F)=c6(F'H) (4.24)
with H' € Gp/(¥').

Notice that GHG™! is unimodular, because H is. As a consequence, the two
symmetry groups Gz(x) and Gpr (x) are related, and we have

Gr (¥) = GGp(x)G™".

In particular, when the reference place is just rotated so that G = Q € SO(3), the
previous relation reduces to

G (X') = 0Gr(x)0". (4.25)
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Fig. 4.4 Sketch justifying the identity (4.22)

The orthogonal tensor Q appearing in (4.25) acts on the reference place. Let
us now consider a classical change in observer: an isometric transformation of the
ambient space onto itself determined by the action of the Euclidean group over
the physical ambient space. The assumed objectivity of the stress tensor can be
written—as we already know—as

6(QF) = 06(F)Q",
with now Q = 0/¢; ® &, and 5(F) = 0/¢ ® &. We could ask now for a condition
ensuring that Q belongs to the symmetry group Gz(x), provided that we have the

identification of the reference space with the ambient one. If Q belonged to Gp(x),
we should have

6 (QF) = 6(QFQ").
Hence, the required condition is
G(QFQ") = QG (F)Q", (4.26)

where we recall that QT appearing on the right-hand side of F acts on the reference
space, while Q in premultiplication positions maps vectors in the ambient space
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into vectors of the same space. The condition (4.26) is in general not necessarily
satisfied by all the elements of SO(3), those that can be involved in classical changes
in observers. When & (-) satisfies (4.26) for all the elements of SO(3), we call it
isotropic.’ In fact, tensor-valued functions are defined isotropic with respect to the
full orthogonal group O(3). Here, since the a priori condition det F > 0 excludes any
role for the subgroup of reflections (the one composed of orthogonal second-rank
tensors with determinant equal to —1), we involve just SO(3) in the definition of
isotropic functions. Isotropic functions are advantageous because there are explicit
representation theorems for them.

4.6 Isotropic Simple Materials

4.6.1 Simple Bodies

Definition 7. We call a simple material isotropic at a point x in a reference shape
B when its symmetry group Gz (x) contains the full special orthogonal group SO(3).
When a simple material is isotropic at all points x in 3, we call it isotropic without
further specifications.

— Since SO(3) is maximal in Unim™, if the symmetry group of a simple isotropic
material is a proper subgroup of Unim™, the material is necessarily a solid.
— Every simple fluid is isotropic.

Definition 8. When F = I, we say that a material element placed at x in B is
undistorted after the deformation determining such an F.

Proposition 9. In a simple isotropic material, the stress pertaining to an undis-
torted state of a material element is spherical,® namely 0 = —pl, with p € R the
so-called pressure,” and I the second-rank identity tensor:

Proof. In the special case given in the proposition, the condition (4.26) reduces to
6(I) = Q6 (I)Q7, since QIQ™ = QQT = I. The identity states that o must commute
with every Q € SO(3). Then ¢ has to be of the form «/, with o a scalar that we
indicate by —p for future convenience. O

Proposition 10. For a compressible nonviscous simple fluid we have o = —pl,
where the pressure p is a function of the mass density.

3The definition is justified here by the exclusion of reflections due to the orientation-preserving
constraint. In the absence of it, we usually call the tensor-valued functions satisfying (4.26) for all
elements of O(3) isotropic.

6Recall that a second-rank tensor is called spherical when it is of the form «/, with « a scalar and
I the unit second-rank tensor.

"The pressure appears also in different contexts. An example is nonviscous compressible fluids.
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Proof. By the definition of a fluid, the stress 0 must be such that 6 (F) = 6(FH)

for every H € Unim™. A special choice of H is H = (detF)%F_l, which is
3 detF

unimodular, since we have det H = ((detF)%> detF~! = etF = 1. The choice

e

is justified, however, after identification of the reference space with the ambient one.
A consequence is then

G(F) =6 ((detF)%l) .

A simple fluid is also isotropic. Then the argument followed in the proof of the
previous proposition implies the spherical structure of the stress, but now the
pressure p is a function of detF, i.e., of the actual density of mass p, thanks to
the mass balance p = p, det F. O

The pressure appears also as a reactive stress determined by the constraint of
incompressibility in both solids and fluids. The next section clarifies the point. In
any case, when the Cauchy stress is spherical, the balance of momentum becomes

paab = ba - Dyp’

or more explicitly,

b

9 + ,o(Dyvb)v = by — Dyp,

P

which is the system of Euler equations.

4.6.2 A Digression on Incompressible Viscous Fluids

Constraints between a body and its surrounding environment appeared already in
Chapter 1, where we also defined rigid bodies as those admitting just motions of
the type 3(x,7) = w(t) + Q(t)(x — xo), with w() € R? and Q(r) € SO(3). This
last requirement can be viewed as an internal constraint, for it deals with the inner
structure of the material, i.e., the possibility of the material elements changing their
places relative to one another.

More generally, we can think of an internal constraint of the type

y(F) =0,

with y a differentiable function of its argument. Physical requirements restrict its
generality.
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— Assumption 1: The function y is objective.
This assumption implies that the constraint has to be considered a function of C,

or equivalently, C, i.e.,

y(F(x.0) = p(C(x,1)).

By time differentiation, we write

We have also (see Chapter 1)
C = 2F*(Sym(gD,v))F = 2F*DF

with D := Sym(gD,v), so that

) - .
~—.C=2-2-F'DF =2F _F*-D=0. 4.27
ac = %5c aC *-27)

The condition p(C) = 0 restricts the class of simple bodies that we are discussing.
Associated with such a constraint we could consider it natural to imagine a reactive
stress o’

— Assumption 2: 0" determines the additive decomposition
oc=04+0", (4.28)

where o is the active stress endowed with energetic and/or dissipative factors.
— Assumption 3: ¢” is powerless, i.e.,

o"-D=0

for every D. The constraint is, in this sense, holonomic. This assumption and

0
equation (4.27) imply that 6" must be proportional to F’ %F *. Write —p for the

scalar proportionality factor. We must have then

"
o = —pF%F*. (4.29)

— Assumption 4: We consider a homogeneous viscoelastic simple material, i.e.,

0% = o°(F) + o(F. F). (4.30)
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— Assumption 5: The symmetry group is Unim™

MOI‘GOVCI‘, Wwe assume

, 1.e., we are handling a fluid.

ot =0, 4.31)

i.e., there is no energetic component of the stress.

This assumption implies from the second law of thermodynamics that the free
energy is constant with respect to the strain—we could have taken such a result as
an assumption in place of 0¢ = 0. Moreover, we obtain also (see previous sections)

c?.D>0.
A possible solution of this inequality is
ol = vD*, (4.32)
with b > 0 and D* = g7'Dg™!, i.e., D* = DV¢; ® ¢;.
— Assumption 6: The material under consideration is incompressible, i.e.,
7(C) = detC—1.

Recall that detC = (det F)2. The volume does not vary when detF = 1, i.e.,
det C = 1. This last assumption implies

9y _ ddetC

£ = =CTdetCc=C"T=C",
aCc ~ aC ¢

the last identity being justified by the symmetry of C. Consequently, we compute

dy
F—F*=FC'F*=g"
aC §
— Assumption 7: The spatial metric g is flat (i.e., g coincides with the identity).

Then equation (4.29) can be written as
o" = —pl. (4.33)

The previous assumptions imply that when we change the shape of the body
satisfying them, we just have friction among neighboring material elements.
We exclude, in fact, elastic material bonds (Assumption 5) and mass density-
dependent pressure (Assumption 6). Consequently, in physical terms, we are
handling what we commonly call a viscous incompressible fluid.
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Moreover, we compute
divo? = v divD* = Av + bV,divy = D Av,

the last identity being justified, since the incompressibility assumption above
implies div v = 0 as a consequence of the Euler identity (see Chapter 3).

By taking into account the relations (4.28), (4.30), (4.31), (4.32), and (4.33),
under the validity of the previous assumptions, the pointwise balance of forces
becomes

Pad = VA —Vyp + b,

where the Laplacian A, and gradient V, operators are evaluated with respect to y;
the variable y appears in subscript position just to indicate this circumstance. When
noninertial body forces are absent, i.e., when b = 0, the previous equation reduces to

v _
o (E + (Vyv)v) =VAv—V,p,

which is the system of the Navier—Stokes equations, after Claude-Louis Navier
(1785-1836) and George Gabriel Stokes (1819-1903).

4.6.3 Isotropic Elastic Solids in the Large-Strain Regime

Objectivity requires that the elastic energy density be a function of the right Cauchy—
Green tensor:

e=-¢ex,C).
When the material is isotropic, for any Q € SO(3) we have
5(F) = 6(FQ).
Under the transformation F — FQ, we obtain
C = F*3gF — Q*CQ = Q*F*3FQ.

The isotropy can be interpreted by stating that the energy density does not change
under rotations of the reference place. We say, in short, that the energy density e is
rotationally invariant. Then, since C is symmetric, we can find a rotation bringing it
into a diagonal form. In this way, the energy density is in this case a function of the
eigenvalues of C, namely the solutions of the algebraic equation

£ —1(C)&* + L(C)§ —I(C) =0,
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where I;(C) is the trace of C, L(C) = (detC)tr C™!, I3(C) = det C. Since the
coefficients of the previous equation are real and their algebraic signs alternate, we
obtain three real eigenvalues &, &, &5 such that

LOO) =& +&+E&, L) =§E+86&G+H6E, L(O) =66
Moreover, by the Cayley—Hamilton theorem, C itself satisfies the equation
C* — 1 (C)C* + L, (C)C — (C) = 0,

and the circumstance allows us to evaluate both C~! and C~2. In fact, if we multiply
the previous equation by C~2 and C~! respectively, we get

1

2 = C—11+5LC! 4.34
13(C)( I+ 5LCT) (4.34)
and
1= ! (C*—1I,C+ L) (4.35)
L(C) ’ '

where the hat indicates that the tensors involved are 1-contravariant, 1-contravariant,
namely

c' = Clg= (é’_l /;eA ® €,

so C is defined by

The eigenvalues & of C are complicated functions of C. Then it appears
convenient to assume that the elastic energy is a differentiable function of the
invariants of C, namely I;(C), rather than its eigenvalues, namely

e =e(x,1,(C),L(C), 5(C)).
The derivative of e with respect to C is given by

de de () de IH(C)  de AL(C)
[ 4.36
3C ~ I(C) aC T an(C) aC T o) ac (4.36)

since the invariants I;(C) are differentiable functions of C.
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Lemma 11. The following relations hold:

()
Tac ¢
AL(C)
ac
BO cr et 4 bty + (¢~ 1 + b
L(C)
8[3(C) .
ac

, (4.37)

(4.38)

(C? —1,(O)C* + L(O)IY), (4.39)
where C* = C*ey ® ep = g7'Cg™! and I' is the 1-covariant, I-contravariant
identity

Proof. We write Cy4 for the trace of C when the metric in the ambient space is flat
(i.e., gap coincides with §45). When the metric is not flat, we recall that

trC = CABgBA = C-g_l,

which is identical to the standard notation when g is the identity. Consequently,
by taking the derivative with respect to C, we obtain the relation (4.37). The
determinant of C is given by

detC = eEDBCA]BCAzD CA}Ev

where A1, A,, A3 is a fixed even permutation of 1, 2, 3. We compute

ddetC
8CA]B

= ePEPCy,pCayCa, 38R (CTHRA = (det C)(C™HBM
= (detC)(C M5B,

BED BED —1\RA
=€ Ca,pCase = €7 Ca,pCaeCar(CT )™

which implies from (4.39) from (4.35). The proof of the relation (4.38) follows also
from a direct calculation. We get, in fact,

L (C d otr ™1
g(c) = %detCtrC_l = (detC)C'tr €' + (det C) d
(4.40)
1, 1 ac!
= (detC)C 'trC™ " + (det O)tr .
aC
We have also CC~! = I*, with I* the 1-covariant, 1-contravariant identity, i.e.,

CAB(C—I)BD — 8?,
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and we compute

d
0CuE

8(C_1)BD _

Cap(C™HPP = §5(C™"PP + Cap
0CaE

0.

Then we obtain

3(C ! om AB om ED
—1

The derivative is a fourth-rank tensor. Its trace is a second-rank tensor

obtained by saturating the indices A and D. Then we get

—1
tra(c ) =—-C2.
aC

The second-rank tensors C~2 and C~! follow from (4.34) and (4.35) respectively
once we multiply from the right by g~!. Insertion of the results into (4.40)
gives (4.38). O

Using the lemma, from the derivative (4.36), we get
d
P= 2§F£ =28F(rng™" + rnC" + 1 C"?), (4.41)

where we have included the mass density in e, for the sake of conciseness, and ry, 7,
and r3 are coefficients emerging from the introduction of (4.37), (4.38), and (4.39)
into (4.36). We leave to the reader the explicit derivation of the coefficients. We just
want to note here the general expression of the derivative of the energy density with
respect to C.

If we do not use (4.34) and (4.35) in the proof of the previous lemma and
insert (4.40) into (4.36), we get

ae_ae -1y 8e+8el C_l_aelc_z
ac ot oL oL oL

4.6.4 Isotropic Simple Materials in the Small-Strain Regime

Consider in the small-strain regime the elastic energy as a quadratic form in ¢.
Isotropy implies the dependence of the energy on the invariants of &, excluding
I;(¢) = dete, because the determinant of a 3 x 3 matrix is cubic. For the second
invariant of e, we can consider the expression
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L(s) = % ((tre)* —tre?).

This formula can be proven by writing ¢ in terms of its eigenvalues and
computing directly I,(¢). The result does not depend on the vector basis chosen
because I (¢) is rotationally invariant. Consider®

A
e(e) = plel” + E(trs)z-

The resulting stress—strain relationship is of the form

de
0y =5 = Altre)gi + 2ueyj,

and it emerges from the linearization of (4.41), and the use of g. Notice that we do
not distinguish between g and g as well, since we confuse B with BB, on identification
of £* and £3. The previous relation can also be written as

0 = (Cijhkghk, (442)
provided that

Cijne = Agijgnk + 1(gixgjn + gingjk)- (4.43)
When the metric is flat, we get
0y = Atre)dy + 2ue;;
and
Cijme = A8ijbn + n(Sibin + Sindjr).-

If the material is homogeneous, then A and p do not depend on x, an assumption
that we accept from now on, unless otherwise specified. In this case, we call A and
u the Lamé constants after Gabriel Lamé (1795-1870). They define in the small-
strain regime the linear elastic constitutive relation (4.42) with C given by (4.43).
In this case, by evaluating the trace of o, we get

tro = (2u + 3M)tre,

ie.,

1

tre = ————tro,
re 2M+3Ar0

8Here 1 has nothing to do with dy, which denotes the volume measure.
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which implies

1 A
e=—|o——"—"—twrol}. (4.44)
21 2u + 34

Consider a test in which 011 # 0 and 0;; = 0, {i,j} # {1, 1}. We get

1 ! A
en=—\\l—-—])0o
11 o 20+ 3% 11,

ie.,
o1 = Eeyy,
where E is given by

E_Mw+u)
w4 A

and is called Young’s modulus after Thomas Young (1773-1829). Moreover, for
the strain components &5, and £33, we compute

A
€ = €33 = —mml
and define
b 2 E A
e e 2w+’

calling it Poisson’s ratio after Simon-Denis Poisson (1781-1840). In a linear elastic
isotropic material, the elongation along a given direction implies then a transversal
contraction. Algebra leads us to the identity

v A
L+v  2u+34

so that we can write the stress—strain linear elastic isotropic relation as

i (7]
=—|o— trol |,
21 I+

an expression that we shall find useful in the subsequent development.

&

Theorem 12. Take C isotropic in a Cartesian frame. Consider C as a linear map
from the space of symmetric second-rank tensors onto itself. Provided that A # 0, C
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has two eigenvalues, namely 2p + 3\ and 2. The relevant eigenspaces are those
of spherical and traceless second-rank symmetric tensors.

Proof. We consider first two independent mechanisms: uniform pressure and pure
shear. In the first case, the stress ¢ is of the form 0 = —pl, with p a scalar.
Consequently, from (4.44) we get

1 3,
e=—|——— .
aw\ou+an )P

Then ¢ is spherical: it is of the form e/. We have also

3
1] =3¢ = s
R VAT YL
i.e.,
— p = 3ke, (4.45)
with
2
k=X+-u,
+ 3/L

called the bulk modulus. Then 3k is an eigenvalue of C, as stated by (4.45).
Consider now

& = BSym(m ® n),
with B a scalar and m and n two linearly independent vectors. In this case, we get
o =2uP Sym(m Q n),

i.e., 24 is an eigenvalue of C, which is here isotropic in general. Let o be a generic
eigenvalue of C. By definition, we have

Ce = as.
Since the tensor C considered here is isotropic, we can write the previous relation as
Qu —a)e + A(tre)l = 0. (4.46)
When o« = 2u (one of the two eigenvalues of C), we obtain tre = 0, since
A # 0. In other words, the eigenspace corresponding to the eigenvalue @ = 2u is

the space of traceless tensors. When o = 2u + 34, equation (4.46) becomes

—3Ae + Atrel =0,
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1
which is satisfied when ¢ = g(tr €)1, since A # 0, so that the eigenspace associated

with the eigenvalue 2 + 3A is the space of spherical tensors. O

The inequalities
w>0 and 2u+31>0

ensure the positive definiteness of C. Alternatively, we can impose the following
pairs of inequalities:

u>0 and k>0,

1
u >0 and —1<v<§,
E>0 and —1<v<5,

by taking into account previous definitions of k, v, E. The positive definiteness of C
implies the positivity of the elastic energy density

1
e(e) = Ee - Ce.

4.7 Additional Remarks

In contrast with what we have done so far, we could assume a priori the constitutive
relation

o =Cs

with C endowed only with minor symmetries, imagining that this choice defines the
range of linear elasticity. Then we could prove the existence of the elastic energy
under the restrictive condition that C is endowed with major symmetry. According
to tradition, we should then call this case hyperelastic. We have followed the
opposite approach, showing a preference for the hyperelastic setting that we call
simply elastic, for we find it thermodynamically natural and sound. The reader, of
course, can have a different opinion.



Chapter 5
Topics in Linear Elasticity

5.1 Minimum of the Total Energy

Under small-strain linear elastic behavior, we call a triplet of fields i(-), £(-), 6 (-),
denoted by ¢, such that

- e C¥Y(B)NC(B),

— SymDii € C(B), with B the closure of B,
- &() € C(B),

- 6() e C(B)NC(B),

- divé € C(B),

an admissible state.

We write u, €, o for the values i(x), £(x), and & (x), respectively. We then have
u € R? g, and 0 € Sym(R3, R?).

We denote by A the space of admissible states. It is a function space.

We consider mixed boundary conditions, which means that we subdivide the
boundary 9B of the region B that the body occupies into two distinct pieces 95,
and 0By, i.e., 0B, U 0By = 0B and 9B, N 0B; = &, and we assign surface forces f
along 013; through a piecewise smooth map x —> f(x) € R, x € 353, and prescribe
u(x) = u(x) for x € aB,, with u(-) an assigned continuous function. The body is
also subjected to noninertial body forces b.

For the bulk elastic energy density £(¢), we consider the quadratic expression

1
5(8):—/8-(Csdu,
2 /g

with C endowed with the symmetries already discussed.
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Lemmal. If x —> &(x) € Sym(R3 R?) and x — &(x) € Sym(R3 R?) are
square-integrable fields, we have

Ee+8) =E@E) +EG) + / e Cédp.
B

Proof. Due to the symmetry of C, we obtain
£-Ce =¢-Ces.
Then we compute
(e+¢6)-Cle+e)=¢-Ce+&-Ce+2e-Ct. O

Notice that in the previous proof, C can depend on x, i.e., the material can be
inhomogeneous. Here we assume that the map x — C(x) is smooth over B and
continuous over its closure /3.

We say that a triplet of fields u(-), £(-), and 6(-), a state, is kinematically
admissible when

& = Sym Du, o = Ce, u=u along dB,.

The set A® of kinematically admissible states contains stress fields that do not
necessarily satisfy the balance equations with the data b and f prescribed. States
satisfying the balance equations are characterized by the following theorem.

Theorem 2. Let &, : AX — R be the total energy defined by

Eioi(c) = 5(8)—/ b-udu— | f-udH>.
B By

Let also ¢ be a solution of the mixed boundary value problem (as specified
above). Then ¢ realizes the minimum of the total energy, namely

Eior(6) < Eioi(S)

for every & € AW, with equality holding when & = ¢ modulo a rigid displacement.

Proof. Let the state ¢ be a solution of the mixed boundary value problem. For ¢ €
A®  define
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This new state is such that
¢ = SymDu/, o' =C¢, W =0 ondB,

with
/

W =u—u ¢&=%t—& 0 =0-—o0.

By the previous lemma, we get
E@) =E(E+&)=E@)+EE) + / - Cedu = E(e) + E() + / o-&du,
B B

and Gauss’s theorem implies

/o-s’du:f on-u’d’Hz—/u'-divadu.
B B B

The surface integral in the previous expression is limited to 5, because u’ vanishes
identically over d/3,. The definition of &, implies then

Enl@) — Eun(c) = EE) — E() — /B b (i — wydy /3 G
f

_ N : ) _ ) 2
=£(&) /B(dlvo—i—b) udu—l—/asf(an f)-udH".

Since ¢ is a solution of the boundary value problem, the relevant stress field is such
that

divo+b=0 and on=f alongdb.

Consequently, we obtain

- , 1 ,
E0i(S) = Em(s) = E(&) = 5/ g - (Csld,u.
B

Then, since C is positive definite,

gtot(g‘) - gtot(g) = 0

if and only if
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i.e., when u equals # modulo a rigid displacement. In fact, take
u=u+w++qgx(x—x),
with w and g constant vectors in space. We get
Du = Du + eq
with eq a skew-symmetric second-rank tensor with ijth component given by

e;iq’, with ey the Ricci symbol. The symmetric part of the previous relation is
then & = ¢. |

5.2 Minimum of the Complementary Energy

Write AS) for the set of statically admissible states, i.e., those with stress fields
satisfying the balance equations and the constitutive relation, namely

dive +b =0, o € Sym, on=f alongdBf,0 =Ce

with b, f, and 93, pertaining to the mixed boundary value problem defined in the
previous section. Let £.(0) be defined by

Ec(o) :=1/0-Kodu
2Js

with K := C~!. Since C is positive definite, K is also positive definite. The quantity
&, is generally called the complementary energy.
Define also £ : AS —> R by

Er(g) == 50(0)—/ on-udH?>.

u

Theorem 3. Let ¢ be a solution of the mixed boundary value problem, which
implies the inclusion ¢ € A% N AS). Then ¢ minimizes EF e,

EN) =5 ()

for every & in AS). The equality sign holds only when & = ¢.

Proof. For every ¢ in A, the admissible state ¢’ = & — ¢ has a stress field
o’ = 6 — o such that

dive’=0 and o'n=0 alongdB;, 5.1
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since both & and o satisfy the balance equations with the same data. By the lemma
in the previous section, we write

E(6)=E(0c +0")=E.(0) +E(c) + / o' -edu. (5.2)
B

Since ¢ is also kinematically compatible, since it is a solution of the mixed boundary
value problem considered here, ¢ coincides with the symmetric part of Du, and we
have, by Gauss’s theorem,

/o/-sduzf U’n-ud?’-[z—/u-divo/d,u,
B B B

which reduces to

/0’-5du=/ U’n-ud'}-lz:/ (6 —o)n-udH?,
B By, B,

due to (5.1). Then by substitution in (5.2), we find

EX (@)~ EH () = £.(6) — Eulo) — f G udH?
By,

1
+f on-udM? =E.(0') = —/ o' -Ko'du >0,
B, 2 Js

since K is positive definite. The equality sign holds when ¢’ = 0, that is, when
0=o0. ]

5.3 The Hellinger-Prange—Reissner stationarity principle

We need to satisfy four conditions for solving the mixed problem in linearized
elastostatics: (1) the strain-displacement compatibility, (2) the validity of the stress—
strain linear constitutive equations, (3) the identity # = u along the portion 915, of
the boundary 08 where the displacement is prescribed, (4) the balance equations in
the bulk and along the boundary 913, where forces are applied. Recall the assumption
0By N 0B, = @ with 0B, U 9B, = dB.

In both theorems discussed in the two previous sections, some conditions are
assumed to hold. A state realizing the minimum of the functionals considered there
satisfies all four conditions. Options are possible. We can start, for example, by
considering the subset of A including admissible states for which just the strain-
displacement compatibility is granted a priori. Let us denote by .A5? such a set.
Notice that for u and u admissible displacement fields, with « a scalar, we have
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SymD(u + ait) = Sym Du + aSym Dii. Hence, if ¢ and ¢ belong to AS?, then
¢ + ac € AS? the sum of two states being defined by the state composed by the
sum of the relevant fields, namely ¢ + ¢ = (4 + ait, € + @€, 0 + aF).

Theorem 4 (Ernst David Hellinger, 1914, G. Prange, 1916, Eric Reissner, 1950).
Let Eppr(c) : AS? — R be defined by

Enupr(c) = &(0)—/ o-ed,u+/ b-ud;H—[ on-(u—ﬁ)d?—l2+/ frudH?.
B B By 0By

A state renders Eppg stationary if and only if it is a solution of the mixed boundary
value problem in linearized elastostatics.

Before going into the details of the formal proof, we recall that the stationarity
of Eypg is ensured at all states where the first variation of Egpg, denoted by §Eypg,
vanishes. We say that the condition is ensured at ¢ € A5? when the derivative

d
8zEnpr(s) = ESHPR(S‘ + ag) (5-3)

a=0

exists and vanishes for every & € AS9.

The definition has a geometric interpretation. We can think of §:Expr(s) as the
derivative of Eypg along the “direction” ¢, evaluated at ¢. In this way, when we
state that the first variation of Eypg vanishes at a state ¢, we are saying that the
first derivatives of that functional along all the possible “directions,” evaluated at ¢,
vanish.

Proof. Take ¢ and ¢ in A*. By the lemma in Section 5.1, we get
E(0 +ab) =E(0) + a?’E.(6) + a / 5 -Kodpu.
B
Hence, by computing the derivative in (5.3), we obtain

8zEnpr(s) = /((Ka —&)-0—0-+b-u)du
5 (5.4)
+[ Gn-(u—i)+on-dH>+ | (- w)dH>.
B, 0By

Since o is symmetric and the compatibility between ¢ and « is ensured a priori as
c e A d by Gauss’s theorem we obtain

[o-éd,uz/o-Dﬁd,uz/ an-ﬁd?—[z—/z}-divadu. (5.5)
B B B B
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By inserting the result into (5.4), 8§ Enpr(c) reduces to

8zEnpr(s) = /B((KO —¢&)-0+ (b+divo) - u)du

(5.6)
+ | Gn-w—wdH+ | (f—on) wdH>.
B, 0By
If ¢ is a solution of the mixed boundary value problem, we get
5§5HPR(§) =0 (5.7
for every choice of ¢, which is
8Eupr(s) = 0. (5.8)

Conversely, if ¢ satisfies the equations (5.8), i.e., (5.7) for every choice of ¢ =
(u,€,0), by the fundamental theorem of calculus, from the expressions (5.5)
and (5.6) it follows that ¢ is a solution of the mixed boundary value problem in
linearized elastostatics. O

Although the stress fields appearing in the definition of admissible states are
symmetric, they do not correspond necessarily to the tractions satisfying the integral
balances with assigned data b and f.

5.4 The Hu—Washizu Variational Principle

We can weaken further the approach by assuming that none of the conditions of the
mixed boundary value problem in linearized elastostatics is satisfied a priori. Even in
this case, we can show that a solution of the mixed boundary value problem renders
stationary a certain functional, let us denote it by Egy, defined over the whole space
of admissible states.

Theorem 5 (M. Fraeijs de Veubekele Baudouin, 1951, Haichang Hu, 1955,
K. Washizu, 1955, 1968). Let Eqgw(c) : A —> R be defined by

Enw(c) := 5(8)—fso-sd,u—/g(b—f—divo)-udu

+/ on-udH*+ | (on—f) udH>.
9B oy

Then Epw becomes stationary at ¢ if and only if ¢ itself is a solution of the mixed
boundary value problem in linearized elastostatics.
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Proof. With¢ = (u,e,0) and ¢ = (i,8,6) in A, ¢ + a¢ € A forevery @ € R. By
the lemma in Section 5.1, we also get

E(e + ad) = E(e) + a£(F) +a/ ¢-Cedp.
B

Then we can compute

d -
8:€uw(s) == agHW(S‘ +ag)

a=0

:/(((Ce—o)-5—(b—i—diva)-ﬁ—&-e—u-div&)du
B

+/ Gn-udH>+ | Gn-u+ (on—f)-n)dH>.
0B, 0By

Gauss’s theorem and the symmetry of & allow us to write

/ u-divo du = / &n-udH? —/ 6 -SymDudyu,
B B B
so that
8Enw(s) = / (Ce—o0)-e—(b+divo) -u)ydu
B

+/(SymDu—e)-5du+/ on- (it — u)ydH? (5.9
5 ‘

u

+ | (on—f)-ndH>.
By

If ¢ is a solution of the mixed boundary value problem, then 8:Eyw(s) = O for
every ¢ € A, i.e.,

Conversely, assume that (5.10) holds. By taking ¢ € A of the form ¢ = (&, 0, 0),
equation (5.9) implies

f(b+divo)~12d,u=0 (5.11)
B

for every it € A, i.e., b + divo = 0 thanks to the arbitrariness of . The choice that
i vanishes near 03, and the previous result imply also
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(on—f)-udH* =0 (5.12)
By

for every it € A, i.e., on = f along 0B;. Also, for ¢ € A of the form ¢ = (0, £,0),
from equations (5.9) and (5.10) we obtain

/((Ce—a)'e?du:O (5.13)
B

for every &, i.e., 0 = Ce. For ¢ € A of the form ¢ = (0,0, 5), with & vanishing
near d8, from equations (5.9) and (5.10), we get

/(SymDu —¢g)-0du=20 (5.14)
B

for every 0, i.e., the strain—displacement relation ¢ = Sym Du. Moreover, if &
vanishes everywhere but d/3,,, from equations (5.9) and (5.10) we obtain

[ n-(u—u)dH> =0 (5.15)
B,

for every &, i.e., u = u along 08,. The relations (5.11) to (5.15) then imply that
¢ = (u,&,0) is a solution of the mixed boundary value problem in linearized
elastostatics. O

5.5 The Betti Reciprocal Theorem

Consider a body composed of a linear-elastic material with constitutive tensor C
depending continuously on x and having all major and minor symmetries.

Consider a first pair of bulk and surface actions, namely b? and f;, acting over
the body, and denote by u; the displacement field solving the mixed boundary value
problem with boundary data f; along 03; and u = i along 05;.

Take now a second pair of actions bg and f>, with the pertinent displacement field

uy as above. Notice that both bjf and bg may include inertial actions, so that what we
discuss here holds also in elastodynamics.

Theorem 6 (Enrico Betti, 1872). Under the previous conditions, the external work
performed by the actions b'JlF and f1 over the displacements u, equals the analogous
work of the pair bg, f> along u;.

Proof. We have already shown in Chapter 3 that the invariance of the external power

under classical changes in observers implies the identity with the internal power
under appropriate regularity conditions of the fields involved. That expression has
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its counterpart in terms of work, as emerges, e.g., by multiplying the pointwise
balances by u and integrating over 5. As a consequence, we can write

/bf-uzdu+ fl-ugd’l-lzz/cn-szdu
B aBs B
and
/bi-uld;H fz-uld’}{zzfoz-eldu.
B OB B

Due to the major symmetry of C, we have also
01+ & I(C(;‘l c&) = & '(Cé‘z = &1 07,

which proves the theorem, namely

/bf-uzdu+ fl-ude2=/b§-u1du+ foup dH2. O
B Br B 0By

5.6 Kirchhoff’s Theorem

Theorem 7 (Gustav Robert Kirchhoff, 1859). The solution of the mixed bound-
ary value problem for the equilibrium of a linear-elastic body is unique to within a
rigid change of place.

Proof. Let u' and u” be two solutions of the mixed boundary value problem
specified above; & and &” are the pertinent strain fields, while ¢’ and o” are
the respective stress fields associated with them by the constitutive tensor C. By
assumption, we have

/

dive’+b=0 in B, on=f ondB;, u' =u ondB,
O_/ — O_/T

and
dive” +b=0 in B, o'n=f ondB;, u’ =u on 0B,

1 Vi
o =o',

By subtraction and after denoting by ¢ and u the differences ¢ = ¢’ — ¢” and
u=u —u", we obtain

divo =0, on=0ondB;, u=0 ondB,.
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By multiplication by & and integration, we get also
0= [ fdividu= [ 5Didp= [ 5-zdp (5.16)
B B B

where & = Sym Du and we have used the symmetry of o and the boundary
conditions 6n = 0 on dB; and u = 0 on dB,, so that

/ on-udH* = 0.
B

Equation (5.16) can then be written as

/é.cm:o,
B

since the material composing the body is linear-elastic. Since C is positive definite,
equality holds when ¢ = 0, i.e., & = ¢”, so ' differs by u” just by a rigid
displacement. O

5.7 The Navier Equations and the Biharmonic Problem

In this section, we consider a flat space, i.e., the metric is orthogonal, namely
gij = 8;j. We then use systematically the natural identification of R® with its
dual R3**. For this reason, we shall not distinguish covariant and contravariant
components, and we shall write the standard symbol of gradient, V, instead of
derivative D. The choice is dictated by the desire to express the results in this section
and the following one in traditional fashion.

For the reader’s convenience, we recall here some identities in tensor analysis
before going into details.

— Let x — a(x) € R3 be a twice differentiable vector field. The following
identities hold:

div((diva)l) = Vdiva, (5.17)
div(Va)" = Vdiva, (5.18)
div curla = 0, (5.19)
Aa = Vdiva — curl curl a. (5.20)

— If a(-) is such that

diva=0 and curla =0,
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then a is harmonic, namely
Aa = 0.
— Ifa(x) is a covector instead of a vector, then the previous identities hold, provided

that we make the substitution of V with D, even in the definition of the Laplacian
operator and the curl.

We disregard here inertia and assume that the displacement is four times
differentiable. We consider a body composed of a linear-elastic isotropic material,
i.e., we recall

0 =Ce=2ue+ Mrel = u(Vu + VuT) + A(divu)l.

Here A and p are differentiable functions of x. By inserting such an expression into
the balance of forces, we get

div(u(Vu + Vu") + A(divu)l) + b =0,
and using the identities (5.17) to (5.19), we compute
pAu+ 2(SymVu)Vu + (A + p)Vdivu + (divu)VA + b = 0.
When A and p are constant, the previous balance reduces to
WA 4+ (A + p)Vdivu + b = 0, (5.21)
which is the system of Navier equations. In coordinates, we have
Mg + (A + W pi + b = 0,
where the choice of not distinguishing between covariant and contravariant compo-
nents is evident.
Using the identity (5.20), we can rewrite equation (5.21) as

(A +2p)Vdivu — pcurl curlu + b = 0. (5.22)

If we evaluate first the divergence of equation (5.22) and then its curl, we obtain
respectively

(A +2u)Adivu = —divb (5.23)
and

— pcurl curl curl u = —curl b. (5.24)
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Since curl « is still a vector, taking into account the identity (5.19), we get
curl curl curl u = Acurl u.
As a consequence, equation (5.24) can be written as
pwAcurlu = —curl b. (5.25)

When curlb = 0 and divh = 0, with 1 + 2 # 0 and u # 0, the equations (5.23)
and (5.25) reduce to

Adivu =0 and Acurlu =0,
that is,
divAu =0 and curlAu =0,

since the Laplacein differential operator commutes with div and curl. These last
relations imply then that Au is a harmonic vector function, namely

AAu =0,

i.e., u is biharmonic.

5.8 The Beltrami-Donati—-Michell Equations

The one-to-one stress—strain correspondence in linear elasticity allows us to express
the strain compatibility conditions curl curl ¢ = 0 in terms of the stress o when the
map x — K(x) = C™!(x) is C>(B). The resulting expression

curl curl(Ko) =0 (5.26)

assumes a form useful in special analyses developed later when the material is
isotropic, i.e., when

1 v
&= ﬂ (0 T (tra)l) . (5.27)

To get such a special form of equation (5.26), we primarily make use of an identity
in tensor analysis that is valid for every twice differentiable symmetric tensor-valued

field:

curl curle = —Ag 4+ 2SymVdive — VVtre + I(Atre — div div e),
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provided that ¢ is twice differentiable.! Then the strain compatibility condition curl
curl ¢ = 0 implies

— Ae +2SymVdive — VVtre + I(Atre — divdive) = 0. (5.28)
Its trace reads
Atre —divdive = 0, (5.29)
an expression that can be derived by taking into account the identities

9% 9%
trAe = r——2~L = — " — Atre,

oxhoxh  9xhoxh

trVdive = div dive,

trVVire = Atre.
Equation (5.29) then implies
Age —2SymVdive + VVtre = 0. (5.30)
In the case of a linear-elastic homogeneous and isotropic material, using the

constitutive relation in the form (5.27) and taking into account the pointwise balance
of forces in the absence of inertia, we can write

v v
2ulAe = A — tro)] | = Ao — ——(Atro)l
nAe (o 1_i_v(ra)) o 1+v( ro)l,
—2p2 SymVdive = —2 SymVdiv (a 1 _‘:_ (tr 0)1)
v
2v
=2SymVb + VVitro,
14+v
3v
2uVVtre = VVtro — ——VVtro.
14+v
As a consequence, we rewrite equation (5.30) as
v 1
Ao — ——(Atro)l +2SymVb VVitro = 0. 5.31
o lJrl)( ro)l 4+ 2Sym + iy Ve (5.31)

'As we stated in the previous section, we exploit systematically the natural identification of R?
with its dual R3*, confusing in this way covariant and contravariant components, so V with D,
and adopt a flat metric. However, the result holds also in a more general setting (nonflat metric),
provided some care is taken in writing appropriately the intermediate steps and writing V or D
depending on the initial choice of the contravariant, covariant, or mixed nature of the components
of the strain ¢.
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Its trace is given by

3 1
Atro — —2 Atro + 2divh + —— Atro = 0,
14+v 14+v

1—v

Atro = —divb.
+v

Then equation (5.30) becomes

v
14+v

1
Ao + TVVHU + divb 4+ 2SymVb = 0, (5.32)
v

which reduces to

1
Ao+ ——VVtro =0 (5.33)
14+v

when b is constant. Both (5.32) and (5.33) are called the Beltrami—-Donati—Michell
equations after the work of Eugenio Beltrami (1892), L. Donati (1894), and John
Henry Michell (1899, 1900).

