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Notation and list of symbols

General scheme of notation

Roman and italic letters Scalars (or scalar fields)

Lower-case bold letters
Upper-case bold letters

Vectors and tensors (or associated fields)
Tensors (or tensor fields)

Calligraphic upper-case letters Sets

Please note that some exceptions apply.

List of frequently used symbols

L] Physical dimension of length

V] Physical dimension of mass

[T] Physical dimension of time

f Spatial (Eulerian) form of function f

f Material form of function f

f Referential (Lagrangian) form of function f
f Material time derivative of function f

€ijk Permutation symbol

h Heat flux per unit area

m Mass

P Pressure

r Heat supply per unit mass

t Time

E Young’s modulus of elasticity

E3 Three-dimensional Euclidean vector space
H Rate of heating

Iy, Iy, It Principal invariants of a tensor T

TN DR~

Jacobian determinant of the deformation
Kinetic energy

Rate of externally applied forces

Stress power

Strain energy per unit volume

Particle label
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N The set of natural numbers

R The set of real numbers

0ij Kronecker symbol

€ Internal energy per unit mass

n Entropy per unit mass

0 Temperature

A Stretch

1 Shear modulus of elasticity

v Poisson’s ratio

p Mass density in the current configuration

Po Mass density in the reference configuration

v Strain energy function per unit mass

da Differential area element in the current configuration
ds Differential line element in the current configuration
dv Differential volume element in the current configuration
df Differential force applied on area da

dA Differential area element in the reference configuration
ds Differential line element in the reference configuration
av Differential volume element in the reference configuration
B Body

E3 Three-dimensional Euclidean point space

P Subset of a region occupied by a body

P Boundary of a closed region P

Ro Region occupied by a body in the reference configuration
R Region occupied by a body in the current configuration
OR Boundary of a closed region R

5 Subset of a body

a Acceleration vector

b Body force vector

e Relative Eulerian (Almansi) strain tensor

€; Cartesian basis vectors in current configuration

g Spatial temperature gradient tensor

i Spatial identity tensor

n Outward unit normal in the current configuration

m Unit vector in the direction dx

P Stress vector measured in the reference area

q Heat flux vector per unit area

t Stress vector

u Displacement vector

v Velocity vector

w Vorticity vector

X Position vector in the current configuration
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Left Cauchy-Green deformation tensor

Right Cauchy-Green deformation tensor
Rate-of-deformation tensor

Relative Green-Lagrange strain tensor

Cartesian basis vectors in reference configuration
Deformation gradient tensor

Referential temperature gradient tensor
Displacement gradient tensor

Referential identity tensor

Velocity gradient tensor

Unit vector in the direction dX

Outward unit normal in the reference configuration
First Piola-Kirchhoff stress tensor

Rotation tensor

Second Piola-Kirchhoff stress tensor

Cauchy stress tensor

Right stretch tensor

Left stretch tensor

Vorticity (or spin) tensor

Position vector in the reference configuration

TOMg<cRrTOZZO T DO

3
=

Infinitesimal strain tensor
Initial configuration
Reference configuration
Current configuration
Infinitesimal stress tensor
Kirchhoff stress tensor
Motion

Angular velocity vector

Nominal stress tensor
Angular velocity tensor

gDHEXﬂQ?t

det
div
Div
grad
Grad
rot
tr
vol

Curl of a vector

Determinant of a tensor

Divergence (or spatial divergence) of a vector or tensor
Material divergence of a vector or tensor

Gradient (or spatial gradient) of a scalar or vector
Material gradient of a scalar or vector

Rotor of a vector

Trace of a tensor

Volume of a region

X

Inner product of two vectors or tensors
Cartesian product of sets, cross product of two vectors
Tensor product in E?



Inverse of a tensor T

7 Transpose of a tensor T

T Adjugate of a tensor T

symT Symmetric part of a tensor T
skwT Skew-symmetric part of a tensor T
AUB Union of sets A and B

ANB Intersection of sets A and B
A—-B Difference of sets A and B

ACB Set A is a proper subset of set B
ACBHB Set A is a subset of set B

Ax B Cartesian product of sets A and B
reA Element = belongs to set A

r¢ A Element 2 does not belong to set A
10 Empty set
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Chapter 1

Introduction

1.1 Solids and fluids as continuous media

All matter is inherently discontinuous, as it is comprised of distinct building blocks, the
molecules. Each molecule consists of a finite number of atoms, which, in turn, consist of

finite numbers of nuclei and electrons.

Many important physical phenomena involve matter in large length and time scales.
This is generally the case when matter is considered at length scales much larger than
the characteristic length of the atomic spacings and at time scales much larger than the
characteristic times of atomic bond vibrations. The preceding characteristic lengths and
times can vary considerably depending on the state of the matter (e.g., temperature, precise
composition, deformation). However, one may broadly estimate such characteristic lengths
and times to be of the order of up to a few angstroms (1 A=10"'° m) and a few femtoseconds
(1 fsec=1071% sec), respectively. As long as the physical problems of interest occur at length
and time scales of several orders of magnitude higher than those noted previously, it is
generally possible to consider matter as a continuous medium, namely to effectively ignore

its discrete nature without introducing substantial modeling errors.

A continuous medium may be conceptually defined as a finite amount of matter whose
physical properties are independent of its actual size or the time over which they are mea-
sured. In an idealized sense, one may envision a continuous medium as being “infinitely
divisible” and “locally homogeneous”. To describe these qualities by a thought experiment,
one may imagine successively dissecting a continuous medium into smaller and smaller parts.

In such a case, the physical properties of a continuous medium would remain unaltered no



2 Introduction

matter how small the part. Mathematical theories developed for continuous media (or “con-
tinua”) are frequently referred to as “phenomenological”, in the sense that they capture the
observed physical response without directly accounting for the discrete structure of matter.

Solids and fluids (including both liquids and gases) can be accurately viewed as continuous
media in many occasions. Continuum mechanics is concerned with the response of solids

and fluids under external loading precisely when they can be viewed as continuous media.

1.2 History of continuum mechanics

Continuum mechanics is a modern discipline that unifies solid and fluid mechanics, two of the
oldest and most widely examined disciplines in applied science. It draws on classical scientific
developments that go at least as far back as the Hellenistic-era work of Archimedes! on the
law of the lever and on hydrostatics. It is stimulated by the imagination and creativity of L.
da Vinci? and propelled by the rigid-body gravitational motion experiments of Galileo®. It
is mathematically founded on the laws of motion put forth by I. Newton® in his monumental
1687 work titled Philosophiae Naturalis Principia Mathematica (Mathematical Principles of
Natural Philosophy), which is reasonably considered the first axiomatic treatise on mechan-
ics. These laws are substantially extended and set on firmer theoretical ground by L. Euler®
and further developed and refined by A.-L. Cauchy®, who, among other accomplishments, is

credited with introducing the concepts of strain and stress.

Figure 1.1. From left to right: Portraits of Archimedes, da Vinci, Galileo, Newton, Euler and
Cauchy

! Archimedes of Syracuse (287-212 BC) was a Greek mathematician and engineer.
2Leonardo da Vinci (1452-1519) was an Italian painter, architect, scientist and engineer.
3Galileo Galilei (1564-1642) was an Italian scientist.

4Sir Isaac Newton (1643-1727) was an English physicist and mathematician.

Leonhard Euler (1707-1783) was a Swiss mathematician and physicist.

6Baron Augustin-Louis Cauchy (1789-1857) was a French mathematician.

ME185



History of continuum mechanics 3

Continuum mechanics as practiced and taught today emerged largely in the latter half
of the 20th century. This “renaissance” period can be attributed to several factors, such
as the flourishing of relevant mathematics disciplines (particularly linear algebra, partial
differential equations and differential geometry), the advances in materials and mechani-
cal systems technologies, and the increasing availability (especially since the late 1960s) of
high-performance computers. A wave of gifted modern-day mechanicians contributed to the
rebirth and consolidation of classical mechanics into this new discipline of continuum me-
chanics, which emphasizes generality, rigor and abstraction, yet derives its essential features

from the physics of material behavior and the practice of natural and engineered systems.

ME185



Chapter 2
Mathematical Preliminaries

A brief, self-contained exposition of relevant mathematical concepts is provided in this chap-

ter by way of background to the ensuing developments.

2.1 Elements of set theory

A set X is a collection of objects referred to as elements. A set can be defined either by
the properties of its elements or by merely identifying all elements. For example, one may
define X = {1,2,3,4,5} or, equivalently, X = {all integers greater than 0 and less than 6}.
If z is an element of the set X, one writes € X. If not, one writes z ¢ X. Some sets of
particular interest in the remainder of these notes are N = {all positive integer numbers},
Z = {all integer numbers}, and R = {all real numbers}.

Let X, Y be two sets. The set X is a subset of the set Y (denoted X C Y or Y DO X)
if every element of X is also an element of Y. The set X is a proper subset of the set Y
(denoted X C Y or Y D X) if every element of X is also an element of Y, but there exists
at least one element of Y that does not belong to X.

The union of sets X and Y (denoted X UY') is the set which is comprised of all elements
of both sets. The intersection of sets X and Y (denoted X NY) is a set which includes
only the elements common to the two sets. The empty set (denoted () is a set that contains
no elements and is contained in every set, therefore X U() = X. Also, the (set-theoretic)
difference of a set Y from another set X (denoted X\Y') consists of all elements in X which
do not belong to Y. If X C Y, then the complement of X relative to Y is defined as
Xe=Y\X.



Mappings 5)

The Cartesian product X x Y of sets X and Y is a set defined as
X xY = {(z,y) such that z € X, y € Y} . (2.1)

Note that the pair (z,y) in the preceding equation is ordered, that is, the element (x,y) is, in
general, not the same as the element (y, z). The notation X%, X3, ..., is used to respectively
denote the Cartesian products X x X, X x X x X, ...

Example 2.1.1: The n-dimensional real coordinate set
Define the set R™ as
R®™ = RxR...xR,
—_——

n times

where n € N. This is the set of the n-dimensional real coordinates. The two-dimensional set R2 and the
three-dimensional set R? will be used widely in these notes.

2.2 Mappings
Let U, V be two sets and define a mapping f from U to V as a rule that assigns to each
point u € U a unique point v = f(u) € V, see Figure 2.1. The usual notation for a mapping

is: f: U=V, u—v= f(u) € V. With reference to the above setting, U is called the

domain of f, whereas V is termed the range of f.

U 1%

Figure 2.1. Mapping between two sets

Given mappings f : U -V, u - v = f(u)and g : V - W , v = w = g(v), the
composition mapping go f is defined as go f : U - W , u — w = g(f(u)), as in Figure 2.2.

ME185



6 Mathematical preliminaries

f

Figure 2.2. Composition mapping g o f

2.3 Vector spaces

Consider a set V whose members (typically called “points”) can be scalars, vectors or func-
tions, visualized in Figure 2.3. Assume that V is endowed with an addition operation (+)
and a scalar multiplication operation (-), which do not necessarily coincide with the classical

addition and multiplication for real numbers.

A "point" that
belongs to )

Figure 2.3. Schematic depiction of a set

A wector (or linear) space {V, +; R, -} is defined by the following properties for any u, v, w €
Y and o, € R:

(i) a-u+p-veyV (closure),

(ii) (u+v)+w=u+ (v+w) (associativity with respect to + ),
(i) 30€V | u+0=u (existence of null element),
(iv) 3 —u €V | u+(—u)=0 (existence of negative element),

(v) u+v=v+u (commutativity),

ME185



Vector spaces 7

(vi) (af) -u=a-(f-u) (associativity with respect to -),
(vil)) (o« +f)-u=a-u+ - -u (distributivity with respect to R),
(viii) a-(u+v) =a-u+ «a-v (distributivity with respect to V),

(ix) 1-u=u (existence of identity).

Example 2.3.1: Linearity of spaces

(@) V=P = {aII second degree polynomials ax? —|—bx+c} with the standard polynomial addition and
scalar multiplication.

It can be trivially verified that {Py,+;R,-} is a linear function space. Ps is also “equivalent” to an
ordered triad (a,b,c) € R3.

(b) V = M, n(R), where M, ,,(R) is the set of all m x n matrices whose elements are real numbers. This
set is a linear space with the usual matrix addition and scalar multiplication operations.

(c) DefineV = {(z,y) € R? | #? + y? = 1} with the standard addition and scalar multiplication for vectors.
Notice that given u with coordinates (z1,y1) and v with coordinates (z2,y2), as in the figure,

Y u+v
V///
/ /

1 iy u

N

property (i) is violated, since, in general, for « = 8 = 1, u + v has coordinates (z1 + z2 , Y1 + y2)
and (z1 + 22)% + (y1 +92)? # 1. Thus, {V,+;R,-} is not a vector space.

Henceforth, the terms “linear” and “vector” space will be used interchangeably.
Consider a linear space {V, +; R, -} and a subset & of V. Then U forms a linear subspace

of V with respect to the same operations (+) and (), if, for any u,v € U and «, 3, € R,
a-u+ f-velu,
that is, closure is maintained within /.

Example 2.3.2: Subspace of a linear space

Define the set PP, of all algebraic polynomials of degree smaller or equal to n > 2 and consider the linear
space {P,, +; R, -} with the usual polynomial addition and scalar multiplication. Then, {P2,+;R,-} is a linear
subspace of {P,,+;R,-}.

ME185



8 Mathematical preliminaries

To simplify the notation, in the remainder of these notes the symbol “” used in scalar
multiplication will be omitted.

Let vy, Vs, ..., Vv, be elements of the vector space {V,+;R, -} and assume that
avi+ave+...+aqv, =0 & gg=a=...=0q,=0. (2.2)

Then, {vy,va,...,V,}is termed a linearly independent set in V. The vector space {V, +; R, -}
is infinite-dimensional if, given any n € N, it contains at least one linearly independent set
with n 4+ 1 elements. If the above statement is not true, then there is an n € N, such that
all linearly independent sets contain at most n elements. In this case, {V,+;R,-} is a finite
dimensional vector space (specifically, n-dimensional).

A basis of an n-dimensional vector space {V,+;R, -} is defined as any set of n linearly

independent vectors. If {g1, 82, ...,8,} form a basis in {V, +; R, -}, then given any non-zero
vey,

g+ + ... tayg,+ v = 0 & notall ay,...,aq,, S equal zero . (2.3)
Specifically, 8 # 0 because otherwise there would be at least one non-zero o, i = 1,...,n,

which would have implied that {g;, g2, ...,g,} are not linearly independent. It follows that

the non-zero vector v can be expressed as

% Qs o

V= —g — —g—... g, . (2.4)

g g 5
which shows that any vector v € V can be written as a linear combination of the basis
{g1,82,..,8n}. Moreover, the above representation of v is unique. Indeed, if, alternatively,
Vo= g1+ 728+t T8, (2.5)

then, upon subtracting the preceding two equations from one another, it follows that

0 = (vl+%)g1+(72+%>g2+...+(%+%)gn, (2.6)

a; . .
which implies that 7, = ——, i =1,2,...,n, since {g1, 82, . . ., n} are assumed to be linearly

independent.
Of all the vector spaces, attention will be focused here on the particular class, in which

a vector multiplication operation (-) is defined, such that, for any u,v,w € V and o € R,

(x) u-v =v-u (commutativity with respect to -),

ME185



Vector spaces 9

(xi) u-(v+w)=u-v+u-w (distributivity with respect to +),
(xii) (oqu)-v =u-(av)=a(u-v) (associativity with respect to -)
(xiii) uv-u>0andu-u=0 < u=0.

This vector operation is referred to as the dot product. An n-dimensional vector space
obeying the above additional rules is referred to as a Fuclidean vector space and is de-
noted E™.

Example 2.3.3: Dot product between vectors
The standard dot product between vectors in R™ satisfies the properties (x)-(xiii) above.

The dot product provides a natural means for defining the magnitude of a vector as
ul = (u-u)/?. (2.7)

Two vectors u,v € E™ are orthogonal if u-v = 0. A set of vectors {uj,us,...u} is
called orthonormal if they are mutually orthogonal and of unit magnitude. This implies
that, for all 4,5 =1,2,... k,

0 i
u;-u; = 0 = : Hé] , (2.8)
1 ifi=

where §;; is called the Kronecker' delta symbol. Note that, by its definition, d;; = d;;, that
is, the Kronecker delta symbol is symmetric in its two indices.

Every orthonormal set {ej,es,...,e;}, & < n, in E™ is linearly independent. This is

because, if

are; +asesy+ ... +are, = 0 (2.9)

then, upon taking the dot product of the above equation with any e;, i = 1,2,...,k, and

invoking the orthonormality of {ej, ey, ..., e},
al(el . ei) + 042(82 . ei) + ...+ ak(ek : ei) = o; = 0. (210)

It is always possible to construct an orthonormal basis in E", although the process of

doing so is not described here. Of particular importance to the forthcoming developments

Leopold Kronecker (1823-1891) was a German mathematician.
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is the observation that, as already argues, any vector v € E™ can be uniquely resolved on
such an orthonormal basis {ej, ey, ..., e,} as

vV = vie; +vey+... e, = Zviei , (2.11)
i=1
such that, here, v; = v-e;. In this case, v; denotes the i-th Cartesian component of v relative

to the orthonormal basis {e;,es,...,e,}.

Example 2.3.4: Components of vector on different bases

Consider a vector v € E3, which is resolved on an orthonormal basis {e1, ez, e3} in the form v = e; —2e5+ 3es.
If one chooses a different basis, say, {g1, 82,83}, where g1 = €1 +e2, g2 = ez +e3, g5 = e3 + ey, then denote
the components of v relative to the new basis (aj, as,as3). Therefore,

veer = 1 = ai1g1-€1 +asgr e +asgs-er = ay+az
v-ey = —2 = ai1g)- € +ag-ex+azg3-ex = az+as.
v-e3 = 3 = ai1g1-e3+age-e3+azgs-ez = az+ap
Upon solving the preceding algebraic system, one finds that a; = —2, ay = 0, and a3 = 3.

It is important to emphasize here that a vector is equivalent to its components. Rather,
the components are an expression of the vector relative to a chosen basis.

The dot product between two vectors u and v can be expressed using components relative

to an orthonormal basis {e},es,...,e,} as
n n n n n n n
v = (e ) (Sue) = 3o wnere) = 33y = S, 219
i=1 j=1 i=1 j=1 i=1 j=1 i=1

where use is made of (2.8) and property (xii) of Euclidean vector spaces.

2.4 Points, vectors and tensors in the Euclidean 3-
space

Consider the Euclidean space E? (the Euclidean 3-space) with an orthonormal basis {e;, e, €3}.

As argued in the previous section, a typical vector v € E3 can be written as

3
vV = Zviei , Uy = VvV-e€;. (213)

i=1

Next, consider points z,y in the Euclidean point space £, which is the set of all points in
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@)

Figure 2.4. Points and associated vectors in three dimensions

the ambient three-dimensional space, when taken to be devoid of the mathematical structure
of vector spaces. Also, consider an arbitrary, but fixed, origin (or reference point) O in the
same space, as in Figure 2.4. It is now possible to define vectors x,y € E3, which originate
at O and end at points z and y, respectively. In this way, one makes a unique association (to
within the specification of O) between points in £ and vectors in E®. Further, it is possible
to define a measure d(x,y) of distance between x and y, by way of the magnitude of the

vector v =y — x, namely
dx,y) = ly—x| = [y =x) - (y =x)]"/%. (2.14)

Given any point x € E® | one may identify the neighborhood N, (x) of x with ra-
dius r > 0 as the set of points y for which d(x,y) < r, or, in mathematical notation,
N, (x) ={y € E? | d(x,y) < r}, see Figure 2.5. Then, a subset P of E? is termed open if,
for each point x € P, there exists a neighborhood N,.(x) which is fully contained in P. The
complement P¢ of an open set P relative to E? is, by definition, a closed set. The closure of
a set P, denoted P, is defined as the smallest closed set that contains P.

E3

Figure 2.5. The neighborhood N,(x) of a point x in E3.
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12 Mathematical preliminaries

Example 2.4.1: Open and closed sets in E*
Consider the Euclidean space E' consisting of all real numbers, equipped with the usual measure of distance
between points x and y, that is, the absolute value |y — z|.

(a) Theset {z € E', 0 <z <1} =(0,1) is open.
(b) Theset {z € E', 0<x <1} =][0,1] is closed.
(c) Theset {x € E', 0 <z <1} =10,1) is neither open nor closed.
(d) The set E' is both open and closed.

In E£3, one may also define the cross product of two vectors as an operation with the

properties that for any vectors u, v and w,
(a) ux v =—v X u (anticommutativity),

(b) (uxv)w = (vxw)-u = (wxu)-v, or, equivalently [u,v,w] = [v,w,u] = [w,u, v],

where [u, v, w| = (u x v) - w is the scalar triple product of vectors u, v, and w,
(¢) luxv| = |u|]|v]sind |, cos = —— , 0<0<m.

Appealing to either property (a) or (c), it is readily concluded that u x u = 0. Likewise,
properties (a) and (b) can be used to deduce that (ux v)-u = (ux v)-v =0, namely that
the vector u x v is orthogonal to both u and v, hence is normal to the plane formed by u
and v.

With reference to property (b) above, an orthonormal basis {ej, e, e3} is right-hand if

[e1, €2, e3] = 1. With the aid of (c¢) above, this, in turn, necessarily implies that
e Xe = e3 , e3Xe3 = € , e3xXe = €. (2.15)
These relations, together with the conditions
e Xe = e xXxe = e3xe; =0 (2.16)

and

€ Xe = —e3 , e3Xe = —e; , e Xe3 = —ey, (217)
which are deduced from (2.15) and property (a), can be expressed compactly as

3

e xXe; = ZE@jkek R (218)
k=1
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where i, j = 1,2,3 and €54 is the permutation symbol (or Levi-Civita* symbol) defined as

L (5,5,k) = (12,3), (23,1), or (3,1.2)
Gk = —1 if (i,4,k) = (2.1,3), (3:2.1), or (132) . (2.19)

0 otherwise

By its definition, the permutation symbol satisfies the cyclic property €;x = €k = €xij, as
well as the property €, = —€jin = —€inj = —€gji-
With the aid of (2.18) it follows that

uxv = (i uiei> X (i vjej> = i iuivjei X €; Z i i €ijkUi V€ . (2.20)
i=1 j=1 i=1 j=1 i=1 j=1 k=1
A mapping T : E® — E3 is called linear if it satisfies the property
T(au+ gv) = aT(u) + T (v) , (2.21)
for all u,v € £3 and o, 8 € R. A linear mapping T : E? — E3 is also referred to as a tensor.