5.9 Plane Problems

5.9.1 Plane-Strain States

Take a narrow right but not necessarily circular cylinder loaded in a way that the
displacement along the cylinder’s axis vanishes, while its orthogonal components
remain in the cross-section plane at each point. In this case, we say that the cylinder
is in what we commonly call a plane-strain state. Here we discuss this state
without accounting for inertial effects, i.e., focusing attention on the statics. We
refer analysis to an orthonormal frame {O, x1, x,, x3} with the x3-axis coinciding
with the cylinder’s axis.
Formally, the plane-strain state in the plane x;x; is defined by the conditions

up = iy (x1,x2), Uy = i (x1,x72), uz =0,

where u;, up, us are the displacement components. The associated small-strain
tensor components are

_ 8u1(x1,x2) e _ 81/12(X1,X2)
- =7 = ———

g1 = , (5.34)

)

0x1 0x2
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1 3141()61,)(?2) 8142(X1,)C2)
=z , 5.35
e 2 ( 8)(2 + 8x1 ( )
€13 = &3 = €33 = 0. (5.36)

Moreover, we realize immediately that

88]1 3822 8812

__—=—:O

3X3 ox 3 8)63

The question of strain compatibility in the planar case replicates what has been
discussed in the three-dimensional ambient. Given functions

E11(x1,x2),

(x1,X2) > &1 :

(x1,Xx2) > €20 := €25(x1,X2),
(x1,x2) V> €12 1= E1p(x1, x2),
are there differential functions

(1, x2) > U1 (x1,x2), (x1,x2) > Uz (x1, x2),

satisfying (5.34) and (5.35) pointwise over the body?
A necessary condition can be derived when the functions £;1, &5, €], are twice
differentiable. In this case, if the strain were compatible, we would have

Oen _ 33ul(x1,x2) e _ 33%2(361,362)
2 ol W A
82812 _ 83M1(X1,X2) 831/{2()(1,)62)

x>  ox 8x§ Bxfaxg ’

from which we deduce what we call the plane compatibility condition:

32811 82822 o 82812

0x3 x? Ox1xy

or, writing more synthetically,
enz +én1 = 2812, (5.37)
where once again, the comma denotes differentiation.
Consider a homogeneous linear-elastic isotropic material. Taking into account

the simplification (5.36), for «, B, y = 1,2 we write

Oup = 2[L€ap + AEyylag, (5.38)

073 = 0, o013 = 0, 033 = /\8),},, (539)
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so that
Oga = 2(:“ + A)gaa
and
033 = A (o = V0
33_2(/L+A) o — oo

The last relation allows us to write

2uer; = (1 —v)oy —voa,
2/1,822 = (1 — U)Uzz —VOo11,

2uern = 012,
so that the compatibility condition (5.37) becomes
01122 — V011,22 — V02222 + 022,11 — V022,11 — VO11,11 = 2012,12.
The left-hand side term equals
(1 =v)A(o11 + 022) — 011,11 — 02222,

as can be shown by computing the Laplacian, so that the compatibility condition
becomes

(I =v)A(o11 + 02) = 011,11 + 00,2 + 2012,12. (5.40)

Since 0,3 and o073 vanish in the plane-strain conditions, the balance equations can be
written as

o111 + 0122 + b1 =0,
0211 + 002 + by =0,
0333+ b3 =0,

with boundary conditions

onny +opny = fi,
o211y + 0Ny = fo,
033n3 = f3,

where f, f», f5 are the components of the applied forces f distributed over the body’s
boundary.



164 5 Topics in Linear Elasticity

Since 033 depends only on x; and x,, we must have

while since n3; = 0 for the x3-axis coincides with the axis of the cylinder, we must
also have

f=0.
The two last equations are the conditions to be satisfied by the load (bulk and
surface forces) to ensure the possibility of the plane-strain state.
Assume that b; and b, are differentiable functions of the space variables. By

taking the derivatives of the first two balance equations above with respect to x| and
X, respectively and summing up the results, we get

o11,11 + 0202 + 20112 + b1 +bap =0,
so that the compatibility equation (5.40) becomes
(1 =v)A(o11 + 02) = —(b11 + b22), (5.41)

which is the reduction of the Beltrami—Donati—-Michell equation to the plane-strain
case.

5.9.2 Plane-Stress States

Consider a planar thin film loaded in its plane, say x;x;. In the small-strain regime,
we can reasonably claim that the stress components 013, 023, 033 vanish, determining
what we commonly call a plane-stress state.

Formally, we write

o13 =023 =033 =0, o113 =0n3=013=0.
The balance equations then reduce to

o11,1 + 0122 + by =0,
0211 + 0202 + by =0,

with boundary conditions

onht + o = fi, (5.42)
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o211 + 092ny = fo. (5.43)

They imply the same conditions on the load that we have found in the plane-strain
case:

But there is something more. Under conditions of plane stress, the constitutive
relations for a homogeneous, linear-elastic, isotropic body read explicitly

Oup = 2[LEap + Alredyg, (5.44)
0 =2ues; + Atre, 0 =2ues, 0 = 2uen. (5.45)

From equation (5.45);, we get

&3 = —ﬁ(&l + e2). (5.46)
Consequently, with the notation
A= 21
2u+ A’
we can write

Oup = 2hEaqp + A€, 80p. (5.47)

from which we compute
Oue = 2(10 + A egq. (5.48)

The relations already obtained for planar strain states then hold, provided we
substitute v with

o M
2(pn +A%)
By substituting equation (5.48) into (5.47), we obtain, in fact,
21hEqp = Oap — V¥ 0,808, (5.49)
with «, B, y = 1, 2 once more.
For the plane-stress states the Beltrami—Donati—-Michell equations can be written

componentwise as

E1122 + €211 = 281212, (5.50)
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e3311 =0, &332 =0, 33,12 = 0. (5.51)
Substituting the relation (5.49) into (5.50) and using the balance equations as in

the previous section, we derive an equation differing from (5.41) by the replacement
of v with v*:

(1 =v*)A(o11 + 022) = —(b11 + byp) = —divb.
From (5.51), with the use of (5.46) and (5.49), we obtain also
(011 +022).11 =0, (011 +022) 22 =0, (011 +022).12 = 0.

In other words, the Beltrami—Donati—-Michell equations above require that in
plane-stress states, the trace of the stress tensor must be a degree-one polynomial:

Owe = 011 + 022 = a1x| + axx; + as,

with a;, a, a3 constants to be determined. Such a polynomial is a harmonic func-
tion, so that a necessary condition to realize a plane-stress state in a homogeneous,
linear-elastic, isotropic material is

divb =0,

in addition to b3 = 0, as already derived from the balance equations.

5.9.3 The Airy Stress Function

Let us consider a body consisting of a homogeneous, linear-elastic, and isotropic
material. We assume here that the body forces vanish.

In a state of plane stress or plane strain, the stress components can be expressed
in terms of the second derivatives of a scalar-valued function of x; and x, that is
biharmonic when the body actions vanish. The evaluation of such a function depends
on the body shape and the boundary conditions. It is called an Airy stress function
after a 1862—-1863 work by Sir George Biddell Airy (1801-1892).

Assume b = 0 and the absence of inertial effects.

Theorem 8. Let (x1,x2) —> y = j(x1,Xx2) € R be of class C* in B and such that
o1 = fo2, 02 = X1, O12 = —X.12- (5.52)
The local balance of forces

Oup.p = 0 (5.53)
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holds. Further, the version of the Beltrami—Donati—-Michell equations reading
AGyy =0 (5.54)

is satisfied if and only if ¥ is biharmonic. Conversely, if (x1,X;) > 0qp €
Sym(R3,R?) is a single-valued map of class CN (N > 1) on B and (5.53) holds,
then there exists a CN2 scalar-valued function satisfying (5.52).

Proof. By computing the divergence of the stress field under the assumption (5.52),
we realize directly that the local balance of forces (5.53) follows. Moreover, since

o1 +on=xn+xn =24y
the compatibility equation (5.54) supports the biharmonicity condition
AAy =0

for y. To prove the converse assertion, assume that equation (5.54) holds. The
balance of forces means that

O11,1 = —012.2,

0222 = —021,1,

i.e., that there exist C¥*! functions (x1,x) > [ := 1(x1,x2) € Rand (x;,x) —>
h := h(x1,x;) € R such that

o =1y, o =—li,

0 =hy, 021 = —hy.
The symmetry of o implies
[y =hy,

i.e., the existence of a C¥*?2 function (x1,x;) —> y := ¥(x1,x2) € R defined on
such that

= 2, h=y1,

a property implying the stress representation (5.52). O

The previous proof does not exclude the possibility that the Airy stress function
x could be multivalued, provided that its second derivatives, i.e., the stress com-
ponents, are single-valued. In any case, when B is simply connected, the previous
conditions require that y be single-valued.
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Given a biharmonic function ¥, a possible Airy stress function y defined by
X(x1,x2) = 7(x1,x%2) + arxy + axxz + as,

with a;, ap, a3 constants, is biharmonic and generates the same stress state
determined by j¥. Given a point X = (x,x;), we can always choose the constants
generating j to be such that

0® _ 010 _,
ox1 0xy

F(®) =0, (5.55)

In terms of the Airy stress function, the boundary conditions (5.42) and (5.43)
can be written

X221 — X.12m2 = fi, (5.56)
— Xa2m + xnn = fa. (5.57)

Consider a simply connected body with boundary in the plane x;x, a simple
smooth curve that we parameterize by arc length s. Assume also that the condi-
tion (5.55) holds at a point x = x(0) of the body’s boundary described by a map
s > X(s) = (x1(s), x2(s)). With n the normal to that curve at a point, the tangent t
is characterized by

Consequently, the conditions (5.56) and (5.57) become

d)ﬂ de
X2 +x» s =fi,

dxl d)CQ —f
X ds X.12 I 25

where x; = X (s) and x, = X;(s), and they can be written as

drz _, 4

ds ds fo

If we integrate these last two equations from O to s and set the integration constant
to zero, thanks to the condition (5.55),, we get

m@=£%@ﬁ:m®,

—m@=£ﬁ@ﬂ=ﬂML
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i.e.,
x(s) = /0 (H1 () dx2(§) — Ha(8) dx1(§)) =: H(s) +a,

with an integration constant a that we can set to zero thanks to the assump-
tion (5.55);.
Moreover, we can also compute

d dx: dx
x Xan + xam = —Hz(s)—2 + H, (s)—1 =: G(s).
dn ds ds

The biharmonic problem involving the Airy stress function y is completed by the
boundary conditions

d
X6 =HE). L) =G0,

when the body is simply connected. For multiply connected bodies, the boundary
in the plane xjx, is the union of a finite number of (disjoint) closed curves. The
condition (5.55) can be set only on one of them, so that in deriving boundary
conditions, integration constants appear and can be evaluated by requiring that the
displacements be single-valued. We do not discuss here the details of the pertinent
analyses, which are by now a classical matter, as is all of the material in this chapter.
We just remark that determining the Airy stress function depends on the shape of
the body and the boundary conditions determined by the applied forces. Explicit
solutions useful in applications can be found in standard treatises on linear elasticity.

5.9.4 Further Remarks

Imagine a plane-strain state characterized by the additional condition
qa = 0.

In this case, the relation (5.39); implies
033 =0,

so that we have plane strain with in-plane stress. In this case, the sole non-a-priori
vanishing constitutive relation is (5.38).



Chapter 6
The de Saint-Venant Problem

6.1 Statement of the Problem

6.1.1 Geometry

We consider a long straight cylinder with constant cross section that can even have
holes—the cylinder can be a type of tube—provided that their closures have no
points in common and their boundaries have nonzero minimum distance from the
cross-sectional boundary.

To formalize the previous description, we assign at a point O in £ three
orthogonal unit vectors ey, e, 3, identifying £ with R? in this way.

Within the plane spane; ® spane;, we select a region 2 with the following
properties:

1. £2 is open and bounded.

2. £2 is linearly connected, which means that for every pair of points in £2, there is
a path in £2 connecting the two.

3. £2 is of the type

2 = Q\$Q,
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with 8 = 1,2,....m, Q p a closed set diffeomorphic’ to the closed unit circle

in R? for every ,3 and Q an open set diffeomorphic to the open unit circle in R2.
Moreover, we assume €2 g N Q, = @ fora # B and

rr}gin dist(d2, 3$25) > 0,

where dist(:, -) is the standard Euclidean distance.

The body that we consider then occupies a region B := £2 x (0,1) with [ >
diam £2, where diam £2 is the diameter of 2, i.e., the maximum distance between
two arbitrary points in £2; [ is the length of the cylinder, which can be infinite,
a case considered in the last section of this chapter. The axis of the cylinder is
in spanes. The closure of B is B = £ x [0,]]. Its boundary is then the union
02 x [0,] U Q2 x {0} U Q x {l}; 2 x {0} and Q x {I} are the bases of the cylinder,
while 952 x [0, [] is its lateral boundary. We denote by £2(x3) the cross section at x3.

1. We assume also that the cylinder has constant density of mass and that the origin
of the frame determined by ey, e;, and e3 coincides with the center of mass of
£2(0). Also, span e; and span e, are principal inertial axes of £2(0).

2. The cylinder undergoes small strains.

6.1.2 Loads

The following assumptions apply:

1. The lateral boundary does not experience the action of external forces.
2. Bulk actions on the cylinder are neglected.
3. Forces are applied just to the bases of the cylinder.

Consequently, the balance equations read
divo =0, o € Sym(R>, R’
with

on=0 on 02 x(0,)).

'A set X is diffeomorphic to another set )V if it is possible to establish a one-to-one differentiable
mapping f : X —> Y from X onto ) such that its inverse f~! : ) —> X is differentiable as
well.
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6.1.3 Material

The cylinder is composed of a linear-elastic homogeneous and isotropic material.
For the theorem discussed in the last section of this chapter we shall relax this
assumption, eliminating the requirement of isotropy.

6.1.4 Assumption on the Structure of the Stress

We write {O, x1, x», x3} for the coordinate system determined by e, e, e3. In this
frame of reference, the matrix of the stress components has the form

0 0 013
0 0 023 . (61)
031 032 033

Such an assumption, due to Adhémard Jean-Claude Barré de Saint-Venant
(1797-1886), who first proposed and analyzed the problem discussed here (an
assumption sometimes referred to as Clebsch—de Saint Venant’s), has also a more
intrinsic representation. Write 1 for the two-dimensional vector space orthogonal
to span e3. Consider also the decomposition of the real 3-dimensional vector space
into the tensor sum (span e3) @ V, as depicted in Figure 6.1.

The Cauchy stress along the cylinder can be decomposed in this way:

0 = 03363 @ e3 + Sym(a ® e3) + L, (6.2)

where @ € V and L € Sym(V,V). Consequently, de Saint-Venant’s assumption
corresponds to

L=0. (6.3)

Fig. 6.1 Natural s
decomposition of vel
3-dimensional real vector
spaces

span ez
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Since we have fixed a global frame of reference for the cylinder, the two
expressions (6.1) and (6.3) of de Saint-Venant’s assumption are exactly the same:
there is no additional generality in (6.3) with respect to (6.1). Hence, we follow
tradition and use the expression (6.1).

6.2 First Consequences of de Saint-Venant’s assumption

By writing explicitly the balance equations in the orthogonal frame chosen and
taking into account the assumption (6.1), we get

0
28—, (6.4)
8)(3

d
93 _y, 6.5)
8)(3

doz;  doxn  doss

=0, 6.6

3)(1 + sz + 8x3 ( )
031 = 013, O3 = 023. (6.7)

The first two equations establish that o3 and 0,3 are functions of x; and x, alone:
they do not depend on x3. Consequently, by defining t as the vector with components
031 and 03;, namely

T = 031€] + 03282,
the third balance equation (6.6) can be written

9
divor + 28—, (6.8)
8}(3

where divg denotes the divergence evaluated over the region §2, i.e., a divergence
involving only the derivatives with respect to x; and x,, and 7 is a function of these
spatial variables only. The absence of applied loads on the lateral boundary of the
cylinder implies

o(x)n(x) =0, Vx € 052 x (0,1),
i.e., using the decomposition (6.2), where now a is t, we obtain

t-n=0, on 92 x(0,]), (6.9)
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at all places where n is defined, which is
o311 + O3pnp = 0, on 082 x (0, l) (610)

In fact, as stated by (6.8), de Saint-Venant’s assumption foresees that the sole
nonzero components of the stress are just o33 and those defining the vector .
Consequently, at each x3 € (0,/), the sole stress components on 952 (x3), within
the plane containing §2(x;), are those involved in the definition of t. And 7 is
tangent to 052 (x3) at all points where the normal is uniquely defined. If © were
not tangential to d£2(x3) at any one of these points, it would have a component
along the normal n that would be not balanced, since external forces along the lateral
boundary of the cylinder are absent by assumption. Consequently, since the cylinder
is at equilibrium, the boundary condition (6.9) is necessary for it.?

6.3 Global Balances for a Portion of the Cylinder
Define
N(x3) 52/ 033 dH?,
I?)
T]()C3) ZZ/ O'3|dH2,
17,
Tr(x3) == / o3 dH>,
7,
Ml()C3) sz U33X2d7'[2,
I?)
MQ(X3) = —/ O'33X1d7‘[2,
2
M;(x3) := / (032x1 — 031x02)dH?,
Q

and call them collectively action characteristics. Here N(x3) is the normal
traction over the cylinder cross section at x3; 7' (x3) and 7,(x3) are the relevant
global shear forces; M (x3) and M, (x3) are the global bending moments around the
x1 and x, axes, respectively; M, is the torsion moment around the x3-axis. We write
also Ny, To1, Toz, Mo1, Mo, and My, for the counterparts of N, Ty, T>, M1, M, and
M; over the basis of the cylinder at x3 = 0.

2Regarding notation: In the rest of this chapter, for the sake of notational conciseness, we shall use
a comma in a subscript to denote differentiation with respect to the coordinates of the orthogonal
frame considered for the cylinder, so that, e.g., we shall write 03 3 for (6.4), and so on.
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£
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\Il \M 1

2 M,

T3

v v
# #

Fig. 6.2 The portion of the cylinder from O to x3 with the relevant action characteristics, and the
convention on positive algebraic signs

For a portion of the cylinder between 0 and x3, the global balances—those in
terms of action characteristics—reduce to

No =N, (6.11)
Tor = Ty, (6.12)
Too = T, (6.13)
M, = Mo + x3T0g, (6.14)
My = My, — x3T01, (6.15)
Mo = M,, (6.16)

according to the convention on algebraic signs depicted in Figure 6.2.

6.4 An Explicit Expression for o33

Let us assume that the stress field is twice differentiable. The assumption (6.1) on
its structure allows us to reduce the Beltrami—Donati—Michell equations to

03311 = O, (617)

03322 =0, (6.18)
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03312 = 0, (6.19)
03333 = 0, (6.20)
(I +v)(o31,11 +031.22) + 03313 = 0, (6.21)
(1 +v)(032,11 + 03222) + 03323 = 0. (6.22)

Equations (6.17), (6.18), and (6.20) imply that 033 can be at most linear in xi, X,
and x3. Equation (6.19) excludes the dependence of 033 on the product x;x,, while
it allows dependence on the products x;x; and x,x3. As a consequence, 033 admits
the form

033 = ap + a1x; + ayxy —x3(co + c1x1 + €2x2), (6.23)
where ay, a1, az, ¢y, 1, C2, are integration constants to be determined. The algebraic

sign in front of x3 is selected for the sake of convenience, as will become apparent
in the subsequent developments.

6.5 Values of the Integration Constants

6.5.1 Ccy) = 0

On inserting (6.23) into (6.6), we obtain
0311 + 0322 = co + c1x1 + 22, (6.24)

and after differentiation, which is permissible, since we are under conditions
ensuring the validity of the Beltrami—Donati—Michell equations, we obtain

031,11 + 03221 = €1, (6.25)
031,12 + 03222 = C2. (6.26)

Moreover, by inserting (6.23) into (6.21) and (6.22), we respectively find

C1

+ = s 6.27

031,11 031,22 T+ ( )
C2

+ = . 6.28

032,11 032,22 1+ ( )

By subtracting (6.25) from (6.27) and (6.26) from (6.28), we get



178 6 The de Saint-Venant Problem

v
03122 — 03221 = — C1
14+v
v
032,11 — 031,12 = — (%]
1+v ~
and we can rewrite them as
( )o= —
032,1 —0312)2 = 1,
' 1+v
( ) .
03,1 —0312),1 = — 2,
' 1+v

by exploiting the symmetry of o and the possibility of interchanging derivatives as
ensured by Schwartz’s theorem. These last two equations can be summarized in the
differential form

v
d(032,1 — 0312) = 1 (c1dxy — crdxy),

+v

which implies the equation

v -
03,1 — 0312 = (c1x2 — cax1) + ¢, (6.29)
1+v

after integration, with ¢ a constant to be determined, and the use of the symmetry
of o.

We can write
_ -0 =
031 = 031 + 031,
_ -0 =
03 = 03, + 032,

where 03 and 03, are special solutions of the equations (6.24) and (6.29), while ogl
and o}, are the general solutions to their homogeneous counterparts, namely

o9+ 0%, =0, (6.30)
03— 031, =0. (6.31)

We shall discuss two ways of tackling the analysis of such a system of linear
partial differential equations, since the two paths give us different kinds of physical
information at least in the case of pure torsion. For the purpose of this section, we
mention briefly just one of the two approaches, postponing the other to subsequent
sections. The way we follow here is based on the assumption that o3, and o3, admit
a shear stress potential function ¢(x,x;), i.e., a differentiable scalar function
such that
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o _ O¢ o _ ¢

031 = o 03, = oy’ (6.32)
With this choice, equation (6.31) is trivially satisfied, while (6.30) reduces to
P ¢
0 0
0311 +03,=—+— =0,
31,1 32,2 Bx% Bxg
or in short,
Aoy =0, (6.33)

where Ay, is the Laplacian operator over the set §2. The boundary condition (6.10)
can then be written as

0 0 P ~
O3 1N + O3y = — (03111 + 03212),

or, in terms of the shear stress potential function ¢,

d _ _
d_ﬁﬁ = — (03111 + 032m2) , (6.34)
n
where
dp ¢ dp
dn Bxlnl + 3x2n2'

For the class of regions £2 selected here, equation (6.33) admits the existence of
a harmonic shear stress potential function ¢ in the subset of the space of square-
integrable functions satisfying the condition (6.34) once the right-hand-side term is
assigned. We do not go into the details of the proof, since they are matter of standard
textbooks in functional analysis. We just mention here the result.

Integration of (6.33) over £2 and Gauss’s theorem imply

d
/ Apg dH? =/ s = o,
2 ae dn

where ds is the line measure over d§2. However, equation (6.34) holds, so that we
get

0=/ (031m +632n2)ds=/ T-nds,
a2 IR

where 7 is the vector with components 03; and 63,. Once again, by applying Gauss’s
theorem, we obtain

/ T-nds = / diveTdH* = / (631.1 + O32.2)dH>. (6.35)
a2 2 2
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Equation (6.24) then implies (after substituting it into (6.35))
0= / (co + c1x1 + c2x2)dH? = co|2] + ¢1S2 + 251,
Q

where |£2] is the area of §2, while S; and S, are the static momenta of the cylinder
cross section £2 with respect to the axes x; and x,, respectively. Since these axes
determine over 2 a central principal inertial frame, by our initial choice, we get

S =0, S, =0, (6.36)

which implies

co = 0. (6.37)

6.5.2 The Navier Polynomial

With the previous result, the expression (6.23) reduces to
033 = ap + a1x; + axx, — x3(c1x1 + €2x2). (6.38)

Due to the balance (6.11), we also have

Ny = / o33 dH? = / (ao + arx; + axxs — x3(cix; + cox2))dH?
Q Q2
= ao| 2| + a1S2 + a2S1 —x3(c1S2 + 2S1).

Since in the central principal inertial frame that we have chosen, S; = 0 and
S, = 0, by writing A for |§2| to follow traditional notation, we get

N
ap = XO' (6.39)

By definition of M, we compute also
M1 ()C3) = / 033X2 dH2
2
_ 1& 2 2 2
= n Xy +aixixy + arx, )C3(C1)C1)C2 + C2X2) dH
2

No
== Si + ailiz + axli — x3(cilin + o),
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where I; is the moment of inertia of £2 with respect to axis x;, and I, is the mixed

moment of inertia of 2 with respect to the axes x; and x,. However, since such

axes constitute a central principal inertial frame for 2, we have by definition
Ip=0

together with S; = 0. Consequently, we have

M (x3) = (a2 — x3¢2)1;.

By letting x3 go to zero, we get

My = asly,
i.e.,
Moy,
a, = I_ (6.40)
1

In an analogous way, for M;(x3) we get
M>(x3) = —/ o33x1 dH* = —(a) — x31)],
2

where I, is the moment of inertia of £2 with respect to the axis x,. By letting x3 go
to zero we obtain

My = —al,,
ie.,
M,
a = ——2, (6.41)
I,

From the balance (6.14), we get also

3Ty = My — My = (a2 — x302)1} — axly = —x30214,
so that
T
0 =—-2 (6.42)
I

Finally, the balance (6.15) implies

x3To1 = Moy — M = —aily, + (a1 — x3¢c1)lr = —x3c1ly,
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i.e.,
e =22, (6.43)

On inserting (6.37) and (6.39) through (6.43) into (6.23), we obtain

No

033 =
A

X x
+ (Mo1 + x3T02) I_z — (Mo, — x3To1) I—l
1 2
i.e., using (6.11), (6.14), and (6.15), we have
033 = —+ —Xx2 — —xi, (6.44)

which is called the Navier polynomial.

To get 033, we used both the balance and the Beltrami—Donati—-Michell equations,
all the ingredients defining the problem in linear elasticity at hand. In this sense, we
can assert that the formula (6.44) is exact.

6.6 The Neutral Axis

The locus of points where 33 vanishes is a straight line with equation

N M M,
— 4+ —x— —x; =0. 6.45
+ I X L X1 ( )

It is called the neutral axis. It has a particular expression when the action over the
cylinder reduces to a unique force normal to §2, applied at a point not coinciding
with the center of mass of £2.

Consider this case and denote by x; and X, the coordinates of the point where

Ny = N is applied. To use the Navier polynomial, we have to transfer N to the
barycenter of £2. Two transport couples arise:

M, = Nx,, M, = —NX;.

In this case, equation (6.45) becomes

N XA XA
—(1+ = —_— =0,
2 ( + 1, X2 + 5 xl)
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i.e.,
X X1
l+—2x2+—2x1 =0,
P1 P
where
I I
,O% = X, pg = Z

The neutral axis is independent of the intensity of the applied traction. It depends
on the point where the traction N is applied and the geometry of §2 through the
factors pf and p%. Moreover, we can show by polar duality that the barycenter of §2
is between the point (X1, Xz) and the neutral axis. However, we do not go further into
details.

When N is applied at the barycenter of £2 and is the sole action on the cylinder,
the neutral axis does not exist, since we do not have bending effects and o33 is
constant over £2.

6.7 A Scheme for Evaluating the o33 Distribution
over Cross Sections

The general scheme for evaluating the stress 033 over a cylinder’s cross section
includes the following main steps:

. Determine the barycenter of £2.

. Find the principal inertial frame for §2, centered at the barycenter.

. Reduce the action characteristics to the center of mass of £2.

. Determine the neutral axis, if available.

. Draw two straight lines that are parallel to the neutral axis and tangent to §2 so
that the cross section is entirely contained in the strip they determine.

6. By using the Navier polynomial, compute the maximum and minimum values of

033: they are at the tangential points of the two straight lines, when the nautral

axis crosses 2. Once they are known, the o33 distribution is given by the straight

line connecting the two values.

DN AW =

6.8 Exercises on the Determination of o33

Exercise 1. The section $2 depicted in Figure 6.3 consists of a square with side |
and a concentrated mass equal to pkl?, located at the barycenter of the square. The
section is subjected to a bending couple M and a traction N = 10M /I applied at the
barycenter. Find the values of k such that the stress 033 at the point P in Figure 6.3
vanishes. Assume p = 1.
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Fig. 6.3 Square cross section AU N=10M/I
with a concentrated mass
P
pkl®
l
M
o > ¢ s
72 l 72
Fig. 6.4 Reference frame 1
considered A" N =10M/1
P
pkl’
% G l
M
0 T
3 l 3
o 7 7

Remarks and solution. The barycenter G coincides with the center of mass of the
square. The particular configuration of the section £2 implies that the central ellipse
of inertia is a circumference and that every pair of orthogonal axes intersecting at
G determines a principal inertial frame. An example is given by the pair {x;, x}
(Fig.6.4).

The moments of inertia are

l4

L=h= =1L

and the section with concentrated mass is equivalent, in terms of the total mass, to
an enlarged square of constant density of mass equal to 1 and area

A =P +k).
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Fig. 6.5 Square cross section AT
with a concentrated mass
subjected to a bending )
moment  |rmmemeememmemeemmeoo 2pl *
G I
P } |
M
| !
O - > 5 ~
/\V l /\V l /\V

The bending moment acts “around” x,. Then the normal stress o33 at the point P
is given by

10M
By considering the datum N = - and imposing o33(P) = 0, we obtain

1
k=—0—1%0.179.

6+/2

Exercise 2. The section depicted in Figure 6.5 consists of a square with side | and
a concentrated mass equal to 2pl*> connected with the square by a thin plate that
we can consider massless. The section is subjected to a bending couple M applied
as shown in figure. Find the value of the stress 033 at the point P. Assume p = 1,
I =20cm, M = 250 Nm.

Remarks and solution. Let us denote by (1) and (2) quantities pertaining to the
square and the concentrated mass respectively, the latter being equivalent in terms
of the total mass to a square of unit density of mass and side /+/2. The whole section
is equivalent to a section with total area

A=AD + AP = 42 =3P,
endowed with the same unit density of mass.

/
The barycenters of the square and the concentrated mass are at £ = 3 and

£ = 2 so that the coordinates of the section barycenter G in the coordinate system
{0, &, n} in Figure 6.5 are
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Fig. 6.6 Principal inertial z1 /2
axes A7 o
—————————————————— 2pl2
G |
My +
M, h
P .
2 31
! 2
NG
\7/ ‘5 x
P G B
T2

AWEM L AQ£D) 3]

£ = nc

The section’s symmetry determines the principal inertia axes x; and x, (Fig. 6.6).
The moments of inertia with respect to the frame {G, x, x,} are

* 37
1D = 5+ o, 1P =p, I, = El4 ~ 493333 cm?,
10— ﬁ =0 L = E ~ 13333 cm*
2 12» 2 ) 2 12 .

In the same frame, the applied bending moment has components

M
M =-M =——,

V2

the point P has coordinates

xi(P) = %ﬁ x(P) = IV2,

and o033(P) follows from the Navier polynomial:

M, M, 12 234 M N
P)= V2222 - T~ 1976 —.
033( ) I] f 12 2 37 13 Cl’l’l2

The negative sign denotes compression at P.



6.8 Exercises on the Determination of 033 187

Fig. 6.7 Symmetric thin ] +
cross section subjected to
eccentric traction

S
A

Fig. 6.8 Distribution of 033 and neutral axis (n)—(n)

Exercise 3. The section in Figure 6.7 is subjected to a traction N applied at the
point X. Find the distribution of the stresses 033 and the neutral axis. Suppose that
[ =70mm, s = 12mm, N = 90kN.

Remarks and solution. The section has two axes of symmetry that imply the
barycenter G and the principal axes of inertia xj,x, (Fig.6.8). The moments of
inertia in the frame {G, x|, x,} and the area are

21 3 P l 2
11=12=ﬂ+2(s—+1s( +S)), A = 4ls + 5%

12 12 2
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In that frame, the point X has coordinates x;(X) = 5/2 and x,(X) = [ + s/2. In
translating N to the barycenter, two bending couples arise:

M—N(l+s) M, = —N>
1 = 7 ) 2 = 2.

The o33 distribution is then

N+M1 M,
033 = — + —X — —X1,
BEy TR

and the neutral axis, determined by the condition o33 = 0, is

1+

76 6
1008)62 + mxl =0 (x and x, in mm).
It crosses the section and is depicted in Figure 6.8, where it is denoted by (n)—(n),
together with the distribution of ¢33. The maximum positive value of o33 is at the
point X:

N 76 6 N
x) ==~ (1 X X))~ 173.8 —.
ox(X) A( T To0s 2% T To08™1¢ )) mm?

The minimum negative value of 033 is at X', opposite X with respect to G:

N 76 6 N
X)=—|(1 X X)) ~—-122.4 —.
033(X’) 2 ( + 1008x2( )+ IOOSXI( )) 2

6.9 Further Exercises

Exercise 4. Calculate the normal stress 033 at the point A in the section in
Figure 6.9. The moment M is inclined at 45°.

Exercise 5. For the section in Figure 6.10, find the positions of the point C where a
traction applied is such that the extension of the 033 distribution to the whole plane
vanishes at A (s = 1cm).

Exercise 6. The section represented in Figure 6.11 is subjected to a normal traction
at C. Find the position of the neutral axis (a = 50 mm, [ = 100 mm, s = 5 mm).

Exercise 7. The section represented in Figure 6.12 is subjected to a normal
compression force Ny applied at C and to a normal traction force N, applied at C,.
Find the normal stress 033 at A. The points Cy and C, are on a straight line inclined
45° with respect to the horizontal axis (N; = 100kN, N, = 70kN, R = 150 mm,
r = 70 mm).
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Fig. 6.9 T-shaped cross a
section subjected to a bending + +
couple N

A ~

B G a/6
T
M a
a/6
Y 2

Fig. 6.10 Symmetric
cylindrical cross section
subjected to an eccentric
traction at a point to be
determined (the width s is
constant for every rectangular
portion)

L 15s

7.5s

Exercise 8. The doubly symmetric T-shaped section in Figure 6.13 is subjected to
a normal traction force N applied at C. Find the o33 distribution, the equation of
the neutral axis and the minimum and maximum values of o33 (I = 100mm, h =
200mm, a = 5.6 mm, ¢ = 8.5mm, N = 150kN).

Exercise 9. The $2-shaped section in Figure 6.14 is subjected to a traction at C.
Find the equation of the neutral axis (I = 100 mm, s = 10 mm).

Exercise 10. Tivo compressive forces, N1 and N,, act on the rectangular section in
Figure 6.15. Find the points over the axis x, such that on applying N, = 3N, there,
the whole section does not experience traction at any point.
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Fig. 6.11 Symmetric
cylindrical cross section
subjected to an eccentric
traction at C (the width s is
constant)

Fig. 6.12 Tubular section
subjected to two normal
forces

6 The de Saint-Venant Problem

Exercise 11. A tensile force acts on the T-shaped section in Figure 6.16. Find all
points in the section where on applying there such a force, 033 vanishes at the point

A(l=40cm, s = 5cm).

6.10 The Jourawski Formula

Equations (6.24) and (6.29) furnish the shear stress components o3; and o3, to
within the constants ¢, to be determined. And the results are exact in the sense
already mentioned. In the presence of 77 and/or T, over §2, an approximate
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Fig. 6.13 Double T-shaped ) [ .
section under traction . o q(
ef Fmrmemqe s i

A=
>

Fig. 6.14 $2-shaped section l
under traction

evaluation of the shear stresses can be done on the basis of equilibrium reasonings
only—in this sense, the result is approximate, for we do not consider strain
compatibility and the constitutive relations.

The analysis goes as follows: Consider the clamped beam in Figure 6.17, loaded
by a terminal shear force and endowed with constant cross section.
For every portion of the beam between 0 and x3, the global balances (6.12) through
(6.15) reduce to

Ti(x3) = 0, () =T, Mi(x3) =Tx3, My(x3) =0,

where the algebraic sign depends on the assumed positive directions for the action
characteristics as denoted on the right-hand side of Figure 6.17 (we have tacitly
assumed that the beam’s cross section §2 is such that the principal axis x; is
orthogonal to the plane of Figure 6.17 and is then out of the page). The analysis
is straightforward, since the constraints are equal to the degrees of freedom and are
well posed.
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Fig. 6.15 Rectangular
section subjected to two N,
compressive forces T
< h
T
Zo
N, ©
+ ! +
\EZ
Fig. 6.16 T-shaped section 5 l §
under traction K 7
1/4
S
S I ---- /—\/{ ----- T----------=-=-=--q
A |
! l
T

Using the Navier polynomial, we obtain

MI(X3)X = ZX Xy = —2x X
Il 2 I] 342 I] 3A2-

033 =

Then the balance equation (6.8) becomes

. p)
divpt = —I—xz. (6.46)
1
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Fig. 6.17 Clamped beam loaded with a shear force. Assumed positive signs on the sides of a
portion of the beam

Fig. 6.18 Cross section of
the beam with a special part
£2* of it highlighted

(S ald

o T 50 = 90200

Z2

Take a part £2* of £2 (a planar region in §£2 with nonzero area) such that the
boundary of £2* is partially in 052, and the rest is a straight segment l§ namely
902* = 92* U l§ with 92* := 9£2* N 952. An example is shown in Figure 6.18.
Write b for the length of 1§ On integrating the equation (6.46) over 2%, we get

T
/ _divor an? = — / ) I—fxz dH>. (6.47)

By Gauss’s theorem and the boundary condition (6.9), the first integral becomes

/ diV_QTdeZ/ r-nds:/r-nds:/rnds,
* 32" b b
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where 7, is the normal component of T along the segment bie,t, =1-n. By the
mean value theorem, we get
[ T,ds = f,,l;,
b

with 7,, the mean value of 7, over b. Moreover, since T, and I; are constant along
the cylinder, we also get

T T TSt
/ —2X2 de = —2 X2 de = A,
« 1 L Jos L

where ST is the static moment of inertia of £2* with respect to the x;-axis. For b
sufficiently small, we may assume that 7, well approximates the pointwise value of

7, along b. In this case, we then write
B ST

T, = L (6.48)
! Lb

which is commonly called the Jourawski formula, after Dmitrii Ivanovich Zhu-
ravskii (1821-1891), also transliterated as Jourawski from the Cyrillic.

While building a wood-based bridge 60 meters long with nine spans across
the Verebya River for the Russian army, Zhuravskii realized that an evaluation
of the load-bearing capacity of the structural elements based only on the Navier
polynomial was insufficient for the reliability of the bridge, because the shear
stresses had a nonnegligible effect on the structural elements used. From that
observation, Zhuravskii set in motion the ideas that led to the formula (6.48). We
generally write it simply as

TS
Ty = ———=,
1b

leaving understood that the static moment S and the moment of inertia I have to be
referred to the appropriate axes.
In general, in presence of 7} and 75 over §2, we have

T,S*  T,S*
rn=—(13+ 23). (6.49)
Lb  Lb

The minus sign in equations (6.48) and (6.49) indicates that if the component t,
is positive, and is directed outward £2*.
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6.11 Shear Actions May Produce Torsional Effects:

The Shear Center

Consider a cylinder with cross section as depicted in Figure 6.19. A shear force T
acts on it, as indicated in the figure.

To determine an approximation of the shear stress distribution due to 7 in terms

of the Jourawski formula, some steps appear necessary:

1.

Determine the mass center and the relevant principal inertial frame.

2. Then start considering progressively portions £2* of the section. Among several

possible choices, the most convenient ones are those for which b attains the
smallest value. Other options would weaken the Jourawski approximation.

. The choice of the progressive portions §2* determines one of the normals to the

various straight boundaries l;, i.e., the flows t,n that can be drawn by taking into
account the algebraic sign of the static moment S* and the direction of 7. To
draw it, one can imagine that £2 is filled by a liquid flowing out of §2 at a point
along the direction where T is applied and in the same direction, by following
the shortest path.

. Calculate 7, using the Jourawski formula as £2* varies. Take £ as in

Figure 6.20. Its static moment S} with respect to the x;-axis is
a
ST(R)e = —ski .

Then, since T = T>, I; and s are constants; along the upper horizontal sector of
£2, the distribution of t,, is linear. It is zero along the vertical segment at the point

A where £ = 0 and is maximal at the corner. In the interval [(a — %), (a+ E)],

we essentially extrapolate the distribution. Beyond the corner, the value of the
distribution is equal to the maximum reached on the horizontal part. When we

Fig. 6.19 A special simply a

connected cross section of a
de Saint-Venant cylinder
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Fig. 6.20 The section in
Figure 6.19 with the center of
mass G, the principal inertial
frame, and a choice of 27",
progressively growing with
the local instrumental
coordinate £

Fig. 6.21 The choice of £

6 The de Saint-Venant Problem

take a part §2)° as in Figure 6.21; its static moment is quadratic in &,, namely

SHQD). = —sts (

and it has its maximum at & =

23
3 a i
P ey % A
B -
: &
o : G
a |i
X T
N S )
/\V a /‘V
Y2
2
3 a 3
* /‘ == Z VoYl 2 Z =7 /lA
[
#
& |
T E G
a |
X T
I S D
+ a +
T2
a—§& a’
— 5,
2 2
a . . .
=, i.e, at x, = 0 for ST, it changes sign

according to x,. Notice that the choice of & and &, is dictated only by the sake
of convenience. The algebraic signs appearing in ST(§2;") and ST (£2;) take into
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Fig. 6.22 27 crosses the 93
X1-axis " a "
X T /‘ CAE LI IT) XA 777 /|A
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a
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/
' 1
T
& |
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:
| C
A T T |D
3 a i
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account that 2] and §2] are selected in the sector of the coordinate frame where
X, is negative.

When {22* crosses the x;-axis, as in Figure 6.22, we have a positive contribution
from the portion of £2} in the plane sector where x; is positive.

When we increase §2* by following the flow of shear stresses t,,, the value at D
is zero as a consequence of the boundary condition 7 - n = 0.

The resulting diagram of the t,, distribution is shown in Figure 6.23.

The total shear stress pertaining to the portion AB of £2 is a force g;, with
modulus given by the area of the diagram pertaining to that portion times the
thickness s, and direction as represented in Figure 6.24. We may determine
analogous forces along the portions BC and CD. Call them ¢, and g3, respectively.
By the symmetry of §2, we have g; = —¢g3. Moreover, the sum of the g forces gives
T, so g = T. However, the reduction of the force system g, ¢», and g3 to any
point of the plane x;x,, except the points on a straight line—call it —implies the
presence of an in-plane moment, i.e., a torsional effect over the section. Figure 6.25
summarizes the argument.

Exercise 12. Show that the line r in Figure 6.25 is independent of the reduction
point selected for the force system q1, q», and q3, obtained by the Jourawski formula
from the scheme in Figure 6.19.

The intersection point between r and the x;-axis—call it C7 as in Figure 6.25—
has a special status: no shear force applied there generates torsional effects over the
cylinder’s cross section, irrespective of its orientation.
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Fig. 6.23 The distribution of The value of T, at any
i “_t_tfg_t:::::
I
I
I
I
I
Il T
I
I
___________________________ |

Fig. 6.24 The flow of 7, - — — — ;A
1B
21 G
T
I — — — 1 D
Y2

To prove such a statement, we have to recall first that 7" in Figure 6.19 is directed
along the x,-axis, which determines a principal inertial frame. Consider a force T
acting along x, as depicted in Figure 6.26. By symmetry, the shortest paths followed
by the shear stresses 7, to “flow out” along the direction of T are those denoted by
arrows in Figure 6.27.

Along the segment ¢ in Figure 6.27, t, = 0, by symmetry. We have then two
choices of the portion of §2 for applying the Jourawski formula (see Fig. 6.28). In
the first case (Fig. 6.28-a), the Jourawski formula furnishes a value pertaining to all
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Fig. 6.25 (a) 7, resultants within the section. (b) ¢i, g2, and g3 as a planar system of forces. (c)
Reduction of the force system to the point on the x;-axis at the center of the vertical part of the
section

points of the segment ;. In the second case (Fig. 6.28-b), by symmetry, half of the
value reached pertains to the segment denoted by ¢y, while the other half pertains
to that denoted by {,. Analogous reasoning has to be followed when we adopt the
options in Figure 6.29. In any case, the resulting distribution is the one represented
in Figure 6.30.
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Fig. 6.26 Rotated section

6 The de Saint-Venant Problem

AT1
about 90° with a new shear
force
+ a +
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Fig. 6.27 The flow of 7, A1
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6.11

Fig. 6.28 Two possible

choices of 2*
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Q%

Fig. 6.30 The distribution of the values of 7,, according to T

2

The value of 7, at any
point of the segment ¢

— - - —— —— «—— <

[Ee=cccccccccccoococcnoooae0

Exercise 13. Compute explicitly the distribution of the values of t, represented in
Figure 6.30.

The resulting total shear stresses emerging from the distribution in Figure 6.30
are those represented in Figure 6.31. By symmetry, we have g; = ¢,. Equilibrium
requires that g3 + g4 = T. The straight line r analogous to that in Figure 6.25
coincides with the x;-axis. The point C7 in Figure 6.25 is then the intersection of
two nonparallel straight lines characterized by the property that a shear force applied
at this point does not generate torsional effects over the section. Every force in the
cylinder’s cross-sectional plane applied at Cy can be decomposed along these two
straight lines, and the distribution of the t,,-values is the sum of the two distributions
associated with the two components, each not generating torsional effects.

Exercise 14. Determine the shear center of the section in Figure 6.32 in two cases:
a=2anda =1 Take a = 40cm, 20s = a, T = 90kN.

Suggestion. Find the mass center and the associated central principal inertial frame.
Decompose T along the axes of this frame and proceed as in the discussion above.
Could we follow the same procedure with respect to axes not determining a central
principal inertial frame?
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Fig. 6.31 1, resultants \T1

C Q @ B

q3 qa

e
O
=
=

Fig. 6.32 L-shaped cylinder A"
cross section

Exercise 15. Prove or disprove that the position of the shear center is independent
of the intensity of the applied in-plane force.

Exercise 16. Determine the t, distribution for the sections in Figure 6.33, accord-
ing to the data reported there.

A symmetry axis for the beam’s cross section plays the role of the straight line r
above when we have an applied shear force parallel to it.

Exercise 17. Determine the shear center in all cases in Figure 6.33.
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Fig. 6.33 Cylinder cross sections under shear forces
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6.12 Preliminaries to the Analysis of Torsion

6.12.1 Further Remarks on the Shear Stress Potential
Function over 2

We established in Section 6.5.1 that the constant ¢y appearing in the explicit
expression (6.23) of 033 vanishes. Hence, equation (6.24) reduces to

0311 + 0322 = C1X1] + C2X2 (6.50)

and is supplemented by equation (6.29), which we rewrite here for the sake of
readability:

03, — 0312 = . (c1x2 — cox1) +c. (6.51)
14+v

We also recall that the integration constants ¢; and ¢, are determined by the
shear components of the resultant applied forces over the cylinder’s bases in the de
Saint-Venant problem. The constant ¢ is still to be determined. As already noted in
Section 6.5.1, we can express a solution to (6.50) and (6.51) as a sum of the solutions
to the homogeneous system (6.30) and (6.31), denoted by ag)l and O’gz, and special
solutions 031 and 03,. For the homogeneous solution, we have used a shear stress
potential ¢(x, x,) satisfying (6.32) by definition, namely the relations

o_a‘P 0_390
031_8_x1’ 032_3_)62’

which allow one to verify that the homogeneous version of (6.51) is satisfied and the
homogeneous version of (6.50) reduces to the condition of harmonicity of ¢ over
£2, namely

Agp =0. (6.52)

A special solution of (6.50) and (6.51) is given by

- 1 ’ vooo)
031=§ c1 xl—mx2 —cx |, (6.53)

- 1 > Voo
O3y = 5 | X — 1—|——\)xl +cx ), (654)
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as we can verify by substitution in (6.50) and (6.51). Consequently, the boundary
condition (6.34) becomes

do c1 v o) v c
% = —E (x% — mx%) ny — E )C% — mx% ny + E (le’ll —Xll’lz) .

Such an expression may suggest that we imagine ¢ as the sum of three unknown
functions ¢, ¢, ¢;, namely

c c c
o(x1,x2) = _El(/)l(xl,xz) — Ezfﬂz(xl,xz) + §<Pr(xl,x2),

each term a harmonic function that satisfies the boundary conditions

do, v

E = (X% — H—\)xi) n, (655)
do, v

E = (X% — H—\)x%) np, (656)
d

ﬂ = Xon; —Xx1ny. (657)
dn

This choice allows us to express separately the contributions of the shear
components To; and To, of the applied force resultants, since they are included in ¢,

and ¢, the rest pertaining to ggo,(xl ,X2). On integrating (6.55) along 952 and using
Gauss’s theorem, we obtain

de: 2 vV 2 / I (5 Vo2 2
——ds = - ds= | — - dH
/e;(z an /;9 (xl T+v2)me 2 0x; T

=2/ xjdH? =28, =0,
2

with the last identity justified by the choice of the reference frame as a central
principal inertial frame. In an analogous way, for (6.56) we get

d 0
/ 2 45 = [ (x% S xf) nads = [ — (x% - Lx%) dH?
) dn Yo, 14+v o 0xp I4+v

:2/x2d7-tz=281 =0.
2
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The condition

d
f —(pds=0
0 dn

generated by (6.52), as shown in Section 6.5.1, implies

d
/ ﬁds = / (xon; —x1np)ds = 0.
3 EYe)

_an

6.12.2 The Prandtl Function

Instead of considering the shear stress potential function ¢(x1,x;), we can use the
Prandtl function f, (x;, x»), named for Ludwig Prandtl (1875-1973) and defined to
be a differentiable function such that

o, o,
o5 = 3_;;’ o3, = _3_;1-

With this choice, equation (6.30), i.e., the homogeneous part of (6.50), reduces to
Agf, =0.
In terms of f,, the boundary condition reads

fponi = fpana = —(031n1 + 03212).

Consider Figure 6.34, showing a portion of §2. The components of the normal n
are n; = cosa; and ny = cos orp. By the analysis of the triangles determined by the
normal and the tangent to a point of 052, where they are uniquely defined, we obtain

where s is the arc length along 952, a curve defined in parametric form by continuous
and differentiable functions (it is an assumption) x; = X;(s) and x, = X, (s).
By substitution, we get

dX1 de _ dfp = dx1 _ de
T ds tpa ds ds  \TPas "% )
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Fig. 6.34 A portion of §2 and ATo
the link between the normal
and the tangent at a point N

T

Integration of the previous expression leads to

d. d.
(632i — 6’312) ds

fE1(5), %2(5)) = fo(s) = / ds ds

02

C1 2 v ) (&) P V
--2 - a2 [ (8-—L2)d
2 arz(xl 1+Vx2) 2t 5 arz(x2 1+V1) H
c
+ —/ (x1dx; + x2dx5) .
2 Jyo

Then f,(X1(s), X2(s)) = fp(s) is the sum of three polynomials that can be explicitly
calculated. Let us write

7o = =P + 20w + @+ ).

The boundary condition reduces in this way to the prescription of the Prandtl
function along 052, namely

fo(s) = h(s),

with & a known function. The relation between the shear stress potential and the
Prandtl function is given by the identities

01 = fpas 02 = —fp1.
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6.13 The Torsion Moment

By recalling the definition in Section 6.3 and using the shear stress potential, we
may write

M, = [ (032X1 — 031x2)dH?
o)

C1 8901 8(p1 2 / > V 3 2
= —— — —xy— | d ——x |d
) (/9 (Xl o X2 3x1) H” + i X1X2 T vx2 H
992 992 2 / 2 vV 3 2
2 22 \a _ -
(x1 o X2 o H” + A X5x1 + g vxl dH
0 0
(x1 AR ﬂ) dH* + / (x +13) d’H,z)
Q
C1 8(/)1 8901 2 v
= —— — —xy— | d ILijpp — ——I
2(/9(x18xz Xzaxl) H” + i T

RI RI% ) v
= —xy—— | dH =1 + I
/;2 (x1 0xy 2 0x1 7 2 +v 222

where

1112 = [ xlx%d’;‘-ﬂ, 1222 = / x% d?‘l2
Q Q
are third-rank inertia moments and
Iy := / 2 + %) dH?
Q

is the polar inertia moment with respect to the center of mass of £2.
Contributions to the torsion moment by the shear components of the applied
To

forces appear in the terms multiplied by c¢; and ¢, (recall that ¢; = I and
2
T,
= —%, as derived in Section 6.5.2). Consider the case ¢; = 0 and ¢, = 0:
1

c dp, Ao, 2
M, = - = I ).
! 2 (/Q (XI a)CZ 2 3x1 dr + 0
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By writing a for the vector with components a; = —x; and a, = x|, we compute

g ¢, )
= )d
/_;3 (x1 8x2 2 8)C1 ) H

_ / (10> — (r20) 1) dH? = / dive () dH?
2 2

=/ w,&-nds:/ @ (x1ny — xony1)ds
FYe) FYe)

d
__ / 0.2 4s.
a2 dn

with the last equality guaranteed by the boundary condition (6.57) (by definition,
de,

dn )
harmonic, we get

= D¢, - n). Then using Gauss’s theorem and taking into account that ¢, is

d
/ (ptﬂds = / oDy, - nds = / divg (%D‘Pt)drﬂz
s dn 92 $

= / (@A, + Do, - Do) dH> = / |Dg,|>dH?,
2 2

so that

M =5 (0= [ ofar) =5 (0= [ @t +oiare). 65
2 2

6.14 ¢ and Torsional Curvature

From the relation (6.58), we realize that ¢ has physical dimensions of a stress
divided by a length, since the terms in parentheses have dimensions of length to the
fourth power. A kinematic analysis allows us to give further meaning to ¢. To this
end, let us consider the (local) small rotation tensor @ := SkwDu appearing in
the natural additive decomposition Du = ¢ + w. By abandoning the distinction
between covariant and contravariant components, as we have always done so far in
this chapter, we write

Wi = 5 (g — ) -

Since in this chapter we are under the regularity conditions ensuring the validity
of the Beltrami—Donati—Michell equations, the derivative of w can be computed,
and we can write

Wikh = Eink — Ekh.is (6.59)
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Ve

Fig. 6.35 Twist of a straight beam: w; 3 describes the consequent curvature

as emerges from a direct computation:

1 1
Wikh = 5 (Uig — i), = 3 (Wi jon — Ugein)

1 1
=5 (ti bk — Wi pi) + 3 (ttn,ik — Un,ik)

1 1
=3 (i + upi) , — 3 (Urh + uni) ;

= ik — Ekhi-

The component w;; 3 has a precise physical meaning: it denotes, in fact, the
torsional curvature «, determined by the relative twist between two cylinder cross
sections (Fig. 6.35 presents an example).

From the relation (6.59) and taking into account that the cylinder is composed of
a linear-elastic isotropic material, we get

W13 = €321 — €312 = (032,1 - 031,2)- (6.60)
21

The specific assumptions ¢; = 0 and ¢; = 0 considered in the previous section
and corresponding to torsion without shear imply from equation (6.51)

c

[0} =
21,3 2H

i.e., the torsional curvature in the present conditions, is a constant
(6.61)

so that

¢ = 2lLk;.
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Consequently, we have

_ cdp, ¢ c
031 = 03, + 031 = EW; —sR=3 (@11 — x2) = puks (@11 — X2)
_ co c c
03 = 0302 + 03 = E% + Exl = 5 (@r2 +x1) = pk; (e + x1)
and
031 Kt
_ TRy 6.62
€31 w2 (pr1 — x2) (6.62)
o K
e =0 =2 (2 + ). (6.63)
2u 2

All these relations have a counterpart in terms of the Prandtl function f,.
In making them explicit, we find it convenient to adopt for f, a decomposition
analogous to that used for ¢:

c c c
folx1.x) = —gﬁl(xl,xz) + 32 2 (31.32) + o1, x2). (6.64)

In the case treated here, namely ¢; = 0 and ¢, = 0, or better pure torsion, if
we disregard the possible bending effects, since they do not contribute to the shear
stresses, f,, is harmonic over §2 with a Dirichlet boundary condition, namely

Aofyy =0 in £,
[
Sor(x1,x0) = 3 (xl +x2) along 0£2,
as can be seen by inserting the assumption (6.64) into the boundary condition

derived in Section 6.12.2.
Let us define ¢ by

D001, = fler ) = 3 (5 4+ ).
In terms of ¢, the previous system becomes
Apd(x1,x) = =2 in £2, (6.65)
¢(x1,x) =0 along 052, (6.66)
and the shear stresses can be written as

031 = k2, 03 = — i 1. (6.67)
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The choice of introducing ¢ (x;, x,) is motivated by the possibility of linking ¢
directly with what we can call torsional stiffness, i.e., the scalar

pK: = p (IO _/ |D§0z|2d7'[2)
2

appearing in the expression (6.58), and linking M, to the torsional curvature:

M,
uK;’

(6.68)

K, =
In fact, using (6.67), we can write
M, = fg (032x1 — 031%2) dH* = _H«Kt./g (19,1 + x202) dH?
= —uktf(zp'D¢dH2,

with p = (x1,x2)T. We have also

div(¢p) = p- D¢ + 2¢,

as a result of the direct computation of the divergence, so that

/ p-DdH> = / (div(d p) — 26) dH?
2 2

a2 2 2
the last identity justified by the boundary condition (6.66). Hence, we can write
M, = 2;u<t/ ¢ dH>.
2

By comparison with the relation (6.68), we obtain

K, = z/ ¢ dH>.
2

In other words, the volume delimited by ¢ over £2 times p is half the torsional
stiffness. It is ¢ that is often called the Prandtl function. Here, we prefer to call f,
as the Prandtl function while we refer to ¢ as the modified Prandtl function. In
any case, terminology a part, the treatment presented in this chapter is completely
standard.
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6.15 Maximality of |7 |?

If the modulus of the shear vector t were maximal at a given point of §2, we would
have there

Aglz)? <0, (6.69)

since |7| is a function of two variables, namely x; and x,. In terms of the modified
Prandtl function, the left-hand side of the inequality (6.69) reads

Agltl? = Ag (03, + 03) = 1k} Ao (7 + ¢3)

= 1k} Ag (D¢ - D) = pPk} (7, + 207, + d3).

due to the validity of equation (6.65). Consequently, the inequality (6.69) can be
verified only over 92, where we can extend ¢. Hence, |t| is maximal at the
boundary of §2.

As an example for visualizing the maximality of |t|, consider §2 to be a circle
with radius 7. In this case, we can choose

¢ (x1,x2) = a(x; +x; — 1),

with a a constant to be determined. We compute

Ap¢ = 4a, (6.70)
so that we should have
. 1
a=—=
2

to allow the equation (6.70) to be consistent with (6.65). Then ¢ reduces to

1
Ppx1.x0) = = (FF —x] —x3),

N

and we have
031 = —KX2, 033 = KX,

so that the distribution of t is linear, as its components o3; and o3, are, and it is
maximal at the boundary (see Fig. 6.36). For the constant K;, we have

ar

Kt=/ (?Z—xf—x%)dﬂz = — =1,
Q 2

since £2 is the circle in Figure 6.36.
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Fig. 6.36 The distribution of
7 on a circular cylindrical
cross section under pure
torsion
’
M,
1 /
T
v/a
T ,
T2

6.16 A Kinematic Interpretation of ¢, in Pure Torsion

The ansatz on the structure of the stress in the de Saint-Venant problem and the
constitutive structures considered imply

€12 = 0.

Moreover, €31 and €3, turn out to be independent of x3, since 03; and o3, are—
recall (6.1). Consequently, the relations (6.59) furnish the following identities:

21,1 = —€11,2, w212 = €221,

w31 = €312, W32 = €322 — €223,
w233 = €332, 13,1 = €11,3 — €31,1,
w132 = —€32.1, w133 = —E€331,

in addition to (6.60). Consider the case of pure torsion: shear external actions,
tractions, and bending moments are absent. Then o33 = 0, and we get

g11 = & = &33 = &1 = 0,

while €31 and €3, are given by (6.62) and (6.63). The components of derivatives of
w in the frame adopted for the cylinder become
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w11 =0,

w12 =0,
Kt

w1 = o (@ri2—1),
Kt

w322 = E%,zz,

w33 =0,
Kt

w311 = 5%11»

K
w312 = El (@ri2+1),

w313 =0,

in addition to (6.61). On integrating (6.61), we obtain

w21 = K¢ X3,

while from the other components of w, on integrating the previous relations, we get

L
W31 = 013 = o (pr1 +x2)
Kt
Wy = —w3 = o (92 —x1).
Since Du = & 4+ w (with the identification of covariant and contravariant

components adopted in this chapter), we then get

u,; =0, U = —KiX3,
Uy = Kix3, uy 5 =0,
us1 = Ki@r1, Uz = Ki@r2,

and by integration,

Uy = —Kix3xp, Uy = KX1X3,

U3 = —Kxa,
Ur3 = KXy,
uz3 =0,

uz = K@y (x1, x2).

The relation between u3 and ¢, shows that during pure torsion, there is warping
of the cross section, and it is independent of x3. The warping shape is completely
described by the component of the potential stress function associated with the

torsion.
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6.17 A Geometric Property of ¢

Consider the intersections of the graph of ¢ and planes parallel to §2, namely the
closed curves

¢ (x1,x2) = const. (6.71)

Let v be the tangent to one of the curves at a point where it can be uniquely
defined. The normal to v and the curve is n. If we calculate the normal and the
tangential components of t there, we get

d)Cz dxl) d¢
= /LKt = 0’

T, = 03111 + 03212 = JUK; (¢’2E + ¢,1£ Ts

where s is the arc length along the curve, and the last identity is justified by the
relation (6.71) defining the curve itself, and

dX2 dx1 d¢
T, = 031V1 + 03V = —uk; | po—— + P 1— | = pr,—.
dn dn dn

In other words, 7 is purely tangential to curves ¢ (x;,x;) = const.

In the same way, a similar property also holds for every piecewise smooth closed
curve in §2 under conditions of pure torsion. In fact, let y be any such curve and let
D, C £2 be the region surrounded by it. Using Gauss’s theorem, we obtain

/t'nds:/ divotdH?> =0
Y Dy

since divpt = 0 for 033 = 0.

6.18 The Bredt Formula

Consider a thin-walled beam doubly connected, a tube. Its prototype cross section
£2, consists of a piecewise smooth closed curve y without intersections, thickened
smoothly. Precisely, when y is smooth, we write

b(s) b(s)

.(_Zy = x = y(s) + als)n(s) | y(s) € y,a(s) € |:_T T:| ,8 € [0,7]} , (6.72)

where [ is the length of y, l;(s) is the width at the point s, n(s) is the outward unit
normal to y. In the presence of corners, i.e., when y is just piecewise smooth, the
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Fig. 6.37 Examples of §2,

formal expression of §2, is more intricate and involves the normal cones at the
corners. Figure 6.37 shows two possible examples of acceptable regions £2,,.

In what follows in this section we shall smooth corners with the aim of furnishing
an approximate evaluation of t, which is analogous in spirit to what we have done
for the Jourawski formula, i.e., a treatment based only on equilibrium reasoning.
As a consequence of the previous results, we know that over £2,, T is tangential
to the outer and inner boundaries. Under the condition of pure torsion, to ensure
equilibrium, we must have

Mo = M, = / (4(s) — yo) x T dH? 6.73)
2y

with M; the applied torsional moment and y, an arbitrary point in the plane
containing §2,,. Moreover, the absence of applied shear forces implies that for any
direction denoted by a unit vector e,

/ T-edH? =0. (6.74)
QV

Using the mean value theorem, we can write equation (6.74) as
/ T-edH? = / T(s)b(s) - & ds, (6.75)
2y %

with 7(s) the average of 7 along the thickness of £2, ats. Write 7(s) = Z(s)v(s),
with 7(s) the modulus of 7 and v the tangent to y. Then equation (6.75) becomes

ff(s)l;(s)-éds = / T(s)b(s)v(s) - eds.

14 14
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A = 7(s1)b(s1)

o>

(s2)

@ =T(s2)

Fig. 6.38 A visualization of the constant value ¢ = %(s)l;(s). The portion of §2, between s; and
s, has no lateral flow of gq. Its translational equilibrium can then be written as g, = ¢». In other
words, at the segment at s,, the two portions of 2, meeting there exchange forces g, and —g; by
the action—reaction principle: they are equal in modulus to g;

The validity of the constraint (6.74), determined by the absence of shear external
actions, implies that the product %(s)l;(s) is constant. Let us denote such a constant
by ¢, following tradition and paying attention not to confuse it with the rotation
vector used in Chapters 1, 2, 3, and 4; ours is an abuse of notation. However, that
vector does not play a role in this chapter, so that we have opted for the notation
used. Figure 6.38 visualizes the proof of the previous statement.

As a consequence, we have

2
/%(S)B(s)v(s) ceds = q/ cos dd = 0,
y 0

where ¥ is the angle between v and e. It ranges over [0, 2], because y is closed and
without self-intersections. It is exactly the arbitrariness of ¢ that implies ¢ = const.
Then from the balance (6.73), we get

A =/ 10/(5) — yo) x |dH = q/ 10/(5) — y0) x vlds = 2D, lq.

2, ¥

That the second integral in the previous expression is equal to twice the area |D, |
of the region D, delimited by y follows by the geometric considerations depicted in
Figure 6.39.

From the previous relation, we then get

| M|

= D, )



221

6.18 The Bredt Formula

Fig. 6.39 The product

[((s) — yo) X v]ds at a point

s of the curve is a vector with P

modulus equal to the area of o T
the parallelogram ABDC, L M, o

which is twice the area of the J - :
triangle ABC. By varying s, { f
the triangles of type ABC | !

span D,,. Then the integral of .
|(:(s) = ¥(0)) X v(s)| over y y ‘
is the sum of all \ |
parallelograms of type

ABCD, i.e., twice the area |
of D, D,

which is called the Bredt formula, after Rudolph Bredt (1842-1900). It is well
approximated when lAa(s) is very small, so that we can “confuse” 7(s) with |z|(s).
The Bredt formula becomes particularly significant when l;(s) is constant and very
small. In that case, we write

|M,|
It = =
2ID, |b

We write i (s) for the curvature averaged at s along the width. In the spirit leading
to the Bredt formula, we define thf: torsional angle ¢ of the thin-walled tube with
cross section £2,, imagining max, b(s) to be very small, as

V= /E,(s)ds.
¥

The assumed homogeneous isotropic linear-elastic constitutive structures imply

z‘}:/ LI a—l /;ds, (6.76)
y M 2IDy |1 J, b(s)

which is often called the second Bredt formula.

Exercise 18. Prove the formula (6.76).

Exercise 19. Calculate the distribution of T in the section in Figure 6.40.
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| S e

a

v
7 #

a a

b

v
-+

Fig. 6.40 A doubly connected section loaded by a shear force not applied at the shear center

6.19 Exercises on the Determination of Shear Stresses

Exercise 20. Find the shear center Cr for the cylinder cross section represented
in Figure 6.41, varying the dimensionless parameter k and for k = 1, k = 0, and
k — o0. Lengths refer to the dashed line; h is constant.

Remarks and solution. The barycenter G is located on the axis x, for symmetry
reasons (Fig. 6.42). The cross section is ideally divided into four rectangles of length
ka, ka, a, and 2a, respectively, all having width A. For the pertinent areas A, A,, A3,
and A4, we obtain (A denotes the total area)

4
Al =Ay=kah, As=ha. Ay=2ha, A=) A;=ah(3+2k).
i=1

In the frame {O, &, n}, the coordinates 7; of the centers of mass of the four
rectangles are
k a
nm=mn=a 1_5 , 7]325, N4 = a.

Consequently, the n-coordinate of the section’s barycenter is

4
5
D Am g (— + 2k — k2)
i=1 2

NG =

A (Gt

5 7
Ifk— 0,7 — —aandifk = 1, then ng = Ea. The principal inertial axes are
denoted by x; and x, (Fig. 6.42). The moment of inertia pertaining to the x,-axis is
h(2a)? _

2
L = 2haka® + —— =ha® (2k+ =2 ).
2 = 2haka” + —5) a( +3)
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a L2 a

v
# 7+

Fig. 6.42 Determination of the position of the shear center

In the calculation, the rectangle 3 has been neglected together with the moment of
inertia of the rectangles 1 and 2 with respect to their barycenter axes. When k — 0,

2 8
we have [, — gha3, and fork = 1,1, = —hd®.

Since x, is a symmetry axis, the shear center belongs to it. To find its coordinate
dc,, we apply a shear force T orthogonal to x, (Fig.6.42) and determine the
distribution of 7 with respect to the rectangles 1 and 2 using the Jourawski formula.
By fixing a local coordinate z as in Figure 6.42, z € [0, ka], for rectangle 1 we get

@) = TS3(2) 7 az

~.
Lh ha® (Zk + 5)

with t directed as in Figure 6.42. For rectangle 2, we get

TS3(2) __r az

T(z) = .
2
Lh ha? (2k + 3)
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directed as in Figure 6.42. We should redo the same calculations for the other
rectangular parts of the section and reduce the system of the shear resultants to a
point. If we consider the point P in Figure 6.42, the shear stresses with respect to
rectangles 3 and 4 do not furnish any contribution to the transport moment, so we
do not have to calculate them. Hence, the modulus of the moment Mp of the shear
stresses with reference to P is

ka 412

ha“k
MP=2/ TLzhadZZTa—z,
0 ha3(2k+—§) ha3(2k+-§)

and it is oriented counterclockwise. Equilibrium requires

1
Iy ¥
«(5+9)

Mp = —-T(d — =-T1d
P (dey + (@a—n6)) cr + 310k

)

from which we get

a(12k3 + 112 + 3k + 1)
(6k + 2)(2k + 3)

de, =

Ask — 0, we getdc, — —g, and the shear center coincides with P; for k = 1,

27
we obtain d¢, = —4—(;1 (Fig. 6.43). Finally, if k — oo, then d¢, — —o0.

Exercise 21. Compute the distribution of the shear stresses induced by the couple
M, for the two thin sections of Figure 6.44. Lengths refer to the dashed lines. Assume
M; = 5kNm, a = 5mm for the tubular section and M; = 2kNm, a = 10 mm for
the open section.

Remarks and solution. The first section is tubular, and we can use the Bredt formula
with

12| = (100 + 257)a’

the area of the region delimited by the dashed line (Fig. 6.45). We obtain

M, 2
= ~ 112 N .
|t] 2 /mm

The second section is open and can be ideally stretched to an equivalent slender
rectangle with sides a and a(20 4+ 107). Since a < a(20 + 107), we can neglect
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T
------------------- 9----------—------—{ +1
! —a
A +6
T G
k=0
—a
Z2
Cr
o
‘ 27
SELLEELLIIIIEE, SRR | o
7 I G |
: : h=1
: 7.
: 10 '
Y 2o
Fig. 6.43 Particular situations corresponding to k = 0 and k = 1
a a

Fig. 6.44 Two thin sections subjected to pure torsion

what happens along the smallest sides, focusing attention on the stress distribution
depicted in Figure 6.46. In this case, for the modified Prandtl function we can choose
the expression

P Y
a
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Fig. 6.45 Distribution of the CoT C
shear stresses in the tubular - ER---f---o--- e +
section e 3 o AN
2 s s K 5a
' 7N 3 T
[ ' [ T
\ | Gl Y, /
'\ ; } ./ 5a
., ba , bda , Ha , da
Fig. 6.46 Distribution of the o
shear stresses in the open '
section ‘ ‘ ‘
S N e
1 | | \
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where £ = x; + g with x; the principal inertia axis parallel to the short side of the

rectangle and f a constant to be evaluated (£ € [0, a]). Such a function describes
the deformed shape of a membrane coincident with the rectangle and loaded by a
weight uniformly distributed over it. With this choice of ¢, the torsional rigidity
uK; is

4
uK, = 2M/ G dH?> = 5Mfaz(zo + 107).
2

Then from the relation

M, = ukK,,
we get
pod M
4 pr,a*(20 + 10m)’
1.€.,

M,

¢ = m(a— £)E,
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and consequently,

d¢ 3M,
[0k = Ki—=
31T HGE T 00 1 100)

(a —2§).

The maximum modulus of the shear stress is reached at £ = 0 and at § = g,
where we get
M,

max __
O3 =

1 9
§a3(20 + 107)

so that since we have chosen to neglect the contribution of o3, for a < a(20+ 107),
we find that the maximal shear stress is approximately 117 N/ mm?>.

The two sections experience similar values of the maximal shear stresses. The
advantage in using the first section in technological applications rests in the higher
value of M, and the lower value of the thickness.

Exercise 22. For the section in Figure 6.47, estimate the stress components 031 and
03, at the point C by the Jourawski formula. Assume T = 50kN, R = 100 mm.

Remarks and solution. The barycenter G is located on the x,-axis due to the
symmetry. The area is

A=naR——,
16

and in the frame {O, xo, x,}, the barycenter is at the point (0, x,(G)) with

Fig. 6.47 Symmetric section
with a circular hole subjected T
to a shear force acting along
the symmetry axis

R)

To O

‘ C=/(-R/2,R/2)
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T T
R/
3R/A
To | | i R/20 Zo | S :
o R/2 o
A 4 A’ A
W %032 (©) -
N \d$2

Fig. 6.48 Barycenter, principal axes of inertia, and determination of the components of the shear
stresses 031 (C) and 03, (C)

XQ(G) = %

The principal inertial frame is represented in Figure 6.48. The moment of inertia
with respect to the x;-axis is

_ (JrR4 R ) (nR4 7R’ (16)2R2) 41083

- 4+ AR — - R*—— ~ 0.21157R".
1 T 500 1024 T 16 400 5120 &

We consider the horizontal segment AA’ passing through C. The static moment
ST of the region below AA’ with respect to the x;-axis is

R R 63+/3 -4
St = / 2R =2 [y — = ) dx, = (*/_—”)R3 ~ 0.4023R>.
k2 20 240

Using the Jourawski formula, we obtain
T 2
7, = 03(C) = 0'3496ﬁ ~ 1.748 N/mm".

This shear component of the stress is directed downward. The total shear stresses
at A and A’ are vectors tangent to the boundary of the section. Their horizontal
components at the points A and A’ (Fig. 6.48) are directed inside the section and
have modulus
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Fig. 6.49 Thin section with an eccentric shear force and position of the shear center Cr

031(A) = 031(A") = 03(C) tana, tana = (a = m/6).

1
V3
The 03, component of the stress varies linearly along AA’, so that at C, we have

031(C) = 031(A/):—§/ = 63\2/(;:) §R\2/§ = 032;(:)

directed toward the point H (Fig. 6.48).

~ 0.583 N/mm>,

Exercise 23. The section represented in Figure 6.49 is subjected to a horizontal
shear force T. Find an approximate value of the shear stress at the point A. The
thickness h is constant; lengths refer to the dashed line. The inclined sides are at
45°. Assume T = 10kN, / = 150 mm, & = 15 mm.

Remarks and solution. By symmetry, the shear center Cy is at the point shown in
Figure 6.49. The barycenter G is on the x,-axis, but the determination of its precise
position is not necessary for the solution of the exercise. The moment of inertia I,
with respect to the x;-axis is

n? ! I P
L=—+ 2/ h(zsina)’dz = E + 2h(sinoc)2§
0

12
w3 hB o p
=5+ 5 ~16917-10° mm (a—z).
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Fig. 6.50 Superposition of the two cases of pure shear and pure torsion

As shown in Figure 6.50, the action of T reduces to the superposition of a shear-
without-torsion 7" applied at Cr and a torsion couple 7/, which can be subdivided
into three equal parts, M,;, i = 1,2, 3, each given by
M, T
33
acting on each rectangle of the figure, since they are all equal, so that they have the
same torsional stiffness. By referring to the remarks on rectangles under torsion in
Exercise 21 of this chapter, we write for the shear stress due to torsion at A (say

Ttor (A))

ti

Mi, - T 4a.44 N/mm>
—_—Nn = = = . mm .
w2

3
It is directed as shown in Figure 6.51.

As regards the shear stress at A induced by the shear action of 7' (we write t,(A)
for it), using the Jourawski formula, we obtain

Tror (A) =

TS* Thi*3/2
T(A) = —2 = —“/_ ~ 3.527 N/mm?,
LA W kP
16h 1— + ?

which is directed as shown in Figure 6.52.
The linearized elastic setting allows superposition of effects, so that the resultant
shear stress at A has modulus

T(A) = |3.527 — 44.44| ~ 40.91 N/mm*

and is directed upward.
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Fig. 6.51 Case of pure torsion

Fig. 6.52 Case of pure shear

A§

Exercise 24. The section in Figure 6.53 undergoes the action of a shear force T
along the symmetry axis. Find the distribution of the shear stresses. Assume a =
45mm, r = 12mm, ¢ = 30mm, 2~ = 90 mm, 7 = 90 kN.

Remarks and solution. The shear center belongs to the x,-axis. The area A, the
position of the barycenter G with respect to the upper margin in Figure 6.53, and the
principal moment of inertia I; are

A = 3888 mm?, d~343 mm, I, ~ 3975696 mm*.
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Fig. 6.53 Symmetric section subjected to pure shear

We use the Jourawski formula and consider a family of segments orthogonal to
the dashed line. By varying the segment in the region between the points A and
B/, we find there a linear variation of t from zero along the vertical segment at A
to 7(B;) &~ 28.8 N/mm2 at By, due to the numerical values of T, r, I, and the
expression of the static moment

ST =rz (% —d) , 71 € [0,4],

appearing in the Jourawski formula and evaluated with respect to the coordinate
71 (Figs.6.54-a and 6.55). By symmetry, the value of t at E is zero, and the
7 distribution decreases linearly to that value of zero starting from t(B,) =~
9.6 N/mm?. In the left-hand portion of the section in Figure 6.54-c, we consider
segments between F and H with the pertinent local coordinate z, € [0,A];
begins at the value t(F) ~ 46.2 N/mm? at F and increases parabolically until
the xj-axis as the static moment of vertical portions is a quadratic function of
the vertical abscissa z, as we vary the segment orthogonal to the dashed line as
in Figure 6.54-c. The value 46.2 N/ mm? is approximately the sum of the values
reached in the linear diagrams on the horizontal side of the section when we prolong
them linearly to the midline of the vertical portion of the section itself. Such a
procedure is standard in all similar cases. When the segment defining the portion
considered crosses the x;-axis, the portion between the segment itself and the x;-
axis has static moment with algebraic sign opposite to that pertaining to the parts
before the x;-axis. Consequently, the 7 distribution decreases to zero. We determine
analogously the distribution of 7 in the portions ED, and D;C. It is endowed with
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Fig. 6.54 Segments in different parts of the section
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Fig. 6.55 Representation of the modulus of the shear stresses in the section
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Fig. 6.56 Symmetric section
under pure shear T

3a

2a

mirror symmetry (Fig.6.55). Along the remaining vertical part of the section, the
distribution of 7 is once again quadratic and is equal to that pertaining to the other
vertical part (Fig. 6.55).

6.20 Further Exercises on Shear Stresses

Exercise 25. Find the value of T along the segment AB of the section in Figure 6.56.
Assume a = 10cm, T = 300kN.

252 T

Solution. T = — — ~ 8.7 N/mm?, directed downward.
869 a2

Exercise 26. A torsional couple M, acts on the section in Figure 6.57. Find the
distribution of T over the section. Lengths refer to the midline. Suppose that h =
10mm, a; = 10h, a = 15h, M, = 2kNm.