Example 2.4.2: Special tensors

(a) T: E® - E3 T(v) =v forall v.e E3 Thisis called the identity tensor, and is typically denoted
T =1i.

(b) T: E3— E3, T(v) =0 forall ve E3 Thisis called the zero tensor, and is typically denoted T = 0.

Example 2.4.3: Mappings that are not tensors

(a) T: E3— E3, T(v)=v+cforall ve E3 where c is a constant vector, is not a tensor, as it violates
the linearity condition (2.21).

(b) T:E3— E3 T(v)= Y for all v € E? is not a tensor, as it again violates (2.21).

v

For notational simplicity, a linear mapping T on a vector v will henceforth be denoted
Tv rather than T(v).
The tensor product between two vectors v and w in E? is denoted v ® w and defined

according to the relation
(veawu = (wW-u)v, (2.22)

for any vector u € E3. This implies that, under the action of the tensor product v ® w, the

vector u is mapped to the vector (w - u)v. It can be easily verified that v ® w is a tensor

2Tullio Levi-Civita (1873-1941) was an Italian mathematician.
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according to the definition in (2.21), see Exercise 2-10. Using the Cartesian components of

vectors, one may invoke (2.21) to express the tensor product of v and w as

veaw = (3 ve)® () we) =

=1

3

vw;e; ® e; . (2.23)
=1
It will be shown shortly that the set of nine tensor products {e; ® e;, i,j = 1,2,3}, form a
basis for the space L(E?, E3) of all tensors on E®.

Before proceeding further with the discussion of tensors, it is expedient to introduce a
summation convention, which will greatly simplify the component representation of both
vectorial and tensorial quantities and their associated algebra and calculus. This convention
originates with A. Einstein®, who employed it first in his work on the theory of relativity.
The summation convention has three rules, which, when adapted to the special case of E?3,

are as follows:

Rule 1. If an index appears twice in a single component term or product expression, the
summation sign is omitted and summation is automatically assumed from value 1 to 3.

Such an index is referred to as dummy.

Rule 2. An index which appears once in a single component term or product expression is
not summed and is assumed to attain a value 1, 2, or 3. Such an index is referred to

as free.

Rule 3. No index can appear more than twice in a single component term or product

expression.

Example 2.4.4: Summation convention

3
(a) The vector representation u = Zuiei is replaced by u = u;e;, where ¢ is a dummy index.
i=1
3
(b) The dot product between two vectors u and v, defined as u-v = Zuivi is equivalently written as

i=1
u;v;, where 7 is a dummy index.
3 3 3
(c) The cross product u x v = E E E €ijkUiV € is equivalently written as u X v = €;;,u;v € and
i=1 j=1 k=1

involves the summation of twenty-seven terms (although not all of them are non-zero).

3Albert Einstein (1879-1955) was a German-born American physicist.
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3 3
(d) The tensor product u ® v = ZZuwjei ® e, is equivalently written as u ® v = w;vje; ® e; and
i=1 j=1
involves the summation of nine terms. Here, both ¢ and j are dummy indices.

(e) The term u;v; involves no summation and has two free indices, ¢ and j.

(f) It is easy to see that §;;u; = d1,u1 + dg;uz + d3;us = w;. This index substitution property is used very
frequently in component manipulations.

(g) An index substitution property also applies in the case of a two-index quantity a;i, namely d;;a,; =
01ja1k + 0ojask + 035a3K = Qjk.

(h) The term a;jb;ic; violates the third rule of the summation convention, since the index j appears thrice
in a product.

(i) The equality a;; = b; is meaningless because there is inconsistency of free indices between the left- and
right-hand sides.

(j) The scalar triple product [u, v, w] can be expressed in component form as

(uxv) w

Il Il
]
- LT
- LT
Mw
- 1
= 2
. ,
c 3
°
e M-
- g
o
N——

3 3 3 3

I |
I NgERINg
117 L
N
£ I0g-
£ &
& =
us §
= £
’ g
=

where use is made of (2.8) and the substitution property of part (f). When enforcing the summation
convention, the scalar triple product is equivalently written as €;;,u;v;w.

With the summation convention in place, take a tensor T € L(E3, E3) and define its

components T;;, such that

Tej = Tl--ez-, (224)

hence

The last equation provides a rule for extracting the components of T on a given orthonormal
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basis. It follows that, for any v € E3,

(T — Tijei ® ej)v = (T — T’i]’ei &® ej)vkek
= Tekvk — T%jl)k(ei X ej)ek
= Tiev, — Tijui(e) - ex)e;
= Tyvpe; — Tijvk(sjkei
= Tirvre; — Tipvre;

=0, (2.26)

where use is made of (2.22), (2.24), and the substitution property of the Kronecker delta

function. Since v is arbitrary, it follows that

This derivation demonstrates that any tensor T can be written as a linear combination of
the nine tensor product terms {e; ® e;, i,j = 1,2,3}. Therefore, the latter terms form a
basis for the linear space of tensors L(E?, E3). The components of the tensor T relative to

{e;®e;, i,j =1,2,3} can be put in matrix form as

T Ty Tis
[Ty] = | Tow Toe Tos | - (2.28)
Ty Tsp T

The preceding derivation also reveals that, when using components,
Tv = Tijvjei . (229)

This means that the component representation of Tv relative to a given basis amounts to
the multiplication of the 3 x 3 matrix [T};] by the 3 x 1 array [v;] comprising the components

of the vector v.
Example 2.4.5: Component form of special tensors
(a) The identity tensor i is represented on the basis {e; ® e,} as i = e; ® e;. Indeed, for any v € E3,
(ei ® ei)v =S (ei . v)ei = vie; = V.

Therefore, the components of the identity tensor form a 3 x 3 identity matrix.

(b) All the components of the zero tensor 0 on the basis {e; @ e;} are zero.
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It is important to stress here that tensors are not merely matrices, just as vectors are
not just one-dimensional arrays. Tensors are linear mappings in £3, which are represented
by components relative to a given basis. Therefore, the components of a tensor in a matrix
do not define the tensor, but rather they represent it on a given basis.

The transpose TT of a tensor T is defined by the property
u-Tv = v-T'u, (2.30)
for any vectors u,v € E3. Using components, this implies that
wliv; = viAju; = viAju, , (2.31)
where A;; are the components of T7, that is TT = 4;;e; ® e;. It follows from (2.31) that
wi(Ti; — Aji)v; = 0. (2.32)

Since u; and v; are arbitrary, this implies that A;; = T};, hence the transpose of T can be
written as
T! = Tje;0e; = Tye;@e; . (2.33)

It may be concluded from (2.33) that the transpose of a tensor T = T},e; ® e; is obtained by
either transposing the matrix of the components while keeping the basis intact or by keeping
the components intact while switching the order of the two unit vectors in the tensor product.

A tensor T is symmetric if TT = T or, when both T and T? are resolved on the same
basis, Tj; = T;;. This means that a symmetric tensor has only six independent components.
Likewise, a tensor T is skew-symmetric if TT = —T or, again, upon resolving both on the
same basis, Tj; = —T;;. Note that, in this case, Th; = Ty = T33 = 0 and the skew-symmetric
tensor has only three independent components. This suggests that there exists a one-to-
one correspondence between skew-symmetric tensors and vectors in E®. To establish this

correspondence, consider a skew-symmetric tensor W and observe that
1 T
W = §(W—W ) . (2.34)
Therefore, when W operates on any vector z € E?,

1
Wz = §Ww(ez (029 €, — € X ei)z
1
= §W2][(Z . ej)ei — (Z . ei)ej} . (235)
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Recalling the identity u x (v x w) = (u-w)v — (u- v)w (see Exercise 2-8), the preceding
equation can be rewritten as
1

Wz = EVVij[Z X (ei X ej)]

=W Xz, (2.36)
where the vector w is defined as
1

and is called the azial vector of the skew-symmetric tensor W. In view of the arbitrariness
of z in (2.36), one may use components to write W in terms of w and vice-versa. Specifically,
starting from (2.37),

1
W = wrer = §I/V]ZGZ X e, = §Wjieijkek , (238)
hence, in component form,
1
Wy = EeijkVVji (2.39)
or, using matrices,
1 Wig — Wa3
[wk] == 5 W13 — ng . (240)
Wa1 — Wha
Conversely, starting from (2.36),
Wiijei = (wkek) X (zjej) = €k;iWEZ;€; , (241)
so that, in component form,
Wij = €kjiWk (2-42)
or, again, using matrices,
0 —wWs3 Wa
[Wl]] = W3 0 —W . (243)
—W2 w1 0
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A tensor T is positive-definite if v - Tv > 0 for all vectors v € E? and v - Tv = 0 if, and
only if, v.= 0. It is easy to show that positive-definiteness of a tensor T is equivalent to
positive-definiteness of the matrix [7T};] of its components relative to any basis.

Given tensors S, T € L (E*, E?), the tensor addition S+ T : L(E®, E®) x L(E?, E?) —
L(E3, E3) is defined by the property

(S+T)v = Sv+Tv, (2.44)

for any v € E®. This implies that the components of the resulting tensor are S;; + Tj;.
Likewise, the tensor multiplication ST : L(E®? E®) x L(E? E3) — L(E? E?) is defined

according to the associative relation
(ST)v = S(Tv), (2.45)
for any v € E3. In component form, this implies that

(ST)v = S(Tv) = S|
= S|
= S(T}jvio;re;)
= S(T;ve:)

(Tije:i @ e;)(vrer)]

Tijoi(e; - ex)e]

= Skilijvjey

= (SkZTZ]ek (%9 ej)('vlel) , (246)
where, again, use is made of (2.22) and (2.24). Equation (2.46) readily leads to

This, in turn, shows that the matrix of components of the tensor ST is obtained by the
multiplication of the 3 x 3 matrix of components [Sy;] of tensor S by the 3 x 3 matrix of
components [T;;] of tensor T. Note that, in general, ST # TS.

Example 2.4.6: Tensor multiplication
Consider the tensors S = e; ® e; and T = e ® e1. Recalling (2.47), it follows that

ST = e1®e1,

while
TS = e X ey .
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It can be directly shown by invoking (2.30) that, for any tensors T,S € L(E?, E?),
S+T)" = s"+1" | (ST)" = T'S”. (2.48)
The trace tr(u ® v) of the tensor product of two vectors u ® v is defined as
trlu®@v) = u-v, (2.49)
hence, the trace tr T : L(E?, E3) — R of a tensor T is deduced from equation (2.49) as
trT = tr(Te,®e;) = Tie-€; = 10 = T . (2.50)

This means that the trace of a tensor equals the trace of the matrix of its components. Like-
wise, the determinant det T of the tensor T is defined as the determinant of the matrix [7};]
of its components relative to any orthonormal basis.

The linear eigenvalue problem for a tensor T is written as

Tz = Tz, (2.51)

with eigenvalues 7;, ¢ = 1,2,3 and (unit) eigenvectors z;, i = 1,2,3. The eigenvalues
of a tensor are defined as the eigenvalues of the matrix of its components relative to any
orthonormal basis. Hence, the eigenvalues of a tensor T are obtained from the solution of

the cubic polynomial characteristic equation
det(T — \i) = =N+ Ip\° — A+ IIp = 0, (2.52)
where the principal invariants of T are defined by the scalar triple-product relations

[w,v,w|lt = [Tu,v,w|+ [u,Tv,w]+ [u,v,Tw]|,
[u,v,w|lly = [Tu,Tv,w|+ [u, Tv, Tw|+ [Tu,v,Tw] , (2.53)
[u,v,w|lllt = [Tu, Tv,Tw]|,

for any vectors u,v,w € E3. Starting from (2.53), it can be readily established (see Exer-

cise 2-19) that the three principal invariants of T satisfy the relations

IT = tI‘T,
Ir = %[(trT)Q—trTﬂ , (2.54)
Iy :%[(trT)3—3tthrT2+2trT3} = det T,
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It is easy to show (see Exercise 2-20) that the invariants remain unaltered under a change
of orthonormal basis, which justifies their name. This justifies the earlier definition of the
determinant of T in terms of its components without explicit specification of a basis. It
is also easy to show that symmetric tensors possess only real eigenvalues, while symmetric
positive-definite tensors have only positive eigenvalues.
Let T be symmetric and consider the linear eigenvalue problem (2.51). When the eigen-
values T;, i = 1,2, 3 are distinct, one may write
ba = Tz (2.55)
Tz; = Tyzy)
where the parentheses around the subscripts signify that the summation convention is not
in use. Upon premultiplying the preceding two equations with z; and z;, respectively, one
gets
) = (2.56)
zi- (Tz;) = Az 2 -
Recalling the symmetry of T and subtracting the preceding two equations from one another
leads to
(T = Ti))za) -2y = 0. (2.57)

Since, by assumption, T; # T}, it follows that

that is, the eigenvectors are mutually orthogonal and {z, z,, z3} form an orthonormal basis
in £3. Note that if z; is an eigenvector, then so is —z;, hence there is no loss of generality
in taking {zi, 2z, 23} to be a right-hand orthonormal basis.

It turns out that regardless of whether T has distinct or repeated eigenvalues, the clas-
sical spectral representation theorem for symmetric tensors guarantees that there exists an
orthonormal basis {z;} of E® consisting entirely of eigenvectors of T and that, if {7T}} are
the associated eigenvalues, then

3
T = ZT(i)Z(i) @ Z() - (259)

i=1

This is because the typical component T;; of T on the basis {z;} is given by
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where use is made of (2.25) and (2.56). Equation (2.59) may be interpreted in linear-
algebraic terms as implying that there exists a basis of E3, here {z;}, with respect to which
the components of T form a diagonal matrix.

Two symmetric tensors S and T are termed co-azial if they have the same eigenvectors.
It can be shown that two symmetric tensors S and T are co-axial if, and only if, ST =TS,
see Exercise 2-17.

The contraction (or inner product) S - T : L(E3, E3) x L(E?, E3) — R of two tensors S
and T is defined as

S-T = tr(STT) . (2.61)
Using components,
tr(ST?) = tr(SpTer ®e;) = Suljer-e; = STk = SkiThi (2.62)
therefore
S-T = SiiThi - (2.63)

Therefore, the contraction of two tensors is computed by summing the product of each
component of the one tensor with the corresponding component of the other. It follows
from (2.61) that S- T =T - S.

Two tensors S, T € L(E?, E3) are mutually orthogonal if S-T = 0.

Example 2.4.7: Inner product of a symmetric and a skew-symmetric tensor
Assume that S is a symmetric tensor and T is a skew-symmetric tensor. Then, using the definition (2.61), it

follows that
S-T = SijTij = Sji(_Tji) = —SjiTji = —ST,

This implies that S - T = 0, hence symmetric and skew-symmetric tensors are always mutually orthogonal.

A tensor T € L(E®, E3) is invertible if, for any w € E3, the equation

Tv = w (2.64)

v = T 'w, (2.65)

and T is the inverse of T. Employing components, Equation (2.64) can be expressed as

T;;v; = w;, which implies that T is invertible if the 3 x 3 matrix [T};] of its components is
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itself invertible. As is well-known, the latter condition holds true if, and only if, det T =
det[T;;] # 0. Clearly, if T~ exists, then taking into account (2.64) and (2.65),

w=Tv = T(T 'w) = (TT Hw. (2.66)
Hence, since w is arbitrary, TT~! = i and, similarly, T~!T = i.
Example 2.4.8: The Cayley*-Hamilton’theorem
For any tensor T, the Cayley-Hamilton theorem states that

T2 — InT?>+ I+ T —IlIti = 0. (2.67)

With reference to (2.52), the above implies that the tensor T satisfies its own characteristic equation.
A proof of this result may be obtained by starting with the identity

6im 5in 61’0 5'L’p
Ojm Ojn  0jo 0;

det 6km 5kn 5k0 (5kp TimT’jnTko =0 5
§lm 6ln 610 5lp
where i, 7,...,p = 1,2,3. This holds true since at least two rows of the 4 x 4 matrix are necessarily identical

(hence, the determinant always vanishes). A systematic, if tedious, expansion of this determinant in conjunction
with (2.54) and the result of Exercise 2-3(h) recovers (2.67).

The Cayley-Hamilton theorem allows any non-negative integer power of a tensor T to be expressed as a
function of i, T, T2 and the three principal invariants of T. If, in addition, the tensor is invertible, then any
integer power may be expressed as a function of any three successive integer powers and the principal invariants
of the tensor.

A tensor T is orthogonal if

T'T = TT? = i. (2.68)

Note that orthogonal tensors are always invertible, since, according to a standard algebraic

property of determinants,
det (TTT) = (det T?)(detT) = (detT)* = deti = 1, (2.69)

hence det T = +1. An orthogonal tensor T is proper or improper if det T = 1 or det T = —1,
respectively.
Equation (2.68) readily implies that the inverse of an orthogonal tensor is equal to its

transpose, that is,

T! = 17 (2.70)

4Arthur Cayley (1821-1895) was a British mathematician.
°Sir William Rowan Hamilton (1805-1865) was an Irish physicist and mathematician.
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If the tensors S, T € L(E?, E3) are invertible, then (2.64) and (2.65) imply that
(ST)™' = TS . (2.71)

The notation T~7 is often used to denote the inverse-transpose of an invertible tensor T.
This is a well-defined quantity, since the transpose of the inverse of a tensor equals the inverse
of the transpose, that is,

T = (T H" = (T (2.72)

The preceding equivalence can be established by appeal to (2.30), (2.64), and (2.65).

2.5 Vector and tensor calculus

Define real-, vector- and tensor-valued functions of a vector variable x. Such functions will
be used widely in the ensuing chapters to describe important mathematical quantities of

relevance to continuum mechanics. The real-valued functions of x are of the form

¢: B> =R, x— ¢=0¢(x), (2.73)
while the vector- and tensor-valued functions are of the form

v: BP 5 B x> v=v(x) (2.74)

and
T: B L(E°,E*), x> T="T(x), (2.75)

respectively.

The gradient of a differentiable real-valued function ¢(x) (denoted grad ¢(x), Vo(x) or
99(x)
ox

) is a vector-valued function of x defined by the relation

(grad 6(x)) - w = [i¢<x+ww>} , (2.76)

dw w=0

for any w € E3. Equation (2.76) reveals that grad ¢-w quantifies the tendency of ¢ to change
in the direction w. Using the chain rule, the right-hand side of Equation (2.76) becomes

0p(x + ww) d(z; + wwi)} _ Dp(x) (2.77)

d
{%gb(x * ww)} om0 - {8(@ + ww;) dw ox;
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Taking into account (2.76) and (2.77), one may write in component form

grad¢ = g—fiei. (2.78)

As a differential operator, the gradient of a real-valued function takes the form

0

d = prm—
gra \Y oz,

e . (2.79)

Example 2.5.1: Gradient of a real-valued function
Consider the real-valued function ¢(x) = |x|? = x - x. Its gradient is

_ g _ Gemy), e O
grad¢ = 8X(X x) = oz, e = 8%33]—1—33] o2, e

= (5ijxj —i—xjdij)ei = 2x,6; = 2X.

Alternatively, using directly the definition,

(gradg) - w = [ {0x+uw) - (x-+ ww)}

w=0

d
= [{x~x+2onw+w2Wow}}
dw w=0

= [2x- W+ 2ww - W] _,

=2Xx-w,

which leads, again, to grad ¢ = 2x.

The gradient of a differentiable vector-valued function® v(x) (denoted grad v(x), Vv(x)

ov(x)

or — ) is a tensor-valued function of x defined by the relation
X
d
(gradv(x))w = {—V(X + ww)} : (2.80)
dw w0

for any w € E3. Again, Equation (2.80) reveals that (grad v)w represents the change of v

in the direction w. Using chain rule, the right-hand side of equation (2.80) becomes

0v; (X + ww) d(l‘j + wwj):| 0 = v (x) (2.81)

d
{%V(X * ww)} B {8(:5]- + ww;) dw 0z Wi -

w=0

6Technically, real-valued functions have gradients and vector-valued functions have derivatives — however,
the term “gradient” is also used quite frequently in continuum mechanics and elsewhere for vector-valued

functions.
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Hence, appealing to (2.80) and (2.81) one deduces the component representation

dv;
gradv = a—Zei®ej . (2.82)
J

As a differential operator, the gradient of a vector-valued function takes the form

grad = V = ®e; . (2.83)

0,

Example 2.5.2: Gradient of a vector-valued function
Consider the vector-valued function v(x) = ax, a € R. Its gradient is
0(ax) O(ax;)

gradv = = e®e; = adjje;®e; = ae;Re; = ai,

ox O0x;

since (e; ® e;)v = (v - e;)e; = v;e; = v. Alternatively, using directly the definition,
d
(gradv)w = |—(v + ww) = aw , (2.84)
dw _—

hence grad v = ai.