Exercise 27. Find the position of the shear center Cr for the section in Figure 6.58.
Lengths refer to the dashed line.

Exercise 28. A shear force T acts on the section in Figure 6.59. Determine the
horizontal segment where the average value of the vertical component of the shear
stress, T,, Is maximal.

Exercise 29. A shear force T acts on the rectangular section in Figure 6.60.
Calculate t, over the segment AB as a function of T and L.
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Fig. 6.57 Symmetric section a
under pure torsion

. /?\M”

Fig. 6.58 Symmetric h
C-shaped section

20| =

Exercise 30. For the T-shaped section in Figure 6.61, calculate the shear stress t,
at the point B. Assume a = 8cm, T = 10kN.

Exercise 31. For the thin section in Figure 6.62, find the position of the segment
AB where the value of t, is maximal according to the Jourawski formula. Assume
h = 30a, a = 10 mm.
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Fig. 6.59 Symmetric section
under pure shear

T
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Fig. 6.60 Rectangular
section under pure shear
T
Y
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[
T
41 G 21
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Exercise 32. Find the position of the shear center Cr for the thin section in
Figure 6.63. Lengths refer to the dashed line. Assume h = R/10.
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Fig. 6.61 T-shaped cross a/10
section under an eccentric +— .
shear force T
i a
| T
a/4 '
B |
a/10 I e — e— |+
i a 3
Fig. 6.62 Trapezoidal a
section under pure shear +—F

Exercise 33. In the case of pure torsion in Figure 6.64, find the distribution of the
shear stresses. Assume a = 50 mm, h = 12mm, M, = 2700 Nm.

6.21 De Saint-Venant’s Principle and Toupin’s Theorem

In the Navier polynomial we find just the resultants of the applied actions. In other
words, different load distributions having the same resultants produce the same 033.
Also, in discussing the determination of the shear stresses 03; and o03,, we have
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Fig. 6.63 Thin section with open medium line

Fig. 6.64 Thin tubular ™ *
section in pure torsion 0
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found constants written once again in terms of load resultants. These circumstances
have their origin in what de Saint-Venant used as a principle—his analysis was
in terms of displacements rather than stresses as we have done in the previous
section—formalized by Richard Toupin in the following theorem, for which we
weaken the assumption of isotropy adopted so far in this chapter and consider the
generic linear-elastic constitutive structures

0 = Cyjnc&nk.

denoting by uy and w,, the maximum and minimum eigenvalues of C, respectively.

Theorem 34 (Richard Toupin, 1965, a rigorous version of de Saint-Venant’s
principle). Let a cylinder of arbitrary length and cross section be loaded only on
one end by an arbitrary system of self-equilibrated forces. Then the stored elastic
energy U(s) in the cylinder beyond a distance s from the loaded end bears a ratio to
the total stored energy U(0) that always satisfies the inequality
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&<ex (_s—l)
uo) ~ P50 )

where the characteristic decay length s (1) is given by
2

_ wr
el = \ pog()’
Hm

with p* = ==, p the mass density, wy(l) the smallest characteristic frequency of

m
free vibration of a cylindrical segment with length [ > 0.

In Toupin’s view, the parameter [ is at one’s disposal to choose in a manner that
will provide a small value for s.(I). In other words, the theorem affirms that in a
linear-elastic cylinder loaded at one end by a system of forces statically equivalent to
zero force, and zero couple, the elastic energy (which is stored within the material)
always decays exponentially as we go far from the loaded end, with a decay length
depending strictly on the shape of the cross section.

The theorem determines the way in which we have to interpret de Saint-Venant’s
principle, which was, in contrast, commonly expressed even in classical treatises
by stating that the strains produced in a linear-elastic cylinder loaded as above are
of negligible magnitude at distances that are large compared with the diameter of
the loaded area. Two counterexamples to such a statement of de Saint-Venant’s
principle—expressed in this way although de Saint-Venant himself in his 1853 and
1855 articles suggested that it could not apply to any cross-sectional shape—have
been provided by Toupin. We mention just the first counterexample, which involves
a cylinder with a cross section as depicted in Figure 6.65. Consider two points P
and P’ in a cross section distant from the cylinder’s bases loaded by two torsional
moments M, and —M,. With the assignment of such torques, even if they are small,
for sufficiently small thickness s, we can expect, in fact, that the strain at P is much
larger than that at P’.

A formal proof of Toupin’s theorem requires some analytical preliminaries,
which are given below.

6.21.1 Inequalities

Let v and w be two vector fields defined over a region 53 of Euclidean space, where
they are square integrable. For these fields, we can prove the following inequality:

/ V. w)dp < ( / vdu / |w|2du)2, ©677)
B B B
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Fig. 6.65 Toupin’s
counterexample to the
common statement of de
Saint-Venant’s principle
before his 1965 theorem

which is called the Schwarz inequality.® The proof can be found in typical textbooks
on functional analysis.
For all positive numbers «, r, and s, we have

Jrs < % (ar n 2) . (6.78)

It is the geometric—arithmetic mean inequality. By combining the inequalities (6.77)
and (6.78), we get

1 1
[ <3 (a [+ [ Iledu)
B 2 B a /g

forall « > 0.

6.21.2 The Rayleigh Principle

For a linear-elastic body with (stored) elastic energy density

e(e) = %((CS) - g,

3The inequality was first suggested by Augustin-Louis Cauchy (1789-1857); then it was expressed
in integral form by Viktor Bunyakovsky (1804-1889) and appeared in Hermann Amandus
Schwarz’s (1843-1921) treatise on mathematical analysis.
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the stationary values of the ratio

/ e(e)du
18 — pw?,
2
= d
5
provided that ¢ is compatible, namely ¢ = Sym Du, furnish the characteristic

frequencies of its free vibrations. This is the so-called Rayleigh principle, also called
the Rayleigh—Ritz principle, after John William Strutt (1842-1919), third Baron
Rayleigh, and Walther Ritz (1878-1909).

The smallest characteristic frequency is given by the minimum of the ratio above.
The next largest eigenvalue is given by the minimum of the quotient over the set of
vector fields u orthogonal to all vector eigenfunctions v® corresponding to the first
eigenvalue. Orthogonality is intended in the sense that

/ (u, v(“))dy, =0.
B

Since in this chapter we are exploiting systematically the identification of R3
with its dual, the previous condition can also be written as

/ u-v@dy = 0.
B

In the case treated here, the first eigenvalue provided by the ratio above is
zero, and the corresponding vector eigenfunctions describe six linearly independent
rigid-body motions in three-dimensional Euclidean space. And a vector field u is
orthogonal to them when

/ udpu =0  and [(x —xo) Xudu = 0. (6.79)
B B

Consequently, the first nonzero eigenvalue, denoted by wy, is given by

/Be(e)du

2 .
pwy = min ——=——,
ueC —/|u|2du
2 /s

where C is the space of continuously differentiable vector fields over B satisfying
the conditions (6.79).
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6.21.3 Proof of Toupin’s Theorem

Proof. Let B; be the part of the cylinder beyond distance s from the loaded end; £2,
denotes the cross section at s. Since bulk loads are not considered in de Saint-Venant
problem, the integral balances over 3; can be written as

/ tdH* =0, [ (x — x0) X tdH?> = 0.
0B 0B;

Consequently, since the lateral boundary is free of loads, so is the extreme end of
the cylinder included in B;, the above balances become

/ tdH?> =0, / (x —xo) x tdH? = 0. (6.80)
s QS

Also, the elastic energy of B,—call it U(s)—reduces to half of the work of t over
£2;, namely (o € Sym)

U(s) = %L (Ce)-edu

1 1
—f o-Dudy = —/ (div(c"u) —u-divo)du (6.81)
2 /B, 2 /B,

: / dH? ! / t-udH?
= on-u == ‘u .
2 Jon, 2 Jo,

The validity of the balances (6.80) implies also that the previous expression
remains invariant if we superpose on u an arbitrary rigid displacement, i.e., if we
substitute u with

u=u+c+ Wx—xp),

with ¢ € R}, W e Skw(R3 R?), xo an arbitrary fixed point. The balances (6.80)
imply, in fact,

/ t-(c+ W(x —xp))dH> =0,
2

since ¢ and W are constant and t- W(x —xo) = ¢q- (x —x¢) x 1, with g the axial vector
of W. Consequently, we can write

Ues) = %[ t-udH>.
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Then we estimate U(s) using both the Schwarz and geometric-arithmetic mean
inequalities, and we obtain

1 1
U(s) < — (a/ t)PdH* + —[ |z‘4|2d7—l2) (6.82)
4 Qs o 24

for @ > 0. However, since the eigenvalues of C? := CTC, with the superscript T
indicating major transposition,* are the squares of those pertaining to C, we obtain

[t|* = (Ce)n- (Ce)n < i le). (6.83)
However, we have also

tmle* < (Ce) - & = 2e(e) < puulel*. (6.84)

2
By multiplying the inequalities (6.84) by the ratio M—M, we get
I

m

2.2 Mz
i€l §Z—Me(8),

ie.,
t* < 2u*e(e),

which implies

UGs) < ! (mu* / e(e)dH> + ! f |u|2dH2).
4 2 o Jo,

Consider a slice of the cylinder included between §2; and §2,;, with [ > 0 some
positive distance from §2; on the opposite side of §2, where the external loads are
applied. Denote by B;; such a part of the cylinder and define Q(s, /) as

s+1
0(s, 1) := % / U()de. (6.85)

By integrating the inequality (6.82) from s to s + [, we obtain

10(s, 1) < ! (m,ﬁ [ e(e)du + E f |ﬁ|2du). (6.86)
4 Bs.l o B&l

#CT" is such that CA- B = A - C"B, for any pair of second-rank symmetric tensors A and B over R>.
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The next step is to find an estimate for the last integral in the previous inequality.
For this, a lemma is useful.

Lemma 35. For u a vector field integrable over B C &3, we can always choose
c € R® and W € Skw(R?, R?) such that

u=u+c+ Wx—xp)
satisfies the integral constraints

/ iidp =0, /(x — xo) x iidp = 0. (6.87)
B B

Proof. Without loss of generality, we can choose the arbitrary point x; to be
coincident with the center of mass of 5. We then compute

/ﬁdu:/(e—i— W(x—xo)—l—u)duzcvol(B)—i—/ud/L,
B B B

since / (x — xp)d is the static moment of B, and it vanishes, since it is calculated
B

with respect to axes crossing the center of mass. Consequently, to satisfy the first
relation (6.87), it suffices to choose

1
vol(B) /,5 udp.

The second integral in (6.87) leads to

/(x—xo) Xudyu = —c X /(x—xo)du
B B (6.88)

—i—[B(x—xo)xW(x—xo)du—i—/g(x—xo)xudu,

so that the first term on the right-hand side vanishes, for it includes the static moment
calculated with respect to axes crossing the mass center of . Consider the integrand
in the second term and write p for x — xo. In components, we get

(p x Wp) := eupiWjpy,

with e;; the Ricci tensor. However, with g the axial vector of the skew-symmetric
tensor W, we can write

Wi = €jimgm,
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so that

€iixPkWipi = €ijkPr€jimqmpi

= —€ij€jmgmPiPk = —(8iSkm — SiSim)qmP 1Pk

= PiPmdm — PkPiSimGm-
In other words, we can write

p x Wp = Dev(p ® p)q.
where
Dev(p®p) :=p®p—t(p®p)l,

with [ the second-rank unit tensor. On inserting such a result into equation (6.88),
the second integral constraint (6.87) can be written as

Ig=1V, (6.89)

where

V::/pxudu
B

and

7:= —/ Dev(p ® p)du
B

is the tensor of inertia of B, and as such is positive definite. Then the algebraic
equation (6.89) always admits a solution for arbitrary V. The existence of such a
solution ensures the validity of equations (6.87) and consequently, the orthogonality
of u (constructed by adding to u an appropriate rigid displacement) to every rigid
displacement. O

Due to the property established in the lemma, by the Rayleigh principle, we can
write

1 1
! / P < —— [ e@dp = e(e)d.
2 Bs,l

pa)g (l) Bs.l 'O(,()g (l) le

where ¢ := Sym(Du) = Sym(Du) by the definition of u. Consequently, the
inequality (6.86) becomes

. 1
060 = 3. (au b (l)) /B ey (6.90)
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Moreover, since equation (6.81) shows that the energy U(s) of a generic portion of
the cylinder of type B; is given only by the traction work over £2;, we can write

1 1 do(s, !
—/ e(e)du = = (U(s) —U(s + 1)) = —&,
1 Js,, l ds
so that the inequality (6.90) can be written as
d l
sell, @) Q(S ) 4 0(s.1) <0, (6.91)
where
1 1
se(l, o) = (Ol/L + )
apwi(l)
The function s.(/, -) has a minimum s.(/) at
1
0= — (6.92)

VH *pwg (l)

given by
*
se(l) = S
pw, (l)
By choosing « as in the formula (6.92) and integrating the inequality (6.91)
between s; > 0 and s, > 51, we get

0(s2, 1) 53— S1
061D = P (_ () ) (693

The positive definiteness of the constitutive elastic tensor C implies from
equation (6.81) that U(-) is a nonincreasing function of s. Then since Q(s, ) is
by definition (6.85) the mean value of the function U(-) between s and s + I, we
can write

U(s+ 1) < 0C(s, 1) < U(y),
so that the inequality (6.93) implies

U(S2+l) < ex (_Sz—sl)
Uy - P\ )
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By choosing s; = 0 and s, = s — [, we obtain the inequality in the statement of
Toupin’s theorem. O

The idea leading to Toupin’s theorem has been extended variously. We limit here
the discussion to the original case, for that allows us to deepen our comprehension
of the results about the de Saint-Venant problem. Such results will be useful later—
among other things—when we shall go beyond the traditional format of continuum
mechanics as described so far to construct coarse one-dimensional models of beams,
rods, columns, etc., for obvious computational advantages.



Chapter 7
Critical Conditions: Yield Criteria

We have so far focused attention on simple elastic materials,' being conscious of
our limited view, dictated by our original didactic purposes. Real materials are, in
contrast, often not simple, and when a material’s response to external actions is
elastic, such behavior is not indefinite; rather, it has a finite range, starting from
states that we can consider relaxed—the body is left alone without experiencing
external actions, and the decay of memory process is presumed to be ended—even
in some approximate sense. The notions of elastic range and relaxed state can be
defined rigorously even in a very abstract way in terms of the theory of dynamical
systems. Having in mind that this book is meant essentially for “beginners”, we do
not go into detail. We just mention a well-known example that clarifies the situation:
the traction test of a cylindrical steel specimen. Figure 7.1 shows the typical
recorded stress—strain relationship.

The behavior appears to be linear up to a certain stress value, indicated by
oy in the figure, where there is a phase transition, and increasing strain does
not produce stress increments (fluctuations apart); also the strain in that region
is irreversible, as can be seen by removing the load. In metals, such a behavior
is the macroscopic appearance of single and/or collective motions of dislocations
through crystal grains: the basic origin of the strain irreversibility. Beyond a certain
value of the strain (elongation in the specific example discussed here), the stress—
strain relationship becomes nonlinearly nondecreasing (hardening regime) until
the stress reaches another value beyond which the material is unstable (softening
regime), and the test can be continued only by controlling the deformation. When
we “reverse” the load, we find similar behavior, and the limit stress value for the
linear-elastic regime can be reached at —oy (traction—compression symmetry) or
even at a different value. Such a test reveals prominent aspects of what is called
elastic—plastic behavior.

"More precisely, we have been referred to hyperelastic materials, since we have always considered
the (stored) elastic energy.

© Springer Science+Business Media New York 2015 249
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Fig. 7.1 Stress—strain A0
relationship typically -— [ | —>
recorded in a traction test on a
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In the case of traction—compression symmetric behavior, with reference to the
one-dimensional case in Figure 7.1, we say that the material behaves in a linear-
elastic way when

|O-| E Oy,
i.e., when
f(o) :=|o|—oy 0. (7.1)

The constraint (7.1) defines the critical condition but does not furnish by itself
information on the postcritical behavior. In other words, from the inequality (7.1)
we are not able to deduce whether the material behavior is elastic—plastic or brittle
or something else when the stress increases beyond oy.

In three dimensions, the possible expressions of f(-)—what we commonly call
the yield function—are not so simple as that appearing in the yield criterion (7.1).

There are many proposals of criteria available in the current literature. Each is
associated with a certain specific physical mechanism. The choice then depends on
what is suggested by the circumstance under analysis and what we believe to be its
prominent aspects.

We list in this chapter some criteria, some historically prominent, some particu-
larly popular. They are all in reference to a point within a body; in this sense, they
are local.

7.1 Tresca’s Criterion

With Tresca’s criterion, we assume that at a point, a critical stress state is reached
when in one of the planes crossing it, the tangential stress reaches a certain critical
value k7 determined by, e.g., a traction test as described above.
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To formalize this, consider the eigenvalues of the pertinent stress at a point—call
them oy, a7, 077 We say that the stress state in the material is admissible at the point
considered when

1
5 max (lor = oul, lon — om|, lom — o1]) —kr < 0.

Equivalently, we can define

fr(o) :=

(7.2)
[(01 — on)* — 4k7] [(on — om)* — 4k3] [(om — 01)* — 4k7 ],
so that the yield criterion (the admissibility condition for the stress) reads
fr(o) =0. (7.3)

The domain described by the inequality (7.3) in the space (o7, 0y, 0p) is a
straight prism with hexagonal basis, wrapped around the straight line inclined at 45°
with respect to all three axes oy, oy, and oy as in Figure 7.2. In the plane oy = 0,
the domain is represented in Figure 7.3. The constant k7 is estimated by uniaxial
tension—compression tests. In the case of symmetric material behavior, using the

. . o . .
function (7.2), we obtain k; = jy, since the sole nonzero eigenvalue of

O’yOO
000
000

O1r

or

Fig. 7.2 The admissibility domain defined by the yield criterion (7.3) in the space (oy, 077, Orr)
and deviatoric section
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Fig. 7.3 Tresca’s o1
admissibility domain in the
plane an = 0 o = 2]€T ,
01 =2kr
L0 or
7 \\\ oy =2k
or =—-2krp e )
oo ==2kr

is just oy. Henry Tresca (1814—1885) introduced this criterion in 1864 and discussed
it in three additional papers published in 1867, 1868, and 1872. Adhémard Jean-
Claude Barré de Saint-Venant (1797-1886) reanalyzed it in 1870 and 1872. The
criterion is now named after Tresca. For the de Saint-Venant problem, the Tresca

criterion reduces to
vV 6323 + 412 = Oy,

in which 7 denotes here the modulus of the shear stress.

7.2 Beltrami’s Criterion

In 1885, Eugenio Beltrami (1836—1900) suggested that one consider the whole
elastic energy as the essential ingredient for the yield criterion. By considering just
linear elasticity, Beltrami proposed to write

1
—0-¢<k
2(7 =

for the yield criterion, with kg the critical energy estimated by a traction test in the
case of symmetric traction—compression behavior.
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7.3 Huber-von Mises—Hencky Criterion

From experimental data on metals, Titus Maksymilian Huber (1872-1950) observed
that in case of hydrostatic pressure at a point, the material never reaches the limit oy
measured in the uniaxial traction test. Huber’s observation suggested to Richard
Edler von Mises (1883—-1953) in 1913 that a relevant yield criterion should be
written in terms of the deviatoric part ¢ of the Cauchy stress, defined analogously
to the deviatoric part of s—the tensor £/ appearing in Chapter 1—by

1
cl=0— g(tra)l,

with I is the second-rank unit tensor. As in the case of ¢/, we immediately compute
tro? = 0. Later, in 1924, with reference to linear elasticity, Heinrich Hencky
(1885-1951) expressed the criterion based on Huber’s and von Mises’s ideas in
terms of the deviatoric part of the elastic energy density. The first step is the
following decomposition in terms of deviatoric stress and strain:

1 1 1 1 1 1
50 e = 3 ( 44 g(tra)l) . (ed + g(trs)l) = Eod el 4 g(tra)(trs).

The last equality follows by taking into account that 0 -1 = tro? = 0and ¢’ - I =
tred = 0.
We define the product

as the deviatoric elastic (stored) energy density, denoting it by e“.
When the material in the linear-elastic phase is isotropic, the previous expression
becomes

1 A (tro)? 1
d—= i — ——(t 8,“ i'——=—3l"i'—t 2.
“ T (“’ 120 %) i = a2 = 1o oo~ ()

In terms of the deviatoric component of the stress, we simply write

where J, is the second invariant of 69, i.e., the sum of the determinants of the minors
of o around its principal diagonal. Huber-von Mises—Hencky’s yield criterion is
expressed by the inequality
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k2
ed < HMH , (74)
21

where kyyy 1s a constant estimated by a traction—compression uniaxial test.
The ratio of its square with 2y is the relevant deviatoric energy.

Exercise 1. Compute explicitly the deviatoric part of the stress with components

UyOO
000
000

and show that

Oy
kv = E

In the linear isotropic elastic case, the inequality (7.4) reads
12| < kgingzs»
so that the yield function can be chosen as
Funn (@) := Jo + ks
or alternatively,

Fanu(0) = N/ — knnanr.

In terms of the principal stresses—the eigenvalues of o—for the first choice of
f(0) above, the admissibility condition

Samu(o) <0
reads
(01— ou)* + (o — om)* + (om — 01)* — Gk < 0.

Such an inequality describes a cylinder with circular base in the space
(01,011, 0717), wrapped around the straight line inclined at 45° with respect to
all three axes oy, oy, and oy (see Fig. 7.4). In the plane o;; = 0, the admissibility
domain is in Fig. 7.5. For the de Saint-Venant problem, the Huber—von Mises—

Hencky criterion reduces to
ok + 312 <oy.
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o1

oy

Fig. 7.4 Admissibility region determined by the Huber—von Mises—Hencky criterion in the space
(07, oy, oyy) and deviatoric section

7.4 The Drucker-Prager Criterion

The Huber—von Mises—Hencky criterion excludes participation of the hydrostatic
component of the stress at a point in the definition of critical states. The choice
appears appropriate for metals, in general, but it seems to be unsatisfactory
for granular materials (where the hydrostatic pressure governs compactification),
classes of rocks, even concrete. For these cases, Daniel C. Drucker (1918-2001)
and William Prager (1903-1980) proposed in 1952 a modification of the Huber—
von Mises—Hencky criterion that reads

for(o) <0,
where
for(0) := V/|Ja| —kpp1 — kppa tr o, (7.5)

with kpp; and kppy appropriate constants. In the case of asymmetric material
behavior (traction—compression), with yield stress oy, under a traction test and oy,
in compression conditions, kpp; and kpp, have the following form:

2 (OYCOYI) k _ 1 (UYZ - GYC)
_— pDP2 = —= .
V3 (Oye + ov1) V3 (Oye + ov1)

kpp1 =

These two expressions follow by writing first the critical condition /|J| =
kpp1 + kppptro in the case of uniaxial traction and then the same expression
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Fig. 7.5 The Huber-von o1
Mises—Hencky admissibility oyV2
domain in the plane oy = 0

or

oy = kumu3

in compression uniaxial conditions. In the space of the triplet (o7, oy, oyy), the
admissibility criterion defines a cone with circular basis. Further extensions of the
Drucker—Prager criterion are available in the current literature.

7.5 Hill’s Criterion

In his scientific career, Rodney Hill (1921-2011) proposed various yield criteria,
first with the aim of accounting for material anisotropies. Here, we recall just briefly
the simplest of his proposals:

fu(o) := 0, —kn.

where 0 is the maximum absolute eigenvalue of 0, and k has the same meaning
but with reference to the critical conditions in a uniaxial traction test, i.e., it is the
maximum eigenvalue of the deviatoric stress component. In the space (o7, 077, 0711),
the admissibility condition

fu(0) <0

describes a region similar to that pertaining to Tresca’s criterion. Figure 7.6 presents
a comparison among the Tresca, Huber—von Mises—Hencky, and Hill criteria in the
case oj;; = 0. Tresca’s condition appears to be more stringent in favor of safety.
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Hill
on Tresca
) o Huber-von Mises-Hencky
L0 or

Fig. 7.6 Comparison among three yield criteria in the plane o;; = 0

7.6 Objectivity of the Yield Function

Under classical changes in observers, the stress o becomes Qo QF, with Q in SO(3).
This issue has been already discussed in previous chapters. The action of Q € SO(3)
alters the frame(s) in the ambient space but does not change the material properties.
In other words, if o satisfies the admissibility condition (the yield criterion), then
Qo QT must also be admissible. The circumstance is verified when we require that
the yield function f be objective, i.e.,

f(0) =f(QoQ")

for any Q € SO(3).
This requirement implies that f has to depend only on the invariants of o, namely

tr o, det o, and the second invariant, i.e., ((tr 0)2 —tr 02). Let us call I, the second

2

invariant of o. It is connected with J,, the second invariant of o, by the relation
1

=0 — g(tr 0)?, so that the Huber—von Mises—Hencky and the Drucker—Prager

criteria fall under the objectivity conditions.



Chapter 8
Rod Models

The analysis of the equilibrium of three-dimensional slender cylinders is rather
complicated as it emerges, at least to us, from the discussion of the de Saint-Venant
problem. The difficulty increases when we consider framed structures. The task
becomes formidable in the presence of large strains and dynamics. The presence
of a dominant dimension suggests, however, that one explore the possibility of
constructing coarse models in which the sole independent space variable is the arc
length along the dominant axis—it can be generically a curve. We can construct
different models of these cylinders, or rods, by including or excluding essential
peculiar aspects of their mechanical behavior. Often, ad hoc assumptions appear in
technical theories of rods, leading to the neglect of certain kinematic terms regarded
as small. In the nonlinear case, they often lead to equations no easier to analyze
than those obtained from the three-dimensional theory avoiding the introduction of
further ad hoc assumptions. In this last case, we can derive a rod model in two ways:

1. through some approximation procedure from the three-dimensional nonlinear
elasticity (top-to-bottom procedure);

2. by considering a one-dimensional continuum (the curve determining the domi-
nant axis of the cylinder) and assigning to each point information on the rod’s
cross section.

Both approaches to constructing one-dimensional-in-space-variables rod models
can be followed even when slenderness is not so pronounced or the body is relatively
thick. In these cases, the utility of the resulting equations may be seriously impaired,
although in the case of approximation procedures, convergence would be ensured.

In this chapter, we shall focus our attention on the second way of deriving rod
models. We call the result a directed description of rods.

Before going into details, we warn the reader that we use the term rod in a broad
sense. For us, it is a generic term for (in alphabetical order) arch, bar, beam, column,
ring, shaft, etc.
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8.1 Basis Conceptual Aspects of the Director-Based
Description of Rods: Reference Places

Consider

— (i) a smooth curve s —> @o(s) € £3, 5 € [0,1];

— (ii) three unit vector fields s —> ep(s) = eér(po(s)) € S, I' = 1,2,3,
orthogonal to each other, &3 = &, x &, at every s, and (é3(s), ¢{(s)); > 0, where
the prime denotes in this chapter differentiation with respect to s.

We may take in £3 a fixed orthonormal basis e;, e», e3 such that

er(s) = Qo(s)er,

where Qo (s) is the value of a differentiable map s —> Qy(s) € SO(3), s € [0, ].
The reference shape of a tangible rod is then the set

2
B:= {x e Ex= @o(s) + Zéaéa(s), (£, €%,5) e X x(0,1)} ,

a=1

where X' is a two-dimensional compact open set in R?, with piecewise smooth
d .
boundary dX. We shall assume that ‘%‘ = 1 for every s, so that [ is the length of
s
the rod. We can consider ¢y(-) the line of centroids, i.e., a line crossing at every s
the mass center of the rod section spanned by the vectors &1 (s) and é,(s) as £' and
£2 in vary over X. For the reference place, we can also write

2
Bi= e &x= o)+ Y E“Qus)ews (€629 € Xx (0.0 .

a=1

We shall then identify geometrically the physical rod with the closure of .

The vector ¢3(s) orients at s the transversal section spanned by ¢;(s) and é,(s).
When e3(s) = (p(/) (s), such a section is properly the cross section at s. The description
of the rod’s geometry in terms of a curve and vector fields over it and above
all, the role these vectors will play later are the reasons for calling the resulting
scheme director-based (or directed). Figure 8.1 reproduces graphically what we have
discussed above.
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Fig. 8.1 From a three-dimensional shape to a one-dimensional model with directors

8.2 Deformation and Motions

— We assume that during the deformation, the transversal sections (those spanned
by ¢; and e, in the reference place) behave rigidly (Bernoulli’s hypothesis).

The assumption excludes warping of the rod’s cross section. It allows us to
identify the rod’s shape after deformation with the set

2
By:i={yefly=5+) £dus),

a=1

¥ = 9(90(s)), du(s) = O(s)ea(s), (§',E%5) € X x (0,D};

¢ is a one-to-one differentiable orientation-preserving function.! The curve s —>
©(po(s)), the centroid locus of the deformed rod, can be considered to be parame-
terized by the arc length s5(s), given by the map

sr—>§(s):=/os

<p/ (z) ’ dz.

"Warning: ¢ must not be confused with the stress potential function in Chapter 6.
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Fig. 8.2 Kinematics in the director-based rod model

Moreover, we still impose

(a:60).¢'®)., >0

as a counterpart of the analogous condition in the reference shape. Figure 8.2 shows
schematically the kinematics of the director-based model just described.

— Unless otherwise stated, we shall refer to a straight reference shape of the
rod without too much loss of generality, since we are discussing large strains.
Consequently, for us, the actual shape B, is then

2
B, := {y e&y :;+Z§“da(s) ,

a=1
5= 0(s), duls) = O()ew, (E',E%5) € X x (0,D)}.

The current shape of the rod is determined by the two maps s —> ¢(s) € &
and s —> Q(s) € SO(3). In other words, we determine the deformed line of
the centroids (the centers of mass) and add at each of its points information
on the current arrangement of the pertinent transversal section. We are then
reducing a rod to a one-dimensional continuum with every point endowed not
only with the standard three translational degrees of freedom of a point in three-
dimensional space, but also with additional rotational degrees of freedom. In this
way, the material element placed at a point in the one-dimensional continuum is
considered a (finite-size) rigid body able to rotate independently of its neighbors;
we picture the rod as a deck of infinitely many two-dimensional cards, each
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one coinciding with a rod cross section. For this reason, such a one-dimensional
scheme in space gives rise to a continuum going beyond the traditional format
described so far, where a material element is described just by a geometric point
and, as such, has only three degrees of freedom.

— We shall tacitly assume that the rod does not self-intersect, deforming in the sense

that we assume the existence of a well-defined smooth inverse mapping s — s,
with s the arc length over the curve ¢, the deformed rod axis. Then we shall call

the derivative

the stretch developed in going from B to B,,.

Each point x in B is parameterized by £!, £2, and s as is every y in B,

at a

fixed instant 7. Then we can evaluate the deformation gradient F by computing the

derivatives with respect to £!, £2, and s. The result is

2
F=di®e +d®er + (‘P.s + Zéada_s> R es,

a=1

where “,s” as a subscript denotes the derivative with respect to s. In particular,

we set
_ 2
FO(S) - F(El7é§- »S) |$1=§;2=0 ’
for the deformation gradient over the line, so that
Fo(s) =di®@e; +d ®er + ¢ @ es.

Time comes into play for describing motions, i.e., mappings

2
(5.0) =y = @(s.0) + ) E°da(s.1)

a=1

assumed to be twice piecewise differentiable in time.

8.3 Derivatives

Let us begin with the relation

do(s.1) = Q(s. e,

which defines d,,, and assume that d,, is twice differentiable. We then compute

dot,s =Qeq = Q,sQTdot-

(8.1)
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Actually, the tensor field s —> Q Q7T at each instant ¢ is skew-symmetric (for
the proof, we recall that we just need to compute the derivative with respect to s of
the defining relation Q(s)Q* (s) = I, with I the second-rank identity), and we write

da,x = Qda =wX dou (8.2)

where 2 := Q07 and w(s, 1) is the corresponding axial vector. An analogous
expression holds for the time derivative of d,, namely

dy = Qe, = QQTda,
so that since W := QQT is skew-symmetric, we write also

dy, = Wdy, = w xd,, (8.3)

where w is the axial vector of W. We have also

Eda,szd)xda+wxda=d)xda+wxwxda

and

—dy =Wy xdy + WX gy =Wy xdy + WX 0 X .

ds

Since by Schwartz’s theorem, the two mixed derivatives equal each other, we get
(0—wxw)xdy, =W +wxw)Xdy,
or more concisely,
v
wyxdy = (@ —w X w) X dg,

where

Voo

=0 —WwXo

is the rate of change of w relative to an observer moving with the spatial frame {d}.
Write now ¢ for the vector

which measures how much the normal to the plane containing what is a cross section
at s in the reference place deviates from the tangent to the deformed centroid axis at
the same s. Then ¢ accounts for shear. We compute
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where we have used the relation (8.3).

8.4 Sectional Stress Power

Consider a cross section at s in the reference place of a three-dimensional rod. The
covector

T(x) := P(x)e3

is the contact action exchanged between the material element at y(x) in the deformed
shape and the part of the rod having in the reference shape normal —es at the same
s. Figure 8.3 illustrates the scenario.

We call the integral over the section of the power density 7 - y, namely

P :=/ T.ydEdE?,
X

the sectional stress power.

N N
% X : A ,’\k\
e3 1 N, 4
e e e = SF >

Fig. 8.3 Sketch of the mapping x —> T(x)
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Using (8.1), we obtain
2
Px = / tjde'dg? = / £ (¢<s,z>+25“da<s,r)) dt' dg?
X X a=1
2
=/ %-¢(s,t)d§1d$2+/ %-Zg“wxdadéldéz
X x

2
=<,>-/ fdg‘dg2+w-/ > g7, x dt'dg?
X Xot=1
=¢-Nn+w-m,

where
2
n;:/ t dg'dg®  and m:=/ Y E%d, x 2 dE'dg’.
X X =1

Since in the one-dimensional scheme with directors developed so far, we assign
at every point of the centroid line information on the whole cross section there,
Nn(s) is the contact traction at s in that scheme, and m(s) is a contact couple, which
develops power in the rotational degrees of freedom assigned to every s, in addition
to what holds in the standard continuum scheme. If we take a portion of the rod
between s and s, with 5, > s1, the difference

N(s2,1) - @(s2,1) + M(s2, 1) - w(s2, 1) — N(s1,1) - @(s1,1) — M(s1, 1) - w(sy, 1)

is the external power of the contact actions exerted by the rest of the rod over the
part between s; and s,.

8.5 Power of the External Actions

Let f denote distributed forces over the rod boundary. With b* the bulk actions, we
define A* and M* respectively as

nt(s, 1) = /Mf(g'(Z),gz(z),s,z)dHAbi(g‘,sz,s,t)ds‘dgz,

m¥(s, 1) := /ax(y—yo)xfdl—i—/;((y—yo)xbidéldéz,
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where [ is the arclength along 0X, yq is a fixed point in space, and for the sake
of notational conciseness, we have omitted in the definition of m* to make explicit
the dependence on &', £2, s, and the time 7. Due to the presence of b, we can
decompose N* and M* additively into inertial and noninertial factors, since b* can
be so decomposed by definition. Consequently, we shall write

nf=n+n"  mt=m+m",

where the superscript “in” denotes the inertial components defined by
n" (s, 1) == / b (€', €%, s, 1) dE"dE? (8.5)
x
and

m(s,t) := / (v — yo) x b™ dg'dg>. (8.6)
X

By f and M we shall denote external noninertial forces and couples applied to
finite numbers I_cs > (0 and I_cs > 0, respectively, of discrete points of the centroid
line. These points can be the orthogonal projections over the centroid line of points
over the boundary of the rod where localized loads are applied. Also, the isolated
applied forces f can be the resultants over a specific section of external actions that
can even have inertial nature as in the case of shocks. They generate discontinuities
in the distributions of n¥ and m¥, which are necessary to ensure balance at those
points. The power of external actions over a portion of the rod between s; and s»,
with s, > s, under (at least square) integrability assumptions for ¥, m#, and the
velocities, can then be written as

/ sz(ﬁi(s, 1) - ¢(s,1) + mi(s, 1) - w(s, 1)) ds

% s
+ 3 (Fse.1) - @5 0) + D (s 1) - wisy. 1),
k=1 r=1

8.6 Changes in Observers

Classical changes in observers in the physical space imply for ¢(s, ) the same
transformation v —> v* as that presented in Chapter 2, so that we can write

¢ (s.1) = @(s.1) + c(1) + q(0) x (p(s.1) = yo). (8.7

We have, in fact, two observers rototranslating one with respect to the other. Each
of them may evaluate the velocity ¢(s, ) of a given point ¢(s,t) of the centroid
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line and the pullback ¢*(s, ) from the other observer of the velocity measured in
the rototranslational frame. Such a transformation has also an effect on w. In fact,
with w, the rod’s cross-sectional rotational velocity evaluated by a given observer,
the pullback w* in the relevant frame of the velocity measured by the second
(rototranslating) observer reads

w'=w+gq. (8.8)

In fact, with d; the image of the vector d, in the frame defining the second
observer, we have

d, = 0(d,

with Q(¢) € SO(3) the orthogonal time-dependent transformation linking the two
observers. The derivative with respect to time reads

d, = 0d. + 0.
Then, by defining d* as
d; = 0'd,
and using the relation (8.3), we obtain
df = Q"0d, +dy = g x dy + wx dy = (g + W) x do.

which justifies, by comparison with equation (8.3), the choice (8.8).

8.7 External Power Invariance for Director-Based
Rod Models

We write 77(8;‘1’ 52)(923, w) for the power on the part of the rod between s; and s,, with
s» > s1, in the one-dimensional, director-based scheme. As we explained in the
previous section, it reads

Pl o) (@ w) i=Nn(s2,0) - @(52,1) = N(s1,0) - @ (51, 1)

4+ m(sy, 1) - w(sz, 1) —m(sy, 1) - w(sy, t)

+ / ? (N¥(s. 1) - @(s, 1) + M¥(s, 1) - w(s, 1)) ds

]_(x ]:(S
+ 2 H ) @l + ) M) - wisr1).
k=1 r=1

In accord with the path described in Chapter 3, we impose now an invariance
requirement.
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Axiom 1 (Power invariance for the director-based rod model). The external

power P(e;‘l’ ) (¢, w) is invariant under isometry-based changes in observers, i.e.,

(eflt fz)((/) w) = e51 sz)((p w )
for every choice of ¢ and ¢, and for every interval (sy, s3).

Since Pf;" ) is linear in the velocities, the axiom implies

exr

PG syc+ax(@—y0).q) =0,

for every choice of ¢, ¢, and the interval (sy, s,) considered, i.e.,

2 ]_CS R
c- n(sz,t)—n(sl,t)—l—/ (s, )ds + Y f(si. 1)
k=1

S1

5
+q- (m(sz, f) —m(sy, 1) + / m* (s, 1) ds
s1

+ (p(s2. 1) — yo) X N(s2,2) — (@(s1,1) — yo) X N(s1,1)

k, ks
+ 3 (s 1) = yo) X s ) + Y M5y, 1)

k=1 r=1

+/merwwxﬂmam):o

The arbitrariness of ¢ and g implies the global balances
o E
N(s2, 1) — N(s1, 1) + / At (s, ) ds + Y f(si.1) = 0 (8.9)
S k=1

and
m(sz, 1) — M(sy, 1)

+ (@(s2,1) —y0) X N(s2,2) — (p(s1,1) — yo) X N(s1,1)

51

52 ]_(s A
+/ M (s. ) ds + (@i 1) — yo) x F(si. 1) (8.10)
k=1

ks 5
+ Z m(s,, 1) + / (@(s, 1) — yo) x A¥(s, 1) ds = 0.
r=1 S1
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Take s; < § < s, and imagine that n(-, #) has at s a bounded discontinuity. For «
a nonnegative number, we denote by nT and n~ the limits
nt (s, 1) := lim n(s + o, 7).
a—0
The jump [n] of n is defined by
n:=nt—n",
and the average (n) by

(nt +n7)

(n) := 5

Analogous definitions hold for m and the other fields defined over the centroid
line involved here. Discontinuity points for n(-, 7) are those where external isolated
actions f are applied. We then have

n(sz,t) B n(Sht) _ /Sz 8”(&‘ l)

1

d+2mwo

By inserting the result in the integral balance (8.9), we obtain

[1 (8ngs , ) + At (s, t)) ds + Z ([n] + f) (s, 1) = 0.

k=1

The arbitrariness of the interval of integration (i.e., of the part considered in the
rod) implies that of k; > 0, so that we must have

— +nf=0 (8.11)
along the centroid line, and
n+f=0 (8.12)

at the points of the same line where isolated external actions occur. When f = 0, the
balance (8.12) requires that n be continuous.

Assume now that m(-, ¢) is continuous and continuously differentiable over the
centroid line except at k. >0 points, where it has bounded discontinuities. Such
points are those where the (purely noninertial) isolated couples M are applied. As in
the case of n, we then have

52 8m(s 1)

mmo—m»0=/

51

ds + Z[m](s,,t)
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The integral balance (8.10) then becomes

52 ks
/;1 (88—:] + aa—f xn+ mi) ds + Z([m] + M) (sy, 1)

r=1

2 an _y
+/ (p(s, 1) —yo) X $+n ds

I_CX
+ Y (p(s.0) = yo) x (In] + H(si. 1) = 0.

k=1

The local balances (8.11) and (8.12) allow us to write the integral balance of
couples as

2 ram B iy & .
—_— 4+ — d 1) = 0.
/Sl (3s + aS><n+m) s+ Y (Im] + m)(s,. 1)

r=1

The arbitrariness of the integration interval implies that of 12 and the validity of the
local balances

am  Jdg —
— 4+ —xn+m =0 (8.13)
as as

along the centroid line, and
[Mm+m=0 (8.14)

at the isolated points where external couples are applied.

8.8 Identification of the Inertial Terms

8.8.1 Kinetic Energy Averaged over the Cross Section

On averaging the kinetic energy density over the generic cross section at s, we obtain
1 | 2 2 _
5 [oitasias =3 [ oo+ Yera ) (o4 Y etan | as'as?
2 Jx 2 Jx a=1 B=1
L,
= 510 [ o680 de'ag?
x

2
F0.0 2 ow0 x o) [ psedglag?
X

a=1

2 2
+ % 33 wls 1) x da(s. 1) - (w(s. 1) x dy(s.1)) /X pEetP gl g2,

a=1 =1
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where we have exploited the natural identification of R with its dual and the
relation (8.3) in the second term on the right-hand side. The integrals

/ pE'dE'dE”  and / pE2dE'dE>
X X

correspond respectively to the static moments S, and S; of the cross section at s
with respect to d; and d,. Since the frame considered is in reference to the cross
sectional center of mass, we have S, = S; = 0. Then we get

2
[ ) * ) Xda ) ad ]d2: .
§(s.1) ;w@ 1) x dus t)/XpE £ldE? = 0

Given two nonparallel vectors a, b € R3, the Lagrange formula for the triple
vector product prescribes

axbxa=(a-a)b—(a-b)a= (|a|*’l —a® a)b.
Then we compute

1 2 2 )
2 /X D0 pET (wls, 1) x dg) - (w(s, 1) x do) dE ' dE”

a=1 =1

:1/ iig“z(d x w x dg) - wdg' dg?
2 X o=1p=1 ’ ’

2 2

l : Ol2 o
=3 /X ;g 1= "e"6Pd, @ dg | pd'd&> | w-w,

a=1p=1

where [ is the second-rank unit tensor. By defining the scalar py and the second-
rank tensor [y respectively by

pe(s) :=/Xp(s',sz,s)ds‘dsz,

and

2 2

2
= [ [ e r- 3 Y eh, oy | pasag
a=1

a=1p=1

the Kinetic energy at the instant ¢ of the cross section at s in the reference
configuration reads

1 s 1 1
- V2dEdE? = —px|@|* + =Lxw - w.
2/XPIy| g d§ 2/f»clfﬂl +5lawew

We shall write kin for the right-hand side of the above expression.
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8.8.2 The Inertia Balance and the Identification

We assume that for every portion of the rod between s; and s, the inertial
components of N* and M*, namely ™ and M™, satisfy the integral balance

d [ 1 2. 2 2
—/ kinde+—/ wa-wds—i—/ n‘”-<pds~|—/ m”-wds =0 (8.15)
dt 51 2 s1 51 K

for every choice of the velocity fields ¢ and w. On considering the explicit
expression of kiny and computing the time derivative, the balance (8.15) becomes

52 : 52 . .
/ (ox¢ +n")-@ds + / IxWw + Iyw +m™) -wds = 0.
S1 51

Then, the arbitrariness of the velocity implies
A" = —pxd,
m" = —Iyw — Lyw.
Using the relation (8.3), the time derivative of Iy reads

2 2
o= [ XY €66, 0 dy+ &, ©.d) psag?

a=1 =1
2 2
= _/ Z Zgagﬁ ((wxdy) ®dg + do ® (wx dp)) pd'dg>.
X a=1p=1
Howeyver, since
((wx do) ® dg) w = (dg - w)(w x ),
(de ® (wx dp)) w= (w- (wxdp))da.
and obviously,
wxIw=wxw=0,

we get

2 2
Iyw = —w x /ZZE"‘S’Sda(@dﬂpd%ldSz w
X a=1p=1

(8.16)
2 2 2

—wx /X Y- Y e6Pd, @ dy | pds'dg? | w.

a=1 a=1p=1
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Define now the moment of momentum H(s, #) pertaining at the instant ¢ to the
rod’s cross section at s as

H(s. 1) = /Xp(y—qo) X dE'de.

From the definition (8.1), we have

2
O —(s.0) =) £d,
a=1
and
2 . 2
D 8y =) EWxdy = wx (y— @(s.1)).
a=1 a=1

Consequently, H can be written as

2
H) = [ pr=0)x pdg'de’ + [ ptr— ) x 3 gd,de!de”
a=1

2 2 2
(/ szads‘dﬁ) dux g+ [ p D6 xwx 3P dpae'ag?
X =1 X =1 p=1

2 2 2
[ (S =X Y se s, 0y | pas'a | v
a=1

a=1p=1

where we have taken into account (i) that £! and £2 are with reference to the cross-
sectional center of mass, so that

Sq = / pkadEldE? =0, a=1,2,
X

as we have already mentioned, and (if) the Lagrange formula for the triple vector
product. On inserting the result into the identity (8.16), we then obtain

Iyw = w x H,
so that

Mm" = —Iyw—wx H.
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8.8.3 A Further Justification of the Inertia Balance
We can justify the use of (8.15) by recalling the definition (8.5) and (8.6). Since
b = —py = d( ) (8.17)
=—py=——(py :
(see Chapter 3), we can rewrite the definition (8.5) of h" as
. d ~
n"(s,t) = ——L(s, 1),
(s.0) === L(s.0)
where
L i= [ ple! §2.003(E" £25.0 g™
x

Using the definition (8.1), we then have
A 2 .
Loy = [ pE e 0d6nds'as’ + [ 3" gdup(e!. 6% e dg’
X X a=1

2
= px(©)@(s. 1) + Y duSy = px(5)§(s.1)

a=1

In fact, as above, the static momenta vanish, since & I and 52 are with reference
to the cross-sectional center of mass. Substitution into the above expression of N

determines N = —pax(s)@, as derived in the previous section. Moreover, since
b"™ = —p¥%, we can write the relation (8.6) as
rhin — _iH
dt

with H as defined in a previous section, where the results show that
H=1Iyvw,
so that
H=Ivw+ lew = Lyw +w x H,
arelation already obtained from the assumption (8.15).

The balance (8.15) is a version in the present setting of the integral bal-
ance (3.17).
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8.9 Summary

In summary, the balance equations for the director-based description of rods
presented in this chapter read

o ,
8_+n:PX‘Pv
s
om 0 -
along the rod axis and
] +f=o0,
[m] +m =0,

at the points where concentrated external forces f and couples M are applied.
Explicitly, we write

n = Tyd, + 7,d, + Nds,

where N is the amplitude of the action normal to the cross section; 77 and 7, are
the shear forces in the frame defined over the cross section itself by d; and d,.
Analogously, for m we write

m = M,d, + M,d, + M,ds,

where M, and M, are the bending moments around the pertinent d,, while M, is
the torsion moment. We have adopted the same symbols—we refer to Ty, T, N,
M, M,, M,—of Chapter 6 for the components of the contact actions over the rod’s
cross section, because in the conditions of the de Saint-Venant problem, they reduce
precisely to those defined in Chapter 6.

For the applied distributed noninertial actions, we write also

n = q:1d; + q2d; + pds3

and

m = md, + myd, + m,ds.

8.10 A Special Case

Consider a straight rod remaining straight after deformation. This case restricts the
treatment to rigid changes of place and approximately to the small-strain regime.
Neglect inertia. Select also the triple {e;}, I" = 1,2, 3, to be orthogonal at each s.
In this case, the balance equations read in components
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L
daT,
ds
dT,
ds
M,
ds
am,
ds
daM,
ds

+q1 =0,
+q =0,
—Ty+m =0,
—T1+m =0,
+ m, = 0.

We can easily find a solution to such a system when the rod is constrained and
the constraints (i) are equal to the number of the degrees of freedom and (i) are
well posed in the sense explained in Chapter 1.

In the case of piecewise straight rods, the previous equations apply on the straight
portions, providing the addition of corner continuity conditions except in the case
in which concentrated forces or couples are applied, so that a bounded discontinuity
is necessary for n and m, respectively, in order to ensure locally the balance of the
actions, as shown in the previous section.

We provide examples in the following sections, where we apply the previous
notions to the analysis of the statics of framed structures. We also include in these
structures rods with a natural curved reference shape, a case requiring a refined
analysis.

8.11 Starting from a Curved Reference Shape

Let us consider the line of centroids to be an arbitrary smooth curve in the reference
shape. Such a curve is determined by the function s — ¢y(s) introduced in
Section 8.1. Write {er}, I" = 1,2, 3, for the orthogonal fixed basis in the reference
space. As above, we can select a differentiable function

s —> Qy(s) € SO(3)
such that
er(s) = Qo(s)er.

After deformation, we have

dr(s) = Q(s)er(s).
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Then we compute

drs = Qér + Qér, = 0,07dr + QQoer = 2dr + 00 ,0; Qoer
= Qdr + 02¢er = 2dr + 0200%dr,

where £2 := Qo Qg is a skew-symmetric tensor. The second-rank tensor
2+ 02,0" (8.18)
is skew-symmetric, since §2 and £2, are, and
(0$2007)" = 02,0 = —020".
Consequently, with @ the axial vector of the tensor (8.18), we have just to substitute
w with the appropriate @ once a deformed reference shape has been selected.

Imagine that we parameterize the curved reference shape by arc length 5 given by a
map

s> 5(s) := [ ‘go(/)(z)’ dz.
0
For a function f(5(s)), we have

df _ 1df
ds — ds’

where 1 is the stretch from the straight configuration to the reference curved one,
and it is never zero by assumption, i.e.,

What we have developed so far applies also to the cases in which s —> @(s)
is piecewise smooth with the sole proviso that we must pay attention to the balance
conditions at corners, as will appear in some exercises discussed in the next sections
of this chapter.

8.12 Statically Determined (Isostatic) Framed Structures

Consider a supported rod of length /, loaded by a distributed force of density g in
two-dimensional space, where we fix an orthogonal frame {A, y, s}, as in Figure 8.4.
Let us compute the reactive forces at A and B, those in Figure 8.5, imagining the
rod to be rigid.
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I YYYYYYYY

Fig. 8.4 A supported rod in
YYYYYYYYY)

two-dimensional space
A i
S

R

Y

Fig. 8.5 The scheme of reactive forces

To calculate the reactive forces, we can substitute the distributed load with its
resultant g/, applied at the barycenter of the load diagram. By equalizing to zero
the sum of forces and that of couples evaluated with respect to the point A, we get

_ ql?
HAZO, YA+YB=ql, YBl:?
Consequently, we obtain
ql ql
Yo =—, Yp = —.
1T L)
In the present two-dimensional setting, the balance equations read
dN ar  _ am
— + q = O, d_ - T = 0,
s

das ds

where here, T stands for 75 in the balances summarized in Section 8.10, M for M,

ql
Ny =Hy =0, TA=YA=E,

p =m; =0, g = g. At the point A, we have
My = 0.
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sl

ot @

@)

Fig. 8.6 Distributions of the action characteristics. The scheme on the right-hand side (figure top)
indicates the convention on positive signs used here

On integrating the balance equations with the previous conditions, we get

_ gl gs?
—gs, M@s)=Ls- L
5. Mo =Ts-%

ql

N(s) =0, T(s) = >

(see also Figure 8.6).

The same result can be obtained via integral balances evaluated over subsequent
parts of the rod. To this end, it is convenient to start from one of the extreme points
of the rod: let us say A, as indicated by an eye—showing the point of view—in
Figure 8.7. Consider then the generic part from A to a point with abscissa s. The
horizontal component of the balance of forces over that part reads

N(s) =0
and does not vary as s varies. The vertical component of that balance is given by
T(s)—Ys+gs=0,

according to the agreement on positive signs indicated in Figure 8.6. Since we are
watching from the left side, the positive algebraic sign are those on the left side in
the rectangle in the figure. Then we write
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g q
YYYYY) A YYYYYYYYYY AA A
<§ ,,,,, A ; B
1S
a a
2 2

x
o

Fig. 8.7 The choice of subsequent parts over the rod, moving the abscissa s from the point A

7
T(s) = % —gs.

The same convention on algebraic signs holds also for the balance of couples,
calculated with respect to the extreme right-hand point with abscissa s, which is

M(s) — Yas + Z]S% =0,

ie.,

ql gs*

M(s) = ES 7

Further examples are present in the subsequent sections.

8.13 Remarks on the Statics of 1-Dimensional Rigid Bodies
in 3-Dimensional Space

A general expression of what we have done in the previous section opens a path for
the analysis of more intricate structures.

Consider a one-dimensional rigid body that occupies a portion of a piecewise
smooth line in £* and take an orthogonal frame {O, ¢;, e», e3}. The vector position
of a point P is then xp = (P — O) (Fig. 8.8).

As we have described so far, consider isolated forces f(,-) and couples My;), applied
respectively to k; > 0 and k, > 0 points. In the frame selected, %(i) and M; have
components f(i)l, f(i)z, f(i)3, and M1, Mg, M3, respectively. Assume also that
distributed forces f(,-) (s) and couples My (s) act on 7 > 0 and 7 > 0 intervals of the
body. Figure 8.8 depicts the situation.
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Fig. 8.8 One-dimensional R
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body in 3-dimensional space: A m
external and reactive actions = P
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With the aim of evaluating the equilibrium in the reference configuration, we
reduce the system of external actions to the origin of the frame considered, i.e., a
force f, and a couple M, applied at O such that

A‘U)l

k G .

~ S A S(2 _

f, = E fo) + E / f)(s) ds,
i=1 =175

k.v
rﬁ(,,) (s)ds + ZXp(i) X f(,’)
i=1

S(p)2

ks 7
ﬁ'lo = Z rﬁ(,) + Z
j=1 p=1

;

S(2 -
+ Z/ Xp(j) X f(/') (s)ds,
j=1 Y501

X(p)l

where SO < S()2.
The body considered is subjected to n, > 0 translational and n, > 0 rotational

simple constraints, each one reacting with a force R, or a couple M,,. The balance
equations in the reference frame then read

fo+ D Ruiy = 0, (8.19)
i=1
rﬁ(, + ZMU(” + ZXV(i) X Rv(i) =0. (8.20)

i=1 i=1

Write r for the list (Rv(l),...,Rv(m),M,}(l),...,Mv(,,r))T, taken as a vector
column and including the components of all reactions, and b for the list
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(—fo1, —fo2, —f03, —My1, =My, —My3)T. In terms of » and b, we can write the
balance equations as the algebraic system

Br =b. (8.21)

With n, = n; + n,, the matrix B has dimension 6 X n,.

— If the system (8.21) has only one solution, we say that the body under consider-
ation is statically determinate: the balance equations are sufficient to determine
the unique set of reactive actions able to equilibrate the external ones.

— If the system (8.21) has no solution, we say that the body is hypostatic: the
reactive actions are insufficient to balance the external ones.

— If the system (8.21) has infinitely many solutions, we say that the body is
statically indeterminate or hyperstatic: the number and disposition of the
constraints allow infinitely many choices of the reactive actions that balance the
external ones. The degree of infinity—Ilet us denote it by h—is called the degree
of hyperstaticity.

When we have six constraints (n, = 6, B is a square matrix), if detB # 0, the
algebraic system (8.21) has only one solution for every b. In this case, the body is
isostatic. If det B = 0, i.e., rank(B) = rp < 6, we have two possibilities: rank(B) =
rank(ﬁ), with B the matrix obtained by including in the matrix at the left-hand side
of equation (8.21) the column on the right-hand side of the same equation, with
00875 solutions and i = 6 — ry degree of hyperstaticity, and rank(B) # rank(ﬁ),
the hypostatic state.

Since the body considered here is rigid, the work of the external actions must be
zero. Rigidity implies in fact that every admissible motion must be a time-dependent
isometry, so that (see Chapter 3) the power of the external actions must vanish, and
by time-integration, also the work performed by the external actions denoted by
L*" vanishes; indeed, it is evaluated on a rigid displacement. The external actions
include the reactive ones, so that the identity

Lexr (MR) — 0’
with ug a rigid displacement, can be rewritten as
LZXI(MR) + Lixz(LtR) = 0, (822)
where L is the work performed by the applied external actions and L is the work
performed by the reactive actions in the possible constraint failures. By taking into
account the relations (1.5) and (8.21), we can rewrite the identity (8.22) in terms of
the vectors r, b, p, p and the matrices A and B. A consequence is the identity

B=A",

which is commonly called static—-dynamic duality. A consequence is that a rigid
body is kinematically isodeterminate if and only if it is isostatic.



284 8 Rod Models

%;m ® /4f
\R”k /?;5 \)mk

Fig. 8.9 System of 1-dimensional rigid bodies in 3-dimensional space: external and reactive
actions

— When i > 0, there are h reactive forces and/or couples, denoted by Xi, Xa,...,
X;,, that cannot be determined using only the balance equations; X1, X»... ., X; are
called hyperstatic unknowns. We call /1 as the degree of hyperstaticity. When
a structure has a degree of hyperstaticity equal to s, we say in short that the
structure is h-times hyperstatic, as we say [-times labile for the degree of lability
l

— The degree of lability 1 and the degree of hyperstaticity h are related by

6—ny,=1—h, (8.23)

when the body has no ringlike portions; in this case, the function defining the
rod’s axis is one-to-one everywhere.

When we consider a system of K interconnected rigid bodies (Fig. 8.9 presents
an example), the balance equations can be summarized once again into an algebraic
system of the type Br = b, but now the matrix B is 6K X n,. The relation (8.23)
becomes

6K —n, =1—h. (8.24)

— If 6K > n,, we have ] > 0: the structure is labile in its entirety, although portions
of it could have some degree of hyperstaticity.
— If 6K = n, and rank(B) = 6K, we have 1= h = 0: the structure is isostatic.
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— If 6K = n, and rank(B) < 6K, we have | = h = 0: the structure has a degree
of lability equal to that of hyperstaticity. In other words, there are superabundant
constraints with respect to the degrees of freedom, but they are disposed in a way
allowing some rigid kinematics.

— If 6K < n,, we have i > 0: the structure is hyperstatic, although it could have
some degrees of lability.

The condition 6K = n, is necessary but not sufficient to ensure isostaticity; the
condition ] = h = 0 is sufficient.

The previous definitions hold in a two-dimensional setting once we substitute 6
with 3.

Consider now a rigid rod with axis determining a closed circuit in three-
dimensional space. If we cut the circuit at a point, we have twelve action charac-
teristics equally divided between the two sides of the cut as a consequence of the
action—reaction principle. Besides the continuity conditions at the cut, in the absence
of external actions applied there, we do not have sufficient balance equations to
determine the action characteristics at the cut. Consequently, the presence of the
closed circuit can be interpreted as the introduction of a constraint with multiplicity
equal to six. If we are in a two-dimensional space, a closed circuit can be interpreted
as the introduction of a constraint with multiplicity equal to three (see Fig.8.10).
Write n. for the number of circuits in the structure. The relation (8.24) becomes

6K — (ny + 6n.) =1 — h. (8.25)

In the two-dimensional setting, we substitute 6 with 3 (see Fig. 8.10).

’I'L(;Zl

S
|

a
) Ms b
Ne = Ne
—)E"
Ts
(o]

Fig. 8.10 Examples of rods with axes described by one-to-one functions (a) and those admitting
closed circuits (b), (c)
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8.14 Exercises

Exercise 2. Calculate the reactive actions on the rigid rod in Figure 8.11.

Remarks and solution. The structure is isostatic because it is constrained by three
pendulums with axes not intersecting at the same point, so that a rotation center does
not exist. By taking into account the notation in Figure 8.11, the balance equations
read

Hy+He—f=0, Yp—f=0 —m+fl—Yp2l—Hcl=0,

where momenta have been calculated with respect to the point A, whence

A~ m ~ m n
HA:2f+7, HC:—(f+7), YB:f

The orientation assumed for the reaction H¢ in Figure 8.11 is not correct: the
negative sign indicates that the effective orientation of H¢ is opposite to that initially
assumed (Fig. 8.12).

Exercise 3. Find the reactive actions for the cantilever rigid rod in Figure 8.13.

Remarks and solution. The rod is subjected to a distributed triangular load with
maximal value g, statically equivalent to a vertical concentrated force gol/2 applied

Yp

>

Fig. 8.11 Isostatic rod
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Fig. 8.12 Values of the reactive actions
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Fig. 8.13 Cantilever rigid rod with a triangular distributed load

at distance of //3 from the point B. By evaluating momenta with respect to the point
A and adopting the notation in Figure 8.13, the balance equations read

4ol qgol 2
Hy =0, Yy—— =0, My——=-1=0,
A AT AT 53
so we get (Fig. 8.14)
qol gol’
Hy =0, YA:q_" MA:qo_
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Fig. 8.14 Values of the reactive actions
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Exercise 4. Verify the equilibrium of the rigid rod in Figure 8.15.

Remarks and solution. The rod is kinematically indeterminate (labile): the axes of
the three pendulums intersect at the same point C, which is the center of rotation.
Given an arbitrary rigid displacement characterized by the rotation w about C, the
work of the external forces is given by

N
LEX[ = qu—thE :f(wi —Q)E) =0.

The displacements of the points D and E appear in the diagrams of Figure 8.16.
Although the rod is labile, the specific load condition ensures equilibrium.

Exercise 5. Calculate the reactive forces on the structure in Figure 8.17, made of
rigid rods.

Remarks and solution. The structure consists of three rods with nine simple con-
straints (five external constraints and four internal constraints) independent of each
other, so it is isostatic. We compute the reactions of the external constraints using
the balance equations for the system, considered as a unique rigid body, and two
additional balances corresponding to the equilibrium of momenta with respect to the
internal hinges in B and D. On adopting the notation in Figure 8.17, such balances
read
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Fig. 8.17 Isostatic rod with internal hinges

Hy=0, Yi+Ye+Yp—T—gol=0, My—4lYy—2lYc+30f=0,
— Yy +My=0, IYg—gol>=0.
Then we obtain (Fig. 8.18)
Hy=0, Yi=f Yc=0, My=1, Y=gl

Equilibrium in the vertical direction for the part DG implies Y5, = 0, while that
for the part BD requires Yz = 0, because Y¢ = Yp = 0 and the external force
fis totally sustained by the part AB. Finally, the internal horizontal reactions Hp
and Hp vanish, because there are no horizontal forces acting on the system. For the
reaction My, we act in terms of (virtual) work (Fig. 8.19) to verify the result already
obtained. We eliminate the simple rotational constraint at A (so a hinge has to be
inserted) so that the system may admit a linearized rigid displacement. With these
new conditions, the external work is given by

Lext = —MA(U + ,f\I/tB =0.
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Fig. 8.18 Reactions and active forces over the structure

Fig. 8.19 Calculation of the external reaction M, using the virtual work

The work of the distributed load is equal to zero. As shown in Figure 8.19, we have
ug = lw and

L% = (—M + f)w = 0,

which gives My = %l, a value already known.

Exercise 6. Calculate the reactive forces exerted on the structure in Figure 8.20 by
the constraints imposed by the environment.

Remarks and solution. There are four rods and twelve simple constraints (the
internal hinge in C is equivalent to four simple constraints) that do not allow rigid
displacements (they are well posed in this sense).> First, we write the balance
equations of the whole structure, considering the point D as a pole for momenta

Hy+f=0 Y +Yp—f=0 My—2I¥,—fl=0.

21n fact, the system can be considered to be made of two rigid bodies, and the rotation centers C,
C,, and Cy, are not collinear.
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Fig. 8.20 Isostatic structure

There are four unknowns and three equations. However, if the structure is in an
equilibrium state, every part of it has to be in the same state (Euler’s principle).
Hence we may impose the balance of momenta of the part ABC with respect to C:

My —1Y, =0,

so that we obtain

A A

Hp=—f, My=-fl, Yy=-f  Yp=2f
The reactions with negative signs have opposite orientation to that initially assumed
(Fig. 8.21).
Exercise 7. Find the action characteristics in the structure in Figure 8.22.

Remarks and solution. The structure is isostatic. The balance of forces in the
horizontal direction implies Hg = 0. Moreover, the balance of couples evaluated
with respect to the point B reads

l 0 qol
Y3+ Q0-=0 = Yp=-—= =),
E Q3 E= (Q 2)

10
Finally, the balance of forces in the vertical direction implies Y = KQ'
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Fig. 8.21 Structure with the reactions of the external constraints
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Fig. 8.22 Simple supported rod with two angular deviations of the axis. The schemes depicted as
rectangles indicate the positive signs used here

Consider three different reference frames denoted by {y1, z1}, {2, 22} and {y3, z3}
for the parts AC, CD, and DE, respectively. Take a generic section S in four
different portions of the rod, namely AB, BC, CD, and DE. In AB, consider the
balance of the portion AS., with S, at z;, in which the value of the load is
G(z1) = Goz1 /1. The balance equations for AS, can be written as
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N(z) =0 N(z) =0
T(z) + qo—l“%l =0 . T(z) = —%
qoz1 21 21 Goz>
M)+ 2288 = 4
(z1) + 23 M(z)) = 6l

z1 €10,1].

293

By choosing S, in BC, the balance equations of the portion AS, can be written

as
N(z)) =0
T()+0— 20 =0
M(z1) — Q (%l—m) — 1—90Q(Z1 -=0
N(z1) =0
_ 0
T) = 9 71 € [1,21).
M(zy) = %(Zl —41)

By choosing S, in the third part CD, the balance equations of the portion SyDE

read

N -2 =0 Ny = 2
T(z22) =0 = T(z) =0
M(z) + %21 =0 M(z) = —21%

22 € [0? l]

Finally, in the part DE, the balance equations for the portion S.E are

N(z3) =0 N(z3) =
T -2 =0 . =1
M(z3) + %(2] —z3) =0 M(zz) = %(23 —2I)

3 € [O’ 2l]

The diagrams of the action characteristics are depicted in Figure 8.23. At the
points C and D shear and axial forces balance each other, due to the presence of a

right angle.

Exercise 8. Calculate the action characteristics in the system in Figure 8.24.

Remarks and solution. The structure is kinematically indeterminate: the external
constraints allow a rigid horizontal translation. However, for the particular load
condition the equilibrium is possible. The balance of forces along the vertical
direction and the one of the couples evaluated with respect to the point A are

YA+YB:O, —ﬁ']+2[YB=0,
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Fig. 8.24 Structure with
horizontal lability
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where Y4 and Y3 are respectively the reactions of the supports at A and B, and they
are equal to

m m
20 2

~

To calculate the six reactions of the internal hinges, we separate the three rods
CD, CE and DE and write the pertinent balance equations. The result is shown
in Figure 8.25. Table 8.1 collects the equations of the action characteristics with
reference to the local frames in Figure 8.25. Their diagrams are in Figure 8.26.

Exercise 9. Calculate the action characteristics in the system analyzed in
Exercise 6.

m m @
1 4 D 41 m
-él— ‘D P —————————— — E —
: "2 E Y :
im y -
O = |
i ’m l@ |
1 31 21 1
Lroa P moom _ve B
H > 5 C 41 41 >
y 21 y 21
Fig. 8.25 Reactive forces and local frames
Table 8.1. Action Part NG@) (TG |M@)
characteristics — S T
CB,z€]0,1 — —— | =z
el g 2 2t
BG:zen2g = o D
= 4l 2
EGzel02] o | |
=0 TR
— m
DE.z€[0.4] — |0 0
— m m m
HO,z € — | ===
O.zef0. 10 4 2w
— m | m
oD = Za-
,z€[,2]] |0 U |z 2l—72)
HAzel0.] = o UL
Y] 2
_ m m
AC,z€[l,2 — —— | —=(z—2I
celh2l g TR A
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Fig. 8.26 Diagrams of the action characteristics

0|3

Remarks and solution. The external reactive forces have been already determined
in Exercise 6 of this chapter. We open the circuit CDEG at E and consider the two
internal forces Yz and Hg (unknown reactive forces of the hinge), as in Figure 8.27.
Then we write the balance of the couples for the portion EDC with respect to C and

for EHG with respect to G (see Fig. 8.27),
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Fig. 8.27 Calculation of two internal reactive forces

obtaining (Fig. 8.28)

N | =

Yp =1, Hp=

On adopting the frames of reference in Figure 8.28, we determine the diagrams of
N(z), T(z), and M(z) (Fig.8.29).

Exercise 10. Find the action characteristics in the truss system in Figure 8.30.

Remarks and solution. The truss system (so called because it consists of rods
connected only by hinges and the external actions are just forces applied over the
hinges) is isostatic. The external reactive forces have been depicted in Figure 8.30,
and they can be determined by the balance equations of the system, considered as a
single rigid body:

f . 3. 3.
HE+52=0, f1+“/7—f2—YA—YE=o, 2ZYE—l§f2=O,
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Fig. 8.28 Values of the internal reactive forces at E

which furnish (Fig. 8.31)
: Vi Vi

Hyp = Y—?+3? Yy = 7%
E — 27 A — 11 427 E—42~

In a truss system, the only nonzero action characteristic is the normal force N,
which is constant in each rod. The rods subjected to a tensile action are called ties;
those compressed are called struts. A way to determine the normal actions in these
systems is the method of the equilibrium of nodes.

Consider first the node B with all pertinent known and unknown forces and write
their balance equation (Fig. 8.32):

Npc =0, Nug+H =0,

where Npc and Nyp are the normal actions over the rods BC and AB, respectively.
We then obtain

Npc =0, Nag = -,

which means that the rod AB is a strut.
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Fig. 8.29 Diagrams of the action characteristics
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Fig. 8.30 Truss system
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Fig. 8.32 Equilibrium of two A f,
nodes fy Ny
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B O—> Ny¢ A Q' —N,.
A
N, . 3.
y Nas foy £ )

We then reproduce the same program for the node A, for which we have the
balance equations

G .. B
Nac +NAC7 =0, fi—fi— sz —NACT =0,
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Table 8.2 Action Rod | Type of action | Value
characteristics — x

AB | Strut —f,

BC | Unloaded 0

CD | Unloaded 0

DE | Unloaded 0

__ A [ /12 1

EG | Strut fobl ——=

8 2

__ A a/12

AG | Tie f, =

— ~ /6

AC | Strut —fz%

_ ~ /3

GC | Tie f2§

__ ~ A/6

CE | Strut 3,6

4
Fig. 8.33 Normal actions B C D
@
A LG E
which give
V12, NP
N = —f 5 N == __f 5
AG 3 2 AC 1 2

so that the rod AG is a tie and the rod AC is a strut. The indices to N denote the rod.
By following this procedure and considering other nodes, we calculate the unknown
normal actions in each rod. Table 8.2 collects these values (the ties have a positive
normal action; the struts have negative values). We show a synthetic view of the
result in Figure 8.33: the ties are shown by thin lines, while the struts are represented
by thick lines. The method can be generally applied to all isostatic truss structures.

To verify the results, we can use an alternative method based on so-called Ritter’s
sections.

Imagine that we divide the structure into two distinct parts by ideally cutting
three nonparallel rods, with N unknown. Two examples are shown in Figure 8.34.
A section of this type is called a Ritter’s section. Consider the section 1-1 in
Figure 8.34 and the left part of the system (Fig.8.35). The pertinent balance
equations—they are the balance of couples with respect to the point A, the balance
of couples with respect to C, and the balance of forces in the vertical direction—read
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Fig. 8.34 Examples of i
Ritter’s sections ! ‘1 2
oB i g i <]>)
| |
[ [ l
' 4
I I R
A l G l E f,2
W%ﬁ 1 o2 W%
3.
N
. V3, 4
fi + —f
4
¥ l i l 3
11:1 \1 \2
OB J‘ NBC N(D : D

! Nac Neg |

\/ l I

i |

| |

A i Nac Neg ' NJE 1, /2
W%” 1 2 mg%
V3¢
R 3. 4
fi + %fz

Fig. 8.35 Ritter’s section method

o o 3a 2 A A 34
Npc =0, INgg+Hil—"1l- \/T_le =0, NAC\/T— —fi+f + \/T_fz =0,

ie.,

V3 W
Npc =0, Ny = sz, Nyc = —sz-

Hence, the beam AG is a tie, while AC is a strut. By considering different cuts, it
is possible to evaluate the normal actions in all the rods (Fig. 8.35).
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LSl

v v

M
# 7 # #

A

Fig. 8.36 Kinematically indeterminate system, with a particular load condition ensuring equilib-
rium

Fig. 8.37 Spatial rod

8.15 Further exercises on isostatic framed structures

Exercise 11. Calculate the action characteristics in the system in Figure 8.36.
_12
Some elements of the solution: M(A) = %, oriented counterclockwise; M(F) =
ar
7
Exercise 12. Calculate the action characteristics in the structure in Figure 8.37.

Some elements of the solution: N(A) = —2f, M, (A) = 0.
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Fig. 8.38 Helix A2

—>

Exercise 13. Calculate the action characteristics in the structure in Figure 8.38.

, 2opt R}
Some elements of the solution: N = —, M, = ,w = 4m, ¢ =
c

¢
V02R? + 4p2.

Exercise 14. Calculate the action characteristics in the system in Figure 8.39.

Fatd

Some elements of the solution: The structure is twice labile; Nijp =
fl
V2

Exercise 15. Calculate the action characteristics in the structure in Figure 8.40.

M(A) =

Some elements of the solution: The structure is isostatic; ¥4 = f, and it is oriented
5f1
upward; M(D) = ER

Exercise 16. Find the values of the bending moments in the sections A and B of the
structure in Figure 8.41. Consider f = gl and m = gl*/2.

Solution. M(A) = 15G1%/8, M(B) = 2gI°.



8.15 Further exercises on isostatic framed structures 305
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Fig. 8.39 Kinematically indeterminate structure with a particular load condition ensuring equilib-
rium
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Fig. 8.40 Isostatic structure
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N
A

Fig. 8.41 Isostatic structure

¥
+

S

v
+

v
+*

Fig. 8.42 Kinematically indeterminate structure with a particular load condition ensuring equilib-
rium

Exercise 17. Calculate the action characteristics in the structure in Figure 8.42.

Some elements of the solution: The structure is twice labile; Yo = ¢l is directed
downward; H; = 0.

8.16 Weak Balances: The Inner Power

In deriving the inertia terms in the balance equations, we have assumed the
velocity to be continuous along the centroid line, i.e., ¢ and w are continuous. The
assumption implies that
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N(s2.1) - (s2.1) —N(s1, 1) - @(s1,1)
_ (0 & .
_/s1 (a'(p_n'g)ds—i_;[n(sk»f)]'(P(Sk,t)

and

M(s2, 1) - w(sz, 1) — M(sy, 1) - w(sy, 1)

= [}” ((()a_r: w—m- 88_) ds + Z[m(sh[)] W(Sr,t)

By taking into account the previous expressions and using the balance equations,
we can manipulate the expression of P(gflt,sz) (¢, w), obtaining

pes 52 ¢ dp aw
(sltsz)((p w) = /;1 (n-(g—wxg)+m as)ds

We call the right-hand-side integral the inner power in the rod, denoting it by

73;’;” 5)- We leave the proof to the reader as an exercise.

The corotational derivative (8.4) implies then

) 2 ow
P{";”,m = / (n £ 4+m- 8_) ds.
51

Recall that we have determined the expression for the external power after
evaluating the sectional power, i.e., the average over a generic cross section of the
power developed by the tension over the section itself. Thus, we find it reasonable
to imagine that 79”’”A ) equals the inner power in the part between s; and s, of the
three- dlmensmnal rod. In other words, we should have

[ [uP.FdstldEZ:/” (n ¢ +m- a_) ds. (8.26)
s as

Since (see Section 8.2)
2 90 2
F = da®ea+ -— + adom Qe

2
=Z ® ey + (% +ox(@y-— <p))®63,
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because
2 2
Y E s = 0x Y Edi =0 x (=),
a=1 a=l1

we get

F= Zd Dt (T +axG-0)+oxG-9)De

2 .

0
:Z(wxda)@)ea—i—(a—(f+a')x(y—<p)+a)xwx(y—g0))®e3.

a=1 ’

In the basis ey, e;, e3, we have also
P=ti®@e+Hh®@er+7T®es,
with T := Pe3, as introduced in Section 8.4. Then we compute

P-F=*%. 88_¢+w (—¢@) x71T)

(8.27)
+%-(wxwx(y—<p))+2w-(daxta).

a=1

A digression is now necessary to express the last term in the previous expression
in a convenient way. The local balance of couples PF* € Sym(R?, R?) implies

2. dy dy
§ — Xty + —x1=0. 8.28
a=1 ai:a ) - ds “r ( )

The proof of this statement follows by writing the product FP* in terms of the
explicit expression of F and P above. We have, in fact,

*=(d Qe)(er @) + (dh ®er)(e2 1)

2
+ ((g—f + Zsadw) ® 63) (e ® 7)
a=l1

dp 2 o
=d1®t1+d2®tz+<8—s+;$ da,s)®r

ady ady ady
-2 ot 4+ 2 ot 4+ =2
8§1®]+8§2®2+8 ®1

(8.29)
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The left-hand side of (8.28) is the axial vector of the skew-symmetric part of
the second-rank tensor on the right-hand side of equation (8.29)—prove such a
statement as an exercise. Consequently, since PF™ is symmetric, its skew-symmetric
part is zero, and so is the pertinent axial vector.?