The divergence of a differentiable vector-valued function v(x) (denoted divv(x) or V -

v(x)) is a real-valued function of x defined as

divv(x) = tr(grad v(x)) , (2.85)
on, using components,
divv = tr <8—%ez ej) = 8—£je,--ej = a—x](% = 8_% = Vi; - (286)

As a differential operator, the divergence of a vector-valued function is expressed in the form

9
div = V- = 5= -e (2.87)

Example 2.5.3: Divergence of a vector-valued function
Consider again the differentiable vector-valued function v(x) = ax, o € R. lts divergence is
0(ax; Ox;
divv(x) = (az;) = a2% = ady; = 3a.
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The divergence of a differentiable tensor-valued function T(x) (denoted div T(x) or V -
T(x)) is a vector-valued function of x defined by the property that

(divT(x)) - ¢ = div|(T"(x))e] . (2.88)

for any constant vector ¢ € E3.7

Using components,

o,

(divT)-c = div(T'c)
= div[(Tije; @ e;)(crey)]
iv[Tic(e; - ex)e]
[T
div]|

I
o,

= div[T;;ckdine;]

iv[T;;cie;]

= tr aT i Ke
N oxy, b
oT;;
N 8mk 5]]601
oT;;

C.
8xj ’
8Tz

hence,

oT;;
eZ

8.Ij

divT = (2.90)

The divergence operator on a tensor function is expressed as

0
iv = V- = —e; . 2.91
div v 6’Iiez (2.91)

Finally, the curl (or rotor) of a differentiable vector-valued function v(x) (denoted

curl v(x), rot v(x), or Vxv(x)) is another vector-valued function of x defined by the property

(curlv(x)) - ¢ = div(v(x) x ¢) , (2.92)

7A slightly different definition of the divergence of a tensor-valued function employed in some references
would neglect the transpose on the right-hand side of (2.88). While either definition would, in principle, be
acceptable, here the one in (2.88) is adopted.
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for any constant vector ¢ € E3. Using, again, components, this translates to

(curlv) - ¢ = div(v x ¢)
= div(e;rvicre;)
(

= div(e; rvjei)ck

ov;
= tr ei'k—Jei®el Ck
J a$l

= Gijkvj,l5il0k

= €ijkV;,iCk
= €4k Uk, Ci
= (ejnvr €i) - (cer) (2.93)
which implies that
curlv = €ijkVk,j€i - (294)

The notation V x v(x) for the curl of a vector-valued function is justified, when using

components, by observing that

0 0v; 0v; Ovy,
curlv = (axlel) X (vjej) = a_gj‘jiei Xe; = a—m]iﬁijkek = Eijka—a:jei, (295)

as before. Therefore, as a differential operator, the curl may expressed in the form

curl = Vx = %ei X . (2.96)

Example 2.5.4: Curl of a vector-valued function
Consider the vector-valued function v(x) = zex3€1 + x3x1€2 + T122€3. The curl of this function is

Gvs O\, | (Om Ows)_ o, (Ou_Ou). _ g
81‘2 8333 ! 8$3 8371 6331 6372 3 ’

It is important to recognize here that the definitions (2.76), (2.80), (2.85), (2.88), and (2.92)
are independent of the choice of coordinate system. The respective component representa-
tions (2.78), (2.82), (2.86), (2.90), and (2.94) are specific to the orthonormal basis {ej, €2, €3}
in F3.
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2.6 The divergence and Stokes theorems

It is important for the ensuing developments to review the divergence theorem in its different
forms for real-, vector- and tensor-valued functions. To this end, let P C £ be an open
and bounded region with smooth boundary dP. Note that the region P is bounded if it can
be fully enclosed by a sphere of finite radius. Also, the boundary 0P is smooth if it can
be described by a continuously differentiable function of two surface coordinates, which, in
turn, implies that a unit normal n to 9P is everywhere well-defined.

Next, define a real-valued function ¢ : P — R, a vector-valued function v : P — E3, and
a tensor-valued function T : P — L(E3, E®). All three functions are assumed continuously

differentiable. Then, the gradients of ¢ and v satisfy

/gradgbdv = onda , (2.97)
P oP

and

/gradvdv = / venda . (2.98)
P aP

In addition, the divergences of v and T satisfy

/divvdv = / v-nda , (2.99)
P oP

/diVTdv = / Tnda . (2.100)
P oP

Equation (2.99) expresses the classical divergence theorem, while the other three identities
are derived from this theorem. Indeed, (2.100) is deduced by dotting the left-hand side with
any constant vector ¢ and using (2.88) and (2.99). This leads to

/didev~c = /divT-cdv = /div(TTc)dv = / (T"c)-nda
P P P oP

= / Tn-cda = / Tnda-c. (2.101)
oP oP

Since c is arbitrary, Equation (2.100) follows immediately. Next, (2.97) may be deduced
from (2.100) by setting T = ¢i, so that

/div(gf)i) dv = /gradgbdv
P P
—/ ¢nda . (2.102)
ap

and
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Lastly, (2.98) is obtained from (2.97) by taking, again, ¢ to be any constant vector and
writing, with the aid of (2.22) and (2.80),

[/Pgradvdvrc _ /P(gradV)TCd?} _ /Pgrad(v-c)dv
— /W(V.c)nda = /(9P(n®v)cda = |:/a/pn®Vda:|C’ (2.103)

which, owing to the arbitrariness of c, proves the identity.

Consider next a closed non-intersecting curve C which is parametrized by a scalar 7,
0 < 7 < 1, so that the position vector of a typical point on C is ¢(7). Also, let A be an
open surface bounded by C, see Figure 2.6. Clearly, any point on A possesses two equal
and opposite unit vectors, each pointing outward to one of the two sides of the surface. To
eliminate the ambiguity, choose one of the sides of the surface and denote its outward unit
normal by n. This side is chosen so that ¢(7) x ¢(7 +dr) points toward it, for any 7 € [0,1).

If now v is a continuously differentiable vector field, then Stokes® theorem states that

/Curlv-ndA = /V-dX. (2.104)
A

c

The integral on the right-hand side of (2.104) is called the circulation of the vector field v
around C. The circulation is the (infinite) sum of the tangential components of v along C.
If v is identified as the spatial velocity field, then, in light of (3.161), the Stokes theorem
states that the circulation of the velocity around C equals twice the integral of the normal

component of the vorticity vector on any open surface that is bounded by C.

C
Figure 2.6. A surface A bounded by the curve C.

8Sir George Gabriel Stokes (1819-1903) was a British mathematician.
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2.7 Exercises

2-1. Expand the following equations for an index range of three, namely, i,j7 = 1,2, 3:
(a) A,-jxj + b = 0,
(b) ¢ = Cymiz;
(c) ¥ = TuSjj -

2-2. Use the summation convention to rewrite the following expressions in concise form:

(a) SuTis + Si2T2s + S13T33
(b) S?, + S3, + S3; + 2512521 + 2593532 + 2531513 -

2-3. Verify the following identities:

(a) 0 = 3,

(b) dijdij = 3,

(c) dij€ije = 0,

(d) eijreije = 6,

(€) €ijk€ijm = 20km ,

di1 02 0;
(f) eijk = det 5]' 5]‘ 6j y
Okl k2 Ok3
(8) €ijk€itm = 0ji0km — 0jmOk (e-0 identity) ,
(h) €ijk€lmn = det 5]‘ 5j (Sjn
Okl Okm  Okn

2-4. Verify by direct calculation that
detT = fijleiTQjTSk s

where T;; denote the components of tensor T. Using this result, deduce the formula
1
detT = géijkelmnﬂ‘lﬂ'mTkn .

2-5. Given T =2e; ®e; —3e1 ®ex+ ey Re3+4es3®@es, u= e+ 2e3 and v = 3ey, evaluate the
expression ¢ = Tju;v;.

2-6. (a) Expand and simplify the expression A;;x;x;, where 4,5 =1,2,3 and

(i) Ajj is symmetric,
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(i) Ajj is skew-symmetric.

(b) Let A;; be symmetric and B;; be skew-symmetric. Show that A;;B;; = 0.

2-7. Consider the array [A;;] and define its symmetric part sym [4;;] such that
1
Sym Aij = §(Aij + Aji) ,

and its skew-symmetric part skw [A;;] such that

1
5 (Aij = Aji) -

skw Aij = B

(a) Show that the array A;; can be uniquely expressed as the sum of the symmetric and
the skew-symmetric part, that is,

[AU] = sym [AZ]] + skw [AU] .
(b) Show that tr[A;;] = tr(sym [A;;]).
(c) Given arrays [A;;] and [B;], show that
AijBij = Sym Aij Sym Bij + skw Aij skw Bij .
2-8. Recall that the cross product of two vectors u = u;e; and v = vj;e; in E3isavectorw = uxv
with components
W1 = UV3 — UV2 , W2 = U3V — UIV3 , W3 =UV2 — U1,

with reference to a right-hand orthonormal basis {e1, ez, e3}.

(a) Verify that w; = €;;,u;vy.

(b) Show that, for any three vectors u, v and w, the vector triple product u X (v x w)
satisfies
ux (vxw) = (u-w)v — (u-v)w.

Hint: Obtain the component form of the above equation and apply the e-§ identity.

(¢) For any vector v and unit vector n, show that
v = v-n+nx(vxn).

Provide a geometric interpretation of this identity.

2-9. Show that, for any two vectors a and b in E3,
la x bl> = [al?b]* - (a-b)?.

This is known as Lagrange’s identity.
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2-10.

2-11.

2-12.

2-13.

2-14.

Verify that the tensor product v ® w of the vectors v, w in E® is a linear mapping, that is,
(vew)(au; + fug) = a(vew)u + 5(vew)uy,
for all u;,us € E3 and o, 8 € R.

Using the definition of the tensor product of two vectors in E3, establish the following prop-
erties of the tensor product operation:

(a) a®(b+c) = a®b+a®c,
(b) (a+b)®ec = a®c+b®c,
(c) (;a)®b = a® (ab) = a(a®b),

where a, b and c are arbitrary vectors in E3 and « is an arbitrary real number.

Note: The above properties confirm that the tensor product ® is a bilinear operation on

E3 x E3.

Hint: To prove the identities, operate on each side with an arbitrary vector v.

Verify the truth of the following formulae:
(a) (a@b)l = b®a,

(b) T(a®b) = (Ta)®b,

(c) a® (Th) = (a@b)TT,

(d)

where T is an arbitrary tensor in £(E3, E3) and a, b, ¢ and d are arbitrary vectors in E3.

(a®b)(c®d) = (b-c)avd,

Show that, for any three vectors a, b, and ¢ in E?,
(axb)®c+(bxc)®a+(cxa)®b = [(axb) I,
where I is the identity tensor.

(a) Let the cross product between a vector v and the tensor product a ® b of two vectors
a and b be defined as
x(a®b) = (vxa)®b.

Use this definition to show that the left cross product v x T between a vector v and a
tensor T can be expressed in component form as

(V X T)ij = eilkvlTkj .

(b) Let the cross product between the tensor product a ® b of two vectors a and b and
another vector v be defined as

(a®@b)xv = a®(bxv).

Use this definition to show that the right cross product T x v between a tensor T and
a vector v can be expressed in component form as

(T X V)z’j = €jleikvl .
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(c¢) Use the results in parts (a) and (b) to deduce that

T xv = —(vxT)T.

2-15. Let Q be an orthogonal tensor in £(E3, E3) and let u and v be arbitrary vectors in E2. Show
that:

(1) Qu-Qv = u-v,
(b) (Qu) x (Qv) = (det Q) Q(ux v).

What do the above identities imply about the orthogonal transformation of the dot product
and cross product of two vectors of E3?

2-16. Let S and T be two tensors in £(E?, E3).

(a) Assume that the scalar equation
S-T =0

holds for every skew-symmetric tensor T. Deduce that S is necessarily symmetric.

(b) Assume that the scalar equation
S-T =0

holds for every symmetric tensor S. Deduce that T is necessarily skew-symmetric.

2-17. Show that two symmetric tensors S and T are co-axial if, and only if, their product commutes,
that is, ST = TS.

2-18. Let {e; , i = 1,2,3} and {&; , i = 1,2,3} be two right-hand orthonormal bases in E% and
assume that they are related according to

e, = Aijej ; Az‘j = € -€;,
where each entry A;; represents the cosine of the angle between €; and e;, namely A;; =
cos (€;, €;).
(a) Show that the matrix [A;;] is orthogonal.

(b) Let a vector v be represented on the two bases as

Show that v; = Aij’l)j.
(c) Let a tensor T be represented on the two bases as

T = Tijei®ej = Tijéi®éj.

Show that Tij = AikazlAjl-

(d) Consider a change of basis where the angles between €; and e; are tabulated below:
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€] e €3
e; | 120° 120° 45°
ey | 45° 135° 90°
eg | 60° 60° 45°

Calculate the entries A;; and verify that the matrix [A;;] is orthogonal. Also, if v =
2e;1 +3e3 —eg and T = —2e1 ® €1 + He; ® e3 + 2e3 ® e3 + e3 ® ez, find the component
representation of v and T on the basis {€;}.

2-19. Derive the expressions (2.54) for the principal invariants of a tensor T in £(E3, E3) from the
corresponding definitions in (2.53).

2-20. Given an arbitrary tensor T in £(E3, E3), verify that each of its principal invariants attains
the same value regardless of the choice of basis.

2-21. Let a scalar function ¢ be defined on &£ as

¢ = a;vlzngxg + [Bsin (yx2) ,

where «, $ and v are constant real numbers. Determine the following fields:

(a) v=gradg¢,
(b) divv,

(¢c) T=gradv,
(d) divT,

(e) curlv

2-22. Give an example of a non-constant two-dimensional vector field with zero divergence and
zero curl.

2-23. Use indicial notation to verify the following identities:

(a) grad (¢v) = pgradv + v ® grad ¢ ,
(b
(c
(d) div(vew)= (grad v)w + (divw)v

)
) grad (v-w) = (gradv) Tw + (gradw)Tv |
)
)
e) curlgrad¢ =0,
)
)
)
)

grad (divv) = div (grad v)T |

—~

divcurlv =0,

(
(
curlcurl v = grad divv — divgrad v ,
h

(i

(8
(h) curl (¢v) = pcurlv +grad ¢ x v ,

div(vxw)=w-curlv—v-curlw,
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(G) curl(vxw)=div(vew—-—w®vV),
where ¢ is a scalar field and v, w are vector fields in E3.

2-24. Let ¢ and 9 be twice continuously differentiable scalar functions defined on a region P U 0P
of £3, and assume that P is a smooth surface with outward unit normal n.

(a) Prove Green’s First Identity, according to which

oY B .
quafn da = /P(grad(;ﬁ-gradw + ¢div (gradd;)) dv ,

(-
where 6() denotes the partial derivative of (-) in the direction of n.
n

(b) Use the above result to obtain Green’s Second Identity, according to which

0 0
/BP(gﬁaz - %) da = /P(d)div(gradw) — 4 div (grad ¢)) dv .

(¢) Recall that a twice continuously differentiable scalar function f is termed harmonic if
and only if it satisfies Laplace’s equation, namely if

div(grad f) = V2f = 0.
Use the result of part (a) to show that if f is harmonic in P, then

ﬂda =
op On

(d) Use again the result of part (a) to show that if f is harmonic in P and vanishes identically
on OP, then f vanishes everywhere in P.
(e) Consider the following boundary-value problem:
V2f =0 inP,
f=7F omopP,
where f is a function that represents the prescribed values of f on OP. The above

problem is known as the Dirichlet Problem for Laplace’s equation. Show that if a
solution to the above boundary-value problem exists, then it is unique.

ME185



Chapter 3

Kinematics of Deformation

3.1 Bodies, configurations and motions

Let a continuum body 2 be defined as a set of material particles, which, when considered
together, endow the body with local (pointwise) physical properties that are independent of
its actual size or the time over which they are measured. Also, let a typical such particle
be denoted P, while an arbitrary subset of & be denoted .7, see Figure 3.1. The body is
assumed to exist irrespective of time and, in its primitive form described above, does not

possess any geometric features, such as, e.g., position, size or boundary.

- < - -

Figure 3.1. A body % and its subset . .

Let x be the point in £ occupied by a particle P of the body % at time ¢, and let x be
its associated position vector relative to the fixed origin O of an orthonormal basis in the
vector space E3. Then, define by x : (P,t) € Z x R — E3 the motion of %, which is a

mapping, such that
x = x(Pt) = x,(P) . (3.1)
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In the above, X, : # — &2 is called the configuration mapping of % at time t. Given ¥,
the body % may be mapped to its configuration R = x(%,t) with boundary OR at time ¢.
Likewise, any part . C % can be mapped to its configuration P = x(,t) with bound-
ary OP at time ¢, see Figure 3.2. Clearly, R and P are point sets in £2. When endowed
with the mathematical structure of E?, the sets R and P are typically thought of as open,
which is tantamount to assuming that they do not contain their respective boundaries OR
and OP.

Figure 3.2. Mapping of a body % to its configuration at time t.

The configuration mapping x, is assumed to be invertible, which means that any point

x € R can be uniquely associated to a particle P according to
P = x'(x). (3.2)

The motion x of the body is also assumed to be twice-differentiable in time. Then, one

may define the velocity and acceleration of any particle P at time t according to

_ ox(P) _ x(P)
vV = T s a = T . (33)

The mapping x represents the material description of the body motion. This is because the
domain of x consists of the totality of material particles in the body, as well as time. This
description, although mathematically proper, is of limited practical use, because there is no
direct quantitative way of tracking particles of the body. For this reason, two alternative
descriptions of the body motion are introduced below.

Of all configurations in time, select one, say Ry = x (%, to) at a time ¢t = ty, and refer to

it as the reference configuration. The choice of reference configuration is largely arbitrary,’

More generally, any configuration that the body is capable of occupying (irrespective of whether it

actually does or not) may serve as a reference configuration.
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although in many practical problems it is guided by the need for mathematical simplicity.
Now, denote the point which P occupies at time t; as X and let this point be associated

with position vector X relative to the fixed origin O, that is,
X = x(Pto) = X4 (P) - (3.4)

Thus, one may exploit the invertibility of X, to express the position vector x of particle P

at time t as
x = x(Pt) = x(x;, (X)) = x(X,1) . (3.5)

The mapping x : £ x R — E3, where

x = x(X,t) = x(X) (3.6)

represents the referential or Lagrangian description of the body motion. In such a descrip-
tion, it is implicit that a reference configuration Ry is provided. The mapping X, is the
placement of the body relative to its reference configuration, see Figure 3.3. Note that the

placement 1, is an invertible mapping. Indeed, appealing to (3.2) and (3.4),

X = x4(P) = x:(Xs ' (%)) = x; (%) . (3.7)

Figure 3.3. Mapping of a body % to its reference configuration at time t, and its current

configuration at time t.

It is important to emphasize here that it may not be always possible to identify a useful

reference configuration of the body. This is typically the case with fluids that undergo
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very large motions. Here, while one may simply designate a configuration as reference, the
fact that fluid particles travel at high velocity and reach positions far from their reference
placement renders such a designation impractical for analytical or computational purposes.

Assume next that the motion of the body Z# is described relative to the (fixed) refer-
ence configuration Ry defined at time ¢ = ¢, and let the configuration R of % at some
time t be termed the current configuration. Also, let {E;, Eo, E3} and {e;, ey, e3} be fixed
right-hand orthonormal bases associated with the reference and current configuration, re-
spectively.? With reference to the preceding bases, one may write the position vectors X

and x corresponding to the points occupied by the particle P at times ¢ty and ¢ as
X = XAEA s X = x;€;, (38)

respectively.®> Hence, resolving all relevant vectors to their respective bases, the motion x

in (3.6) may be expressed as

;e = Xi(XA,t)ei, (3-9)

or, in pure component form,*

r; = xi(Xa,t). (3.10)

The velocity and acceleration vectors, expressed in the referential description, take the
form
Ox(X, ) Px(X,t)

V:T y a:T, (311)

respectively, provided x is twice-differentiable in time. Resolving all vectors in the orthonor-
mal basis {ej, e, e3}, as mandated by the coordinate representation of x in (3.9), leads
to

Oxi(Xa,t) 82X1’(XA,75)

v, = T s a; = T . (312)

Scalar, vector and tensor functions can be alternatively expressed using the spatial or

FEulerian description, where the independent variables are the current position vector x and

2Tt is possible to use the same coordinate system for both configurations. However, such a simplification
would obscure the natural association of physical quantities with a particular configuration, which will be
expounded later in this section.

3To enhance clarity, upper-case Roman letters A, B, C, ... and lower-case Roman letters 4, j, k, . .. will be
used to denote indices associated with the bases {E;, Es, E3} and {eq, es, 3}, respectively.

4By convention, when a component, such as X4 is used as an argument in a function, it is taken to
represent the full triad (X7, X5, X3).
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time ¢. Indeed, starting, for example, with a scalar function f = f (P,t), one may appeal
to (3.2) to write

=P = fxi'x)t = fxt). (3.13)

In analogous fashion, one may take advantage of (3.7) to write

[ = f(X>t) - f(X;l(X>vt) = f(X,t). (3'14)

The above two equations may be combined to yield

f= P = f(X1) = fx1). (3.15)

Clearly, all three functions f, f and f in (3.15) describe the same quantity f. However, in the

material description, one determines f for a given material point P and time ¢. Similarly, the

arguments in the referential description are the position X occupied by a material particle P

at some reference time ty and time ¢. By contrast, the spatial description uses as arguments

a position x in space and time ¢, and determines f for the material particle P that happens
to occupy this position at t.

The preceding analysis shows that any function (not necessarily real-valued) that depends

on position and time can be written equivalently in material, referential or spatial form.

Focusing specifically on the referential and spatial descriptions, it is easily seen that the

velocity and acceleration vectors can be equivalently expressed as
v = v(X,t) = v(x,t) , a = a(X,t) = a(x,t), (3.16)

respectively, see Figure 3.4. In component form, one may write

v, = @Z(XA,t> = 171(5(,’]7t) s a; = &Z(XA,t) = C~Lz<l’j,t) . (317)
(X.t) X (x,1)
2 v
A%
A%

Figure 3.4. Schematic depiction of referential and spatial mappings for the velocity v.
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Example 3.1.1: A three-dimensional motion and its time derivatives
Consider a motion Y, such that

xry = XI(XA,t) = Xlet
Tro = XQ(XA,t) = X2 +tX3
3 = x3(Xa,t) —tXs+ Xj3,

with reference to fixed orthonormal system {e;}. Note that x = X at time ¢t = 0, that is, the body occupies
the reference configuration at time ¢t = 0.