3The relation (8.28) allows us to derive in another way the local balance of couples along the rod.
In the coordinates £!, £2, s, used so far, we have

2 ~

. at,, 0t

DivP = E BE“ + g
a=1

The local balance of forces DivP + b = py then implies

From the definition of m, we have also

om o 2 _ 2 sl ge?

5 8s/ ngxmgds S[X(y @) X Td§ dE

_ ay . ey A _ ﬁ

_/Xaxrdéldéz % erdéld$2+L@ @) X asdgldfz
2

dy
= [, et = n= [ 0-orx ¥ geatar = | - xoaglar

+/@—mxw@wﬁ
X

However, we have also

S CRUE mezfzgwwmmw

+[ Z I Xtadéld&? / O(Z_:I(Y @) Xty v(,dl—i—/ Z 3 XtadfldEQ,

where v, is the ath component of the normal to dX in the plane containing it (recall that t, is a
vector; vy is a scalar).
Consequently, we obtain

_ 0
O‘Z&aa )@&Zm—fxﬂj@ o) X Py de?
(/Zaga t+><f>dgd52 0 %anrH,

a=l1

where
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Using equation (8.28), we then compute

dy 2, 8.30
wxg—l—wng d(,,_s) (8.30)

=7 ( x%—w—l—wxa)xZE“d)

a=1
=—%~(wxa—(p+wx(a)x(y—<p))).
ds

Write p for (y — ¢). Using the Lagrange formula for the triple vector product, we
obtain

OXWxp)—wx(wxp)=WRw—wW)p = (wXWw)Xp. (8.31)

On inserting the result (8.30) in the expression (8.27) and using the identity (8.31),
after integration we obtain

/ / P Fdsdg'dg®
:/YZ(n (3g0 wxa—¢)+m~(d)—wxa)))ds
i ds ds (8.32)

v

2 0 v
=/ n- a—(p +m- w | ds.
N

N

2
m= Z (y go)xtvo,ds+[(y @) X bdg'dg>.
a=1

The result (8.27) implies then the local balance of couples

am  dg
——}——xn—i—m .
as ds
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)
On the other hand, the identity w ; xd, = (v —w X w) xd,), derived in Section 8.3,
allows us to write

2
%—V:-ng—v:-/;(géadax%déldgz
R o | g2
=Lt-<$x;§ da)dg dt
z. (Z —wxox igada) dg'dg?
a=1

2 . ) v 2 . )
=L(;§daxr)-wd§1d$2—/x<;§ daxr>-(wxa))d$1d§2

v
=m-w-m-(wxw).

Il
T

When we introduce this result in the right-hand side of equation (8.26) and
compare the result with equation (8.32), we find

m-(wxw) =0.

Then for the inner power along the rod, we write

(51,52)

) 52 \ v
Pt = / (n- ¢ +m- w) ds. (8.33)
s1
Then the equality to the external power reads explicitly

N(s2,2) - @(s2,1) —N(s1, 1) - 9(s1,1)
+ m(sy, 1) - w(sa, 1) — m(sy, 1) - w(sy, t)

52

+f2 ﬁi(s,t)-¢(s,t)ds+/ (s, 1) - w(s, 7) ds

S1 S1

P : (8.34)
+ Y Bk 1) - (s 1) + Y (s ) - Wl 1)
k=1

r=1

52 v 52
=/ n(s,t)- ¢ (s,t)ds—i—/ m(s, 1) - w(s, t) ds.

51 S1

Such an identity is the weak form of the balance equations for the rod in the scheme
adopted in this chapter.
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8.17 Constitutive Restrictions

The expression (8.32) of the internal power suggests that we adopt a mechanical
dissipation inequality written in terms of the corotational time derivative. Let
W (', €2, 5, 1) be the free energy at time ¢ of a material element placed at (§!, £2, 5)
in the three-dimensional (original) rod. We define the sectional free energy v, (s)
as the average of 1 over the cross section at s:

W) i= [ v 8 s de'ag
x
We then write the mechanical dissipation inequality for a generic part of the rod
between s; and s, as

___v
52
/ Vi(s)ds =P( ) (@, w) <0
51
for every choice of s; and s,, with s; < s, and the velocity fields. Then

equation (8.33) allows us to write

\

2 2 v v
/ v, (s)ds —/ (n(s,1)- ¢ (s,1) + m(s, 1) w (s,1) ds <O. (8.35)

Here ¢ and w are strain measures, collecting what we have implied in the kinematic
choice above: elongation and shear (both in ¢), bending and twist (both in ).

We consider here only the case of elastic rods, those for which we assume the
following constitutive structures:

wi’(s’ t) = lzi’(s’ §(59 t)v (,()(S, t))9
n(s,t) = N(s, £ (s, 1), w(s, 1)),
m(s, t) = m(s, £(s, 1), w(s, 1)).

By inserting them in (8.35) and computing the corotational time derivative of ¥,,

we get
s liow, N\ T (v, v
[. ((az _”)'“(aw‘m)'”)dsfo'

v v
The assumed arbitrariness of ¢ and w, once ¢ and w are fixed, implies

_ (s fw) _ (sl w)
n= a—§, m = —aw .
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With respect to the frame d;, d,, d; at s—a moving frame, in fact, the rea-
son motivating us to write the mechanical dissipation in terms of corotational
derivatives—the vectors ¢ and w are expressed by

¢ = p1d; + Prd, + éds,

where P, and 7, are the shears along d; and d,, and ¢ is the elongation (stretch) in
the ds direction, and

w = k1d; + krdy + &,d3,

with &1, K2, and k, the curvatures along the relevant directions. In components related
to the frame d;, d,, d3, we then have

W W

T = T~ = T~ A Y
T 2T 0
oY, 0y, 0y,
M, = M, = M, = .
Tk, 27 0%y, TR,

8.18 Rotated Stress Vectors

For computational purposes, it can be useful to project the interaction vectors n and
m into the local frame in the reference shape, since it is known and fixed once and
for all, unless material mutations occur in the rod, changing its structure, which is,
however, a topic not treated here.

At every s, the orthogonal frame {er}, I’ = 1,2,3, is related to {d,} by a
rotation Q € SO(3). We then define

ng := 0™n, Mz ;= 0™m,
Ng := 0N, mg := 0™m,
ng := O™, Mg := Q0™m,
and compute
% = QTE;—I: —w X Ng, (8.36)

amg o om
M _ om MM ) % mig, (8.37)
ds as

Moreover, for the velocities ¢(s,f) and w(s,t), we define their rotated
counterparts as

¢r = 079, wg := Q"w,
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and we obtain

99 Ogr .
T =2 8.38
0 5 o + WX Qg (8.38)
and
OTLyw = Lywg, O (w x Iyw) = wg x Iywg, (8.39)

where we have used the identity Q"TxQ = I, since Iy collects the moments of
inertia evaluated in a frame rotating with the section, so that the values in the frame
{d} are the same as those relative to the frame {e}. Moreover, we have

o* (aa—f x n) = (%—f)R X Ng, (8.40)
where
(3), -2 (3)
and
OF (w x H) = wg X Hg (8.41)

with HR = IX X WR.
Exercise 18. Prove the relations (8.36) through (8.41).

On multiplying the balance equations by QT from the left, we get

0¢ ) on _
pr [ 22 £ wxgr ) = S8 + 0 x ng + fip,
ot ds

. BmR 3<p _
Iowg —wr xIxwg = — +oxmp+ | —] XN+ Mg,
s 0s /g

[ng] + Az = 0,

[mR] + th =0.

Moreover, as regards ¢ and w, we define
;R = QTé‘, WR = QT(,().

We have then

. . . . . . v
OQlr = Q0" +{=0-070r =L —wx{ =,
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and analogously,

) v
Owg =w .

Consequently, we compute
v v v v
n- ¢ +m- o= 00" { +00"m

v v .
=0'n-0" ¢ +0"m- Q" w=ng-{g + Mg - ax,

and we have

52 §2

52 v v 52 .
/ Nt +m o ds:/ (e G + Mg - e ds.

The last integral is the inner power expressed in terms of the rotated stress vectors,
an expression that suggests that we write the mechanical dissipation inequality in a
form reminiscent of what we have done so far for Cauchy’s bodies:

d 52 52 .
= | vrsnds— / (nR Er 4 Mg -@R) ds <0 (8.42)
52 52

for any choice of the rates involved. In this case, by reducing the analysis to the
elastic behavior, we can assume that

WR(Ss t) = &R(S’ §Rs wR)s

nR(Sa t) = ﬁR(sv CR? wR)v

mR(S, t) = th(s, ZR? wR)v
so that the arbitrariness of { & and wg implies

_ IVr(s, Lr. wR) — IVR(S, L, wR)

. I dor

If ¥z admits second derivatives, we obtain

o] oo 2)

Mg
with
Pyr Yr
Cs.Lroop) = CrCr Cror
Pyr PyYr

CURCR WRWR
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The tensor C links the time rate of the strain vectors to the rate of their
stress counterparts. For this reason, we call C(s, {z, wg) the tangential stiffness. It
defines the tangent hyperplane to the stress—strain surface. Regarding the reference
place, C(s, (g, wg) is the stiffness matrix in the infinitesimal strain regime. This
circumstance suggests to us in the frame {er} a specific form of C(s, (g, wg) on the
basis of the results emerging in the analysis of the de Saint-Venant problem, namely

C = d1ag(GA,1 . GA,Q, EA, EIl . EIz, GK;),

where diag(., .,.) denotes the diagonal matrix with entries in the list; A;; and A,
are the shear areas related to e; and e; respectively; A is the cross-sectional area; I;
and I, are the moments of inertia associated with e; and e, respectively; K; is the
torsional moment of inertia.

By the action of Q, for every differentiable vector field (s, f) —> h(s, t), we have

) . v
Q%QTh=QQTh+h=h—wxh=h.

Then we compute

= 0CQ"

S 5d
SRS

8.19 A Special Case: In-Plane Deformations
in 3-Dimensional Space

Let us consider finite rotations about ¢;. We take tensors Q € SO(3) with matrix
form

1 0 0
O0=1]0 cost?t sin¢
0 —sin? cos ¥

We write W(s, f) and V(s, t) for what we call axial and transversal displacements
at s and 7. They are the values of two functions such that

0
@ =Ve,+(1+ W/)€3,
s

where the apex denotes differentiation with respect to s. By computing the rotated
strain measure (g, we then find
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Cry = V'sind + (1 —}—W/)coszA? -1,
tro =V cos — (1 + W)sind.

When the rotation is small, i.e.,

A

cosd ~1 and sind ~ 7,
the previous expressions reduce to
try ~ W+ VD,
tro oV — (14 W)D.

In the small-strain regime, when the rotations are small v’ % and W9 are of higher
order with respect to V' and W/, so that we may write

~

s~ W, AV -0 (8.43)

If in the second estimate we consider opposite rotations, i.e., ¥ = —1¥, with ¢
counterclockwise when ¥ is clockwise, we write

é‘RZ %V/—i-'l?.

These expressions can be obtained by direct computation or by linearizing the
scheme developed so far in the previous sections. In the next section, we adopt
the first option. Our choice is motivated essentially by the desire for simplicity in
presenting the material. We thereby pave the way for simple applications presented
later.

8.20 Timoshenko’s Rod

We consider a straight rod undergoing axial, shear, and bending planar deformations
in the small-strain regime. Smallness is intended in the sense above. The displace-
ment of a point x in a generic cross section in the plane spanned by e, and ej is then
given by (see Fig. 8.43, where ¢+ > 0 if the rotation is counterclockwise)

uy = V(s),

uz = W(s) + 9 (s)§,

and the relevant components of the two-dimensional reduction of the small-strain
tensor are
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Fig. 8.43 Two-dimensional

rod: kinematics without T3 w

warping OfF—— "E"“z Trmmmmmmmmmmm
\ To

8142
& = % 0,
. 1 Buz 3u3 . 1 ,
823—5(¥+¥) = 2(V + 1),

ad
£33 = ﬁ =W/+l9/€.
ds

The assumed absence of warping implies that we should consider the cross
section (recall that it has no thickness) to be a rigid body, exactly as we have done
so far.

By comparison with the relation (8.43), as strain measures we can distinguish the
elongation (stretch)

§=w, (8.44)
the shear
y=V 49, (8.45)
and the rod curvature
k=10 (8.46)

The relations (8.44) through (8.46) are the compatibility conditions linking the
strain measures &, 7, and & to the degrees of freedom in the plane, those represented
by the horizontal and vertical displacements w and Vv, and the rotation ¢.
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By writing T for the shear stress 7, introduced in Chapter 6 and analogously
M for M, q for g,, and m for m,, in the absence of inertial effects, the balance
equations read in this case

N +p=0, (8.47)
T +§=0, (8.48)
M —T+in=0. (8.49)

The first equation is independent of the other two, which are, in contrast, coupled.
The remaining ingredient is the set of constitutive equations. To assign them, we
can take advantage of de Saint-Venant’s theory, so that we write

N
&= —, 8.50
A (8.50)
T
y = —, 8.51
= 8.51)
e (8.52)
K= —, .
El1
where E and G are the Young’s and shear moduli respectively, A is the area
of the generic cross section, A* is the shear area (A* = Ajp), I the cross-
sectional inertial moment with respect to the axis orienting the plane (I = I;).

By inserting these constitutive relations and the compatibility conditions into the
balance equations (8.47) through (8.49), we eventually obtain

(EAW') +p =0, (8.53)
(GA*(V + ) +g =0, (8.54)
(E1Y) — GA*(V +9) +m =0, (8.55)

which constitute a scheme referred to as Timoshenko’s rod, for Stepan Prokofevi¢
TimosSenko (1878—1972). The extension of the scheme to the case in which isolated
external forces and/or couples are present is straightforward, along the guidelines
already presented in this chapter.

Exercise 19. Develop a version of Timoshenko’s rod model in the presence of
isolated applied external forces and couples.
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8.21 Weak Form of the Balance Equations

Consider the balance equations (8.47) through (8.49) for a given rod and multiply
them by Wy, Vi, and ¥, respectively. The asterisk in the index position indicates
that the relevant fields are not necessarily solutions of the equations (8.53) through
(8.55). They just satisfy the compatibility conditions (8.44) through (8.46) and those
imposed by the constraints. In this sense, they are virfual. On integrating over the
whole rod and using the compatibility conditions, we eventually write

1
/ (W + GVs + ) ds + N(OWa (1) — N(0)W, (0)
0

+ TV (D) = T(0)V«(0) + MDD« (1) — M(0)9+(0) (8.56)

1
= | (Néx + Ty« + Mky) ds,
0

where €4, J«, and k4 are the strain measures associated with Wy, Vi, and ¥,
respectively.

Conversely, consider virtual contact actions Ny, Tx, and My, so called because
we imagine that they satisfy the balance equations (8.47) through (8.49) but not
necessarily the constitutive relations (8.50) through (8.52) with the real elongation,
shear, and curvature determined by the applied forces and boundary conditions. If
we multiply the compatibility conditions by Ny, T, and My, integrate over the rod,
and use the balance equations, we derive an equation differing from (8.56) only in
the presence of the asterisk as a subscript for p, g, m, N, T, and M rather than w, v,
¥, €, 7, and k.

Exercise 20. Extend the relation (8.56) to the presence of applied forces and
couples at specific points or imposed displacements or rotations at other isolated
points. Then compare the result with the specific expressions used in the exercises
presented later.

Moreover, when we have a system of rods joined variously to each other,
the relation (8.56) has to be extended to the entire system as a sum of the
contributions of the various rods, including both distributed and concentrated forces
and couples, applied displacements, and local structural failures at the constraints
joining different rods or along the rod themselves. In general, we write

L =prm, (8.57)

where L* is the work of all external actions over a system and

. K lk
L™ =" | (Nii + T + My ds
k=170
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is the overall inner (or internal) work, where K is the total number of rods
constituting the system. The expression can be extended to include localized
structural “failures,” as we shall see later. Depending on the viewpoint adopted,
we can consider virtual the actions (external forces and couples and the triple N,
T, M) or the kinematics (displacements, rotations, strain measures). We have three
ways of interpreting the equation (8.57):

1. The work performed by every balanced system of actions over a framed structure
in every displacement system compatible with the strain equals the internal work
developed in the strain.

2. Given displacements, rotations, and strains, if the equation (8.57) holds for
every system of equilibrated actions, then the strains are compatible with the
displacements and rotations.

3. Given a system of actions, if equation (8.57) holds for every system of compatible
displacements, rotations, and relevant strains, then the system of actions is
balanced.

This last interpretation of equation (8.57) allows us to construct a procedure—called
the force method—to analyze the statics of hyperstatic framed structures. However,
before going into the details of this method—mnot the only possible one, but the
one presented here—some remarks on the constitutive relations will useful for the
subsequent developments.

8.22 Remarks on the Constitutive Equations

The relations (8.50) through (8.52) hold in the linear-elastic setting. We can extend
our viewpoint while still focusing our attention on the small-strain regime and
considering thermal variations and inelastic strain. Although we have not developed
here a general treatment of thermoelasticity and (at least some aspects of) inelastic
behavior, we mention here the expressions for some relevant constitutive relations
valid in the small-strain regime, restricted to the two-dimensional setting. These
relations will appear in some of the exercises presented later. In the presence of

thermal variations, we have
N
E=—+¢& 8.58
Za + &g (8.58)

with
g = a0, (8.59)

the temperature-induced elongation given by the temperature variation 560
multiplied by the thermal dilatation coefficient o,

A—M+A (8.60)
K—EI Ko, .
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with

. 80
Ko = 200— (8.61)
h
the temperature-induced curvature, an expression holding under the hypothesis
that the (two-dimensional) rod of thickness / under investigation undergoes positive
and negative temperature variations of the same magnitude at the extreme sides of
the section (those sides at distance /) and from section to section.
We do not consider here thermal effects on the shear strain, which, however, can
have an inelastic component J;,, a case in which we shall write

This type of inelastic effect can appear also for the elongation and the curvature.
In including thermoelastic effects, we shall write

N
é = a +C(80 +§,',,
and

. M 5 50
K—EI+ ah + Kin.

The additive decomposition of the strain measures into elastic and inelastic
components appears acceptable in the small-strain regime. In the presence of
finite strains, we should account for multiplicative decomposition, considering
appropriate additive factors only for the strain rates. However, this is an issue not
tackled here.

8.23 The Force Method

Consider a planar structure consisting of K rods, the kth of them /; long, endowed
with interrod joints and constrained with respect to the external environment. If all
rods are rigid, the structure we consider will have a degree of hyperstaticity h>0.In
addition, the structure could also be labile (2 > 0) and subjected to a load condition
ensuring equilibrium. To find the h >0 superabundant constraint reactions, we
assume that the rods in the structure are linear elastic.

The force method develops along the following steps.

1. Select the so-called principal structure, removing h simple constraints (internal
and/or external), denoting by X; the reaction of the ith removed constraint. When
such a constraint is external, X; is the corresponding external reaction (force or
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couple); when it is internal, X; is an internal reaction or an action characteristic.
The resulting reduced structure must have the same degree of lability of the
original structure. In particular, if for the real structure, 1 =0, the principal
structure must be isostatic. There are infinitely many possible choices of the
principal structure. Experience leads us toward the most convenient choice with
the consciousness that the evaluation of the equilibrium state is independent of
the choice of the principal structure.

2. Determine the distribution of N, 7, M on the principal structure with the
original loads, obtaining the so-called 0-system. Write for the resulting action
characteristics Ny, Ty, My just to remind ourselves of their pertinence to the
principal system. The calculation does not require recourse to the constitutive
structures.

3. Consider the principal structure h times without the external loads, applying in
the ith step the X; hyperstatic unknown alone, assumed to have unitary value,
where the ith simple constraint has been eliminated. In this way, we construct
the so-called 1-system, 2-system, ..., h-system. Compute then the pertinent
distributions of N, T, M for all these systems and write for them N;, T;, M,,
i=12,...h

4. Since we are working here in the linear setting, we have superposition of effects.
Hence, the real N, T, M distributions are given by

h h h
N=N0+ZX,»N,-, T=TO+ZXiTl-, M=M0+ZX,»M,-.

i=1 i=1 i=1

W

. For every step in item 3, write the external power performed by the forces and/or
couples of the ith system on the real displacements of the points where they
are applied and equalize it to the inner power involving N;, T;, M; and the real
compatible strains.

6. Eventually, we have a system of h algebraic equations with h unknowns. The ith

equation in such a system is

e

nf
- _ R
I ni + ZRipnp + ZRiqk_q
p=1 g=1 K

(8.62)

K I my me C
=) / (Nicbe + Tafe + Mako)ds + > Cpdiip + Y Cig—2.
k=10 p=1 g=1 kq

— n; represents the real displacement or the rotation of the point where the ith
simple constraint has been removed: 1; = 0 if the constraint is ideal, n; = n;
if the constraint has an inelastic failure equal to 7;, n; = _k_i if the constraint

1
is an elastic spring of stiffness ;.



324

8 Rod Models

— 1, are the possible inelastic failures of the external constraints, and R;, the

corresponding reactions in the ith system.
— are the possible displacements or rotations of the points of application

q
of the external elastic constraints with stiffness k,; R;, are the corresponding
reactions in the ith system. We have

h
Ry =Roy+ Y XiRi,.

i=1

with Ry, the pertinent reaction in the 0-system.

87, are the possible inelastic failures of the internal constraints, and Cj,

the corresponding reactions in the ith system (generally, C;, are action

characteristics).

C . . . . . .

—4 are the possible relative displacements or rotations of the sections in
q

which the internal elastic constraints with stiffness k, are applied; C;, are

the corresponding reactions in the ith system (generally, C;, are action

characteristics). We have

h
C, = Cog+ Y_XiCig.

i=1

with Co, the pertinent reaction in the 0-system.
In the case we consider of only linear thermoelastic behavior, the real
compatible strains are

f
Nox + ZXijk

~ Jj=1
& = ————— + o466k,
k EAL + 000

h
Toc + Y _X;Ty
N Jj=1

GAT

h
Mo + ZXijk
~ Jj=1
kp=——— 4+ Do —.
¢ By o hy

The relation (8.62) can be rewritten as

Lo =mio+Xamin + - +Xgm5 + Nip + Nie + N 1= 1.2,....h.  (8.63)
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where

Nox Tox Moy
0 = E +To—= +M, ds,
o = / ( EkA kaA;: + Eka) s
K

lk Ny Mj,
i = Nig—— +T; My —>= | ds,
i ;/0 ( ey T kaA* * kEka) ’

my ny
Nif = Z Cipdmp, — ZRipﬁp»
p=1 p=1
Z th Z qu k
Kk 86
k
Ny = k:z;/o (NikakSQk + MikZakh—k) ds.

Commonly, we call equations of the type (8.63) for a given framed structure
the Miiller-Breslau equations. It is evident that ; = 7;; and n; > 0, where the
last inequality does not imply summation over repeated indices.

An example clarifies the method. Consider the structure in Figure 8.44. If the rod
is rigid, we will have three degrees of freedom and five rigid constraints, well posed
in the sense that they do not allow any rigid displacement. Hence, the rod is twice
hyperstatic, according to the definition already stated. A choice for the principal
structure is that of Figure 8.45. With this choice, the hyperstatic unknowns X; and
X, are the vertical reactions in the carriages at A and B, respectively.

Then the distributions of Ny, Ty, M, along the rod’s axis are those illustrated in
Figure 8.46.

Fig. 8.44 Structure with two
superabundant constraints i
with respect to the statically

determined state, and a §
constraint failure §

Fig. 8.45 Principal structure B
of the scheme in Figure 8.44

*
5
5
*
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—>

©)

2| ©

Fig. 8.46 Distributions of Ny, Ty, M, over the principal structure subjected to the original external
load

As a subsequent step, we consider the same structure, but the load is now unitary
and imposed at the point A (X; = 1). The result of the analysis is shown in
Figure 8.47. An analogous analysis has to be done by applying a unitary force at
the point B (X, = 1), where we have eliminated a constraint, as was done for A.
The result is shown in Figure 8.48.

Notice that the real displacement of the point A is zero, due to the constraint,
while that pertaining to B is equal to §asa consequence of the constraint failure.
The relevant Miiller—Breslau equations—they are just a way of expressing formally
the equality between the external power and the internal one along the procedure
just described—are then

0 =no + Xinu + Xani2,
8 = o + Xina1 + Xanx;

X; and X, are, we repeat, the unknown reactions of the constraints at A and B,
respectively, and
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Fig. 8.47 Distributions of Ny, T}, M| over the 1-system

Fig. 8.48 Distributions of B A
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ATy MMy
No = GA* P dz,
0
ATy MM,
o = T
0
(A,
N = /21 T22 + Aﬁ d.
o \GA*  EI) 7
/21 T, MM,
N2 = dz,
o \ GA* El

2
T, MM,
= dz.
n21 /0 ( GA* + ot Z
where the contribution of N is absent, since Ny, N, and N, are identically zero in
this special case.
Often in applications, the contributions of the shear forces are neglected.

Examples of analysis of hyperstatic structures are given in the exercises discussed
later in this chapter.

8.24 The Elastica

Consider a smooth curve in the plane as shown in Figure 8.49.

Let s denote the arc length along the curve. A prime will denote in this section the
derivative with respect to z. By considering the triangle in Figure 8.49, determined
by two normals to the tangents at two neighboring points at distance ds, we get

Fig. 8.49 A smooth curve in
the plane >

dy

i
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1 dv
rds’
so that in accordance with the relation (8.46), we have for the curvature  the identity

. dy 1
K=—=-.
ds r

On the other hand, from the geometric scheme in Figure 8.49, we get

dv
tany = ——,
an dZ

and the assumed smoothness allows us to write, after differentiation with respect
to z,

dv ds d*v
1+ tan®9)—— = 8.64
N (869
Moreover, since
ds* = (d* + av?) = (1 + V?)dZ,
we may rewrite (8.64) as
1+ V(1 +v?) = -V,
which is
V//
k=——". (8.65)
(1+4v?)2
When |[V/| < 1, we may accept the approximation
R~V
ie.,
vV = -9 (8.66)

If we look at the kinematics described in deriving the scheme of Timoshenko’s
rod, we realize that the identity (8.66) corresponds to the absence of shear strain:

p=v+08=0.
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In other words, we have described the kinematics of an inextensible rod, which
experiences only bending. This is what we commonly call the Bernoulli rod, after
the 1691 pioneering work of Jacob Bernoulli (1654-1705), although we should
perhaps call it the Bernoulli-Euler rod, due to Euler’s 1744 analysis of the
equilibrium configurations of such a one-dimensional elastic body in terms of the
minimizers of the functional

"

A r—2dS

1
with — determined by the nonlinear relation (8.65). Also, Euler introduced the

,
analysis of bifurcated bend states, a problem that we shall discuss later. For the
moment, we restrict attention to the approximation (8.66), and using (8.52), we
write

ENV' + M = 0. (8.67)

Once M is known, using equation (8.67), we can determine the deflection v(z) of the
inextensible and unshearable rod considered here. The distribution of the bending
moment along the rod can be easily determined when the rod itself is statically
determinate. Additional difficulties arise when the rod is hyperstatic. In the case
in which M can be differentiated twice and we do not have distributed couples
and thermal effects, and the rod is straight in the reference place, we can use the
balances (8.48) and (8.49) to write

M = -3,
ie.,
(EV"Y" —g=0. (8.68)

On integrating equation (8.67) for statically determinate rods or equation (8.68) for
hyperstatic rods, we determine the deflection v(z) up to the appropriate integration
constants, which follow from the boundary conditions.

We can also describe inextensible and unshearable rods by beginning with the
rod representation in terms of a one-dimensional continuum, as developed so far. To
this end, consider a deformation such that

d; = cos ey + sinVes,
d; = —sinde; + cos Ves,

dy = e,

where e, e;, e3 represent the orthogonal reference frame introduced in Section 8.2,
and ¥ ({) represents the bending angle constrained by the boundary conditions

#(0) =0, #(1) = 0,



8.24 The Elastica 331

assuming that the rod has unitary length. The strain measure { = ¢’ — d; has
components

¢ = &d; + pd,. (8.69)
For the contact actions n and m, we also have
n=Nd3+Td1, m = Md,.

According to the constitutive restrictions discussed in Section 8.17, we consider
N, T, M invertible functions of &, 7, ¥ and impose also the conditions

9(0) =0, ¢ ©0)=0 nl)=2ie;, A>0. (8.70)
In terms of e; and e, the vector n reads
N = N(cos ey + sintey) + T(—sinPe; + cos Vey),
so that
(n-ey)e; = Ncostte; — Tsinvey.
Let us assume the absence of distributed and concentrated external actions, so

that the balance of forces reads n’ = 0, that is, n is equal to a constant given by the
boundary condition (8.70), which implies

N:icosﬁ, T = —Asin®.
Consequently, since from (8.69) we have
¢ =1+ 8&)d; + pd,,
we compute
@' xn = AP cos ¥ds xd; —A(1 4 8) sin¥d; xd3 = —A((1 + &) sin @ +  cos ¥)d.

The assumed absence of distributed and concentrated momenta allows us to
express the balance of couples m’ + ¢’ x n = 0 as

(M(E.9.9)) —A((1 + &) sin® + § cos¥) = 0,
and by adopting the constitutive relation

M = Elk = —EI¥,
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where we assume constant the product ET, we can reduce the balance of couples to
the semilinear differential equation

ED®" + A((1 + &) sin® +  cos¥) = 0.

In the absence of elongation and shear strain, i.e., when § = 0 and y = 0, the
previous balance becomes

EI8" + Asin® = 0, (8.71)

which is what we call elastica. It was Euler who first classified the solutions of such
an equation.

8.25 Exercises on Isostatic and Hyperstatic Framed
Structures

Exercise 21. Find g, 66, and ¥y such that the vertical displacement n¢ of the
point C in the structure in Figure 8.50 vanishes. Write « for the thermal dilatation
coefficient of the material. Take k = 2EI1/l in the rotational spring, with El a
constant. Neglect shear and axial deformabilities.

Remarks and solution. First suppose that the elastic spring has infinite stiffness
(Fig. 8.51). In this state, the structure is isostatic. In fact, there are two rods and
six simple constraints (I = h): the rod BCD is fixed by the joint at B, and the
rod AD does not admit rigid displacements (2 =h= 0). To calculate the vertical
displacement at C, we follow a virtual-work approach in terms of real deformations
on the original structure (Fig. 8.50) and virtual action characteristics evaluated by

*

Fig. 8.50 A structure with a constraint failure, thermal variations, and distributed load



8.25 Exercises on Isostatic and Hyperstatic Framed Structures 333
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B
. ! ! 1\)1\43
I

Fig. 8.51 Reactive forces

b

applying a unitary load f* = 1 at C on the structure without original load and
spring, as in Figure 8.52-b. With this last loading condition alone, we denote by an
asterisk the pertinent action characteristics.

The reactive forces exerted by the external constraints are displayed in
Figure 8.52. The distributions of M, M*, N*, and the local abscissas z appear in
Figure 8.53; the corresponding equations in the part CB are collected in Table 8.3.
The external virtual work is then

L™ = Inc + Dol.

In fact, if we suppose that the vertical displacement of the point C is directed
downward, the first term in the external virtual work is positive; the second term
is the work done by the reactive couple at B of the virtual system in the inelastic
rotation 9 of the constraint. Both quantities are oriented clockwise, so the work is
positive. The internal virtual work is given by

V2 a2 g W2
Linn — / (i) (ﬂ + q_lz) % +/ (—L) Ol56 dZ.
o \WV2J\2 " »B)E T, V2

The elastic spring does not contribute to the internal work, because the bending
moment M*(C) is zero. The contribution of §6 in the part CB is negative, because
N* is negative in this part. Hence, the identity L** = L™ can be written explicitly
as follows:

V2 gl*
= Oyl — 80l + =T
e of — @0l o
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Fig. 8.52 (a) Effective system, and (b) virtual system

Finally, n¢ = O furnishes

12 EI
g = (Vo + adf)———.
q = (Vo )7 Nl
Exercise 22. For the truss system presented in Figure 8.54, calculate the displace-
ment uy of the point A in the direction of the applied force f. The axial stiffness EA
of all rods is constant. The force f in inclined at 45°. Find the limits of uy for k — 0
and k — oo.

Remarks and solution. The structure is isostatic, because it is composed of simple
triangles and is constrained to the ground by three independent pendulums (the
elastic constraint in the top right-hand part of the structure is equivalent to a simple
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a

®

1

V2

Fig. 8.53 Action characteristics of the two systems employed for calculation

pendulum when k& — o00). The external reactive forces can be determined by
considering the structure as a sole body (Fig. 8.55; moments refer to the point 4):

f f

H5+—=O, Y1+Y8_E=07 Y11=0,

V2
which give (Fig. 8.56)
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Table 8.3 Action
characteristics

Fig. 8.54 Isostatic truss
system with elastic spring

Fig. 8.55 External reactive
forces in the structure

8 Rod Models

M(2) M*(z) [N*(2)
__ g’ glz z 1
CB,z € I:O,l«/i] —T—E —E —E
k

*

3 Hs
5
l
2 N
l
1 8 |
mm mm i
l I
Y Y% ’

To compute the axial forces in the rods, we consider the equilibrium of the nodes.
We begin from node 1, continuing with the analyses of nodes 2, 3, and 4. We obtain

Nyi = No3 = N3y = Ny7 = N37 = Nys = Ny7 = 0.

From the equilibrium of the nodes 7 and 6 (Fig. 8.57), we get

f . f f

N7 = E, Ns; = —f, Nsg = E, 5
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Fig. 8.56 Reactive forces
and action characteristics

Fig. 8.57 Equilibrium of the
nodes 7 and 6

In linear elasticity—the setting in which we are developing the present analysis—
in the absence of prestress states, the elastic energy is

1 1
Ezz/l;e-(&duzz/;a-sdu,

foro = Ce.

The last integral in the previous identity is the inner work in the body B. Then,
since the inner work is equal to the external work—a consequence of the integration
in time of the equality between the external power and internal power—we can write

1
6‘ — _Lext;
2

this identity is commonly called Clapeyron’s theorem.
In the specific case of the exercise, we have

1A
€ = Shus. (8.72)
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with u4 the displacement to be determined in the direction of f. The elastic energy
is also given by

where the summation is over all the rods with N # 0, and the last term is the elastic
energy accumulated in the linear elastic spring. Then from (8.72), we get

fi 3 f
= — 2 — _
" EA (‘/—Jr 2) T

oriented is the direction of {. If the spring is rigid (k — o0), we obtain

il 3
MA—a(\/E+§)a

and this is the minimum value of u4. When k — 0, the structure becomes labAile, and
uy — oo: the equilibrium of the truss is impossible under the applied force f.

Exercise 23. Compute the elastic deflection z — V(z) for the rod in Figure 8.58
using the Bernoulli rod scheme. Assume constant flexural stiffness E1 and f = gql.
Then evaluate the maximum value of V.

Remarks and solution. The beam is isostatic. In the Bernoulli scheme, it is suffi-
cient to consider the second-order differential equation EIv” = —M. The reactive
forces are given by the balance equations (Fig. 8.59)

. I l
Hy=0. Ye—f-gl=0, My~ +3l5=0.

which yield

Fig. 8.58 Isostatic rod

S]]

§O YYYVYYYYYY
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Fig. 8.59 Reaction forces, bending moment, and elastic deflection of the rod

The expressions for the bending moments along the parts AB, BC, and CD
(abscissas 71, 22, z3; Fig. 8.59) are

2 fi t2
M(z) =0, M) =-ftn, M) =—3 +f 3 - ;

Denoting by Vi, V,, V3 the function V in the parts characterized by zj, 22, 23,
respectively, we have

d’*v

_2‘ =0,
dz .
d2V2 _ fZ2
dz% T EDl

Pvy 1 ?1” f2
a2 E\ 2 T )

Integration gives
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2

av, _ % - iZ_2+C3’
o = dz;  E12

, s :
vi=Cizi + G v _fa C C

2 716 + G320 + Cy

dvs O T SO i
R 23 Cs.
dzs EI( BTG T | T

)

1 2 2t
Vi=——|——2 === Csz C
3 ( 22—!—23 6l 4 + Csz3 + Ce

where the Cy, k = 1,...,6, are integration constants. The constraints impose
conditions on V. They are listed below:

dv
PointA: — (0) = 0.
dz;

dav, l dav,
—(=)===0),
dz; (2) dz ©

Point B :
Vi (—) =V (O) .

Point C : 4 v3(0) = 0,

The first condition prevents the rotation at A; the others represent the continuity
of v and the rotation at B, the absence of vertical displacement at C, the continuity
of the rotations at the same point. The integration constants are

C,=0, C,= fr C;=0, Cy= fr —%lzc—o
P T TREr T YT T4gEr YT gEI YT
The elastic deflections Vv are then
&
Vi =———,
48EI
N B (i
27 GEI? T 48ET

v fl, ?3+? i),
ST RIS T 6B T 2™ T REl™
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Fig. 8.60 Cantilever rods
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Fig. 8.61 Isostatic structure
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and the pertinent first derivatives represent the rotation along the rod’s axis; Vv is
portrayed in Figure 8.59. Its maximum value corresponds to the section D:

Viax = V3(l) = E
4FE1
Exercise 24. Consider the two cantilevers in Figure 8.60 subjected to a concen-
trated couple at the free end section. Determine the value of k such that the vertical
displacement of the free end is equal in the two cases. For this value of k, determine
the elastic energy & for the two rods.
5EI 2m?] m2/

Solution. k = —, & = for the first cantilever, £ = —— for the second
l 5ET 2F1

cantilever.

Exercise 25. The structure in Figure 8.61 consists of two rigid parts and a central
portion of constant flexural stiffness E1. Find the vertical displacement of the section
A. Draw the deflection 7 — V(z) at least qualitatively.

3
Solution. V4 = 3 directed downward.

Exercise 26. The truss system in Figure 8.62 has uniform axial rigidity EA and is
subjected to two concentrated forces f. Find the horizontal displacement W¢ of the
point C.

(S
Solution. W¢e = 7 + T (5 + \/E), directed rightward.
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Fig. 8.62 Isostatic truss system

Fig. 8.63 Isostatic structure ¢
rigid
k

-

e | s e/

Exercise 27. The structure in Figure 8.63 comprises three rods with infinite
stiffness, connected by elastic springs. Find the vertical displacement V4 of the point
A. Assume k; = kyl2.

11f
Solution. V4 = @ directed downward.
2

Exercise 28. Find and draw the diagrams of the action characteristics for the
structure represented in Figure 8.64. The rods have uniform sections and are made

of the same material; the shear deformation is negligible. Assume EI = EAP,
a8 = 1
24ET

Remarks and solution. The structure has one degree of hyperstaticity. In fact, there
are seven simple constraints and two rods, so

3K—-n,=6-7=—-1=1—h.

The structure does not admit rigid displacements (2 = 0); hence h=1. Also,
it is symmetric and symmetrically loaded with respect to the s — s axis (Fig. 8.65).
The balance equations pertaining to the whole system furnish the external reactive
forces, which are all equal to zero. If we eliminate the rod AB and denote by X
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Fig. 8.64 Hyperstatic o = o 1
structure E
+60
1/2
f f
— — %
/2
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5
N
X = X
=
¥ 3+56‘ X Principal structure
A —— ! ——.B + A B
| /2
f | f
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| /2
D ‘ C + D C

B 7y pas

Fig. 8.65 Choice of the hyperstatic unknown and the principal structure

5
B3

the axial force relating to it (there are no other action characteristics, since the rod
is constrained by two hinges and is not subjected to transversal loads or applied
couples), we can assume that X is a hyperstatic unknown and select the principal
scheme to be the structure without the rod AB. On applying the force method, we
deduce the Miiller—Breslau equation

Xl
no + X = TA + aldf.
Here 719 is the horizontal relative displacement between A and B in the 0-system
(the principal system loaded by the external actions) considered with positive sign
if the two points move far away from each other; n;; has the same meaning, but it is
measured in the so-called 1-system (the principal system loaded by the force X =
1). The first term in the right-hand of the compatibility equation is the elongation of
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the pendulum AB due to the force X, with negative algebraic sign because the two
points move toward each other. The second term has the same meaning but is due
to the heating effect and is positive, because it describes an elongation. The systems
“0” and “1” are statically determined. Figure 8.66 shows the reactive forces and the
relevant action characteristics.

The external work and internal work related to the two systems “0” and “1” can
be written (the abscissas are indicated in Fig. 8.66):

L™ = 1no,

L = d /l Ly /UZ?Z +ld
- < w1 %), Em\® <

On equating the two values of work and considering the relation between EA and
ET, we get

o4
o= "4

In the same way, if we consider the system “1” interacting with itself, we get

A dZ lZ 1 ZZ
Lext — 1 , Lll’m — —d 2 d
N1 / EA + | E Z+ / 7l

whence

8 P

™3 E

The Miiller—Breslau equation becomes

41fz3+813X_ XL s,
24E1 " 3E . EA Y
ie.,
6
X = —f.
1

The positive algebraic sign indicates that the force X has the direction assumed at
the beginning, i.e., the rod AB is a strut. The diagrams of the action characteristics
in the structure are represented in Figure 8.67 and were computed by direct
superposition of the diagrams of the systems “0” and “1”:

6+ 6+ 6+
N=No+ V. M=My+ M. T=To+ 7.
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Fig. 8.66 (a) Systems “0” and (b) “1.”
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Fig. 8.67 Diagrams of the action characteristics and the qualitative deflections of the rods (dashed
lines)

Since the structure is symmetric, the diagrams of bending moment and axial force
are also symmetric with respect to the s — s axis, while that of the shear action is
skew-symmetric. Figure 8.67 includes the qualitative deflections of the rods. If the
elongations are considered with positive sign, the rod AB shortens, and we obtain

6 fl 613 718
Slp=——— 4aisp=——" L L
AB= 1A T EL  24E

The curvatures of the other three parts depend on the sign of the bending moment.

Exercise 29. The hyperstatic structure in Figure 8.68 consists of a rod with uniform
section and material. Choose a hyperstatic unknown and find its value, neglecting
shear and axial strains.

Remarks and solution. If we suppose that the springs are rigid, we have just four
simple constraints (two hinges, in fact), and there is no lability; hence h= 1.
A possible choice of the hyperstatic unknown X is the reactive force in the
horizontal spring at C. By eliminating this constraint, we get the isostatic structure
in Figure 8.69-b. The relevant Miiller—Breslau equation is
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Fig. 8.68 Hyperstatic rod m
with elastic springs §

x

(m/l— Xh/1)

(m/l— Xh/l)

Fig. 8.69 (a) Choice of the hyperstatic unknown, (b) principal structure, (c) m-system with
constraint reactions shown
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Fig. 8.70 (a) 0-system, (b) 1-system

X
o + nuX + nm = ——,
ki
in which 719 and 7;; have the usual meaning and 7y,, is the horizontal displacement
of the point C in the so-called m-system (Fig. 8.69-c), i.e., the principal system with
the elastic springs and rigid rods loaded by the external actions (the couple M)
and the hyperstatic unknown X, a rigid version of the principal system. The term
on the right-hand side of the equation reminds us that we have eliminated a sinking
constraint (the spring in C loaded with the compressive force X shortens by X/k).
Figure 8.70 shows the systems “0” and “1” with the reactive forces and the diagrams
of bending moments M, and M.

On considering the systems “0” and “1,” we have

l A
. m (—zh\ dz
Lexl‘ — 1 , Lmn — _ )
Mo /0 lZ( I )EI
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From L® = L™ we get

i
o= =35

In an analogous way, on considering the 1-system, we obtain

1322 ho2
, h’z Z
LL’XZ — 1 , Lmn — d _d ,
N A PEL z+ | El z
and their equality yields
B n?l n n
M= 3R T 3R

For calculating 7,,,, we consider the system “m” to evaluate displacements and
the system “1” for virtual action characteristics, obtaining

Lext =1 + rﬁ Xh h 1 Linn _ 0
= e AT )\ ) -

The equality between the two work values yields
mh n?

m= "5 _X,
n Pk, T Pl

so that from the Miiller—Breslau equation, we obtain
mhl n mh
3E1 Pk
1 n? n Wl

o T P6 T 3EL T 3E

X =

Alternatively, without computing separately the terms of the Miiller—Breslau
equation, we can write directly the whole external work and inner (or internal) work
on the structure, namely

o X (k) (k)1
L =—1=+(—-x=)(>)—.
ki 1)\ )k

. M (M, M X
L””’:/( (Mo + M, ))ds
st ET

1 ['(—zh\ (—zhX zm N
=— [ (= Naz+ = | 2xdz
EIO(I)(I+I)Z+EIOZZ

By equating the two values, we obtain the value of X.
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Fig. 8.71 Hyperstatic D
structure with an internal O@ T

rotational elastic spring

—h>
En

Exercise 30. The hyperstatic structure in Figure 8.71 consists of rods with uniform
sections and materials. Choose a hyperstatic unknown, find its value, and draw the
diagrams of the action characteristics. Neglect shear and axial strains for all the
rods with the exception of the pendulum BD. Data: E1 = 2I*EA, k = E1/I, f= ql/2.

Remarks and solution. Tf we consider the rod BD to be an internal constraint, a
pendulum, and the elastic spring in C to be rigid, the system comprises two rods,
and there are seven simple constraints. The part AMB is fixed for the joint in A; the
part BCD is also fixed, because it is constrained by an independent hinge (B) and
carriage (D). Consequently, the structure does not admit rigid displacements, and it
is one time hyperstatic (h=1).

Figure 8.72 shows a possible choice for the hyperstatic unknown X, i.e., the axial
force in the pendulum BD, and the corresponding principal scheme. The associated
Miiller-Breslau equation is then

XI2
X w=—-—. 8.73
No + NuX +m FA ( )

The term on the right-hand side corresponds to the elongation of the pendulum
BD subjected to the axial force X. Figures 8.73 and 8.74 show the diagrams of the
bending moments of the systems “0” and “1,” respectively, and Table 8.4 collects
the equations of these action characteristics with reference to the abscissas z in the

figures.
The coefficients ;o and n; are

MoM, MM,
ds, ni =
s El s El

No = ds.

To find ny,,, we consider the systems “m” and “1,” obtaining
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B

Fig. 8.72 (a) Choice of the hyperstatic unknown, (b) principal structure

Lext _ 1 Linn _ l 3fl —I—X l .
nlm’ kﬁ 4 \/5 )

their equality yields the identity

o 3fz+Xz
nlm_kﬁ 4 ﬁ .

We also get

35428 - B

:—f, = —,
o = 8K M= e

so that equation (8.73) gives

_(1245v2 747
T\ 16832 2104

)f ~ —0.25f.
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Fig. 8.73 0-system

The pendulum BD is then a strut, instead of a tie as initially assumed. Figure 8.75
shows the diagrams of N, M, and T obtained by superposition of those pertaining to
the 0-system and those of the 1-system, multiplied by X.

Exercise 31. The truss structure in Figure 8.76 consists of rods with uniform
sections and materials. Find and draw the diagram of the axial force along the
rods. Data: a6 = f/EA.

Remarks and solution. Figure 8.77 shows the constraint reactions (they are denoted
by R, N, and §). The balances of forces in the horizontal and vertical directions read

R S+?—0 R+N+S f=0
V2 o2 2 V2o

We have two independent balance equations and three unknowns: the structure is
one time hyperstatic (the balance of couples is always verified). We select N = X
as a hyperstatic unknown, so that

R:—XT‘/E, Szﬁ(f—)—().



8.25 Exercises on Isostatic and Hyperstatic Framed Structures 353

Fig. 8.74 1-system D
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Table 8.4 Equations of Part My (2) M, (2)
bending moments in the ' '
systems “0” and “1.” AM, z € [0, f} b4k 0
2 2
N ! ~
MB, ;7 € E,l fz—1) 0
BE,z € [0 l] i -
2 s A < Nz
2 V2

The relevant Miiller—Breslau equation for the special case treated here is

Xl
7’]10 —+ ﬂ]]X —+ T)]t = —a —+ 05891
The coefficient 1), represents the contribution of the thermal variations along

the two diagonal rods, whereas the coefficient «d6/ represents the analogous
contribution along the rod AB. We get (Figs. 8.78 and 8.79)
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Fig. 8.75 Diagrams of the action characteristics
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Fig. 8.76 Truss system with .
thermal effects f

—

S
o
o

so that the hyperstatic unknown is

X—A(\/_ No.mf.

(V2 +

The positive sign indicates that the pendulum AB is a strut. The values of S and
R are

S_A(3f+2) ~ 129 (f 2)

~ —0.121F.
2(V2+ 1) 2(f 2+1)
The rod DB is a strut, while CB is a tie. Figure 8.80 shows the diagram of the
axial force N.

Exercise 32. The rod in Figure 8.81 has constant section and is made of a uniform
material. Determine and draw the diagrams of the action characteristics, neglecting
shear strain.

Remarks and solution. The structure is twice hyperstatic, because there are five
simple constraints and the rod does not admit rigid displacements. Figure 8.82
shows two possible choices of the principal structure with the corresponding
hyperstatic unknowns. For the specific analysis dealt with here, we consider the
second scheme (for the continuous rods it is generally used the first scheme,
instead). The relevant Miiller—Breslau equations in this case are

N0 + N1 X1 + n2Xo = N1,
n20 + N21X1 + n22X2 = Nac,
where 7115 and ¢ are the vertical displacements of the sections B and C that

vanish due to the translational constraints in the original structure. The systems
“0,” “1,” and “2” are represented in Figure 8.83, where the physical meaning of
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Fig. 8.77 Choice of the hyperstatic unknown

the coefficients n;; appears. Using as virtual forces the action characteristics of the
1-system first, and those of the 2-system afterward, we write

) My (My + M X, + M)X
Lextzo’ LGnZ/( 1( o+ M X + M, 2))ds,
st

EI
[ / (Mz(Mo + MiX + MzXz)) ds.
st El

where “st” indicates that the integration domain is the whole structure.
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Fig. 8.78 0-system
Fig. 8.79 1-system B

The identity between external work and inner (or internal) work leads to

1751* N P N 5P —0
384E1 ' 24E1 ' T 48EI: T
gt 5P &

L L 2 x4 —x,=0,
SEL T asEl ' T 3R
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Fig. 8.80 Structure with the reaction forces and diagram of the axial force N

0.121f

Fig. 8.81 Continuous rod q
with uniform load YYYYYYYYYYYYYYYYYYYYYYYY
] —
g g p
ET = const
) /2 ) /2 )
ie.,
4ql 11q!
X, = iy X, = 29
7 56

The balance equations yield the reactive forces Y4 and My (Hy = 0):

1331 g2
Yo = —, My = —.
47 56 47 56
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Fig. 8.82 Principal =

ith the load and !
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the hyperstatic unknowns
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Fig. 8.83 Systems “0,” “1,” q
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e
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B

Figure 8.84 shows the diagrams of the shear action 7" and the bending moment M
(the axial force N is zero everywhere). To calculate the maximum bending moments
in the two spans, it is sufficient to find the abscissas z; and z, where the shear is
zero. For example, for the span AB, we get

13 gl 13 g (13\" 57 _,
=1 M@)=——+Y—Il—==1) = =3~
4T 5 @) =-35 Tlage! =356 62727
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Fig. 8.84 Structure with the reactive forces and diagrams of shear force and bending moment

Fig. 8.85 Hyperstatic
elastic rod
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Exercise 33. Find the elastic deflection z — V(z) of the rod in Figure 8.85 having
constant flexural stiffness EL. Then draw the diagrams of shear force and bending
moment. Assume f = ql and neglect the shear strain.

Remarks and solution. The rod is hyperstatic; for this reason, we consider the
fourth-order differential equation EIv'Y = §, in the Bernoulli scheme. We divide the
rod into two parts AB and BC, in which the elastic deflections are denoted by v; and
V5, and the abscissas z; and z, vary in the interval [0, /]. The relevant equations are

d*v, d*v,
dz; dz,

Integration is immediate. There are eight boundary conditions, two in A, two in C,
and four in B. They are the kinematic and the static conditions are imposed by the
constraints and by continuity in the middle section. Such conditions are
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dV[

Point A : Zii3v1 R
EI——(0) = 1.
dz; ©
vi(l) =0,
v2(0) =0,
d d
PointB: § YLty = 2(0),
&,
Vi ')
—- () = —-(0).
dz ® dz; ©

v2(l) =0,
Poi 22 d*v
oint C 22 o) = 0.
dz,
They imply
C, =ql Cy, = 194 C;=0 Cy = 251"
1 = q k] 2 — 32 ’ 3 = k] 4 = 192 ’
29ql 13g2 3g0°
D:——,D: s :__9D:O
: 2 7T 3 : 0 !

Consequently, we obtain

gl 5 193 , 25l

VvV = — _—
' T GEINT 64E1 N T 192E1
gt 29ql , 13gP , 3gP
Vy, = - re ZH — 22,
24E1  192EI 64E1 32EI
) 1912
M, = —glz; + ———
1 qlzy + 0
-2 P ~12
qz; . 29ql 13gl
My, =12, 24, ,
2 ) TR Ty
T, = —ql,
e ot 29g1
2 = —q22 3

Figure 8.86 shows the rod with the diagrams of the elastic deflection v and the action
characteristics.

Exercise 34. The structure in Figure 8.87 consists of rods with constant sections
and uniform material. Find the diagrams of the action characteristics, neglecting
shear strain. Further data: EIJEA = I?/5, k = E1/I, a86 = gl*/(2EI), 2a86/h =
G2/ (ET), 89, = gl° | (4EY).
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Fig. 8.86 Elastic deflection and diagrams of bending moment and shear force

251"
192F1

®

Some elements of the solution: The structure is one time hyperstatic; Mg =
15g1% /64, counterclockwise.

Exercise 35. The structure in Figure 8.88 consists of rods with constant sections
and uniform material. Find the diagrams of the action characteristics, neglecting
shear and axial strains. Further data: k = E1/1, § = gl*/(2EI).

Some elements of the solution: The structure is one time labile, one time hyper-
static; Mc = 21(}12 /80, clockwise.

Exercise 36. The structure in Figure 8.89 consists of rods with constant sections
and uniform material. Find the diagrams of the action characteristics, neglecting
shear and axial strains. Datum: 2a860/h = 2gl*>/(3El). The carriages are inclined
at 45°.
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Fig. 8.87 Structure with linear thermal loads
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Fig. 8.88 Structure with elastic constraints

Some elements of the solution: The structure is one time labile, one time hyper-

342

static; Ry = ——ql.

2
Exercise 37. The structure in Figure 8.90 is made of rods with constant sections
and uniform material. Find the diagrams of the action characteristics, neglecting
shear and axial strains.

Some elements of the solution: The structure is one time labile, one time hyper-
57,
static; Nap = ——T.
AB 30
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Fig. 8.89 Symmetric structure with skew-symmetric load condition

Fig. 8.90 Structure with
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Exercise 38. The structure in Figure 8.91 consists of a rigid rod and two
deformable rods with constant sections and uniform material. Find the diagrams of
the action characteristics, neglecting shear strain. Datum: a§0 = f/(2EA).

~

. . . f
Some elements of the solution: The structure is one time hyperstatic; Nap = —3

Exercise 39. The structure in Figure 8.92 consists of a rigid rod and other
deformable rods with constant sections and uniform material. Find the diagrams
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Fig. 8.92 Structure with inelastic constraint failures

of the action characteristics, neglecting shear and axial strains. Datum: § =

iB/(12EN).

Some elements of the solution: The structure is one time hyperstatic; Hs = 3f,
directed rightward.

Exercise 40. The structure in Figure 8.93 consists of deformable rods with constant
sections and uniform material. Find the diagrams of the action characteristics,
neglecting shear strain, and calculate the horizontal displacement of the point C.
Further data: k = 2EA/I, a80 = t/(10EA), EI/EA = I?/5.
Some elements of the solution: The structure is one time labile and one time
3f w fl (212 + 16)
- = C= i =< =
42+ V2) EA 2022 + V/2)
Exercise 41. The structure in Figure 8.94 is made of deformable rods with constant

sections and uniform material. Find the diagrams of the action characteristics,
neglecting shear and axial strains. Further data: k = E1/1, f = ql.

hyperstatic; Nac = , directed rightward.

. . . 19~
Some elements of the solution: The structure is one time hyperstatic; My = afl,
counterclockwise.
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Fig. 8.93 Structure with loads and thermal effects
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Exercise 42. The structure in Figure 8.95 consists of deformable rods with constant
sections and uniform material. Find the diagrams of the action characteristics,
neglecting shear and axial strains. Further data: k; = 3E1/(81), k, = EI/P.
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Fig. 8.95 Structure with concentrated forces and elastic constraints

Some elements of the solution: The structure is one time hyperstatic; Hy = §f’
directed rightward.

Exercise 43. The structure in Figure 8.96 consists of three rigid parts and other
deformable rods with constant sections and uniform material. Find the diagrams of
the action characteristics, neglecting shear and axial strains. Datum: k = E1/1.

Some elements of the solution: The structure is one time labile and one time
. ql*

hyperstatic; M(B) = %

Exercise 44. The structure in Figure 8.97 consists of four rigid rods and four

deformable rods with constant sections and uniform material. Find the diagrams

of the action characteristics, neglecting shear and axial strains with the exception

of the two vertical pendulums with axial stiffness equal to EA. Assume k; = FEAI,

ky = 2EAl 86 = 3t/(2EA).

Some elements of the solution: The structure is twice labile and one time hyper-
. 4+
static; Nyp = _§f‘

Exercise 45. The structure in Figure 8.98 consists of a rigid rod (the part BC) and
a deformable rod (the part AB). Find the elastic deflection z — V(z), according to
the Bernoulli model. Assume ki = E1/1, ky = E1/P.

2P 2
Some elements of the solution: Vg = —,Ve = —.

3E1 2FE1
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Fig. 8.96 Structure with
rigid rods

112222111001

B3
~

Fig. 8.97 Hyperstatic symmetric structure

Exercise 46. The elastic rod in Figure 8.99 has constant section and consists of

uniform material. Determine the maximum value of the elastic deflection V(z),
_ _ . 2nz gol*

according to the Bernoulli model. Assume q(z) = gosin - 5§ = %,

-
= 1 ) — 400cm, Go = 5kN/m, E = 210000N/mm2, T = 6000 cm *.

ﬁin ’
E1
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Fig. 8.98 A structure with
elastic constraints FEl f

x
o
o
o

Fig. 8.99 Continuous rod B
with inelastic constraint a(z)
failures under sinusoidal load

Din
o It
A
zZ /”%//
l
Fig. 8.100 Rod with elastic q
constraints Y YYYYYYYYYYYYYYYYYYYYY)
A F1 B
k k
z
P [

Solution. V. = 1.84cmatz = 157.6 cm.

Exercise 47. The elastic rod in Figure 8.100 has constant section and is made of a
uniform material. Find the elastic deflection 7z — V(z), according to the Bernoulli
scheme, and draw the corresponding graph. Assume k = 24E1/[.

gl*
48ET
Exercise 48. The elastic rod in Figure 8.101 has constant section and is made of a

uniform material. Find the elastic deflection z — V(z) and draw the corresponding
graph.

Some elements of the solution: V4 = Vg =

6_]025 (_]012 ) ‘?0 I

120iE1  48EI° ' SOEI’

Solution. v(z) =

Exercise 49. The elastic rod in Figure 8.102 has constant section and is made of a
uniform material. Find the elastic deflection z — V(z) and its maximum value V.
Assume k = 3EI/(2P).
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Fig. 8.101 Rod with
triangular load

=S

%ﬂ El

f—
§ l
Fig. 8.102 Rod with a single
elastic constraint i
§ El
: a
k
+ l +
Fig. 8.103 Hyperstatic 7
structure with uniform load YYYYYYYYYYYYYYYYYYYYYYYYY

3 f1 2f3
Solution. V(z) = ——— + — 2%, Vypur = V() = =—.
olution. V(z) + z () oFI
Exercise 50. The structure in Figure 8.103 includes rods with constant section and
uniform material. Find the rotation of the section A, neglecting the shear strain.
Assume k = E1/1.

12151
512k

Solution. The structure is one time hyperstatic; 94 = , clockwise.

Exercise 51. The structure in Figure 8.104 includes deformable rods with constant
section and uniform material. Find the length variation of the pendulum AB,
neglecting shear strain. Assume EA = 6E1/(51%), ky = EI/(4P), ky = [Pk,
a8l = 43gl3 /(48EI).

Solution. The structure is one time hyperstatic; §l4z = gl*/(6EI).
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Fig. 8.104 Hyperstatic A
structure with uniform load
and thermal variation
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Chapter 9
Euler’s Analysis of Critical Loads: Bifurcation
Phenomena

9.1 Euler’s Rod: The Critical Load

Consider a cantilever linear elastic inextensible and unshearable rod axially loaded
(Fig. 9.1). In the straight configuration, the rod is at equilibrium, provided the load
P is coaxial with the rod axis—exactly as depicted in Figure 9.1.

A question is whether we can have values of the load P allowing the equilibrium
of deformed configurations under the assumption that the direction of the load
does not change with the deformation. Consider a possible deformed shape, the
one in Figure 9.1, determined by imposing a small strain. Then the constitutive
relation (8.67) holds. At a generic section at z, the moment Mp(z) of the external
force P is given by

Mp(z) = —P(V = V(2)),

where V is the displacement v(I) orthogonal to the rod’s original axis. On inserting
such a relation into (8.67) and putting

o= —, 9.1
we get
V' +a’v—a?v =0, 9.2)
which implies
V(z) = a; sinaz + ap cosaz + V,

with a; and a, integration constants.
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Fig. 9.1 A scheme for
analyzing bifurcation
phenomena in elasticity. A
possible deformed shape of
the cantilever rod; P does not
change direction with the
deformation

9 Euler’s Analysis of Critical Loads: Bifurcation Phenomena

The boundary conditions read

v(0) = 0,
They imply, respectively,

a = —V,

The last relation requires

The condition is satisfied whe

or

P o I
BT
| z
|
A
Ve ~
V'(0) =0, v(l) = V.

a; =0, V(1 —cosal) =v.

vcosal = 0.

n

<l

cosal = 0.

The first condition corresponds to the undeformed rod. The second condition is

satisfied when

T
al = — + nm,

n=0,1,2,....
2
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Fig. 9.2 Simply supported
rod with axial load: two = P P
possible in-plane

deformations
BX % +
I
I

By restricting attention to the case n = 0, we find a critical value P, of P using the
definition (9.1), namely

T2El
ar -

This is a 1759 result obtained by Leonhard Euler (1707-1783).

Later (1770-1773), Joseph-Louis Lagrange (1736-1813) discussed the same
problem for the supported rod, the one depicted in Figure 9.2. In this case, the
question is to find a value of the load P ensuring the equilibrium of a deformed
configuration like those shown in the same figure. In this case, Mp(z) = Pv(z), and
equation (9.2) reduces to

Pcr =

V' +a’v=0 9.3)
with boundary conditions
v(0) =0, v() =0.
Then equation (9.3) implies

V(z) = a; sinaz + az cos az,
and the boundary conditions yield

a, =0, a; sinal = 0.
The last condition is satisfied when a; = 0, i.e., when the rod is undeformed, or

sinal =0,
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ie.,

Then we obtain

2 ZEI
Pcr = T s
lZ

and we are particularly interested in the case n = 1, i.e., when

m2El
Pcr = 2

By considering the two cases just discussed, we can write for the first critical
load

n2El
Pcr = 2

c

9.4)

with [, = 2/ in the case of the cantilever rod and /. = [ for the supported one.
The validity of the formula (9.4) goes beyond the two cases above. Consider, for
example, the rod in Figure 9.3 and its possible deformed shape, where the unknown
reaction Hp of the support appears explicitly. In this case, the couple exerted by the
external actions P and Hp on a rod section at z is given by

Mpy(z) = Pv + Hpz;

it has to be balanced by M(z) = —EIV” to ensure equilibrium. Then we write
Hp
V4 alv=—— 9.5
+ e 9.5

Fig. 9.3 Hyperstatic rod
under axial load determining P p
a critical state
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after equating M(z) with Mpy(z). The resulting differential equation admits a
solution V that is the sum of the solution Vj,,, of the homogeneous equation

V' + a?v =0,
already discussed, and a special solution V of (9.5) given by

W) = b = 1
7)) = EIC(ZZ_ PZ.

Then the solution of equation (9.5) is

V(z) = a; sinaz + ap cos az — FBz;
it must satisfy the boundary conditions
v(0) =0, V() =0, v()) =0,
which give respectively
Hp
=0, cosal = —, sinal = —1.
an a o o P ap SIno P

The last two conditions imply

tanal = «al,
ie.,
al ~ 4.4934
and
P~ 2.045571215“1.

By comparison with (9.4), we obtain
[o ~0.6991.

In all these cases, the critical load corresponds to a bifurcation of the equilibrium
configuration.
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9.2 An Energetic Analysis

The critical load can be derived in terms of energy. Consider the case of the
supported rod and adopt the notation in Figure 9.4. When the rod deforms, the point
B where P is applied undergoes a vertical displacement w given by

w=/Ol(ds—dz)=/Ol(\/dz2+dv2—dz)
! 1 (! ) )
=/0 (W_l)mzfo (V@) dz.

Since we have assumed the rod to be inextensible and unshearable, its elastic
energy depends just on bending, so that the total energy £ is given by

L o ('
gtot(v) — 5[) El (V (Z))zdz— EPA (V (Z))de.

Consider now a smooth field z — h(z) such that #(0) = h(l) = 0. With £ € R,
we define

d
8,EMN (V) = _df EV + Eh) L
=0

Fig. 9.4 Supported rod
notation used in Section 9.2
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and say (we recall) that the formal first variation of £°' vanishes when
8 E7 (V) =0 (9.6)
for an arbitrary choice of h, as we have done in discussing the variational principles

in linear elasticity. The vanishing of the first variation indicates critical points for
the functional £". On computing the derivative (9.6), we get

!
[ @@ - Pven @ =o
0
Since v(0) = v(I) = 0 and & is arbitrary, we can choose

V(z) = h(2),

and we obtain

1
/ E1(V'(2)) dz
p=<0
/ (V'(2)) dz

l 9
0
so that the critical load is given by the Rayleigh ratio

l
/ EI1(V'(2)) dz

P., = min*2 ;

/ (V'(2)) dz
0
Choose

V(z) = asin ?

On inserting such an expression into the expression for P, we obtain

4 I
T i
EI—aZ/ sin? Tzdz
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9.3 Structures with Concentrated Elasticities

The analysis based on the direct balance of couples and that based on the energy can
be both applied to finding the critical load of structures consisting of rigid bodies

connected by springs. Examples are presented in the exercises below.
Exercise 1. Given the stiffness k of the rotational spring connecting the two rigid
bodies in Figure 9.5, find the critical load in terms of k and the length .
4k
T

Solution. P, =

Exercise 2. Find the critical load for the body in Figure 9.6 in terms of the stiffness
k and the length 1.

Solution. P, = kl.

k
2]
E . e — — — — — — % s e () . . — — — — — — ~— — — )}
l l

, 2 AV 2 ,
Fig. 9.5 Two rigid bodies connected by a rotational spring
Fig. 9.6 Rigid body with
linear spring

P
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l l

v
+

v
+

e

Fig. 9.7 Two rigid bodies with linear springs

Exercise 3. Find the critical loads for the system of two rigid bodies with linear
springs depicted in Figure 9.7.

3—4/5 3 5
Solution. Pi., = ( 2[> kl, Py, = ( + [) kl.

2

9.4 Further Remarks

Consider the rod in Figure 9.2 and imagine that we begin applying a small load P
and progressively increasing it. The previous analyses show that the rod slightly
compresses first, but when P reaches P,,, it buckles into one of two possible
distinguished states in the plane. These states are stable, but they are not the sole
ones at equilibrium. The compressed state is again possible, but it is now unstable.
With v = v(l/2) the displacement of the rod’s center line, we can summarize
what we have just described in the diagram in Figure 9.8, where the dashed line
represents unstable states. We can develop a stability analysis using instead of
the Bernoulli scheme, the linearized version of the elastica, as Euler himself did.
The resulting diagram will be in the plane P/(ET), ¥ (0) if we consider the equation

EIY" + P9 =0
with the boundary conditions
¥'(0)=v'(1)=0

for a rod of unitary length. Even in this case, the points of bifurcation are P, =
Eln?n’ ,n=1,2,....

— As we have seen, a bifurcation analysis in statics involves state variables (Vv or ¢
in the previous example) and one or more parameters as P, as we have already
discussed. The analysis then reduces to solving an equation of type

fs. ) =0, .7

where ¢ is the state and A the list of parameters, so that

fiEZ xR —> 9,
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Fig. 9.8 Bifurcation diagram P

@)
<

where X is the state space, and 2) another space appropriate for the problem
under consideration.

Once we have found solutions, we have to decide which are stable and which
are unstable. The analysis may be done either in terms of the linearization of
the previous equation or by testing for maxima or minima of a potential (if any)
pertaining to the problem in hands. When the space of solutions is determined
for the full range of the admissible states and all values of the parameters, the
associated bifurcation analysis is called global. In contrast, when we are able to
characterize the space of solutions only in a neighborhood of a given solution,
the pertinent bifurcation analysis is called local.

— The equation (9.7) can undergo changes for small perturbations in the structure
of f or the inclusion of further parameters in the list A for modeling reasons. If
the relevant bifurcation diagram is insensitive to such changes, we say that it is
structurally stable; otherwise, it is structurally unstable.

This last case is often determined in the stability of elastic structures by the
presence of imperfections: the pertinent literature has had a long history since
Warner Tjardus Koiter’s 1945 dissertation.

— Consider the case in which a group G may act on both X and ¥). We call the
subgroup G, of G defined by

G, = {fz € Glhe = s}
the fixer (or symmetry) group of ¢ € X, and we say that f is covariant when
fhs, ) = If (s, 2).
Notice that f is not necessarily covariant with respect to the whole fixer

group G.. Often, the trivial solution of (9.7) admits the entire group G, while
the bifurcating solution has a smaller fixer group. In these cases, we say that the
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bifurcation breaks the symmetry. Such a phenomenon can also be induced by
the occurrence of imperfections that can be created during the loading program.
Pertinent analyses are challenging and not easy to develop.

— All the examples discussed in the previous sections of this chapter deal with
slender bodies. For them, bifurcation of static solutions can be rather easily
reproduced in the laboratory. However, slenderness is not a necessary prerequisite
for exhibiting bifurcation phenomena. That point was raised first in a 1930
paper by Antonio Signorini (1888—1963), who showed that the analysis of the
equilibrium of a nonlinear elastic body under traction boundary conditions can
have nonunique solutions even when small loads act on a natural state. Such
nonuniqueness is intended in the sense that solutions are unequal with respect to
a rigid change of place of bodies and loads. In many cases, such a bifurcation
phenomenon in the space of equilibrated configurations depends only on the
constitutive (fourth-rank) tensor of the linearized elasticity rather than the whole
stored elastic energy. An interpretation by Gianfranco Capriz, dating back to
the early 1970s, of the Signorini phenomenon is that some alternative solutions
have a dynamic nature, rather than being genuinely static. However, in the
linearization process, based on the series expansion used by Euler for the stability
analysis, the inertial terms are of third rank, so that they disappear to leading
order, and the relevant solutions appear to be static.

— Bifurcation analyses can be developed in dynamics. While those in statics
deal with the recognition of the bifurcation of equilibrium states, in dynamics,
attention is focused on qualitative phenomena such as the sudden occurrence of
periodic orbits that change phase portraits.' Here, the analyses deal with slender
bodies (beams, plates), since a dynamic bifurcation theory for three-dimensional
elasticity is not yet available.

What we have presented in this chapter is just a brief overview of a wide
landscape crammed with technical and conceptual difficulties, full of results but
also of unexplored lands. The topic requires further extended reading, to which this
chapter is just an invitation, just as this book is no more than a brief introduction to
the vast field of continuum mechanics.

!Consider the ordinary differential equation
¥(6) = AQ)y()

with y(t) € R". The phase portrait is the collection of pairs (y, y) satisfying such an equation under
appropriate initial conditions as A varies.



Appendix A
Tensor Algebra and Tensor Calculus

We collect here some notions of geometry and analysis used in the previous
chapters. This appendix is no more than a brief summary containing a few defi-
nitions and statements of results without proof. The conscientious reader unfamiliar
with the topics collected here should take from these pages some directions for
further reading in appropriate textbooks.

A.1 Vector Spaces

Definition 1. A set ) is called a vector space (or a linear space) over a field F if
it is endowed with two operations, + : V x )V —> Vando : V x F — V), called
respectively addition and multiplication, such that

— addition is commutative, i.e., v +w = w + v for every pair v, w € V,

— addition is associative, i.e., (v +w) +z = v+ (w+z) for every triple v, w,z € V,

— addition admits a unique neutral element 0 € V such thatv + 0 = v, Vv € V),

— with av denoting the product « o v, for every &, B € F and v € V, multiplication
is associative, i.e., ®(fv) = («¢f)v, where o is the product in F,

— multiplication admits a unique neutral element 1 € F such that lv = v, Vv € V,

— multiplication is distributive with respect to addition, i.e., ®(v + w) = av + aw
for every pair v, w € V,

— multiplication is distributive with respect to addition in F, i.e., for every pair
a,B € Fandeveryv € V,

(¢ + B)v = av + Po.

We do not recall the abstract definition of a field in the algebraic sense, because
we consider here only the special case of F equal to the set of real numbers R.

© Springer Science+Business Media New York 2015 385
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Definition 2. Elements vy, ..., v, of a linear space are said to be linearly depen-
dent if there exist scalars «y, . . . , &, not all equal to zero such that

Xn:a;v,- =0.

i=1

In contrast, when the previous equation holds if and only if o; = O for every i, the
elements vy, ..., v, are said to be linearly independent.

From now on, we shall use Einstein notation, and we shall write «;v; instead of

n
E o;v;, implying summation over repeated indices.

i=1

Given vy,...,v, € V, we denote by
span{vy, ..., v,}
the subset of V containing vy, ..., v, and all their linear combinations.

Definition 3. A basis (or a coordinate system) in ) is a set of linearly independent
elements of V, say vy, ..., v,, such that

span{v,...,v,} = V.

In this case, n is the dimension of V.

In particular, when n < +o00, we say that ) has finite dimension, which will be
the case throughout this book. The dimension of a linear space V is independent of
the selection of a basis for it. Every set of m < n linearly independent elements of
an n-dimensional linear space V can be extended to a basis of V.

Let ey, ..., e, be a basis of a vector space V over the field of real numbers, in
short a real vector space. Every v € V admits a representation

v ="v'e

with v’ € R the ith component of v in that basis. In other words, v is independent
of the basis, while its generic component v exists with respect to a given basis. The
distinction is essential, because we want to write the laws of physics independently
of specific frames of reference (coordinate systems), i.e., of the observers.

Consider the n-dimensional point space £. We can construct a linear space V
over it by taking the difference between points, namely y — x with x and y in £, and
considering V the set of all possible differences between pairs of points in £. Then
V is a linear space with dimension n. We call it the translation space over £. Once
we select a point in &, call it O, we can express all differences of points in reference
to it, by writing

y=x=0(-0-0x-0=0r-0)+DHkx-0).
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By assigning a basis in V consisting of elements expressed in reference to O,
which becomes the origin of the coordinate system, we identify V with R". There
is, then, a hierarchy among &, V, and R”, the n-dimensional Euclidean point space,
the related translational space, and finally, R", determined by an increasing richness
of geometric structure.

We call the elements of a given vector space (a linear space) vectors, although
they can be far from the standard visualization of vectors as arrows in the three-
dimensional ambient space or in the plane. For example, the set of nxm real matrices
is a linear space, and so is the set of all polynomials with complex coefficients in
a variable ¢, once we identify F with the set of complex numbers and consider
addition and multiplication as the ordinary addition of two polynomials and the
multiplication of a polynomial by a complex number. Several other examples of
even greater complexity could be given, which are more intricate and difficult to
visualize then those we have given.

Definition 4. The scalar (inner) product over V is a function
():VxV—R

that is

— commutative, i.e., (v, w) = (w, v},

— distributive with respect to vector addition, i.e., (v, w + z) = {v,w) + (v, z),

— associative with respect to multiplication by elements of F, i.e., « (v,w) =
(av,w) = (v,aw), Va € F,v,w eV,

— nonnegative definite, i.e., (v,v) > 0, Vv € V, and equality holds only when
v =0.

When V is endowed with a scalar product, we say that it is a Euclidean space.

We call a point space £ Euclidean if its translational space is endowed with a
scalar product. Let n be the dimension of V with respect to £. In this case, we shall
write £”, saying that it is an n-dimensional Euclidean point space.

Definition 5. Let {e,...,e,} be a basis in a Euclidean vector space V. We say that
it is orthonormal if
(ei-e)) = 8
with §;; the Kronecker delta:
5. — 1 if i=}j,
YUOlo i i #£j

We shall also write ¥ and 8]? for the components of the Kronecker delta, with the
same numerical values but with different meaning of the indices, as we shall make
precise later.
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Take two vectors v = v, w = wjej in V, expressed in terms of the
basis {e, ..., e,}, with n finite, which is not necessarily orthonormal. In terms of
components, we write

(v,w) = (v’e[,w’ej) =v'w (ei,ej) =v'g;wW = v'wgy,
where
gij = (ei. &)
and
8ij = &ji»

due to the commutativity of the scalar product. In particular, when the basis is
orthonormal with respect to the scalar product considered, we have

(v,w) = viSijw/ = viw;,
where w; = Sijwj and the position of the index i has a geometric meaning that we
explain below. Before going into details, however, we will say a bit about changes
of frames in V. We call g;; the ijth component of the metric tensor over V. The
terminology recalls that g; determines in the basis {ej,...,e,} the length |v| of
v € V, defined by the square root of the scalar product of v with itself. The meaning
of the word fensor is defined below. We compute
o] = (v,v) = vigyv/.
In particular, when g;; = J;;, we say in this case that the metric is flat, we have
n
o = v = viv; =) ()%
i=1
Assume V with finite dimension, as we shall do from now on. Take two bases
{e1,...,e,} and {i,...,1i,}. Assume that the latter is orthonormal. With respect to
such a basis, we have
ei = Akiy,
. k . . .
with A} appropriate proportionality factors. In turn, we have also

: Ai
W = Ake,-,

with Af{ other factors. Consequently, we obtain
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i, = Ale; = AlAli),
so that since {iy, ..., 1,} is orthonormal, we have
8 = (i) = (AjALL ) = ATAL (i 1)) = AJALS; = AAS.