The inverse mapping x;l is easily obtained as

X1 = x5, (z5) = z1e7"
1 562—t$3
Xy = xg, (%) = Tre

_ tro + x3
X3 =Xt31($j) = 1y

. . . . _ . Oxi(Xa,t
The velocity field, written in the referential description has components 9;(X 4,t) = %, namely

ﬁl(XA,t) ZXlet
02(Xa,t) = X3
03(Xa,t) - X2,

while in the spatial description has components v;(x,t) given by

o1(x5,t) = (r1e7e! = a4
txo + x3
1+1¢2
To — tng
o142

ﬁQ(va t) =

ﬁ3(Xja t) =

. . . . 0?*xi(Xa,t)
The acceleration in the referential description has components a;(X 4,t) = oz hence,
dl(XA,t) :Xlet

az(Xa,t) =0

as(Xa,t) =0,

while in the spatial description the components a@;(;,t) are given by

dl(xj7t) = X
&Q(xj,t 0
C~l3(.13j,t =0.

Given real-valued functions f(P,t) = f (X,t) = f which are differentiable in time, define
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the material time derivative f of f as®

af(Pt)  9f(X,t)
ot n ot

It is clear from the above definition that the material time derivative of a function is the

f =

. (3.18)

rate of change of the function when keeping the material particle P (or, equivalently, its
referential position X) fixed.
If, alternatively, f is expressed in spatial form, that is, f = f (x,t) and f is differentiable,

then one may resort to the chain rule to express the material time derivative as

_0f(x,1) N 0f(x,t) Ox(X,t)

N ~(975 ~(9}( ot

_aftxt) |, 0f(x.1)

Y ox
af(x, t)

= +grad f-v, (3.19)

where use is also made of (3.11);. The first term on the right-hand side of (3.19) is the

spatial time derivative of f and corresponds to the rate of change of f for a fized point x

f

in space. The second term is called the convective rate of change of f and is due to the
spatial variation of f and its effect on the material time derivative as the material particle
which occupies the point x at time ¢ is transported (or, convected) from x with velocity v.
Analogous expressions for the material time derivative apply to vector- and tensor-valued

functions.

Example 3.1.2: Material time derivative of the velocity
Consider the velocity v = v(x,t) of a body and write its material time derivative (which equals, by virtue of
(3.11), to the acceleration a) as

_0v(x,t) n v (x,t) Ox(X,1)
ot ox ot
_ov(x,t)  Ov(x,t)

~ ot oax Y
_0v(x,t)
ot

v

+ (grad ¥)v . (3.20)

A volume, surface, or curve which consists of the same material points in a moving body

at all times is termed material. Any material surface in £ may be expressed in the form

>Other notations frequently used for the material time derivative include % (used also here on occasion)
and DQt. Alternative terminology to “material time derivative” includes total time derivative, particle time

derivative, and substantial time derivative.
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F(X1,Xs,X3) = 0. This is because, by its mathematical definition, it contains the same
material particles at all times, given that its representation in terms of the referential co-
ordinates is independent of time. On the other hand, a surface described by the equation
F(X;,Xs, X3,t) = 0 is generally not material, because the locus of its points contains dif-
ferent material particles at different times. This distinction becomes less apparent when a
surface is defined in spatial form, that is, by an equation f(z1,x9,x3,t) = 0. In this case,
one may employ Lagrange’s® criterion of materiality, which states that a surface described
by the equation of the form f(x1,zs, x3,t) = 0 is material if, and only if, f=o.

To prove Lagrange’s criterion, assume first that a surface is material. It follows that its

mathematical representation is of the form
f($17x27$37t) = F(X17X27X3> =0 ) (321)

hence

f(.Z‘l,LUQ,Ig,t) = F(Xl,Xg,X3> =0. (322)
Conversely, if the criterion holds, then

OF

f(I1,$27$3,t> = F<X17X27X37t) - E

(X1, Xo, X3,t) = 0, (3.23)

which implies that F' = F(X;, X3, X3), hence the surface is indeed material.
A similar analysis applies for assessing the materiality of curves in £3. Specifically, a curve
is material if it can be defined as the intersection of two material surfaces, say F'(X;, X2, X3) =0

and G(X1, Xs, X3) = 0. Switching to the spatial description and expressing these surfaces

as
F(X1, X0, X3) = f(x1,29,23,) = 0 (3.24)
and
G(X1, Xo, X3) = g(xy,29,23,t) = 0, (3.25)
it follows from Lagrange’s criterion that a curve is material if f = g = 0. It is easy

to argue that this is a sufficient, but not a necessary condition for the materiality of a
curve. This is because it is possible for two non-material surfaces to be material along their

intersection.

6Joseph-Louis Lagrange (1736-1813) was a French-Italian mathematician.
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Example 3.1.3: A material surface
Consider a surface defined by the equation

f(z1,22,73,t) = 27173 — 23 ,

in a body whose velocity is v = xzoe; + x3e2. This is a material surface according to Lagrange's criterion since

f‘ — %4_ 6‘]“.1)1- = 2x37x9 —2x923 = 0.

ot  Ox;

Some important definitions concerning special motions are introduced next. A rigid-body
motion (or, simply, rigid motion) is one in which the distance between any two material
points remains constant at all times. Denoting X and Y the position vectors of two material
points on the fixed reference configuration and recalling the definition of the distance function
in (2.14), a motion is rigid if, and only if, for any material points with referential positions X
and Y,

AX,Y) = dx(X, 1), x(Y,1) = dix,y) . (3.26)

at all t. A motion x is steady at a point x, if the velocity at that point is independent of
time. If this is the case for all points in space, then v = v(x) and the motion is called steady.
If a motion is not steady, then it is called unsteady. A point x in space where v(x,t) = 0 at

all times is called a stagnation point.

Example 3.1.4: Steady motion

The motion defined in Example 3.1.1 is steady on the x;-axis and has a stagnation point at x = 0.

Next, consider the motion x of body #, and fix a particle P, which occupies a point
with position vector X in the reference configuration. Subsequently, trace its successive
placements as a function of time by fixing X and consider the one-parameter family of

placements
x = x(X,t) , (X fixed) . (3.27)

The resulting parametric equations (with parameter t) represent in algebraic form the path-
line or particle path of the given particle, see Figure 3.5. Alternatively, one may express the

same particle path in differential form as
dx = v(X,t)dt , x(t) = X , (X fixed), (3.28)

or, equivalently,
dy = v(y,n)dr , y(t) = x, (3.29)
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where 7 is a scalar parameter. Equation (3.28) implies that the velocity of the particle is
always tangent to its pathline, as shown in Figure 3.5. Physically, the pathline represents

the trajectory of the given particle as the body undergoes its motion.

Ro
R

Figure 3.5. Pathline of a particle which occupies X in the reference configuration.

Next, let v = v(x, t) be the velocity field at a fixed time ¢. Define the streamline through
a point x as the space curve that passes through x and is tangent to the velocity field at all

of its points at the given time. Therefore, the streamline is defined in differential form as
dy =v(y,t)dr , y(rn) = x , (tfixed), (3.30)

where 7 is a scalar parameter and 7y some arbitrarily chosen value of 7 corresponding to
the point x, see Figure 3.6. Physically, a streamline is obtained by taking a snapshot of the
velocity field and letting an imaginary particle move through it so that the instantaneous

velocity is always tangent to its path.

Figure 3.6. Streamline through point x at time t.

The streakline through a point x at time ¢ is the locus of placements at time ¢ of all

particles that have passed or will pass through x. As such, it is defined by the equation

y = x(x;'(x),t) , (x,t fixed), (3.31)

where 7 is a scalar parameter. Indeed, it suffices to observe that x-!(x) in (3.31) is the

referential placement of a material point that occupies x at some time 7. In differential
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form, the streakline through a point x at time ¢ can be expressed as
dy = v(y,s)ds , y(r) = x,s =1t , (xtfixed), (3.32)

where s is a scalar parameter. Equation (3.32) can be derived from (3.31) by merely noting
that v(y,t) is the velocity at time ¢ of a particle which at time 7 occupies the point x, while
at time ¢ it occupies the point y. Physically, the streakline may be thought of as the colored
line (streak) of particles generated when placing a dye at a fixed point in a flowing liquid.

Note that given a point x and a time ¢, the pathline of the particle occupying x at ¢
and the streamline through x at ¢t have a common tangent. Indeed, this is equivalent to
stating that the velocity at time ¢ of the material point occupying X at time ¢y has the same
direction with the velocity of the material point that occupies x = x(X, ) at time ¢.

In the case of steady motion, the pathline for any particle occupying a point x at time ¢
coincides with the streamline and streakline through x at time ¢. To argue this property,
consider a streamline (which is now a fixed curve in time, since the motion is steady) and
take a material point P situated at point x which happens to lie on this streamline at time ¢.
Since the velocity of P is tangent to the streamline that passes through x and since the
streamline does not change with time, the particle P will always stay on the streamline,
hence its pathline will coincide with the streamline through x. A similar argument can be
made for streaklines.

In general, pathlines can intersect (or self-intersect), since intersection points merely
signify that different particles (or the same particle) can occupy the same position at dif-
ferent times. However, streamlines do not intersect, except at points where the velocity
vanishes, otherwise the velocity at an intersection point would have two different directions.
Likewise, a streakline through x may self-intersect for points which occupy x at multiple

times.

Example 3.1.5: Pathlines, streamlines, and streaklines
Consider a planar velocity field v = sinte; + e5. In view of (3.29), the pathline at ¢ = 0 that passes through
X = e] + ey is determined by solving the system of differential equations

dyy, = sintdr , dys = dr,
which, under the given initial condition, leads to the parametric equations
yi1(t) = 2—cost , yot) = 1+t.
The streamline at ¢ = 0 that passes through x = e; + e, satisfies (3.30), which translates to

dyy = 0 , dy, = dr.
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This, in turn, can be readily integrated to
yi(r) =1 , yo(r) = 1+7.

Lastly, the streakline through x = e; + e at ¢ = 0 satisfies (3.32). Upon integration, this leads to the
system
yi(s) = —coss+c , yas) = s+ca.

Imposing the boundary conditions y;(7) = 1 and y2(7) = 1 and letting s = 0 results in
y1(r) = cost , yafr) = 1—7.

The lines are shown in the figure below (note that, as expected, they are tangent to each other at x = e; +e3).

pathline
streamline |
\ streakline

08+ \ 1

N |

0.4 Y B

02r ~—_ 4

3.2 The deformation gradient and other measures of

deformation

Consider a body % which occupies its reference configuration R at time ¢y and the current
configuration R at time ¢. Also, let {E4} and {e;} be two fixed right-hand orthonormal
bases associated with the reference and current configuration, respectively.

Let the motion x(X,t), defined in (3.6);, be differentiable in X, and consider the de-
formation of an infinitesimal material line element represented by dX and located at the
point X of the reference configuration. This material line element is mapped at time ¢ into
another one, represented by dx at point = in the current configuration, see Figure 3.7. Keep-
ing time fixed, taking differentials of both sides of (3.6);, and applying the chain rule, it
follows that
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Ro R

Figure 3.7. Mapping of an infinitesimal material line element represented by dX to the current

configuration.

ox
dx = a—X(X,t)dX = FdX , (3.33)

where F is the deformation gradient tensor relative to the reference configuration R, defined

as
Ix (X, 1)

0X
According to (3.33), the deformation gradient F provides the rule by which infinitesimal line

F = (3.34)

elements are mapped from the reference to the current configuration.
When vectors, such as X and x, are resolved on orthonormal bases in E?, the terms dX
and dx may be thought of themselves as vectors of infinitesimal magnitude resolved on the

corresponding orthonormal bases. Therefore, starting from (3.8), it follows that
dX = dX E, , dx = dxe; . (3.35)

Hence, the deformation gradient tensor is by necessity of the form

ox:(Xp,t
F = Mei QEs = Fiae; @ Ey (3.36)
0X 4
so that (3.33) becomes
dx,-ei = (EAGZ‘ ®EA)dXBEB = .FiAdXAeZ' (337)
or, in pure component form,
dLL‘i = Xi,AdXA = FiAdXA . (338)

A deformation is termed spatially homogeneous, if the deformation gradient F is inde-

pendent of X, or equivalently, if the motion x is linear in X.
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Example 3.2.1: Elementary spatially homogeneous deformations
Here, the coordinate systems {E4} and {e;} are taken to coincide.

(a) Let x(Xa,t) = aXie; + Xoes + X3es, where a > 1. In this case,

[Fia]l =

o O Q
=)
- O O

This corresponds to pure stretch in the E;-direction.

(b) Let x(Xa,t) = (X1 + BX2)er + Xoes + Xse3, where 8> 0. In this case,

6 0
[Fial = |0 1 0
0 1

OO =

This corresponds to simple shear in the (Eq, Es)-plane (see also Exercise 3-8).

(c) Let x(Xa,t) = (X1 +vX2)er + (v X1 + X2)ea + X3es, where v > 0. In this case,

[Fia] =

O 2 =
O 2
= o O

This corresponds to pure shear in the (E1, Es)-plane.

(d) Let x(Xa,t) =0X €1 + 6Xoes + §X3e3, where § > 0. In this case,

1)
[Fial = | O
0

S o> O
S5 O O

This is case of pure dilatation, that is, deformation that involves only change of volume.

The preceding are examples of spatially homogeneous deformation. The figure shows projections of typical
deformed configurations of a unit cube on the (Eq, E5)-plane.

b —a=15 b —pB=05 b — =05 b —di=15
[—a=13] =03 g [—=o=13]

At this stage, it is important to recognize that the tensor F maps any vector at a
point X € Ry to some vector at the point x € R. Therefore, the domain of F is the
set T'x R of all vectors emanating from X € Ry, while its range is the set TR of all vectors
emanating from x € R, see Figure 3.8. While is it obvious that each of TxRy and T, R

spans the entire E3, they are distinguished from one another by the different points of ori-
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gin (X ovs. x) in their vectors. Therefore, F is formally taken to belong to L(TxRo, T, R),
which is the set of all tensors mapping vectors in Tx Ry to vectors in T, R. It is clear from
(3.36) and the preceding discussion that the deformation gradient is a two-point tensor with
basis {e; ® E4}. The differentiation between vectors in Ty Ry and TR is underlined by the

selection of different bases {E4} and {e;} to represent them.

Ro R

Figure 3.8. Vectors at point X in the reference configuration and at point x in the current

configuration.

Recall now that the placement mapping x, is assumed invertible for any given ¢. Also,
recall the inverse function theorem of real analysis, which, in the case of the mapping x, can

be stated as follows: For a fixed time t, let x, : Ro — R be continuously differentiable (that

0 0
is, a—);g exists and is continuous) and consider an X € Ry, such that J = det a—);(t(X) # 0.
Then, there is an open neighborhood Py of X in Ry and an open neighborhood P of R, such
that x,(Po) = P and x, has a continuously differentiable inverse x; ', so that x; ' (P) = P,

o -1
as in Figure 3.9. Moreover, for any x € P, X = x; *(x) and Xta—(x> = (F(X,t))"". The
X

last equation means that the derivative of the inverse motion with respect to x is identical

to the inverse of the derivative of the motion with respect to X.

Figure 3.9. Application of the inverse function theorem to the motion x at a fixed time t.
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As stipulated by the inverse function theorem, the continuously differentiable mapping X,
is invertible at a point X for a given time ¢, if the Jacobian determinant (or, simply, the
Jacobian) J = det F satisfies the condition J # 0 at X for the given time ¢. In this case, by

virtue of the inverse function theorem, the inverse deformation gradient F~! satisfies

Ox; ' (x)

dX =
ox

dx = Fldx . (3.39)

Using components, the inverse F~! € L(T, R, TxR) of F may be expressed as

-1 aXt_j -1
F = —EA®eZ- = FAi EA®ez~ s (340)
81@
where [F!] = [F;a]™'. The placement mapping X, is invertible at time ¢, if it is invertible

at every point X, which is guaranteed by the condition det J # 0 for all X € R,.
Note that, based on (3.36) and (3.40),

F'F = E,®E; =1 , FF! = Q¢ = i, (3.41)

where a distinction needs to be made between the referential identity tensor I and the spatial
identity tensor i.  For the class of two-point tensors such as F, there is a corresponding
two-point identity tensor which is defined as @ = d;4e; ® E4.” Likewise, note that the
definition (2.30) of the transpose of a tensor applies also to two-point tensors.® By this

token, the transpose FT € L(T,R,TxRy) of F has the component representation
FI' = F,Es®e; . (3.42)

Generally, the infinitesimal material line element represented by dX stretches and rotates

to dx under the action of F. To explore the effect of stretching, write
dX = MdS (3.43)

and
dx = mds (3.44)

"This implies that the component representation of the condition dx = dX (or, strictly, dx = 1X) is
dr; = 0;4dX 4, where ;4 plays the role of a shifter between the coordinate systems associated with the two

configurations.
8For two-point tensor, such as F, the definition (2.30) takes the form dx; - FdX, = FTdx; - dXg, for any

dxi and dX,.
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where M and m are unit vectors (that is, M- M = m - m = 1) in the direction of dX
and dx, respectively, while dS > 0 and ds > 0 are the infinitesimal lengths of dX and dx,
respectively, as in Figure 3.10. Next, define the stretch A of the infinitesimal material line

element represented by dX at time t as

ds
A = 75 (3.45)

and note that, using (3.33), (3.43) and (3.44),

dx =FdX = FMdS
= mds , (3.46)

hence, upon also invoking (3.45),
Am = FM . (3.47)

Since det F # 0, it follows from (3.47) that A # 0 and, in particular, that A > 0, given

that m and M are chosen to render dS and ds positive.

Ro R

Figure 3.10. Infinitesimal material line elements along vectors Ml and m in the reference and

current configuration, respectively.

To determine the value of A, take the dot-product of each side of (3.47) with itself and
exploit the unity of m and the defining property (2.30) of tensor transposes, which lead to

Am-dm = A (m-m) = )\
= (FM) - (FM)
=M - F'(FM)
= M- (F'F)M
=M-CM, (3.48)
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therefore,
M = M-CM. (3.49)

Here, C € L(TxRo, TxRo) is the right Cauchy-Green® deformation tensor, defined as
C = F'F, (3.50)
which, upon recalling (3.36) and (3.42), leads to the pure component representation
Cap = FiaFip . (3.51)

Is important to observe from (3.49) and (3.50) that C is symmetric and positive-definite, and
is defined with respect to the basis in the reference configuration. To appreciate the physical
significance of C, it can be said that, given a direction M in the reference configuration,
knowledge of C suffices for the determination of the stretch A of an infinitesimal material line

element directed along M when mapped to the current configuration.

Example 3.2.2: Stretching and rotation of a line element

Consider the two-dimensional deformation associated with the mapping x defined in component form as
1 = x1(Xa,t) = aXy
Ty = x2(Xa,t) = bXy,
3 = x3(Xa,t) = X3

|

where a and b are positive constants.
The components of the deformation gradient are

[Fi]Z{

while those of the right Cauchy-Green deformation tensor are

o O Q
o ot O
= o O

2

a 0 O
[CaB] = 0 b 0
0o 0 1

This is clearly a spatially homogeneous deformation.
The principal stretches and associated principal directions are trivially found to be A\ =a, Ao = b, A3 =1
and M1 = El, MQ = E2, and Mg = Eg.

The stretch along, say, M = %(El + E5) is found using (3.48), that is

1
M = M-CM = §(a2+b2),

9George Green (1793-1841) was a British physicist.
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A= ,/%(a2+b2).

An interesting question to pose (and one that can be answered by a simple experiment using a stretchable
sheet) is whether a material line element along M rotates under the mapping x. Recalling (3.47), it follows
that

therefore

1
§(a2+b2) m = FM |

%(a2+b2) [ m; ] = [
ms

ma 1 a
Mo = —— | b | .
JaZ L b2
ms a? +b 0
Comparing the component forms of m and M, it is readily concluded that m rotates relative to M unless
a="b.

or, in components,

a 0
0 b
0 0

— o
| I |
Sl

[\

which leads to

Alternatively, one may use (3.39), (3.43), and (3.44) to write, in analogy with the pre-

ceding derivation of C,

dX =Fldx = F 'mds
= MdS , (3.52)

hence, upon invoking once more (3.45),

1
M = F'm. (3.53)

Again, taking the dot-products of each side of (3.53) with itself, recalling the unity of M,
and the definition (2.30) of the transpose of a tensor, it follows that

1 1 1 1

X1\/[ : X1\/[ — ﬁ(M ‘M) = 1z (3.54)
= (F'm) - (F 'm)
=m-F 7 (F'm)
=m- (FTF1m

=m-B'm (3.55)

or
— = m-B'm. (3.56)
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Here, B € L(T, R, T, R) is the left Cauchy-Green tensor, defined as
B = FF” , (3.57)
which translates, in component form, to

Bi; = FiaFja, (3.58)

where use is made of (3.36) and (3.42). In contrast to C, the tensor B is defined with
respect to the basis in the current configuration, as seen from (3.58). Like C, it is easy
to establish from (3.56) and (3.57) that the tensor B is symmetric and positive-definite.
To articulate the physical importance of B, it can be said that, given a direction m in the
current configuration, B allows the determination of the stretch X of an infinitesimal element

along m which is mapped from the reference configuration.

Example 3.2.3: Sphere under homogeneous deformation
Consider the part of a deformable body which occupies a spherical region Py of radius o centered at the fixed
origin O of £2. The equation of the surface 9Py of the sphere can be written as

Y'Y = o7, (3.59)
where the position vector X of a point on 9P can be expressed as
Y = oM, (3.60)

where ¢ >0and M- M = 1.
Assume next that the body undergoes a spatially homogeneous deformation with deformation gradient F(¢),
so that (3.33) may be integrated in space to yield

y = FY, (3.61)
given the fixed origin. Setting X = X, this leads to
y = FY, (3.62)

where y(t) is the image of Y in the current configuration.