We specialize the analysis to R” to clarify further the nature of the proportionality

factors. Let z = {zl,...,z”} be coordinates in reference to an orthonormal
basis {ij.....i,}, and let x = {x',....x"} be another system of coordinates
associated with a different basis, namely {ey,...,e,}, and assume the possibility

of a coordinate change
7 —x(D),

which is one-to-one and differentiable, with differentiable inverse mapping
X — ().

Consider two smooth curves s —> x(s) and s —> X(s) intersecting at a point X, and
compute the derivatives with respect to s at x:

dxi d¥
v = d—);()_c)ei, W= d—);(JC)ej,

where e; and e; are the elements of the generic basis mentioned above as a
counterpart to the orthonormal one {i;,...,1,}. When we express these curves in
terms of the coordinates 7/, i.e., if we consider maps s —> z'(x(s)) and s —
7 ((s)), and we compute once again v and w in the new frame, we get

dz (x(s)) . 07" dx"
V= ——— = ——

ds T oxh ds

and
d7 (3(s)). 97 di* .
w=-———-: = __1.’

ds 7 oxkds”’
.07 a7 . . .
since PRl for the coordinates of the points over x(s) and X(s) are always
(x',...,x"). Then we compute

(0. w) At dik A dik a7 dxhi o7 dfcki
W)y =(——en, ——ex) = ———gm = (7 ——ti» 7 g b
ds " ds * ds ds &k xt ds U Oxk ds

37" dx" 37 dx*

xt ds xk ds
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i.e.,

az' 07
= —0ji—. A.l
8k = 5 505 (A.D)
The one-to-one mapping x <— z allows us to consider g the pushforward of
Sij in the coordinate system {xl, o ,x”}. Conversely, we can write

" axk
8ij = a_zighka_zf
(prove it as an exercise) and consider §; the pullback of gy into the coordinate
system {zl, .. .,Z”}.

Notice that here we are considering coordinate transformations in the same space.
The relation (A.1) emerges by the computation of the same vectors. In Chapter 1,
we use a version of the previous remarks involving two different spaces with the
same dimension, each space endowed with its own independent metric. Even in this
case, we can speak about pullback and pushforward of these metrics from one space
to the other by means of some bijective mapping. The matrix with g; as the ijth
component has nonzero determinant, due to the definition of g; introduced above.
Hence, the inverse of that matrix exists and represents what we call inverse metric
(or the inverse of the metric), denoted by g™, in the frame of reference defining 8ij-

We denote by g” the generic element of g~ .

Definition 6. The cross product of two vectors in Visamap x : VxV — V
assigning to every pair v, w € V a vector v X w € V with ith component given by

(v xw) = e;kvkw/,
with e]’:k a version of the so-called Ricci symbol €;j, defined by

1 if ijk are a even permutation of 1,2, 3,
€;jx = § —1 if ijk are a odd permutation of 1, 2, 3,
0 elsewhere.

The Ricci symbol is such that
€ijk€ipg = Jjpbrg — 8jqSkp, (A.2)

with §; the Kronecker delta. The reason for writing some indices in superscript
position and others as subscripts will be clear in the subsequent section.
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A.2 Dual Spaces: Covectors

Consider linear functions f : ¥V —> R over a real vector space V with finite
dimension. Linearity means that for all pairs v,w € V and «, § € R, we get

flav + Bw) = af (v) + Bf(w).
In particular, for fixed v = vie;, we have
f) =vif(en),

leaving understood, as usual, the summation over repeated indices.
If we collect in a column the values v’, namely

vl

v2

and in a row the values f(e;), namely

(f(el)vf(eZ)’ .. 'sf(en))

we write

f) =v'f(e) = (fler), flea), . . - flen)) : (A.3)

in terms of the standard row—column product. We consider

(f(el)vf(€2)» .. 'sf(en))

the list of components of an element b of a space V*, with dimension n, and we
write

f)=b-v,
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where the right-hand term is a product with the same meaning as the right-hand side
of (A.3). We express b explicitly as

b= b,
with ¢ the ith element of the basis in V*, defined to be such that
e - e = 5},

where 8} is the Kronecker symbol.

The traditional convention is to write in superscript position the indices of vector
components (called contravariant) as for v, with reference to an element of V in
the scheme followed so far, and in subscript position the indices of elements of
V* (called covariant), to recall the product in the identity (A.3). This convention—
essentially suggested by the identity (A.3)—justifies also the position of the indices
in the formulas collected in the previous section.

We call V* the dual space of V, and b € V* a covector. Given v,w € V, we
can interpret in terms of covectors the relation expressing in coordinates the scalar
product, i.e., (v, w) = vig;w/. In fact, the factor v'g; defines the jth component of a
covector v’, i.e.,

b .
v = gjiv',
so that we write
(v,w) =gv-w=10"w. (A.4)

To describe the action of g on the vector v, in the common jargon of geometry
we say that we are lowering the index of v. A special, although prominent, case
occurs when g; coincides with §;, i.e., the metric is flat: the column in which
we list the components of v becomes simply a row without any further numerical
factor. Moreover, taking the matrix with g; as the ijth component with nonzero
determinant, the inverse g~! of the metric exists, and its generic ijth component is
denoted by g¥.

Consider a covector ¢ € V*. When we apply g~ ! to it, we determine a vector c*
with ith component given by

M = glc;.

To describe the action of g~! on the covector ¢, we say that we are raising the index
of c. For this reason, given ¢ € V* and v € V), we obtain a vector = g_lc eV
such that

c-v= (g_lc, v) = (c#, v). (A.5)
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The two relations (A.4) and (A.5) establish an isomorphism between V and its
dual counterpart V*. We put in evidence that V* is the space of linear functions over
V by writing also Hom(V, R) instead of V*. Such notation is particularly useful
when we consider linear maps between two different spaces. We already expressed
two such maps when we described the action of the metric g over a vector and the
action of g~! over a covector, as we specify below.

The map assigning to a vector space V its dual V* is involutive, i.e., the dual of
V*is V:

vH* =v.

A.3 Linear Maps between Generic Vector Spaces: Tensors

Take a vector space V over R (in fact, we can consider a generic field F instead of
R, but the restricted choice adopted here is sufficient for what is contained in the
book) and consider a linear map

h:V— V.
By definition, for v € V, h is such that 2(v) € V, and fora, 8 € Randw € V,
h(av + Bw) = ah(v) + Bh(w).
Consequently, we have
h(v) = h(v'e;) = v'h(e;),
where we have adopted the summation convention over repeated indices as usual.

In particular, by listing in a column the numbers v’ and denoting by A the matrix
having as columns the vectors /(e;), namely

(h(el)’ h(€2), L h(en)) s
we can write
h(v) = Av

by adopting the standard row—column matrix product. In fact, A is a linear operator
from V to V, namely A € Hom(V, V). Take the generic element ¢, of the vector
basis in V. Then Ae, is another vector in ) with kth component in the assigned basis
given by (Ae,)*. We define the krth component A* of A as the real number defined by

Alr‘ = (Ae,)t = ¢* - Ae,.
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Recall that in the previous formula, the indices k and r are just labels identifying the
element of the basis in V.

The matrix with generic component A* is just a representation of A in the selected
basis. In other words, as a linear operator, A exists in the abstract, independent of the
basis that we might choose in V, while its explicit matrix representation depends on
the choice of the basis; A’r‘ is characterized by a contravariant index and a covariant
one. We commonly say that such an A is of type (1, 1). Let {x',....x"} be the
coordinates with respect to which we have calculated A¥. Consider a change of
coordinates {x',...,x"} —> {y'.....y"}, which is one-to-one and differentiable

with differentiable inverse. Write A for the counterpart of A* in the coordinates
{yl, e ,y”}. We have

Ak — 8yk sa_xl
S T
We summarize all these properties by saying that A is a 1-contravariant, 1-
covariant second-rank tensor. Notice that in this sense, a vector is a tensor of type
(1,0), while a covector is a (0, 1) tensor.
In the same way, we can define other types of second-rank tensors. We can have
A € Hom(V, V*) with components

Ay = (er»Aek>
such that, with the overbar indicating the change of variables as above, we have

A axl ox
rk = ayr Is ayk‘

In this case, A is of type (0, 2). Moreover, we can also have A € Hom(V*, V*) or
A € Hom(V*, V). In the first case, we have

r

- ox* oy
= Al
KT gyk s ol

In the second case, the generic component of A is
Ark — (Aer) .g—lek — (Aer)sgskei;
it is also such that

e _ %Alsa_yk

A .
oxl” oxs

Given two such linear operators, say A and B, we define a product

(A,B) — AB
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giving as a result a second-rank tensor. In this case, we say that we saturate (or
contract) the second component of A with the first component of B, according to the
row—column multiplication convention. Precisely, consider A, B € Hom(V, V). The
product AB is a second-rank tensor with components

(AB); = AB],
where we consider, as usual, summation over repeated indices.

Notice that the indices saturated are respectively in covariant and contravariant
positions, according to the row—column multiplication. To account for this, when
we want to multiply tensors having, for example, both contravariant components,
we have to lower or raise the appropriate index by the action of the metric. For
example, consider A, B € Hom(V*, V). Their product saturating one index involves
the metric. To render explicit the convention above, we write sometimes AgB instead
of AB, and when we adopt the more synthetic form, we mean that we are defining a
second-rank tensor with components

(AB)Y = (AgB)" = A*g\,BY.

An analogous agreement is understood when we involve second-rank tensors with
both covariant components. In this case, we have to raise one index using g~'. In
other words, when A, B € Hom(V, V*), we write

(AB);; = (Ag_]B)ij = Aikgksij-

All previous distinctions can be neglected when the metric is flat, i.e., when g; =
since no numerical factors induced by the metric appear.

In general, the product AB is noncommutative, i.e., AB # BA.

Instead of saturating just one index, we can saturate both indices, producing a
scalar. In this case, we use the notation A - B, meaning

)

ij>

A-B=A;B"
or

A-B=AB,
with the appropriate adjustments of the indices by means of the metric as in the
product AB. The product A - B is commutative, i.e.,A-B = B - A.
Consider A € Hom(V, V). We define the transpose of A to be the unique element
of Hom(V, V), denoted by AT, such that

(Av,w) = (v,A™w)
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for every pair v,w € V. We define also the formal adjoint of A to be the unique
element of Hom(V, V*), denoted by A*, such that

b-Av = (A*b) -v
for every v € V and b € V*. We observe that AT and A* also satisfy the relation
AT — g_lA*g~

A proof can be found in Chapter 1 in a case a bit more general in that it includes
linear operators between two different vector spaces. The definitions above in fact
hold also in this case. In particular, take two such spaces, namely V and W,
and consider A € Hom(V,W). We then have the following inclusions: AT €
Hom(W, V), A* € Hom(W*, V*).

When A € Hom(V, W*) or A € Hom(V*, W), transpose and formal adjoint
coincide. They are in Hom(W, V*) and Hom(W*, V), respectively.

The characterization just expressed of AT and A* as elements of some sets, those
listed above, assumes that we apply A € Hom(V, W) to vectors of V from the left.
This means that the second index of A saturates that of the vector components. When
we want to apply A from the right, i.e., we want to saturate the first index of A, which
means that we write cA, with ¢ now a covector because A has the first component
in contravariant position, the inclusions written above change. More specifically,
if A € Hom(V, W) when applied from the left, acting on the right we have A €
Hom(W*,V*), A* € Hom(V, W), AT € Hom(V*, W*).

From the definition of transpose and formal adjoint, we obtain also

(AT)T = A, (A%)* = A.

Consider, e.g., A € Hom(V, V) and define the determinant of the linear operator
A as the determinant of the matrix with generic element A!, representing A in some
basis. In other words, for n = dim V), we can write

detA = Z e, Al - Al

n’

i1yns =1

or alternatively,

n

1 Al i
_ L., Al
detA = pr Z Z €i...in€1..juA 71 Ajn’

S ileening =111 jn=1
where €;,.;, is 1 or —1, provided that ij,...,i, constitutes an even or an odd
permutation of 1,2, ..., n respectively, O otherwise. In particular, if n = 3, detA

is the triple product of its vector columns, e.g.,
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detA = (A],A2 XA3) s

where A{, A,, and A3 are the first column, the second column, and the third column
of A. We have also the following:

— det(AB) = detA detB,

— detAT = detA,

— detA* = detA,

— witha € R, det(ed) = o" detA.

Let us denote by I the identity in Hom(), V), namely a second-rank tensor such
that

Al =1A = A.
We define the inverse of A to be the unique linear operator A~! such that
AT'A=AA"" =1

Once we select a basis in V, the matrix representing A" is the inverse of the
matrix collecting the components of A in the same basis. We have then

(— 1)i+j detA(ﬁ)
detA

(A = :
where A(j; is the matrix obtained from the one representing A by deleting the jth
row and the ith column.

The definition of determinant can be extended to tensors of type A €
Hom(V, W), with dimV = dimW. A subclass of Hom(V, W) with dimV =
dim W is given by invertible tensors such that

Q—l — QT~

We indicate the special case by writing Q € O(n), with n = dim V) once again, and
call O(n), which is endowed with a group structure, the orthogonal group.

With Q € O(n), det Q can be 1 or —1. In the first case, i.e., det Q = 1, we say that
O belongs to the special orthogonal group, denoted by SO(n). It is a subgroup of
O(n), i.e., a subset of O(n) endowed with the group structure inherited from O(n).
Elements of SO(n) represent rotations in the n-dimensional space V, while those in
the remaining part of O(n), i.e., O(n)\SO(n), describe reflections in V. The words
“rotation” and “reflection” recall the way Q € O(3) may act on vectors in the three-
dimensional Euclidean point space.

We say that a second-rank tensor A is symmetric if A = AT, while it is
skew-symmetric if A = —AT. Every second-rank tensor admits the additive
decomposition
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1 1
A= -(A+AT) + -(A-A"T).
2 2
We define
1 T
SymA := E(A +A%),
the symmetric part of A, and
l T
SkwA := E(A —A%),
the skew-symmetric part of A.
Consider a skew-symmetric tensor B, i.e., B € Skw(V,V). By definition,
B = —B". However, there is another property that could be used as a definition of

skew-symmetry: there exists ¢ € V such that for every v € V, we have

Bv =g xwv.

A.4 Tensor Product

With V, W, and U real vector spaces,
f=VxW—U

is called a bilinear mapping if

— forevery v € V, the map w — f(v, w) is linear;
— forevery w € V, the map v — f(v, w) is linear.

Given two vector spaces )V and WV that we consider real for the purposes of this
book, but that we could also take as defined over a field F not necessarily coinciding
with R, for v € V and w € W, consider the map

(v,w) — v Qw,

where v ® w is what we call the tensor product (or the dyad) between v and w.
Such a product is endowed with the following properties:

— forvj,v, € Vandwe W,
W +»)QWw=v QW+ 1, Qw;

— forwi,w, e Wandv € V,
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VR (Wi +w2)) =v@w +V®ws;
— witha € R (or € F in general),

() @w=a(v®w) =vQ (aw).

Here v ® w is defined to be an element of Hom(WW*, V). Precisely, for c € W*, we
have

(v ®w)e = (c-w)v,

i.e., v ® w has components viw/.

Theorem 7. Let V and W be finite-dimensional vector spaces over R (or F).
Then there exist a finite-dimensional vector space T over R (or F) and a bilinear
mapping V X W — T indicated by

(v,wr—vQw

satisfying the following properties:

— IfU is a vector space over R (or F) and f : V x W — U is a bilinear mapping,
there exists a linear map

f:T—U
such that for every pair (v, w), withv € V and w € W, we have

f,w) =Fw).

— If{e1,...,e,} is a basis forV and {ey, ..., e,} is a basis for W, the elements
e; ® éj,
withi=1,...,n,j=1,...,n constitute a basis for T.

We usually denote 7 by V ® W, since the dyads e; ® €; constitute a basis within
it; V ® W is isomorphic to Hom(W*, V). Every A € Hom(W*, V) admits, in fact,
the representation

A= Aijei ® éj.
Such a representation is compatible with the definition of A¥. We have, in fact,
Al = ¢ AT = & - A, ® )& = Al - (¢; ® 8)&
= A’jei . (é] . éj)e,- = Aijei e = AU
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By specifying V and W, we have the following relations:
— If A € Hom(V, V) we have

A=Ale;®¢,
so that Hom(V, V) is isomorphic to V ® V*, and we write formally
Hom(V,V) ~V ® V*

to summarize the statement symbolically.
— If A € Hom(V*, V*), we have

A=A e,
so that
Hom(V*,V*) ~ V* @ V.
— If A € Hom(V, V*), we have
A=A ®e,
so that
Hom(V, V*) ~ V* @ V*.

— If A € Hom(V*, V), we have

A= Aijei ® e,
so that
Hom(V*,V) ~V ® V.
Consider the dyad ¢; ® ¢ and imagine that the basis {ei,..., ent, , and
consequently the dual basis {e', ..., ¢"}, is rotated by Q € SO(n). Define ¢; = Qe;,

e, =Q0e; Q0.
Consequently, under such a rotation, A € Hom(V, V*) becomes

A = QAQ",



A Tensor Algebra and Tensor Calculus 401

so that we compute
detA = det QdetAdet QT = detA,

and we find that the determinant of a tensor is invariant under rotations of the basis.
In terms of components, we have

A} = QA0

In particular, we could find a rotation such that in the rotated basis, the matrix
representing A has diagonal form. If A is symmetric, such a rotation always exists.
The numbers on the diagonal version of A are its eigenvalues.

Consider A = Aze' ® ¢ € Sym(V,V*), where Sym(V, V*) is the subset of
Hom(V, V*) containing all symmetric elements of Hom(V, V*). Its eigenvalues are
a solution of the algebraic equation

det(A — Al) = 0,

called the characteristic equation. By raising the first component of A, we see that
the roots A are also eigenvalues of the version A of A with components

Ajl = gikAkj.
We obtain, in fact,
det(A — AI) = det(g™' (A — AI)) = detg ™' det(A — AI).

The eigenvectors associated with the generic eigenvalue A are solutions to the
equation

Algh = 2.
The solution £',..., £" expresses the components of the eigenvector associated
with A.

Theorem 8. For every symmetric tensor A € Hom(V, V), with V a n-dimensional
vector space, there exist an orthonormal basis {ey, ..., e,} and numbers o; € R,
i=1,...,nsuchthat

A= Xn:aiei ®é.

i=1

In the representation of A just presented, we call «; the eigenvalues of A, and
e; the corresponding eigenvectors. For a given eigenvalue «, the set of all v such
that Av = «v is called an eigenspace. If the eigenvalues are all distinct, the related
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eigenvectors are determined uniquely. To visualize the situation, consider the case
n = 3. If oy # oy # 3, the eigenspaces are the lines span(e;), span(e3), span(es).
If o = a3, we have A = aj(e; ® e1) + ax(I — €1 ® e;), with I the (1, 1) unit
tensor, so that the eigenspaces are span(e;) and its orthogonal complement (a plane
orthogonal to e;). Finally, if «; = oy = @3 = «, then A is spheric: A = «l.

As we have already remarked, a special case of a second-rank tensor is the metric
g € Hom(V,V*). We derived g using the scalar product structure. Conversely,
we can begin by assigning a second-rank symmetric tensor g € Hom(V, V*) and
defining in this way a scalar product. The metric tensor appears also in the explicit
computation of the modulus |A| of a tensor A. Consider A = Ale; ® ¢/. We write

AP = A-AT = AlAL
When A = Aje' ® €, we write
|A|2 = AijAjia
where A/ = g/*Ayg". An analogous expression holds when A = Ale; ® e;.
Take v, w € V and their dyad v @ w € Hom(V*, V). We define the trace of v @ w
to be the number
trv @ w) = (v, w) = vig[jw/. (A.6)
For any other A € Hom(V*, V), i.e., A = AVe; ® e, we define its trace as
tA =A-g=Alg;,
as a direct consequence of (A.6), because
trA = tI'(Aijei ® Ej) = Aijtr(e,- ® @j) =AY (6‘,‘, €j) = Aljg,j = Aug],
Analogously, when A € Hom(V, V*), i.e., A = Aje' ® €/, we write
tA=A-g ' =A;d,
since g7 is given by the scalar product of the elements of the dual basis, a product
induced by the product over V.
Finally, if A = A}e,- ® ¢, we have

trA = tr(Ale; ® &) = Al§] = A1 = AL

since ¢; ® ¢/ = &/ by definition.
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A.5 Higher-Rank Tensors

We can replicate the tensor product, constructing tensors with rank higher than the
second. We may have, in fact, linear operators of the form

T=T, "ey®e,® - Be, @ Q@ - @

We shall say that T is a p-covariant, g-contravariant tensor, or a tensor of rank
(p, ), when under a change of coordinate induced by a diffeomorphism x <— z,
as described above, the generic component of T behaves as

ity _ ity az" dz' 9t O
kikg T Tjidg Oxit 3in7 aZkl aqu’

where T;:Z is the component of the representation of 7" in terms of the coordinates

Y T S . . . . .
x", while Tk]]m X ,,[ is its counterpart in terms of the coordinates z°. In this book, besides

various types of second-rank tensors, we use just one of fourth rank, especially in
the form with all covariant components, namely

C= (Cijhke[®e’®eh ® .

For A a second-rank tensor, we write (CA) for the product contracting all the
indices of A, i.e., CA is a second-rank tensor with ijth component given by

(CA); = CyjmA™.

A.6 Some Notions in Tensor Analysis

Consider (i) a real vector space V, (if) a tensor space T, e.g., V x V* or something
else, (iif) a domain £2 in R”. We discuss here only the case in which V and T have
finite dimension. Take maps

7:02 —V (A.7)

and
T:2—T. (A.8)
We call them a vector and a tensor field, respectively, and write v for v(x) and

T for T(x). In fact, even the map (A.7) defines a tensor field, and it is of type (1, 0),
while if we considered a covector field
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b: 2 — V*,

we could always think of it as a tensor field of type (0, 1). Consider a differentiable
scalar function f : 2 — R. Its differential is given by

dx!
dx?
d .
df:—f.dxl:(a—f,a—f,..., Bf) )
oxt ox!’ 0x? ax
dx"
where the last identity considers the standard row—column multiplication,
and {x', . ..,x”} are the coordinates of a point x in £2. We consider the list
of of

F, e, W as that of the components of a covector Df that is the derivative
X X
of f. We define the gradient of f, and denote it by Vf, the contravariant version of

Df,ie.,
Vf = (DN)* = (Df)g™",
with components (Vf)' = (Df);g’".

A vector field v is said to be differentiable at x € §2 if there is a linear mapping
Dv(x) € Hom(R", V) such that with u € R",

U(x +u) = 0(x) + (DU (x))u + o(u)

as u — 0. In the previous expression, o(u) denotes higher-order terms in the sense
that when Do (x) exists, it satisfies for @ € R the limit

. (x4 au)—v(x)
lim ——=

a—0

= (DY (x))u.
The following rules hold:
— 1. For v and w two vector fields as above,
D(v -w) = (Dv)*w + (Dw)*v.
— 2. For f a scalar function,

D(fv) = v ® Df + fDv.
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- 3.Witho : R" — Vand w : 2 —> R", denoting by ¥ o w their composition
(v is a function of w), the chain rule

D@ 0 W)(x) = (DF) o W) Div(x) = Dy, sDW(x)

holds, with D,, denoting the derivative of v with respect to w, evaluated at x.

Consider R" and a copy R" of it. By 7' and Z' we denote coordinates of points
in R" and R”, respectively, in Cartesian frames, while x' and X' are coordinates of
the same points in other frames, connected to the Cartesian one by diffeomorphisms
X <— 7z, X <—> Z. Metrics g and g pertain to these last frames. We write v for v as
a function of the coordinates z/, and v as a function of x'.

Consider a vector field § : R" —> RR” having derivative Dv := Dv(x) with

vt . v .
components e in the Cartesian frame and W in the other frame. We consider the
Z X
relation

dv' 07" 90 ox

=2 A.
dz"  0x4 dx 07 &.9)

With the agreement that (A;) is the matrix with generic component Al, we
compute

N’ 9zt 9v“ ox’
D = _— = —_——
det Dv = det ( 8z’) det ( T az’)

07’ av? 0
= det | — | det - )det{ — ).
ax4 ox/ 0z
Moreover, since the metric in R” pertaining to the Cartesian frame is §;;, for the
metric g pertaining to the other frame, we have

(A.10)

. azf(s 7
Bab = 9xa gzb”

so that

i

_ oz 07
det(Zup) = det (g) det () det (ﬁ)

97 9% 7\
() (2) = (s (2))

For the same reason, since in R”,

b

) a ox*
det(g") = det (8—;) det (6) det (8_);") ,
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we have

at\\’
detg™! = det(g") = (det (a—za)) .

Consequently, from the identity (A.10), we get

J/detg d t(aﬁa)
e - .
Jdetg ox/

For the sake of simplicity, consider v to be a function of R” onto itself: v : R" —
R" and write v := ¥(z) and ¥ := ¥(x), considering different coordinates. For a one-
to-one differentiable change of coordinates with differentiable inverse, x «<— z, we
have, in fact,

detDv(x) =

07 _. 0,
= P and v = 8_ziv ,

()8 ()
dazx  9zk \ 0w a7k ox! \ ox
97 ov axt . 9% ox
T aF | o 0

az' 0/ ox! ¥ 9% o

,Ul

so that we compute

Consequently, we have
v’ _ a7 v/ ox!
dzk 0w Ox! dzk’

i.e., the components of Dv change as those of a second-rank tensor under changes
of coordinates x <— z as above, only when

32 Zi _
axoxl
i.e., for changes of coordinates of the type
7= aJ’:xj Y

with a} and b’ constant; they are called affine. Consequently, for general changes of
frame, to ensure that Dv(z) behaves tensorially, we have to define its ijth component
vfj, where the comma indicates the presence of a derivative with respect to the
coordinate indicated by the index to the right of the comma, as
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L

1
Vo= — — v — —,
S 97 07" 0xkox! 07/

(A.11)

an expression that we restrict by defining

i oxk 927 ox!
M 9z axkoxd g

and calling it the Christoffel symbol. In this sense, we may interpret vfi as a “gener-

alized” derivative, and we call the process leading to it covariant differentiation. A

summary of these ideas follows.

Theorem 9. Assume that the (“generalized”) derivative of a vector field v trans-
forms as a tensor under every change of frames, and in coordinates x', we have

o
I

Then in any other coordinate system 7', the derivative of v has the form

. vt .
i __ 77 ik
v = P + Iyvt.

The Christoffel symbol as defined above expresses in R” what we commonly
call a Euclidean connection. In greater generality, we define a connection on a
manifold' M as an operation V that associates to each pair of vector fields v and w
on M a third vector field V,,v, called the covariant derivative of v along w such that

— (a) V,v is linear in each of w and v, _
— (b) for scalar functions f we have Vv = fV,,v,

- ©) Vu(fv) =fV,f + (8—fwi) v.
ox!

!Consider a set M endowed with a topology that is Hausdorff, i.e., for every pair of distinct
elements of M, say y; and y,, there exist nonintersecting open neighborhoods Z(y;) and Z(y,)
containing y; and y,, respectively. We say that M is a fopological manifold when it is locally
Euclidean,i.e., every y € M has an open subset of M, U (y), containing it, which is homeomorphic
to an open subset ) of R”, meaning that it is possible to define a one-to-one mapping ¢ : Uf —> Y
of U onto Y. We call the pair (U, ¢) a coordinate chart (or simply chart), and the set § :=
{(U;, ¢;)} of charts such that U;U; = M, for i € I, with I some index set, an atlas. In other words,
§ determines a covering of the coordinate system over the whole of M. In particular, we say that
M has dimension n when all I{; are mapped onto sets ) € R" with dimension n. If for all i,j € I,
the change of coordinates between charts is of class C¥, i.e., ¢; 0 ¢ is Ck with I < k < 400,
and for every chart (i, ¢) such that ¢ o ;! and ¢; 0 ™" are C¥, for all i € I, we get (U, ¢) € T,
we say that M is a differentiable manifold of class C¥, or simply a differentiable manifold when
k= +o0.
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The related Christoffel symbols with respect to coordinates x* are defined by

I‘;k(x)e[ = (@ejek) (x).

When the domain and the target space of the vector field considered are different,
e.g., we have 0 : R" — R”, then the expression of va, where the index A refers

to coordinates in R”, while i refers to those in I@”, has the same structure already
determined for v’j but now in the related Christoffel symbol I';, the indices i and k

refer to coordinates in I@", while A refers to those in R”. Derive this as an exercise
by following the same steps leading to the expression of v’j Along the same lines,
we can compute an explicit expression for the components of the derivative of a
covector field ¢ : R" — R,

Theorem 10. Assume that the (“generalized”) derivative of a covector field ¢
transforms as a tensor under every change of frames, and in coordinates x', we
have

_ ac;
Cii = —,
LJ aXJ
where the overbar recalls that ¢ is seen as a function of x = {xl, . ,x”}. Then in

any other coordinate system 7', the derivative of ¢ has the form

_ 8c,» k
Cij = @ — Fijck'
Consider a tensor field x —> T := T(x) of the type (p, g). Its derivative DT(x),
when it exists, maps T into a tensor of type (p, g + 1).

Theorem 11. Assume that the (“generalized”) derivative of a tensor field T
transforms as a tensor under every change of frames, and in coordinates x', it is
expressed by

Tl -eip
i1 -ep _ a]‘j]jq
Jidgk = Tk

Then in every other coordinate system 7', we have

i1...ip
iy 9 Jlddg  pitedp I ity Fl
Jredgk T gk ljp.jg~ J1k J1eedg—11" jgk

liz...ip i i]...ip_ll ip
+ leu-jq Ty 4ot lean e

The algebraic signs in the previous formula follow from the calculations leading to
the expressions of v'; and c;.
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In the previous expression, the Christoffel symbols can vanish. In particular, we
call a coordinate system such that ij = 0 Euclidean. In this case, we say that the
connection is trivial. Such is the case in Cartesian frames, i.e., when g; = §;;, called
also Euclidean for this reason. The notion of metric and connection are in principle
unrelated to each other. However, we can establish a correspondence between the
two that is canonical in the sense that I‘]‘k = 0 corresponds to g; = §;. To this end,

we say that a connection 1"{; is compatible with a nonconstant metric g;; if

agij
8ijk = ﬁ — gl —Th g = 0.

Theorem 12. Let g(x) be a nondegenerate metric, meaning that detg # 0. There
exists a unique symmetric connection compatible with this metric. In any coordinate

system {x', . ,x”}, it is expressed by the Christoffel formula
1 0gy | Ogu  0gy
| L e R L 1
57 28\ oy + o ox!

In particular, a constant metric is compatible with the trivial connection. On
contracting the contravariant index of 7' with its second covariant component, we
obtain

i Lon (28, Osi sk _ 1 adsu
ki— axi  oxk ox! 2° 9xk’

However, since

ddetg  ddetg dg

. 0
e vt r LU =

axk’

for a second-rank tensor field A(x) with detA # 0, the derivative of its determinant
with respect to A exists and is given by

ddetA
0A

(see Chapter 3 for the proof), and we obtain

1,08 1 ddet 0
oo = s e D og (Videa]).

2° O9xk  2detg oxk  oxk

= (detA)A™"

We define the divergence of a vector field v to be the trace of its derivative. We
then write

' o o 1 Bdetgvk

divv =0 = — + T = —
VU=V = gy + v oxi  2detg ox*

= (VTdean).

| det g 9
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Notice that in the previous formula, the presence of the absolute value of detg
appears because in the theorem giving the expression of the Christoffel formula,
we have required only that det g # 0. In Euclidean (Cartesian) coordinates, we have
simply

! "
+...J’_

divv = w P .

In this case, we define the curl of v to be the vector field
curlv = (eVv)*,

i.e., the vector associated with the covector with components

Juk J
€ijk W .

In particular, for n = 3, curl v is a vector with components

3 9l
a2 93
vl 93
93 axt
he
ox!  ox?

Analogous definitions hold for covector fields above all in Euclidean (Cartesian)
coordinates, where we can confuse them with vectors, since the metric involved
is 8. The divergence of a tensor field x — T := T(x) can be defined as the
contraction in DT of the index of D with one of T in a way such that if T'is (p, g), so
that DT is (p, g+ 1), its divergence is (p—1, g) or (p, g—1), depending on the choice
we adopt, a choice to be specified every time, and when T is (0, g), its divergence is
0,g—1).

As regards the curl of a tensor, for a second-rank tensor A with components A;;,
denoting by A its 1-contravariant, 1-covariant version with components A’, we define
curl A to be the (0, 2) tensor with components

9Ak\'
1A); = eq | =2 | .
(curlA); elk((‘)x)

We also write at times

94,
(curlA); = Cik 5
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not distinguishing between vector and covector components, since the identification
of one with the other is allowed in the Euclidean (Cartesian) ambient. In such
a setting, the derivative operator D commutes, so that we have D;D;y = DiD;.
However, such a property holds just in some coordinate system, due to the presence
of the Christoffel symbols. In fact, in arbitrary coordinates {xl, . ,x”}, for any
differentiable n-dimensional vector field v, we compute

(DyD; — DiD V' = Ry v’ + TjiD, v,
where

i aFlJ aFlk Fl F Fl F

ki = x Kk P mk= I Ik

is the so-called curvature tensor or the Riemann tensor and
T/l‘k = ka - F/’g

is the so-called forsion tensor. 3 5
Consider two tensor fields x —> T := T(x) and x —> S := S(x), respectively,
of type (p, g) and (r, s). We have

D(T®S)=DT®S+ T Q DS,

where denoting by T(”) the generic component T

to have components (DT ® §) g;x)k, with the index k referring to —

i J", the tensor DT ® S is intended

Ok
We now list some relations used often in the book in the Euclldean (Cartesian)

setting. They involve scalar functions f = f(x), vector fields v = #(x), and second-
rank tensor fields A = A(x), all assumed to be differentiable.

— We have

curl Df = 0,

divcurlv = 0,

curl Dv = 0,

curl (Dv)T = Dcurl v,
divcurl A = curl divAT,
(curlcurlA)T = curl curl AT,
div(curlA)T = 0,

curl (fI) = — (curl (f1))",

with I the second-rank identity tensor.
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— With A € Hom(V*,V) and v € V, we get
div(ATv) = v-divA + A - Dv.

— For a differentiable covector field x —> ¢ = ¢(x), assume that Dc is skew-
symmetric and therefore can be written

de; o
Dc = LSkw(e’ R ¢),
ox/

which we rewrite as

where the wedge product extracts the skew-symmetric part of the tensor prod-
uct ®. We then get

DD Pai_, AN AF =0
c= ——¢ & =0,
Oxk 0/

82

0xk 0/
A . B of a symmetric tensor A% by a skew-symmetric tensor B**" always
vanishes. Such a property can be written in terms of differentials of tensors with
all covariant components, i.e., tensors of the type (0, k), which we write here as

since is symmetric, while ¢/ A ef is skew-symmetric and the product

w = Q)il_uikdxil VANRREIVAN dxi".

For these we compute, in fact,

Pwi iy ;
P = d(dw) = L0k g A A dide A di? A did = 0,
0xP 0x4

for A™™.
— Denoting by A the Laplacian operator A = div D, we have

curlcurlv = Ddivv — Au.
- Ifx—A:= A(x) is symmetric, we obtain

trcurlA = 0,
curlcurlA = —AA 4+ 2SymDdivA — DDtrA + I(Atr A — divdiv A).
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We consider the integral of a vector (a tensor) field over an m-dimensional
domain £2, with boundary 952 oriented by the normal n (considered as a covector)
almost everywhere with respect to the “surface” measure dH"!, as a vector
(a tensor) with components given by the integral of the components of the
integrand. With du the m-dimensional measure over §2, we have

fodH™ ! = [ Dfdu,
02 2

/ vQ@ndH"™! =/Dvdu,
EYe) Q2

/ v-ndH"™! :/ divvdpu,
EYe) Q

f AndH™! =/ divAdu,
EYe) 12,

and by considering n a vector,

/ vxndH" ! = —/ curl v du.
92 o)

This appendix is just a rough summary of some notions in differential geometry.

For further reading, one might consider the following basic treatises on the subject:

Abraham R., Marsden J.E., Ratiu T.S. (1988), Manifolds, Tensor Analysis, and
Applications, Springer-Verlag, Berlin;

Dubrovin B.A., Novikov S.P., Fomenko A.T. (1990 and 1992), Modern Geome-
try: Methods and Applications, Parts 1, 11, III, Springer-Verlag, Berlin;

Novikov S.P., Taimanov I.A. (2006), Modern Geometric Structures and Fields,
American Mathematical Society, Providence, Rhode Island;

Olver P.J. (2000), Applications of Lie Groups to Differential Equations, Springer-
Verlag, Berlin;

Slawianowski J. (1991), Geometry of Phase Spaces, PWN-Polish Scientific
Publishers, Warsaw and John Wiley and Sons, Chichester;

Warner EW. (1983), Foundations of Differentiable Manifolds and Lie Groups,
Springer-Verlag, Berlin.

In concluding this appendix, we mention that most of the subject matter presented

in this book could be presented entirely in the Euclidean setting. However, our
distinction between vectors and covectors or referential and actual metrics is not an
unnecessary complication. To us, the way we have followed in presenting the subject
underlines that the structure of the basic principles in the mechanics of continua does
not vary when we go beyond the Euclidean setting and prepares the reader, from the
first meeting with the topic, to proceed naturally toward an extended perspective—
such as indicated in the analysis of material complexities, just to take one example.
We are, however, conscious that some readers might have a different opinion.
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We propose here a few suggestions for further reading to those who might be
interested in deepening their knowledge of theoretical and applied mechanics. The
list includes only books or book chapters and is not exhaustive. These books have
different styles and viewpoints, and they do not all cover the same topics.

The list reflects just our actual choices, nothing more.

— Antman, S.S.: Nonlinear Problems of Elasticity. Springer-Verlag, Berlin (1995)

— Arnold, V.I.: Mathematical Methods of Classical Mechanics. Springer-Verlag,
Berlin (1989)

— Baldacci, R.: Scienza delle Costruzioni, vols. I and II. UTET, Torino (1984) [in
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— Bazant, Z.P,, Planas, J.: Fracture and Size Effect in Concrete and Other Quasi
Brittle Materials. CRC Press LLC, Baton Rouge (1998)

— Bedford, A.: Hamilton’s Principle in Continuum Mechanics. Pitman Publishing
Inc., London (1985)

— Berthram, A.: Elasticity and Plasticity of Large Deformations. Springer-Verlag,
Berlin (2012)

— Bhattacharya, K.: Microstructure of Martensite: Why It Forms, How It Gives
Rise to the Shape-Memory Effect. Oxford University Press, Oxford (2003)

— Capriz, G.: Continua with Microstructure. Springer-Verlag, Berlin (1989)

— Ciarlet, P.G.: Mathematical Elasticity, vol. I: Three-Dimensional Elasticity
(1997); vol. II: Theory of Plates (2000); vol. III: Theory of Shells. North-Holland
Publishing Co., Amsterdam (1988)

— Chorin, A.J., Marsden, J.E.: A Mathematical Introduction to Fluid Mechanics.
Springer-Verlag, New York (2013)

— Corradi Dall’ Acqua, L.: Meccanica delle Strutture, vols. 1, 2, and 3. McGraw-
Hill, Milano (2010) [in Italian]

— Dafermos, C.: Hyperbolic Conservation Laws in Continuum Physics. Springer-
Verlag, New York (2010)
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