Po P

Recalling (3.47), let A(t) be the stretch of a material line element that lies along M in the reference
configuration, and m(t) the unit vector in the direction of this material line element at time ¢, as in the above
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figure. Then, Equations (3.47), (3.60) and (3.62) imply that
y = oclm. (3.63)
In addition, given (3.54) and (3.63), the left Cauchy-Green deformation tensor B(t) satisfies
y-Bly = o%. (3.64)

Recalling next the representation of the left Cauchy-Green deformation tensor in (3.107) and noting that
{m;} form an orthonormal basis in E?, the position vector y can be uniquely resolved in this basis as

R — (3.65)
Starting from Equation (3.107), one may write
3
B~ = ) A\;jmu@mg , (3.66)
i=1
and using (3.65) and (3.66), deduce that
y-B7ly = A%z (3.67)

It is readily seen then from (3.64) and (3.67) that

v, v

2
Y3 2
7+/\7§+ = O .

¥ A3

This demonstrates that, under a spatially homogeneous deformation, the spherical region Py is deformed into
an ellipsoid with principal semi-axes of length o ); along the principal directions of B, as shown in the above
figure.

Consider next the difference ds? — dS? in the square of the lengths of the material line

element represented by dX and dx in the reference and current configuration, respectively,
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as shown in Figure 3.10. With the aid of (3.33) and (3.50) this difference may be written as

ds* —dS? = dx-dx —dX -dX
= (FdX) - (FdX) — dX - dX
= dX - FT(FdX) — dX - dX
= dX - (CdX) — dX - dX
= dX - (C—1)dX
= dX - 2EdX | (3.68)

where E € L(TxRo, TxRy), defined as
1 1 .
E = S(C-1) = S(FF-1) (3.69)

is the (relative) Lagrangian strain tensor. Using components, the preceding equation can be

written as

1 1
Eap = é(OAB —0aB) = §(Fz‘AFz‘B —04B) ; (3.70)

which shows that the Lagrangian strain tensor E is defined with respect to the basis in
the reference configuration. In addition, E is clearly symmetric and vanishes when the body
undergoes no deformation between the reference and the current configuration, that is, when
C = I. The inclusion of the factor “2” in (3.68), which, in turn, results in the factor “%”
in (3.69), can be motivated from Exercise 3-10.

The difference ds* — dS? may be also written with the aid of (3.39) and (3.57) as

ds® —dS* = dx-dx —dX-dX
= dx - dx — (F'dx) - (F'dx)
= dx - dx —dx - F~ T (F~ldx)
= dx - dx — (dx - B7'dx)

= dx-(i— B Hdx
= dx - 2edx , (3.71)
where e € L(T, R, T, R), defined as
L. —1 P S
e = 5(1—B ) = 5(1—F F7) (3.72)
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is the (relative) Fulerian strain tensor or Almansi*® strain tensor. Using components, one

may rewrite the preceding equations as
_ 1 1
ey = (05— B') = 50 = FilFL) (3.73)

Like E, the tensor e is symmetric and vanishes when the current configuration remains un-
deformed relative to the reference configuration (that is, when B = i). However, unlike E,
the tensor e is naturally resolved into components on the basis in the current configura-
tion.

Example 3.2.4: Lagrangian and Eulerian strain
Consider again the deformation in Example 3.2.2. Using (3.70), the components of the Lagrangian strain tensor

are given as
1 a?—1 0 0
[EaB] = 3 0 -1 0| .

0 0 0

Likewise, the components of the Eulerian strain tensor are written, with the aid of (3.73), as

1 1—a? 0 0
[eij] = = 0 1 —b_2 0 °
0

2 0 0

Consider now the transformation of an infinitesimal material volume element dV of the
reference configuration to its image dv in the current configuration under the motion x. The
referential volume element is represented by an infinitesimal parallelepiped with sides dX!,
dX?, and dX3, anchored at point X. Likewise, its spatial counterpart is the infinitesimal
parallelepiped at x with sides dx!, dx?, and dx3, where each dx' is the image of dX* under x,

see Figure 3.11.

To relate the two infinitesimal volume elements, first note that
dV = dX'.(dX? x dX?) = dX?. (dX? x dX') = dX3. (dX' x dX?) , (3.74)

where each of the representations of dV in (3.74) corresponds to the scalar triple product
[dX1, dX? dX3] of the vectors dX!, dX? and dX3. Taking into account the definition of the

Emilio Almansi (1869-1948) was an Italian physicist and mathematician.
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Figure 3.11. Mapping of an infinitesimal material volume element dV to its image dv in the

current configuration.

determinant in (2.53)s, this leads to

dv = dx' - (dx* x dx?)
= (FdX") - [(FdX?) x (FdX?)]
= [FdX', FdX? FdX?|
= det F[dX!, dX?, dX?]
= JdV | (3.75)

or, simply,

dv = JdV . (3.76)

Here, one may argue that if, by convention, dV' > 0 (which is true as long as the triad
{dX?!,dX? dX3} observes the right-hand rule), then the relative orientation of the line ele-
ments {dx!, dx?, dx?} is preserved during the motion if J > 0 everywhere and at all times.
Indeed, since the motion is assumed smooth in time and invertible, any changes in the sign
of J would necessarily imply that there exists a time ¢ at which J = 0 at some material
point(s), which would violate the assumption of invertibility of the motion at any given
time. Based on the preceding observation, the Jacobian J will be considered henceforth to
be positive at all times.

Motions for which dv = dV (that is, J = 1) for all infinitesimal material volume ele-
ments dV at all times are called isochoric (or volume-preserving).

Consider next the transformation of an infinitesimal material surface element of area dA
in the reference configuration to its image of area da in the current configuration. The

referential surface element is represented by the parallelogram formed by the infinitesimal
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material line elements dX' and dX?2, such that
dA = dX'x dX? — NdA (3.77)

where dA is the infinitesimal area vector and N is the unit normal to the surface element
consistently with the right-hand rule, see Figure 3.12. Similarly, in the current configuration,

one may write

da = dx' x dx* = nda , (3.78)

where n is the corresponding unit normal to the surface element defined by the images dx!

and dx? of X! and X? under . Next, let dX be any infinitesimal material line element, such

Figure 3.12. Mapping of an infinitesimal material surface element dA to its image da in the

current configuration.

that N-dX > 0 and consider the infinitesimal volumes dV and dv formed by {dX*', dX? dX}
and {dx', dx?, dx}, respectively. It follows from (3.33), (3.74) and (3.75) that

dv = dx - (dx' x dx*) = dx-nda = (FdX)-nda

= JdV
= JdX - (dX' x dX?) = JdX - NdA , (3.79)
which implies that
(FdX) -nda = JdX-NdA , (3.80)
hence also
dX - (F'nda — JNdA) = 0. (3.81)

In view of the arbitrariness of dX, this leads to

nda = JF TNdA , (3.82)
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which is known as Nanson’s ' formula. Taking the dot-product of each side in (3.82) with
itself and recalling (3.50) yields

da® = J*FIN-FTNdA?> = J°N-C 'NdA?, (3.83)
therefore, since J is positive and C™! positive-definite,

lda| = JVN-C N |dA]| . (3.84)

Employing an earlier argument made for infinitesimal volume transformations, if an infinites-
imal material line element satisfies dA > 0, then it should be also true that da > 0 at all

times. This implies that Equation (3.84) becomes simply
da = JVN-C-INdA . (3.85)

While, in general, the infinitesimal material line element represented by dX is both
stretched and rotated due to F, neither C (or B) nor E (or e) yield complete information
regarding the change in orientation of dX. To extract such rotation-related information
from F, recall the polar decomposition theorem, which states that any invertible tensor F

can be uniquely decomposed into
F = RU = VR, (3.86)

where R is an orthogonal tensor and U, V are symmetric positive-definite tensors. In com-

ponent form, the polar decomposition is expressed as'?
Fia = RipUpa = VijRja . (3.87)

The pairs of tensors (R, U) or (R, V) are the polar factors of F. The tensors U and V are
called the right stretch tensor and the left stretch tensor, respectively. It follows from (3.87)

that the component representations of these tensors are
U = UABEA®EB s V = Vijel-®ej s (388)

that is, U € L(TxRy,TxRo) and V € L(T,R,T,R), so that they are naturally resolved on
the bases of the reference and current configuration, respectively. Also, R € L(T,R,TxRyo),

like F', is a two-point tensor, with coordinate representation

HEdward J. Nanson (1850-1936) was an English-born Australian mathematician.
12 Alternative component representations, such as Fj4 = R;;U;p are excluded due to the symmetry of U.

Indeed, if U = U, 4e; ® E 4, then, by virtue of the definition in (2.30), UT = U;sE4 ® e; and U # UT.

ME185



The deformation gradient and other measures of deformation 63

Taking the determinants of (3.86), the condition J > 0 and the positive-definiteness of
U, V implies that det R = 1, therefore the polar factor R is not just orthogonal, but
proper orthogonal. A proof of the polar decomposition theorem is left to the reader (see
Exercise 3-19).

It follows from (3.50), (3.86);, and the orthogonality of R that

C = F'F = (RU)’(RU) = U'R'RU = UU = U?. (3.90)
Likewise, taking into account (3.57), (3.86)s, and, once again, the orthogonality of R that
B = FF' = (VR)(VR)! = VRR'V = VV = V2. (3.91)

Given their respective relations to C and B, it is clear that U and V may be used to
determine the stretch of the infinitesimal material line element represented by dX, which
justifies their name.

Next, a geometric interpretation is obtained for the polar decomposition decomposition,
starting with the right polar decomposition (3.86);. To this end, taking into account (3.33),
write

dx = FdX = (RU)dX = R(UdX). (3.92)
This suggests that the deformation of dX may be interpreted as taking place in two stages.
In the first one, the vector dX is mapped into dX’ = UdX of length dS’, while in the second
one, dX', is mapped into RdX’' = dx. Using (3.43), (3.49), (3.90), and the symmetry of U,
one finds that

dS"? = dX'-dX'

= (UdX) - (UdX)

= dX - UT(UdX)

= dX - CdX

= (MdS) - (CMadS)

= dS*M - CM

= \%dS? (3.93)
which, upon recalling (3.45) implies that dX’, obtained under the action of U on dX, has
the same differential length as dx. Subsequently, recalling (3.92) and the definition of dX’,

write

dx-dx = (RdX')- (RdX') = dX'- (R"RdX') = dX'-dX', (3.94)
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which confirms that R induces a length-preserving transformation on dX’. In conclusion,
the physical meaning of the right polar decomposition (3.86); is that, under the action of F,
the infinitesimal material line element represented by dX is first subjected to a stretch U,
generally accompanied by some rotation'?, to its final length ds, then is rigidly transformed
to its final state dx by R, see Figure 3.13.

dX ax’ dx

Figure 3.13. Interpretation of the right polar decomposition.

Turning attention to the left polar decomposition (3.86)s , note, with the aid of (3.33),
that

dx = FdX = (VR)dX = V(RdX) . (3.95)

This, again, implies that the deformation of dX may be interpreted as taking place in two
stages. In the first one, the vector dX is mapped into dx’ = RdX of length ds’, while in the

second one, dx’ is mapped into Vdx’' = dx. For the first step, note that

dx' - dx' = (RdX)-(RdX) = dX - (R'RdX) = dX-dX, (3.96)

which means that the mapping from dX to dx’ is length-preserving. For the second step,
recalling (3.95) and the definition of dx’, and employing (3.44), (3.56), (3.91), and the

13Note that, in general, UdX is not parallel to dX.
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symmetry of V write,
ds'? = dx' - dx/

= (V7ldx) - (Vldx)

=dx -V 1 (Vldx)

=dx-Bldx

= (mds) - (B"'mds)

=ds’m-B'm

= ds? (3.97)
which implies that V induces the full stretch A during the mapping of dx’ to dx. Thus, the
physical meaning of the left polar decomposition (3.86)s is that, under the action of F, the
infinitesimal material line element represented by dX is first subjected to a rigid transfor-
mation by R, followed by stretching (generally, with further rotation) to its final state dx
due to V, see Figure 3.14.

R A\
7N 7N
A
aX i, dx

Figure 3.14. Interpretation of the left polar decomposition.

It is conceptually desirable to explore the possible decomposition of the deformation
gradient into a pure rotation and a pure stretch or wice versa. To this end, consider first
the right polar decomposition in Equation (3.92). Here, for the stretch U to be pure, the
vectors dX and dX’ need to be parallel, namely

dX' = UdX = X, (3.98)
or, upon recalling (3.43),
UM = \M . (3.99)

Equation (3.99) represents a linear symmetric eigenvalue problem. The eigenvalues A4 > 0
of (3.99) are the principal stretches and the associated eigenvectors My are the principal

directions of stretch.
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As argued in Section 2.4, the spectral representation theorem implies that U may be

expressed as

3
U = ZA(A)M(A)@)M(A) , (3.100)
A=1

where {M7, My, M3} is a right-hand orthonormal basis consisting of unit eigenvectors of U.

In view of (3.90), the spectral representation (3.100) implies that

3 3
C =1 = (ZNA)M(A)@M(A)) (ZNB)M(B)@M(B))
B=1

A=1

3 3
=) > A (M @ M) (Mp) @ M)

= AAB) (Ma) - M5)) (M) ® M(5))

A=1 B=1
3
= D AyMw @ My (3.101)
A=1
and, by induction,
3
U™ = > XMy @My | (3.102)
A=1

for any integer m. More generally, U™ may be defined as above for any real m. Again, in
linear-algebraic terms this is tantamount to raising a diagonal 3 X 3 matrix to any power by
merely raising all of its components to that power, provided this operation is well-defined.
Also, it is clear from (3.102) that any two tensors U™ and U™ with m # n are co-axial.
Given (3.100), it is now possible to formally solve (3.90) for U, such that

U = CY?, (3.103)

since C is positive-definite, hence its eigenvalues {\4} are positive.
Following an analogous procedure for the left polar decomposition, note that for the left

stretch 'V to be pure it is necessary that
dx = Vdx' = \dx (3.104)
or, upon recalling (3.43) and (3.95),

VRM = \RM . (3.105)
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Comparing the eigenvalue problems in (3.99) and (3.105), it is readily concluded that U
and V have the same eigenvalues but the eigenvectors of V are rotated by R relative to those
of U. Appealing to the spectral representation theorem in (3.100), one finds from (3.105)

that
3

V = Z )\(i)m(i) 0 mj) (3106)
i=1
and also, in view of (3.91),
3
B = ) \ym;em; (3.107)
i=1

where \; and m; = RM;, ¢ = 1, 2, 3, are the principal stretches and the principal directions,

respectively. More generally, any (not necessarily integer) power of V can be expressed as

3
V™= 3 Afmg @my . (3.108)

=1

In particular, with reference to (3.91), the positive-definiteness of B allows for the formal

representation of V as

vV = BY/2. (3.109)

Example 3.2.5: A two-dimensional motion and deformation
Consider a motion x defined in component form as

r1 = x1(Xa,t) = (Vacos?)X; — (Vasind)Xs
ro = x2(Xa,t) = (Vasind)X; + (Vacosd)Xs
r3 = x3(Xa,t) = X3,

where a = a(t) > 0 and ¥ = ¥(¢). This is clearly a planar motion, specifically independent of X3.
The components F;4 = X; a of the deformation gradient can be easily determined as

Vacostd —y/asind 0
[Fia] = | Vasind /acosd 0
0 0 1

This is, again, a spatially homogeneous deformation. Further, note that det(F;4) = a > 0, hence the motion
is always invertible.
The components C'4p of C and the components Up of U can be directly determined as

|

[CaB] =

o O Q
o O
= O O
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and

Ja 0
[Uas] = [ 0 +a
0 0

- o O
1

Also, recall that
CM = \’M
which implies that A\; = Ay = /a and A3 = 1.
Given that U is known, one may apply the right polar decomposition to determine the rotation tensor R.
Indeed, in this case,

Vacosd —y/asind 0 ﬁ 0 0 cosy —sind 0
[Ria] = | Vasind /acosd 0 0 ﬁ 0| = | sind cosd 0 | .
0 0 1 o 0 1 0 0o 1

Note that this motion yields pure stretch for ¢ = 2km, where kK =0,1,2,.. ..

Now, attempt a reinterpretation of the right polar decomposition (3.86);, in light of
the discussion of principal stretches and directions. Indeed, when U acts on infinitesimal
material line elements which are aligned with its principal directions {M 4}, then it subjects
them to a pure stretch. Subsequently, the stretched elements are reoriented to their final

direction by the action of R, see Figure 3.15. A corresponding reinterpretation of the left

)» M2 /\3 RM3 )\QRMQ
>\3M3
AL }X/
\_7 # /\1 RM1

A My

Figure 3.15. Interpretation of the right polar decomposition relative to the principal directions

{M s} and associated principal stretches {\}.

polar decomposition can be realized along the preceding lines for the right decomposition.
Specifically, here the infinitesimal material line elements that are aligned with the principal
stretches {M 4} are first reoriented by R and subsequently subjected to a pure stretch to
their final length by the action of V|, see Figure 3.16.

Turning to the polar factor R in (3.86), recall that it is an orthogonal tensor, which,
according to (2.69), implies that det (RTR) = 1, hence det R = +1.

It is instructive at this point to consider the representation of a proper orthogonal ten-
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)-) Mo /\3R>t/[3/)\2RM2
\_7 >/ /\1 RM1

Figure 3.16. Interpretation of the left polar decomposition relative to the principal directions
{RM,} and associated principal stretches {\;}.

sor R, resolved on a common (i.e., not mixed) basis to be determined. In this case,
R'R—-12) = +—RT = —-(R-12)", (3.110)

where 2 denotes here the identity tensor in the common basis. Upon invoking elementary

properties of determinants, it follows from (3.110) that

det RT det(R —2) = det(R —1)

(3.111)
= —det(R—12)" = —det(R—1),

hence
det(R—12) = 0. (3.112)

Therefore, R has at least one unit eigenvalue. Denote p a unit eigenvector associated with
the above eigenvalue (there exist two such unit vectors which are equal and opposite), and
consider two unit vectors q and r = p x q that lie on a plane normal to p. It follows that
{p,q,r} form a right-hand orthonormal basis of E? and, thus, R can be expressed with

reference to this basis as

R = R,pp+RPRq+R,pRTr+ Rpq@p+ Ryyq®q+ Ryq®r
+R,rep+Rr®q+R,rr. (3.113)

Note that, since p is an eigenvector of R,
Rp = P = Rppp + quq + Rrpr = P, (3114>

which implies that
Ry =1, Ry =R, =0. (3.115)
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Moreover, given that R is orthogonal,
R'p = R'p = p = Ryp+Ruq+Ryr = p, (3.116)

therefore

Ry, = Ry = 0. (3.117)

Taking into account (3.115) and (3.117), the orthogonality condition RTR = 2 can be

expressed as

(P®P+RA®q+Ryr®@q+ Ryq@r + Rr @)
Pp®p+Rua®q+ R,q@r+ R r®q+ R,r®r)
= pOP+q®q+rer. (3.118)

and, after reducing the terms on the left-hand side,

PP+ (R, +R,)a®q+ (R, + R )r®r
+ (RygRyr + RegRp)a @1 + (R Ry + Ry Ryy)r ®
= pRp+qeq+rer. (3.119)

The above equation implies that

2 2
R +R, =1, (3.120)
R.L+R, =1, (3.121)
RyRy + RogRyr = 0, (3.122)
RywRyg + RypRyy = 0, (3.123)

where it is noted that Equations (3.122) and (3.123) are identical, as expected, due to the
symmetry of RTR. Equations (3.120) and (3.121) imply that there exist angles § and ¢,
such that

Ry, = cos® , R,, = sinf, (3.124)

and

R,, = cos¢ , R, = sing. (3.125)

It follows from (3.122) (or, equivalently, from (3.123)) that

cosfsing +sinfcos¢p = sin(f+¢) = 0, (3.126)
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thus
¢ = —0+2knw or ¢ = m—0+2km, (3.127)

where k is an arbitrary integer. It can be easily shown that the latter choice yields an

improper orthogonal tensor R (hence, is rejected), thus ¢ = —60 + 2k, and, given (3.125),
R,, = cos® , R, = —sinf. (3.128)
From (3.113), (3.115), (3.117), (3.124), and (3.128), it follows that R can be expressed as
R = p®p+cosf(qRq+r®r)—sinfd(qr—r®q) . (3.129)
Using components relative to the basis {p, q,r}, equation (3.129) implies that

1 0 0
[Rip)] = | 0 cosf —sinf | . (3.130)

0 sinf cosf

The angle 6 that appears in (3.129) can be geometrically interpreted as follows: let an

arbitrary vector x be written in terms of {p,q,r} as

X =pp + qq + rr, (3.131)
where
p=pPX , ¢ =9qX , T =T7r-"X, (3.132)
and note that
Rx = pp+ (gcosf — rsinf)q + (¢sind + rcosf)r . (3.133)

Equation (3.133) indicates that, under the action of R, the vector x remains unstretched
and it rotates by an angle # around the p-axis, where 6 is assumed positive when directed
from q to r in the sense of the right-hand rule. This justifies the characterization of R as a
rotation tensor. The representation (3.129) of a proper orthogonal tensor R is often referred
to as Rodrigues™ formula.

If R is improper orthogonal, the alternative solution in (3.127), in connection with the
negative unit eigenvalue p implies that Rx rotates by an angle 6 around the p-axis and is

also reflected relative to the origin of the orthonormal basis {p,q,r}.

“Benjamin Olinde Rodrigues (1795-1851) was a French mathematician and banker.
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Figure 3.17. Geometric interpretation of the rotation tensor R by its action on a vector x.

The preceding analysis may be repeated with only minor algebraic modifications for the
case of improper orthogonal tensors. However, upon noting that if R is proper orthogonal,
then —R is improper orthogonal, one may readily deduce the general representation of an
improper orthogonal tensor from (3.129). An immediate observation for improper orthogonal
tensors is that they possess an eigenvalue which is equal to —1. This means that there exists
a direction associated with the unit eigenvector p, such that Rp = —p. This explains why
improper orthogonal tensors are sometimes referred to as reflection tensors. Starting, again,
with the vector x in (3.131), Rx, with R improper orthogonal, rotates x by an angle 6
around the p-axis and is reflects relative to the origin of the orthonormal basis.

A simple counting check can now be employed to the polar decomposition (3.86). Indeed,
F has nine independent components and U (or V) has six independent components. At the
same time, R has three independent components, for instance two of the three components

of the unit eigenvector p and the angle 6.

3.3 Velocity gradient and other measures of deforma-

tion rate

Derivatives of the motion x with respect to time and space were discussed in Sections 3.1 and

3.2, respectively. In the present section, attention is turned to mixed space-time derivatives of

ME185



Velocity gradient and other measures of rate of deformation 73

the motion, which yield measures of the rate at which deformation occurs in the continuum.

To this end, write the material time derivative of F as

o (ax(x,t)> 0 e (X)) ON(x. 1) OX(X, 1)

ox ) T axXX) = Tk T T ax 0 B1

where use is made of (3.11)1, (3.34), and the chain rule. Also, in the above derivation the

change in the order of differentiation between the derivatives with respect to X and ¢ is
2

is continuous. The

allowed under the assumption that the mixed second derivative 8X>§t

preceding equation may be also written as
F = LF, (3.135)

in terms of the spatial velocity gradient tensor L € L(T, R, T, R), defined according to

ov
L — oradv — 3.136
gradv = = (3.136)
or, using components,
0v;

Therefore, Equation (3.135) may be expressed in pure component form as

Fiy = LiFja . (3.138)

Owing to (3.135), the spatial velocity gradient satisfies the equation

dv = g—;dx — Ldx . (3.139)
Since
dx = Lax = a(4x) = 4 (3.140)

Equation (3.139) may be alternatively expressed as

dx = Ldx . (3.141)

Example 3.3.1: Material time derivative of an infinitesimal volume element and
the Jacobian J

Recall that the infinitesimal volume element dv in the current configuration may be expressed as in (3.75);.
Upon taking the material time derivatives of both sides of this equation, one finds that

dv = dv' - (dx? x dx®) + dx" - (dv? x dx®) + dxt - (dx? x dv®)
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or, upon invoking (3.139),

o = Ldx! - (dx? x dx3) + dx! - (Ldx? x dx®) + dx" - (dx? x Ldx®)
= [Ldx!, dx?, dx3] + [dx', Ldx?, dx3] + [dx', dx?, Ldx®] .
It follows from the preceding equation and the definition of the trace of a tensor in (2.53); that

dv = trLdv = divvdy . (3.142)

This derivation is noteworthy because it does not depend on the existence of a reference configuration. An
alternative derivation of the same result is found in Exercise 3-33.
In light of (3.76) and (3.142), one may conclude that

therefore

J = Jdivv . (3.143)

Recalling that J = 1 for any isochoric motion, it follows from (3.143) that the condition =~v = 0 is necessary
for such motions. The same is also a sufficient condition, provided there is a configuration of the body at which
J =1
Next, recall that any tensor on a common basis can be uniquely decomposed into a
symmetric and a skew-symmetric part, therefore L can be written as
L=D+W, (3.144)
where D € L(T,R,T,R), defined as
1 T
D = §(L—|—L ), (3.145)

is the rate-of-deformation tensor, which is symmetric, while W € L(T,R,T,R), defined as

W = %(L ~ L7, (3.146)

is the wvorticity (or spin) tensor, which is skew-symmetric.
In view of (3.50), (3.145), and (3.135), one may employ the product rule to express the

material time derivative of the right Cauchy-Green deformation tensor C as
C =FIF = FTF+F'F = (LF)'F + F'(LF) = FT(LT + L)F = 2F'DF . (3.147)

This relation can be expressed in pure component form as

Cap = 2F4DyFip . (3.148)
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Likewise, for the left Cauchy-Green deformation tensor, one may use (3.57) and (3.135) in

conjunction with the product rule to write

B —FFT = FF’ + FF’ — (LF)F’ + F(LF)" = LB + BL” . (3.149)
In pure component form, this translates to

Bi; = LiyyByj + BipLjy, . (3.150)

Similar results may be readily obtained for the rates of the Lagrangian and Eulerian strain
tensors. Specifically, it can be immediately deduce with the aid of (3.69) and (3.147) that

E = F'DF (3.151)
and, also, by appeal to (3.72) and (3.149) that
1
é = §(B*1L +L'B™) (3.152)

see also Exercise 3-36.
Proceed now to discuss the physical interpretations of the tensors D and W. To this
end, start from (3.47), take the material time derivatives of both sides, and use (3.135) to

obtain the relation

Am 4+ A = FM + FM
= (LF)M = L(FM) = L(Am) = ALm . (3.153)

Note that in the above equation M = 0, since M is a fixed vector in the fixed reference

configuration, hence does not vary with time. Furthermore, given that m is a unit vector,

m-m = 2m-m = 0, (3.154)

that is, m is always orthogonal to m, see Figure 3.18. Upon taking the dot-product of each
side of (3.153) with the unit vector m, it follows that

Am-m+Am-m = A+ m-m = A(Lm) -m. (3.155)
In view of (3.154) and the unity of m, Equation (3.153) simplifies to

A = Am-Lm . (3.156)
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Figure 3.18. A unit vector m and its rate m.

Since, on account of (2.30) the skew-symmetric tensor W satisfies
m-Wm = m-(-W/')m = -m-Wm = —m-Wm, (3.157)

hence
m-Wm = 0, (3.158)

one may exploit (3.144) to rewrite (3.156) as
A= m - (D+W)m = \m-Dm (3.159)

or, alternatively, as
InA = m-Dm. (3.160)

Thus, the tensor D fully determines the material time derivative of the logarithmic stretch In A
for a material line element along a direction m in the current configuration. In particular,
this material time derivative equals to the projection of the vector Dm along the m-axis. In
fact, if m is taken to align with the basis vector e; (which can be done without any loss of
generality), then, according to (3.160), the material time derivative of the logarithmic stretch
along e; is equal to the diagonal component Dy, of D. For a geometric interpretation of the

off-diagonal components of D, see Exercise 3-37.

Example 3.3.2: Killing’s!® theorem
Recall that, by definition, the distance between any two material points in a rigid motion remains constant at

all time. This is equivalent to stating that

d
2y =
7 s 0,

where ds denotes, as usual, the distance between any two infinitesimally close points at time ¢. Upon using,
equivalently, the square of ds in the preceding condition, one concludes with the aid of (3.44), (3.141), (3.144),
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and (3.158) that

d d
ﬁds = a(dx - dx)
d(dx)
= 2d .
T
= 2dx - dv
= 2dx - Ldx

=2dx-Ddx = 0,

which holds true for any dx if, and only if, D = 0. This proves Killing's theorem, which asserts that D = 0 is
a necessary and sufficient condition for a motion to be rigid.

Given the definition of W in (3.146) and recalling (2.38) and (2.94), the associated axial

vector w satisfies the relation

W = §Eijijiek

1

= 7€k (Vi — Vij)ex
4
1

= Z(Eijkva’,i — €ijkVij)€n
1

= 7 (€ijrvji — €jirvii)en
1

= 56ijkV5,iCk

2
1
= chrlv . (3.161)

In this case, the axial vector w is called the vorticity vector.'

A motion is termed irrotational if W = 0 (or, equivalently, w = 0).

Example 3.3.3: Rates of deformation for a simple motion
Consider a motion whose velocity is given by

vV = {I(X,t) = ToTzeq + T3T1€2 + 3T1T2€3 .
The components of the spatial velocity gradient are found from (3.136) to be
0 I3 xTo
[L”] = X3 0 X1 s

3172 3581 0

while those of the rate-of-deformation tensor and vorticity tensor are found respectively from (3.145) and (3.146)

15Wilhelm Killing (1847-1923) was a German mathematician.
16In some references, the vorticity vector is defined as simply curl v, hence is taken to be two times the

axial vector of W.
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to be ~
0 I3 2!1)2
[D”} = I3 0 2.’171
L 23;‘2 2.131 0
and _
0 0 — X9
[Wu] = 0 0 —X1 o
L To X1 0

The components of the vorticity vector are given, according to (3.161), by

[wk} = |:—CL1'2] °
0

Let w = w(x, t) be the vorticity vector field at a given time ¢. The vortex line through x
at time ¢ is the space curve that passes through x and is tangent to the vorticity vector
field w at all of its points. Hence, in analogy to the definition of streamlines in (3.30), the

equations for vortex lines are
dy =w(y,t)dr , y(mn) = x , (tfixed) (3.162)

For an irrotational motion, any line passing through x at time ¢ is a vortex line.
Returning to the physical interpretation of W, note that starting from (3.153) and us-
ing (3.144) leads to

m = Lm—ém = (L—%i)m

A
= (D - Xi) m+ Wm | (3.163)

which holds for any direction m in the current configuration. Now, let m be a unit vector

that lies along a principal direction of D in the current configuration, hence
Dm = ym, (3.164)
where 7 is the eigenvalue of D associated with the eigenvector m. It follows from (3.160)
and (3.164) that i
m-Dm:wm-m:w:%:lnA, (3.165)

that is, the eigenvalues of D are equal to the material time derivatives of the logarithmic

stretches In A of line elements along the eigendirections m in the current configuration.
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Setting m = m in Equation (3.163) and using (3.164) and (3.165) leads to
m = Wm = wxm. (3.166)

Therefore, the material time derivative of a unit vector m along a principal direction of D
is determined by (3.166). Recalling from rigid-body dynamics the formula relating linear
to angular velocities, one may conclude that w plays the role of the angular velocity of a
line element which, in the current configuration, lies along a principal direction m of D,
see Figure 3.19. For all other directions m, Equation (3.163) implies that both D and W

contribute to the determination of m.

Figure 3.19. A physical interpretation of the vorticity vector w as angular velocity of a unit

eigenvector m of D.

Example 3.3.4: Vorticity and vortex lines in a circular flow
Consider a steady motion whose velocity is given by

v = v(x,t) = —azxse; +azries

where a > 0. The components of the spatial velocity gradient are found from (3.136) to be

] |

Since, here, L happens to be skew-symmetric, its components coincide with the components [W;;] of the
vorticity tensor W. Using (3.161), the vorticity vector is easily found to be w = ae3 and the vortex lines from
any point are defined as x3 = 7, as in the figure.

e e e

0 —a
[L”} = a 0
0 O
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Another useful physical interpretation of D and W is given in Exercise 3-41.

3.4 Superposed rigid-body motions

Consider a body £ undergoing a motion x : Ry X R — R and, take another invertible
motion x* : Rg X RT of the same body, such that

xt = xT(X,1), (3.167)

where x and x* differ by a rigid-body motion. Then, with reference to Figure 3.20, one
may write
xt = x"(Xt) = x"(xi ' (x), 1) = xF(x1), (3.168)
where X is a rigid-body motion superposed on the original motion x. One may equivalently
express (3.168) as
x' = x'(X) = x'(x) = x7 (X)) - (3.169)
Equation (3.169) implies that x;” may be thought of as the composition of the placement
x; with x,, that is,
X{ = X/ oXy s (3.170)
see also Section 2.4. Clearly, the superposed motion x*(x, ) is invertible for fixed ¢, since x™
is assumed invertible for fixed ¢, and, in view of (3.169) and (3.170), x;" ' = x,ox; "

Next, take a second point Y in the reference configuration, so that y = x(Y,t) and write

yt = xt(Y.t) = x"(xi'(y).t) = xt(y.1). (3.171)

Recalling that R and R differ only by a rigid transformation, one may conclude that

(x-y) (x-y) =@x"-y") - x"—y")
= [x"(xt) = x"(y, )] - [xT(x,t) = x" (v, 1)] (3.172)
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Figure 3.20. Configurations associated with motions x and x* differing by a superposed rigid-
body motion x*.

for all x, y in the region R at any time ¢. Since x and y are chosen independently, one may

differentiate (3.172) first with respect to, say, x to get

Oxt(x,t)]" _
xoy = |22 e - v (3.173)
Then, Equation (3.173) may be differentiated with respect to y, which leads to
. [ )]" [oxt(y.)
= . 3.174
' { ox oy ( )
Since the motion x* is invertible, Equation (3.174) may be equivalently written as
ox*(x1)]" ox*(y,0)]"
= = |t . 3.175
{ ox ay ( )

It follows that the left- and right-hand side of (3.175) should be necessarily functions of time
only, hence there is a tensor Q € L(T,R, T, R), such that

s o L

Equation (3.176) implies that

ox*(xt) _ oxt(y,t) _
el IO (3.177)

which, in view of (3.174), implies that QT (¢)Q(t) = i, therefore Q(t) is an orthogonal tensor.
Further, note that upon using (3.177) and the chain rule, the deformation gradient F* of
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the motion x " is written as

Ot _ OxTox

+ _
F - 9X  9x X

= QF . (3.178)

Since, by assumption, both motions x and x* lead to deformation gradients with positive
Jacobians, Equation (3.178) implies that det Q > 0, hence det Q = 1, that is, Q is proper
orthogonal.

Given that Q is a function of time only, Equation (3.177); may be directly integrated

with respect to x, leading to
x" = xT(xt) = Q(t)x+c(t), (3.179)

where c(t) is a vector function of time. Equation (3.179) is the general form of the rigid-body
motion X superposed on the original motion .

Examine next the transformation of the velocity v under a superposed rigid-body motion.
To this end, using (3.179), one finds that

=X (x.t) = [Q(t)x?r c(t)] = Q)x+ Qt)v +¢(t) . (3.180)

Since QQT =i, it can be readily concluded that

QQ” = QQ"+QQ" = 0. (3.181)
Setting
Q = QQF (3.182)
or, equivalently,
Q = QQ, (3.183)

it follows from (3.181) that the tensor Q € L(T,R,T,R) is skew-symmetric, hence is as-
sociated with an axial vector w(t). Returning to (3.180), write, with the aid of (3.179)
and (3.182),

vt = QQx+Qv+c¢c = Qx"—c)+Qv+c. (3.184)

Invoking the definition of the axial vector w in (2.36), one may further rewrite (3.184) as

vi = wxQx+Qv+e = wx(x"—c)+Qv+c. (3.185)
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It is clear from (3.184) and (3.185) that €2 and w can be thought of as the tensor and vector
representations of the angular velocity of the superposed rigid-body motion, respectively.
Consequently, the first term on the right-hand side of (3.184) or (3.185) signifies the contri-
bution to the velocity due to the angular velocity of the superposed rigid motion. In addition,
the second and third terms on the right-hand side of (3.184) or (3.185) correspond to the
apparent velocity and the translational velocity due to the superposed rigid-body motion,
respectively.
Starting from (3.184)y, it is also easy to show with the aid of (3.182) that

at = QQx+ 2’Qx +2QQv + Qa + ¢

. (3.186)
=Qxt —c)+ QP (x" —c) +2Q[vT - Q(x" —c) —¢] +Qa+¢é
or, equivalently,
a = wXxQx+wx (WxQx)+2wx Qv+ Qa+é
Q (w x Qx) Qv+Q (3.187)

=wx (xT—c)twx[wx x —c)]+2wx v —Qx"—c)—¢]+Qa+¢c.

The first term on the right-hand side of (3.186) or (3.187) is referred to as the Fuler ac-
celeration and is due to non-vanishing angular acceleration €2 of the superposed rigid-body
motion. Likewise, the second term is known as the centrifugal acceleration. Also, the third
term on the right-hand side of (3.186) is the Coriolis acceleration, while the last two are the
apparent acceleration in the rotated frame and the translational acceleration, respectively.

Given (3.178)3 and recalling the right polar decomposition of F in (3.86), write

F* =R'U"
_QF - ORU (3.188)

where R, R™ are proper orthogonal tensors and U, Ut are symmetric positive-definite

tensors. Since, clearly,
(QR)"(QR) = (R"Q")(QR) = R"(Q"QR = R'R =1 (3.189)

and also det (QR) = (det Q)(det R) = 1, therefore QR is proper orthogonal, the uniqueness

of the polar decomposition, in conjunction with (3.188), necessitates that
R = QR (3.190)

and
Ut = U. (3.191)

ME185



84 Kinematics of deformation

Similarly, Equation (3.178)3 and the left decomposition of F in (3.86), yield

F* = VIRT = V'(QR)

(3.192)
= QF = Q(VR),
which implies that
VTQR = QVR, (3.193)
hence,
vVt = QvQ'. (3.194)

It follows readily from (3.50) and (3.178)3 that
C" = F'F" = (QF)'(QF) = (F'Q")(QF) = F'(QQ")F = F'F = C (3.19)
and, correspondingly, from (3.57) and (3.178)s, that

BY = F'F" = (QF)(QF)" = (QF)(F'Q") = QFF")Q" = QBQ" . (3.196)

It follows from Equations (3.69), (3.72) and (3.195), (3.196) that

EY — %(c+—1) _ %(C—I) _ B (3.197)
and
e’ = %[i—(B*)l} = % i—(QBQ")™]
- J-Q7BQ Y
~ (- QB Q")
- 5Qli-BQ"
= QeQ” (3.198)

The transformation properties of other kinematic quantities of interest under superposed
rigid-body motion may be established by appealing to the preceding results. For instance,

given (3.33) and (3.178)3, infinitesimal material line elements transform as
dx* = FrdX = (QF)dX = Q(FdX) = Qdx . (3.199)
In addition, given (3.49) and (3.195), it follows that

(AT = M-C'M = M-CM = )\, (3.200)
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that is, the stretch A remains unchanged under superposed rigid-body motions, as expected.
Similarly, recalling (3.76) and taking into account (3.178)s, infinitesimal material volume

elements transform as
dvt = JtdV = det(QF)dV = (det Q)(det F)dV = (detF)dV = JdV = dv. (3.201)

For infinitesimal material area elements, Equation (3.82), in conjunction with (3.178)s, give
rise to
da® =n'da™ = JH(F")"TNdA

= J(QF) 'NdA = J(Q 'FT)NdA = JQF 'NdA = Qnda = Qda .

(3.202)
Now, taking the dot-product of each side of (3.202) with itself yields
(n*tda™) - (n*da™) = (Qnda) - (Qnda) , (3.203)
therefore (da™)? = da?, hence also
da*t = da , (3.204)
provided da is taken to be positive from the outset, and also
nt = Qn. (3.205)

Example 3.4.1: A special superposed rigid-body motion
Consider the special case where x(X,t) = X, that is, the motion is such that the body remains in its reference
configuration at all times. Now, Equation (3.179)3 reduces to

xT = QX +c,
and, since the velocity v vanishes, Equation (3.180) becomes
+

vt = wx (xt —c)+¢.

A geometric interpretation of the preceding equation is demonstrated in Figure 3.21.
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Figure 3.21. A rigid-motion motion superposed on the reference configuration

For this case, and in light of the vanishing deformation (F = I), equations (3.178)3, (3.195), (3.196),
(3.197) and (3.198) imply that

FfF=Q , Ct=1, B" =i, Eft =0, et =0.

Lastly, examine how the various tensorial measures of deformation rate transform under
superposed rigid-body motions. Starting from the definition (3.136) of the spatial velocity
gradient, write

ovt 0

o(Qv)

=
+ ox+

9(Qv) Ix
ox  Ox*
—0+Q7 Q7 (x" o)

= Q+QLQ”, (3.206)

-0+

where use is also made of (3.179), (3.184), and the chain rule. Also, the rate-of-deformation

tensor D transforms according to

D* = %(L* +L*T)
= 5(@+QLQ") + (2 + QLQT)
= %(Q + Q7)) + Q%(L +1LNHQT
= QDQ", (3.207)
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where use is made of the skew-symmetry of €. Likewise, for the vorticity tensor W, one

may write

1
Wt = §(L+ — LT

1

- S(@+QLQ") - (2 +QLQ")”

= (@ 07)+ QL -T)Q"
=Q+QWQ". (3.208)

Example 3.4.2: Powers of objective spatial tensors
Consider any objective spatial tensor, such as the rate-of-deformation D. In this case, D? is also objective.
Indeed,

(D*)? = D'D* = (QDQ")(QDQ") = QD(Q'Q)DQ" = QD’Q" .

The fact that D™ is objective, for any positive integer n, can be readily proved using mathematical induction.

A vector or tensor is called objective if it transforms under superposed rigid-body motions
in the same manner as its basis, when the latter is itself subject to rigid transformation due to
the superposed motion. In this case, the spatial basis {e;} would transform to {Qe;}, while
the referential basis {E4} would remain unchanged, since the reference configuration is not
affected by the rigid-body motion superposed on the current configuration, see Figure 3.22.
The immediate implication of objectivity is that the components of an objective vector or
tensor relative to such a basis are unchanged under a superposed rigid-body motion over
their values in the original deformed configuration.

Adopting the preceding definition of objectivity, a spatial vector field is objective if it
transforms according to ()T = Q(-), while a referential one is objective if it remains
unchanged. Hence, the line element dx and the unit normal n are objective, according
to (3.199) and (3.205), while the velocity v and the acceleration a are not objective, as
seen from (3.180) and (3.186). Likewise, a spatial tensor field is objective if it transforms
according to (-)T = Q(-)Q*. This is because its tensor basis {e; ® e;} would transform
to {(Qe;) ® (Qe;)} = Q{e; ® €;}QT. Hence, spatial tensors such as B, V, e, and D are
objective, in view of Equations (3.196), (3.194), (3.198), and (3.207), while L and W are
not objective, due to the form of their transformation rules in (3.136) and (3.146). As
argued in the case of vectors, referential tensor fields are objective when they do not change

under superposed rigid-body motions. Hence, C, U and E are objective, as stipulated
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Ro

R

Figure 3.22. Basis vectors in Ry and R and rigidly rotated basis vectors in R*.

by (3.195), (3.191) and (3.197). It is easily deduced that two-point tensors are objective if
they transform as ()™ = Q(-) or (-)* = (-)QT depending on whether the first or second
leg of the tensor is spatial, respectively. By this token, Equations (3.178)3 and (3.190)
imply that the deformation gradient F and the rotation R are objective. Finally, scalars
are termed objective if they remain unchanged under superposed rigid-body motions. The
infinitesimal volume and area elements are examples of such objective tensors, according
to (3.194) and (3.204), respectively.

In closing, note that the superposed rigid-body motion operation ()+ commutes with

T 1

the transposition (-)7, inversion ()~ and material time derivative (-) operations. These

commutation properties can be verified by direct calculation.

3.5 Exercises

3-1. Consider a motion x of a deformable body %, defined by
xry = Xl(XA,t) = eftXl — teth + tX3,
xro = XQ(XA,t) = teitXl + eth — X3, (T)
z3 = x3(Xa,t) = €'Xz,
where all components have been taken with reference to a fixed orthonormal basis {e;, €2, e3}.
(a) Obtain directly from (f) an explicit functional form of the components of the inverse
xt_l of the motion x at a fixed time t.
(b) Determine the velocity vector v using the referential and the spatial description.

(¢) Identify any stagnation points for the given motion.
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(d)
(e)

Determine the acceleration vector a using the referential and the spatial description.

Let a scalar function ¢ be defined according to

¢ = ¢(x1,22,23,t) = axt,

where a is a constant. Express ¢ in referential form as ¢ = c;AS(Xl, Xo, X3,1).

Let a scalar function ¢ be defined according to

A~

= (X, Xo, X3,t) = bXit,

where b is a constant. Express 1 in spatial form as ¢ = zﬁ(xl, x9,x3,1).

Find the material time derivatives of ¢ and v using both their referential and spatial
representations.

Find the parametric form of the pathline for a particle which at time ¢ = 0 occupies the
point X = e; + e3. Also, plot the projection of the same pathline on the (¢, z;)- and
the (¢, x2)-plane for t € [0, 2].

3-2. A homogeneous motion x of a deformable body B is specified by

r1 = Xl(XA,t) = Xl + at,
zg = xo(Xa,t) = X',
r3 = x3(Xa,t) = X3,

where o and [ are non-zero constants, and all components are taken with reference to a
common fixed orthonormal basis {E}.

(a)
(b)
()

Determine the components of the deformation gradient F and verify that the above
motion is invertible at all times.

Determine the components of the velocity vector v in both the referential and spatial
descriptions.

Determine the particle pathline for a particle which at time ¢ = 0 occupies a point with
position vector X = E; + Ey. Sketch the particle pathline on the (x1, z2)-plane for the
special case a =1, 8 = 0.

Determine the stream line that at time ¢t = 1 passes through the point x = E;. Sketch
the stream line on the (x1,x2)-plane for the special case o« = 3 = 1.

Let a scalar function ¢ be defined according to

¢ = ¢(x,t) = camra + w2,
where c1, ¢ are constants. Find the material time derivative of ¢. Under what condi-
tion, if any, is the surface defined by ¢ = 0 material?

Determine the components of the proper orthogonal rotation tensor R and the sym-
metric positive-definite stretch tensor U, such that F = RU.
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3-3. Let the velocity field v of a continuum be expressed in spatial form as
vi(x;,t) = :U%@ . va(xg,t) = —1‘11‘% . vs(wi,t) = xst
with reference to a fixed orthonormal basis {e;, e, e3}.

(a) Calculate the acceleration field a in spatial form.

(b) Use Lagrange’s criterion to determine whether or not each of the following surfaces is
material:

1) filzit)=z1+22-t=0,
(ii) fg(aji,t) = X1Ty — 1=0.
3-4. Let the velocity components of a steady fluid motion be given by
vi(x;,t) = —axe , wvo(miyt) =axy , wv3(z;t) =0,
with reference to a fixed orthonormal basis {e1, ez, e3}, where a and b are positive constants.

(a) Show that divv = 0.

(b) Determine the streamlines of the flow in differential form and obtain a parametric form
of the streamline passing through x = e;.

3-5. Consider the scalar function f defined as

1
Svidijuj

F =3

where v; are the components of the spatial velocity vector v and A;; are the components of
a constant symmetric tensor A, with reference to a fixed orthonormal basis {e1, e2, e3}.

(a) Show that the material derivative of f is given by

. (%Z- a’l)i
f = EAZ‘J‘ + aixkAijvk vj .

(b) Evaluate f , assuming that A;; = cd;j, where c is a constant, and v; = x;t.
3-6. Let the motion of a planar body be such that the surface o defined by the equation
f(x1,me,t) = toy — o +t2-1 =0
is material at all times.

(a) Exploit the materiality of the surface o to deduce the components of the velocity in the
spatial description and confirm that the motion is steady.

(b) Determine the acceleration of the body in the spatial description.
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3-7.

(¢) Find the algebraic equation for the streamline that passes through the point with co-
ordinates (z1,z2) = (1,1).

Consider the planar velocity field
v = v(x,t) = x1(1+2t)e; + x2e2 ,
relative to the fixed orthonormal basis {e1, ez, es}.

(a) Determine the pathline of a particle which occupies the point X = e + e2 at time t = 0.
(b) Determine the streamline that passes through the point X = e; 4 ey at time ¢ = 0.
(¢) Determine the streak line at ¢ = 0 that passes through the point X = e; + es.

Plot the three lines on the same graph. Do they coincide? Do they have a common tangent
at X7

. A homogeneous motion x of a deformable body 4 is defined as

z1 = x1(Xa,t) = X1 + 7X2,
XQ(XA7t) = X27
z3 = x3(Xa,t) = X3,

Z2

where () is a non-negative function with «(0) = 0, and all components are resolved on fixed
orthonormal bases {E4} and {e;} in the reference and current configuration, respectively.
This motion is termed simple shear.

(a) Determine the components of the deformation gradient F and verify that the motion is
invertible at all times.

(b) Determine the components of the right and left Cauchy-Green deformation tensors C
and B, respectively.

(c) Obtain the principal stretches A4, A = 1,2,3, and an orthonormal set of vectors M 4,
A =1,2,3, along the associated principal directions in the reference configuration.

(d) Determine the components of the right and left stretch tensors U and V| respectively,
as well as the components of the rotation tensor R.

(e) Let # occupy a region Ry in its reference configuration, where
Ro = {(X1,X2,X3) | | X1]<1,|Xy|<1}.

Sketch the projection of the deformed configuration on the (X7, X2)-plane at any given
time ¢. In this sketch, include the images of infinitesimal material line elements which
in the reference configuration lie in the directions E;, Eo and %(El + E;). How much
stretch and rotation has each of these line elements experienced relative to the reference
configuration?
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3-9. A homogeneous motion x of a deformable body 4 is specified in component form as
T = x1(Xa,t) = X1 + tXo,
T2 = X2(XA7t) — _tXl + X2 )
r3 = x3(Xat) = Xz,
where all components are taken with reference to fixed coincident orthonormal bases {E 4}
and {e;} in the reference and current configuration, respectively.
(a) Verify that the body occupies the reference configuration at time t = 0.

(b) Determine the components of the deformation gradient F and establish that the above
motion is invertible at all times.

(¢) Find the components of the proper orthogonal rotation tensor R and the symmetric
positive-definite stretch tensor U, such that F = RU.

(d) Determine the components of the velocity vector v in both the referential and spatial
descriptions.

(e) Identify the coordinates (x1,x2) of any stagnation points for all time t.

(f) Plot the path-line in the (x1,x2)-plane for a particle which at time ¢ = 0 occupies a
point with position vector X = E; + Eo.

(g) Plot the stream-line in the (x1,x2)-plane at time ¢ = 0 which passes through the point
X =e] + eq.

(h) Let a scalar function ¢ be defined according to

¢ = d(x,t) = 21—ty .

Find the material time derivative of ¢. Is the surface defined by ¢ = 0 material?

3-10. Let the displacement vector u be defined at time ¢ for any material point X according to
u(X,t) = x — X,
where X and x denote the position vectors of the material point X in the reference and

current configuration, respectively. Also recall that fixed orthonormal bases {E4} and {e;}
are associated with the reference and the current configuration, respectively, so that

u = UAEA = u;e; .
(a) Verify that, in component form,

8’U,B
Fip = 6; ——0;B -
A A+ 9X 4 B

(b) Show that the Lagrangian strain tensor E can be expressed as

1
E = §(Gradu + Grad’u + Grad"uGradu) ,

in terms of the referential displacement gradient tensor Grad u, defined as

ouy

Gradu = X5

Es®EpR.
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(¢) Verify that, in component form,

_ ou;
Ful = 0ai— a—gj&Aj :

(d) Show that the Eulerian strain tensor e can be expressed as
1
e = E(gradu + gradTu — gradTugradu) ,
in terms of the spatial displacement gradient tensor gradu, defined as

811,,‘
gradu = 87jei ®ej .

3-11. Consider any two infinitesimal material line elements dX") = MM dSM and dX® = M@ 5®)
that originate at the same point X in the reference configuration and let © € [0, 7] be the
angle between unit vectors M® and M®. The above line elements are mapped respectively
to dx = mWdsM and dx® = m®ds®? in the current configuration.

(a) Show that

cosf = M. cM® | (1)

A1 A2

where 6 € [0,7] is the angle between unit vectors m() and m®, and \;, Ay are the
stretches along directions M) and M® | respectively.

(b) Show that, under a superposed rigid-body motion,
ot = 6.

(c¢) Define the relative displacement gradient tensor H as

ou
H= o =F I

and use (1) to show that

cosf = [cos© + MY . H+HHYM? + MO . (HTH)M(Q)] .

1
A1 A2
3-12. The square body shown in the figure below undergoes a motion defined by

r1 = x1(Xa,t) = Xy,
T2 = XQ(XA7t) = X2+5(t)X1(1_X22)7
r3 = x3(Xat) = X,

where 3(t) > 0 is a given real-valued function of time, and all components have been taken
with respect to a fixed orthonormal basis {E;, E9, E3}.
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X

X4

— = —— = —

+— 1 —— 1 —+

(i) Determine the components F;q4 = x; 4 of the deformation gradient F and place a
restriction on § which ensures that J = det(x; 4) > 0 everywhere in the body.

(ii) Determine the components Cyp of the right Cauchy-Green deformation tensor C.

(iii) Calculate the stretch A of a material line element located in the reference configuration
at (X7,1) and pointing in the direction of the unit vector M = Ej.

(iv) Calculate the stretch X of a material line element located in the reference configuration
at (1, X2) and pointing in the direction of the unit vector M = Ey. For which value(s)
of X5 does A reach an extremum in this case and what is(are) the extremal values?

(v) Sketch the deformed shape of the line element Xo = 0.

3-13. Consider a continuum which undergoes a planar motion x of the form

1 = XI(X17X27t)7
T = XQ(X17X27t)7
r3 = x3(Xa,t) = X3,

where all components are taken with reference to a fixed orthonormal basis {Eq, Eg, E3}.
Suppose that at a given point X, an experimental measurement provides the following data:

e The stretch Ay = 0.8 of an infinitesimal material line element in the direction of the
unit vector M) = E;.

e The stretch Ay = 0.6 of an infinitesimal material line element in the direction of the
unit vector M2 = Es.

e The stretch A\, = 1.2 of an infinitesimal material line element in the direction of the
unit vector M(® = %(El + Eo).
(a) Using all of the above data, determine the components of the right Cauchy-Green
deformation tensor C and the relative Lagrangian strain tensor E at point X.

(b) Determine the stretch A at point X for an infinitesimal material line element in the
direction of the unit vector M = 1(3E; + 4Ey).
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3-14. Consider a continuum which undergoes a planar motion x of the form

r1 = x1(X1, X2, 1),
xy = x2(X1,X2,t),
r3 = x3(Xa,t) = X3,

where all components are taken with reference to a fixed orthonormal bases {E4} and {e;}.
Suppose that at a given material point P, an experimental measurement at time ¢ provides
the following data:

(i) The stretch A; = 2.0 of an infinitesimal material line element in the direction of
the unit vector M) = E;.

(ii) The stretch A2 = 1.0 of an infinitesimal material line element in the direction of
the unit vector M(?) = E,.

(iii) The angle # = 60° between the infinitesimal material line elements of (i) and (ii)
in the current configuration. Assume that these line elements lie in the current
configuration along the direction of unit vectors m® and m®, respectively.

Using only the above data, determine the following kinematic quantities for the material
point P at time t:

(a) The components of the right Cauchy-Green deformation tensor C and the relative
Lagrangian strain tensor E.
(b) The stretch A of an infinitesimal material line element in the direction of the unit vector

M = & (B + Ey).

(c) The Jacobian J of the deformation.

3-15. Consider a class of planar motions of a body, defined by

T = Xl(XA,t) = X7 + Oé(t)Xg,
XQ(XA,t) = Ck(t)XQ y
r3 = x3(Xa,t) = X3,

T2

where «(t) is a given scalar-valued function of time, and all components have been taken
with respect to a fixed orthonormal basis {E1, E9, E3}.

(a) Determine the components x; 4 of the deformation gradient F and place a restriction
on a which ensures that J = det(x; 4) > 0.

(b) Determine the components C4p of the right Cauchy-Green deformation tensor C.

(¢) Given that the rotation tensor R for homogeneous deformations in the plane of E; and

E5 can be expressed in the form

cosf@ sinf 0
(Ria) = | —sinf cosf 0 | ,
0 01
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apply the polar decomposition theorem to explicitly determine the components of the
rotation tensor R and the right stretch tensor U in terms of «.

(d) Calculate the stretch A of a material line element lying in the reference configuration
along the direction of the unit vector
1
M = —(El + Eo +E3).

V3

3-16. Let the motion of a planar body that occupies a square region Rg in the reference configu-
ration, as in the figure below, be given as

= a(Xat) = L2+ ab]X - LahXiXs
2 = yo(Xat) = —%[1+a(t)]+%[1—a(t)]X2,

r3 = x3(Xa,t) = X3,

where a(t) is a given function of time. Here, all components are taken relative to fixed
coincident orthonormal bases {E4} and {e;} in the reference and current configuration,
respectively.

X27 T2

Ro

(a) Determine the components of the deformation gradient tensor F and calculate the
Jacobian J.

(b) Place any restrictions on the function a(t), such that J > 0 for all points in Ry and for
all times.

(c) Verify that all material line elements which are parallel to the X;-axis in the reference
configuration remain straight and parallel to the same axis in the current configuration.

(d) Verify that all material line elements which are parallel to the Xs-axis in the reference
configuration remain straight in the current configuration.

(e) Use the information in parts (b)-(d) to draw a representative sketch of the deformed
configuration.
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(f) Determine the stretch A at time ¢ of an infinitesimal material line element located
at (X1,X2) = (1,—1) and oriented along the unit vector M = Ej3 in the reference
configuration.

3-17. Consider a planar body that occupies a square region Rg in the reference configuration.
Let the current configuration R be obtained by uniformly stretching the body along the
horizontal axis and subjecting it to a global 90-degree counterclockwise rotation, as in the
figure below.

4

(a) Deduce an expression for the coordinates (z1,z2) of an arbitrary point X at time ¢ as
a function of its coordinates (X1, X3) in the reference configuration.

(b) Determine the deformation gradient tensor F for any point at time ¢ and calculate the
Jacobian J.

(c) Calculate the components of the right Cauchy-Green deformation tensor C and the left
Cauchy-Green deformation tensor B.

(d) Find the components of the polar factors U, V, and R.

(e) Calculate the stretch A of a line element along the vector M = %(El + E») in the
reference configuration.

3-18. Consider a deformable body which in the reference configuration has a rectangular cross-
section of height h and width L, as in the following figure. At a fixed time ¢, the cross-section
is bent into an annulus of constant thickness h and average radius R = L/2m, such that:

e All straight material lines parallel to the Xj-axis in the reference configuration transform
to circular arcs in the current configuration, and
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All straight material lines parallel to the Xs-axis in the reference configuration remain
straight and radial in the current configuration.

Also, let the motion of the body be described by means of orthonormal basis vectors E 4
along the coinciding X 4- and xz;-axes of the figure.

(a)

(2)

T2, X2

current configuration

reference configuration

____________________________ |
Zy, Xl

Obtain an explicit expression for the coordinates (x1,z2) of an arbitrary point X at
time t as a function of its coordinates (X1, X3) in the reference configuration.

Determine the components of the deformation gradient tensor F for any point of the
cross-section at time t.

Determine the components of the right Cauchy-Green tensor C and the Lagrangian
strain tensor E at time ¢ as a function of X.

At the same time t, calculate the stretch A of a material line element located in the
reference configuration on the centerline (that is, at X9 = 0) and pointing along the
direction of the unit vector My, where

Repeat part (d) for an arbitrary material line element lying in the reference configuration
along the direction of the unit vector My, where

My = Es.

What can you conclude about the stretch of this material line element?

Determine the components of the left Cauchy-Green tensor B and the Eulerian strain
tensor e at time ¢ as a function of X.

With reference to the polar decomposition theorem, obtain the rotation tensor R and
the stretch tensors U and V at time ¢.

3-19. Prove the polar decomposition theorem for a tensor F' that satisfies det F > 0.
Hint: Start by observing that C = FT'F is necessarily positive-definite, then apply the spectral
representation theorem to C and calculate its square root.
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3-20. By direct appeal to the definitions in (2.53), show that the right and left Cauchy-Green
deformation tensors C and B have the same principal invariants.

3-21. Recall that any rotation tensor R can be represented by Rodrigues’ formula (3.129) and let
the components of a tensor Q be written with respect to a fixed orthonormal basis as

1 1 1
V3 V3 V3
1 1 0
[Qij] = V2 V2
1 1 2
V6 V6 3

(a) Verify that Q is proper orthogonal (that is, a rotation tensor).
(b) Determine the angle of rotation # and the unit eigenvector p of (3.129) for Q.

3-22. Recall Rodrigues’ formula for a rotation tensor Q in (3.129) and define a skew-symmetric
tensor K as
K=r®q—-qo®r.

(a) Show that the axial vector of K coincides with the unit eigenvector p of the tensor Q.

(b) Verify that the alternative version of Rodrigues’ formula
Q = I+sinfK + (1 — cosf)K?

holds true.

3-23. Although it is possible to obtain closed-form expressions of the polar factors R and U (or V)
as functions of a given non-singular F, it is much simpler to deduce them numerically using
an efficient iterative scheme. In particular, it can be shown that the iteration

1 -1
satisfies lim;, o U(,) = U, when starting with an initial guess U(g) = I. Subsequently, R
can be calculated from R = FU™!. Implement this iterative method in a computer program
and test it on the deformation gradients obtained in Exercise 3-8 (consider time t;, where
v(t1) = 1) and Exercise 3-18 (take L = 10, h = 1, and X9 = 0.5).

3-24. Consider a body Z# of infinite domain, which at time ¢ = 0 contains a spherical cavity of
radius A centered at a point O, as in the figure below. Without loss of generality, let the two
orthonormal bases E 4 and e; coincide and originate at O. At time ¢ = 0 an explosion occurs
inside the cavity and produces a spherically symmetric motion of the form

f(R, 1)

x = 1%, ()
where R = /X 4X 4 is the magnitude of the position vector X for an arbitrary point P in
the reference configuration. Since it can be easily verified from (}) that the cavity remains
spherical at all times, let its radius be denoted by a(t).
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(a) Determine the deformation gradient tensor F.

(b) Find the velocity and acceleration fields in the referential description.

(c) If the motion is assumed isochoric, show that

and represent the velocity and acceleration fields in the spatial description.

(d) Attempt to derive the expression of f in part (c) by a purely geometric argument, that

is, without making use of the results in parts (a) and (b).

3-25. A planar motion x of a deformable body 4 is specified in component form by

Also, all components in (T) are taken with respect to coincident fixed orthonormal bases E 4

where «, 8, are functions of time only, such that «(0) = 1, 3(0)

Let the body in the reference configuration (¢

and e;.
figure below.

(a) Determine the components of the deformation gradient F.

(b) Place any additional restrictions on « and /3, such that the motion be invertible for all

points and times.

(c) Find the stretch of a line element located at X,

M =

(d) Find the total volume of the body in the current configuration.

3-26. Consider a deformable body which at time ¢t

figure below. The body is subjected to a motion whose deformation gradient is specified in
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// XX

V4

X,,X

171
component form relative to a fixed orthonormal basis as

1
[Fia] = | O
0

o ™ Q
2 oo

where «, 8 and v are functions of time only, such that Sy > 0 at all times and «(0) = 0,
B(0) = v(0) = 1. Notice that the prescribed motion is spatially homogeneous (i.e., the
deformation gradient is independent of position in the reference configuration).

$3>X3
D
Ob L. .
C To, X
Al

/ b
'TlaXl

Determine the following geometric quantities in the current configuration, as functions of «,
B and ~:

The length [ of the material line element OE.

b
(c

(d) The total volume v of the body.

The cosine of the angle 6 between the material line elements OA and OC.

(a
(

The area a of the material face BCDE.

)
)
)
)
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3-27. Let the motion x of a deformable body be specified by

r1 = x1(Xa,t) = X1,
xg = x2(Xa,t) = Xo,
r3 = x3(Xa,t) = Xz+u(Xy,Xo),

where u(X7, Xo,t) is twice-differentiable in (X7, X2) and u(X7, X2,0) = 0. In the above,
all components are taken with reference to a fixed orthonormal basis E4 and e; in the
reference and current configuration, respectively. The deformation resulting from this motion
is referred to as an indexshear!antiplaneanti-plane shear.

Determine the components of the deformation gradient F and verify that the above
motion is isochoric (i.e., det F = 1).

Determine the components of the right Cauchy-Green deformation tensor C and the
Lagrangian strain tensor E.

Determine the stretches of material line elements which lie along the X;-, Xo-, and
X3-axis in the reference configuration.

Determine the rotations of the material line element of part (c).

3-28. Let a deformable body in the reference configuration occupy a region Ry comprised of two
subregions Rq and Rs separated from each other by a plane surface ¢ with unit normal Eg,
as in the following figure.

(i)

(i)

How do material line elements along E; and Eo deform under the effect of the defor-
mation gradient F?

Assume the deformation gradient is constant in each subregion with values F; and Fo,
respectively. Also, assume that the motion x(x,t) of the body is continuous in the
variable x throughout Rgy. Derive two algebraic conditions that need to be satisfied
by F = F; and F = Fs stemming from the manner in which these tensors operate on
infinitesimal line elements which lie on the plane o along the directions of the orthogonal
unit vectors E; and Eo depicted in the figure.
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(iii) Deduce that F; and Fo must be related according to
F, = Fi+g®E;,
where g is any vector.

Hint: Resolve F; and Fs on the coincident orthonormal bases (Eq, Eo, E3) and (eq, e2, €3),
and exploit the results of parts (i) and (ii).

3-29. Suppose that a homogeneous motion x of a deformable body £ is specified by

1 = x1(Xa,t) = X1 + t*X3,
x2 = x2(Xa,t) = Xo — tX3,
z3 = x3(Xa,t) = X3,

where all components are taken with reference to a fixed orthonormal basis E4 and e; in the
reference and current configuration, respectively.

(a) Determine the components of the deformation gradient F and verify that the above
motion is isochoric (i.e., det F = 1).

(b) Determine the components of the velocity v in both the referential and spatial descrip-
tions. Is the motion steady?

(c) Determine the components of the spatial velocity gradient L, the rate of deformation D
and the vorticity W.

(d) Calculate the pathline for a particle which at time ¢ = 0 occupies a point with position
vector X = E; + Eg + E3. Sketch this pathline on the (x1, z2)-plane.

(e) Calculate the streamline that passes through x = e; — e3 at time ¢ = 1. Sketch this
streamline on the (x1,z2)-plane.

(f) Calculate the material derivative of Inp, where p is the mass density in the current
configuration of the body.

3-30. Consider a planar motion x of a deformable body 4, of the general form

$1:X17

ry = x2(Xo,X3,1), (1)
xr3 = X3(X25X37t)5

where all components are taken with reference to a fixed orthonormal basis {e1, €2, e3}. Also,
recall Rodrigues’ formula (3.129) for the parametrization of a proper orthogonal tensor.

(a) Establish that for the planar motion as in (1), the components of the rotation tensor R
at a given point X and time ¢ can be written as

1 0 0
[Ria] = | 0 cosf —sinéb
0 sinf cosf
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(b) Recalling the symmetry of the right stretch U, show that
tanf =

where F;4 are the components of the deformation gradient F.

(c) Use the result of part (b) to obtain the components of the right stretch tensor U in the
form
1 F 0 0
Wasl = | 0 J+ 3y + F3,  FaFa + Fyly
0 FooFos + Fi3oFss J + F223 + F323

where J = det F and F = \/(Fa + F33)2 + (F32 — Ih3)?.

3-31. Show that at any given time ¢, the deformation gradient F at any point X can be uniquely
decomposed into

F = VsphFdevu

where V,;, corresponds to pure stretch of equal magnitude in all directions, while F g,
induces volume-preserving (or deviatoric) deformation.

3-32. A generalized Lagrangian strain is defined as

g _ [ (€2 = 1) ifm#£0
N %lnC ifm=0 "~

where I is the identity tensor and m is a real number. In the above,

3
C™? = Y APM;eM;
I=1

and
3

nC = > (InA\)M; @ M; ,
I=1

where A;, I = 1-3, are the principal stretches, while the vectors My, I = 1-3, lie along the
associated principal directions and form an orthonormal basis in E>.
(a) Verify that E?) coincides with the Lagrangian strain tensor E.

(b) Argue that E(-2) corresponds (in a certain sense that you should precisely identify) to
the Eulerian (Almansi) strain tensor e.

(c) Show that
lim E( = E©
m—0

The tensor E(© is known as the Hencky strain.

3-33. Recall that the scalar triple product [a,b,c] = a- (b x ¢) of vectors a, b and c satisfies

a-(bxc) = det [[a,-] , [bi] [CZH . (1)
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(a) Use (f) to show that

1
J = G €isk €ABC Ti A Tj,B ThC (1)

where J = det F and €;;, eapc are the components of the permutation symbol.
(b) Use (f) to deduce that

oJ
= JX 4,
D7 A, (#)
or, in direct notation,
oJ
— = JF 1.
OF

The tensor F* = JF~T is termed the adjugate of F.

(c) Use (f) to show that .
J = J'Um‘ = Jdivv.

3-34. Let the components of a velocity field v be specified with reference to an orthonormal basis
e; as
v1 = arxrz , v = —arrs , U3 = brg, (1)

where a and b are constants.

(a) Determine the components of the velocity gradient L.

(b) Obtain from (a) the components of the rate of deformation tensor D and the vorticity
tensor W.

(¢) Find the components of the axial vector w associated with the vorticity tensor obtained
in (b).

(d) What restrictions should be placed on a and b, so that the motion associated with the
velocity field (f) be (i) isochoric, or (ii) irrotational?

3-35. Consider a steady motion whose velocity has components
vy = T9w3 vy = —x1T3 v3 = 1,
relative to a fixed orthonormal basis {e;}.

Verify that the motion is isochoric.

Determine the components of the spatial velocity gradient tensor L.

Determine the components of the acceleration vector a.

Find the components of the rate-of-deformation tensor D and the vorticity tensor W.
Use the result of part (d) to deduce the components of the vorticity vector w.

Use the result of part (e) to find the equation of the vortex line that passes through the
origin of the coordinate system. Also, draw a sketch of this vortex line.
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3-36.

(a)

(b)

Show that
B! = -(B™'L + L'B™!),

where B is the left Cauchy-Green strain tensor and L is the spatial velocity gradient
tensor.

Use the result of part (a) to verify that
D =¢é + Le + eL,

where e is the relative Eulerian (Almansi) strain tensor and D is the rate of deformation
tensor.

3-37. Consider two infinitesimal material line elements dX; and dX5 in the reference configuration,
which are aligned with the unit vectors M and N, respectively.

3-38.

(a)

Show that
/\M/\Nm-n = 1\/[-(31\17

where Aj;, Ay are the stretches of dX; and dXs in the current configuration, m, n
are the unit vectors aligned to the same two infinitesimal material line elements in the
current configuration, and C is the right Cauchy-Green deformation tensor.

If 0 is the angle between the unit vectors m and n, deduce the relation
v A - .
— + — | cosf —0sinf = 2m-Dn (no summation on M, N) ,
AM AN

where D is the rate-of-deformation tensor.

If the unit vectors m and n are aligned to the unit vectors e; and ey of the orthonormal
basis {e;}, argue that the expression in part (b) reduces to

—0 = 2Dqy .

Also, comment on the physical interpretation of the off-diagonal components of the
tensor D.

Let dX = M dS be an infinitesimal material line element in the reference configuration
of a given body, and assume that it is mapped by the motion x to a line element
dx = mds in the current configuration, where both M and m are unit vectors. Show
that _

ds = m-Dmds

and
m = Lm — {m-Lm}m ,

where D is the rate of deformation tensor and L is the spatial velocity gradient tensor.
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(b) Let dA = N dA be an infinitesimal area element on a plane normal to the unit vector N
in the reference reference configuration of a given body, and assume that it is mapped
by the motion x to an area element da = nda on a plane normal to the unit vector n
in the current configuration. Show that

da = {ttD — n-Dnlda

and
n = {n-Lnln — LTn.

3-39. Let the velocity field of a continuum be given in spatial form as
V1 = T2%3, V2 = —I371, V3 = T122 .

(a) Show that the motion of the continuum is isochoric.

(b) Find the components of the spatial velocity gradient tensor L, as well as the components
of the rate of deformation tensor D and the vorticity tensor W.

(¢) Determine the rate of change of the logarithmic stretch for a material line element which
in the current configuration lies in the direction of the unit vector m = %(el +ey+e3).

(d) Determine the rate of change m of the orientation for a material line element which in
the current configuration lies in the direction of the unit vector m defined in part (c).

3-40. Recall that the velocity gradient tensor L can be uniquely decomposed into the (symmetric)
rate-of-deformation tensor D and the (skew-symmetric) vorticity tensor W, such that

L=D+ W.

(a) Show that

1
Dv = §grad(v-v) + Wy,

where v is the velocity vector. Use the result of part (a) and the definition of the
material time derivative to establish the identity

0 1
a = a—‘t[ + igrad(v-v) + 2w X v,

where a is the acceleration vector and w the vorticity vector (i.e., the axial vector
of W).

3-41. Recall that, according to the right polar decomposition, the deformation gradient tensor can
be written as
F = RU,

where R is a proper orthogonal tensor and U is a symmetric positive-definite tensor.
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(a) Show that the spatial velocity gradient tensor can be expressed as
L = Q + RUU'RT, 1)

where © = RR7.

(b) Use () to obtain expressions for the rate of deformation tensor D and the vorticity
tensor W.

(¢) Assume that at a given time t = ¢, the body passes through its reference configuration,
so that for any material point with position vector X in the reference configuration,
x = x(X,t) = X. Show that
D(x,t) = U

and '
W(x,t) = R.

3-42. Let v = v(x,t) be the spatial velocity for a body % and recall that the acceleration a may
be expressed in spatial form as

ov
a= —+Lv.
ot
(a) Use the preceding expression for the acceleration a to show that

0 (divv) +divLT - v+ LT . L,

diva = —
v a 875

where L is the spatial velocity gradient tensor.
(b) Show that

. o
divv = a(divv) +divL? v,

where div v denotes the material time derivative of div v.

(c) Use the results of parts (a) and (b) to conclude that
diva = divv+L" L.
(d) Conclude that the expression in part (c) may be alternatively written as
diva = dvv+D-D-W.-W |
where D is the rate-of-deformation tensor and W is the vorticity tensor.

3-43. Let the spatial acceleration gradient tensor grad a be written in component form as

das
grada = %ei@ej’
J

in terms of the components a; of the acceleration vector.
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(a) Show that )
F = (grada)F

where F is the deformation gradient tensor.

(b) Use the result of part (a) to show that
grada = L+L?,
where L is the spatial velocity gradient tensor.
(c) Show that the symmetric and skew-symmetric parts of grad a can be written as
sym(grada) = D + D? 4+ W?
skw(grada) = W + DW + WD |
respectively, where D is the rate-of-deformation tensor D and W is the vorticity ten-
sor W.
3-44. Consider motions x and x which differ by a superposed rigid-body motion, so that for any
particle that occupies point X in the common reference configuration,

x = x(X,t)

and
xt = xT(X,t)

at all times ¢. Then, it has been shown that
Xt = Q)x + cft),
where Q(t) is a proper orthogonal tensor and c(t) is a vector in E3.

(a) Recall that an infinitesimal material line element dX = M dS in the reference configura-
tion is mapped by the motion x to a line element dx = m ds in the current configuration.
Show that under a superposed rigid-body motion

m* = Qm,

and
dsT™ = ds.

(b) How do the following tensor quantities transform under superposed rigid motions? In-

dicate whether or not each quantity is objective.
(i) C2, (ii) B?, (iii) F, (iv) C, (v) B.

3-45. Show that, under superposed rigid motions, the ‘div’ and ‘curl’ operators “transform” as
divia = div(Qfa) , curlta = Qcuwl(QTa),

for any vector a in E3.
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Chapter 4

Physical Principles

4.1 The Reynolds transport theorem

Let P C R be an open and bounded region in £ with smooth boundary 9P and assume
that the same particles that occupy this region at time ¢ also occupy an open and bounded

region Py C Ry with smooth boundary 9P, at a fixed reference time ¢y, see Figure 4.1. In

X
=

Py Cpoop

Ro R oR
IRy
Figure 4.1. A region P with boundary OP and its image Py with boundary OP, in the reference

configuration.

addition, let a real-valued field ¢ be defined by a referential function gg :PoxR+— Rora
spatial function ¢ : P x R — R, that is, ¢ = ¢(X,t) = ¢(x,t). Both ¢ and ¢ are assumed
continuously differentiable in both of their arguments. In the forthcoming discussion of

balance laws, it is important to be able to manipulate expressions of the form

d ~

namely, material time derivatives of volume integrals defined over some time-dependent,

open, and bounded subset P of the current configuration.
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Example 4.1.1: Rate of change of volume

d d
Consider the integral in (4.1) for ¢ = 1. Here, 7 dv = = vol{(P)}, which is the rate of change at time ¢

of the total volume of the region occupied by the material particles that occupy P at time ¢.

Before evaluating (4.1), it is important to observe that the time differentiation and spa-
tial integration operations cannot be directly interchanged, because the region P over which
the integral is evaluated is itself a function of time. To circumvent this difficulty one may
proceed as follows: first, transform (“pull-back”) the integral to the (fixed) reference configu-
ration with the aid of (3.75); next, interchange the differentiation and integration operations
and evaluate the time derivative of the integrand; and, finally, transform (“push-forward”)
the integral back to the current configuration again with the aid of (3.75). Adopting this
approach and also recalling (3.143) leads to

/gbdv =2 ¢>Jdv
_/ 4
/ ( J+¢J
:/ [J+¢ dev)] dv
/<¢+¢dlvv>JdV

= / + gf)dlvv) dv . (4.2)

This result is known as the Reynolds' transport theorem. It is easy to see that, in addition
to real-valued fields ¢, the theorem applies also to vector and tensor fields without any

modifications.

A slightly different derivation of the Reynolds transport theorem is possible, which ac-

counts directly for the dependence of P on time and does not rely on the existence of a

1Osborne Reynolds (1842-1912) was a British mechanician.
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reference configuration. Specifically, appealing only to (3.142), one may write

/¢dv —/ ¢dv+¢dv)

- / [gbdv%—gb(divvdv)}
P
= /7)<q5+g5divv> dv . (4.3)

To interpret the Reynolds transport theorem, note that the left-hand side of (4.2) is the
rate of change of the integral of ¢ over the region P, when following the set of particles that
happen to occupy P at time ¢. The right-hand side of (4.2) consists of the sum of two terms:
The first one is due to the rate of change of ¢ for all particles that happen to occupy the
region P at time t; the second one is due to the rate of change of the volume occupied by
the same particles as they travel with velocity v.

The Reynolds transport theorem can be restated in a number of equivalent forms. One
such form is obtained from (4.2) by appealing to the definition of the material time derivative
in (3.19) and the divergence theorem (2.99) as

/(bdv —/ ¢+¢dlvv) dv

_/<g—(f+? v—|—¢d1vv> dv

90
= / a—(f + div(¢v)
/ —dv + gbv-nda . (4.4)

An alternative interpretation of the theorem is now in order. Here, the right-hand side
of (4.4) consists, again, of the sum of two terms: The first term is the rate of change of ¢
at time ¢ for all points that comprise the region P at that time; the second term is the flux
of ¢ as particles exit P across 0P with normal velocity v - n.

For the special case where P is a fized region in space, say P = P, it follows that

0 0
0? dv = g / ddv. Indeed, the preceding relation holds true since integration over P

1s is now uncoupled from partial-time differentiation. Therefore, starting from (4.4), the

Reynolds transport theorem may be expressed over a fixed region P as

d [ - o [ - -
a/,’)(bdv = a/,;¢d?}+ 873¢V'Ilda. (45)
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Now, the left hand side of (4.5) is the rate of change of the integral of ¢ over all the particles
located in the fixed region P at time ¢. In addition, the first term on the right-hand side
of (4.5) is now the rate of change of the integral of ¢ over the region P due to its explicit
dependence on time, while the second term is the flux of ¢ as particles exit P across the

fixed boundary 0P with normal velocity v - n.

Example 4.1.2: Area integral representing volume change
Consider again the special case ¢(x,t) = 1, which corresponds to the transport of volume. Here,

i dv = /divvdv :/ v-nda .
dt Jp P oP

This means that the rate of change of the volume occupied by the same material particles equals the boundary
integral of the normal component of the velgcity v-n of P, thatjs, the rate at which the volume of P changes
as the particles exit across the boundary 9P of the fixed region P which equals to P at time t.

Note that in the preceding derivations explicit reference was made to the specific function
(either gzg or gz~5) entering each volume integral. Henceforth, such reference will only be made

when deemed necessary for clarity.

4.2 The localization theorem

Another result with important implications in the study of balance laws is presented here by
way of background. Let ¢ : R x R — R be a function such that ¢ = ¢(x, ), where R C &2

Also, let ¢ be continuous in the space variable x. Then, assume that

/Pg%dv =0, (4.6)

for all P C R at a given time t. The localization theorem states that this is true if, and only
if, ¢ = 0 everywhere in R at time ¢.

To prove this result, first note that the “if” portion of the theorem is straightforward,
since, when ¢ = 0 in R, then (4.6) holds trivially true for any P € R. To prove the converse,
note that continuity of ¢ in the spatial argument x at a point xo € R means that for a given

time ¢ and every € > 0, there is a 0 = §(¢) > 0, such that

0(x,1) — ¢(x0,1)| < €, (4.7)

provided that
|x —xo| < d(e) . (4.8)
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Now proceed by contradiction and assume that there exists a point xg € R, such that, at a

given time ¢ and without loss of generality, ¢(xg,t) = ¢o > 0. Then, invoking continuity of

¢ in X, there exists a 0 = (5(%) > 0, such that

3(x,1) — S0, )| = 136x,) gl < 2 (19

whenever

I — x| < 5(%) | (4.10)

Next, define the region Ps that consists of all points of R for which |x — x| < ¢ (%), see

()

Figure 4.2. The domain R with a spherical subdomain Ps centered at x.

R

Figure 4.2. This is a sphere of radius § in £ with volume vol(Ps) = / dv > 0. It follows
Ps

from (4.9), that ¢(x,t) > % everywhere in Ps. This, in turn, implies that

/ pdv > %dv = %VOI(P(;) > 0, (4.11)
Ps Ps

which contradicts the assumption in (4.6). Therefore, the localization theorem holds true.
The localization theorem can be also proved with equal ease for vector- and tensor-valued

functions which satisfy the aforementioned properties of the real-valued function ¢.

4.3 Mass and mass density

Consider a body # and take any part . C 4, as in Figure 3.1. Define a set function
m : . — R with the following properties:

(i) m(.) >0, for all .¥ C # (that is, m non-negative),
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(il) m(0) =0,

(i) m(UX,.%) Zm ), where .7, € #,i=1,2,...,and . N.% = 0, if i # j (that

is, m Countably addltlve ).

A function m with the preceding properties is called a measure on . Assume here that
there exists such a measure m and refer to m (%) as the mass of body % and m(.) as the
mass of the part . of A.

In continuum mechanics, it is important to represent mass-dependent quantities, such as
linear and angular momentum, in terms of volume integrals. To enable this representation,
start with the body £, which occupies a region R C £? at time ¢ and consider also a part .
of the body, which occupies a region P C R at the same time. Under certain technical
conditions on m, it can be established that there exists a unique function p = p(x,t), such
that, for any function f = f(P,t) = f(x, t),

/ﬁfdm = /Rf“pdv (4.12)
/yfdm — /prdv, (4.13)

where dm may be thought of, somewhat loosely, as the differential mass associated with a

and

material point P in %. The function p(x,t) > 0 is termed the mass density.®> The mass
density of a particle P occupying point x in the current configuration may be thought of as

being derived by a limiting process as

p(x,t) = lim m(s)

50 vol(Ps) (4.14)

where P5; C £° denotes a sphere of radius § > 0 centered at x and .#; the part of the body
that occupies Py at time t, see Figure 4.3.

As a special case, one may consider the function f =1, so that (4.12) and (4.13) reduce

/@ dm - /R pdv = m(B) (4.15)

2A physical quantity that is additive for non-intersecting parts of the body is also called extensive.
3The existence of p is a direct consequence of a classical result in measure theory, known as the Radon-

to

Nikodym theorem.
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Figure 4.3. A limiting process used to define the mass density p at a point x in the current

configuration.

and

/ydm = /dev = m(Y) . (4.16)

An analogous definition of mass density can be furnished in the reference configuration,

where there is a unique function py = po(X), such that for any function f = f(P,t) = f(X, ),

/fdm = | fpodV (4.17)
B Ro

and

/fdm = [ fpodV . (4.18)
7

Po
Here, the mass density po(X) in the reference configuration may be again defined by a
limiting process, such that at a given point X,

po(X) = lim m(-7s)

d—0 VOI(PQ,(;) ’ (4'19)

where Py 5 C £ denotes a sphere of radius § > 0 centered at X and .% the part of the body

that occupies Py s at time t;. Also, as in the spatial case, one may write

/@ dm = /RO podV = m(AB) (4.20)

" /7 dm — /P podV = m(.F) . (4.21)

The mass density pg should not be confused with the referential description of the mass
density p at time ¢, that is, p = p(X,t) # po(X). Indeed, py it the mass density associated

with a material particle that occupies the position X at time %.
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4.4 The principle of mass conservation

The principle of mass conservation (also referred to as principle of balance of mass) states
that the mass of any material part of the body remains constant at all times. An implicit
assumption in stating this principle is that there is no exchange of mass between the body
and its surrounding matter, as would be the case, for instance, when a body grows or shrinks
by adding or losing mass, respectively. In such cases, the principle of mass conservation is
still applicable to the system of mass-exchanging bodies, rather than to each body separately.

For any material part .# of a body, one may express the principle of mass conservation

as

d
— = 4.22
dtm(&’) 0 (4.22)
or, upon recalling (4.16),
d
— dv = 0. 4.2
g | P 0 (4.23)

The preceding equation represents an integral form of the principle of mass conservation in
the spatial description. Using the Reynolds transport theorem in the form (4.2), the above

equation may be also written as

/(,é—i—pdivv) dv = 0. (4.24)

Upon invoking (3.19), this may be readily rewritten as

dp Op . B
/p<8t +8X v++pd1vv> dv = 0 (4.25)

/ (%deivpv) dv = 0. (4.26)
p \ Ot

By appealing to the divergence theorem, (4.26) may be equivalently expressed as

/@dv—f—/ pv-nda = 0. (4.27)
p Ot op

The first term on the right-hand side of (4.27) is the rate of change of mass inside P due to

or, alternatively,

the change in the density p, while the second term is the rate of change of mass in P due to
the flux of mass through the boundary 0P, see Figure 4.4.
Assuming that the integrand in (4.24) is continuous and recalling that . (hence, also P)

is arbitrary, it follows from the localization theorem that

p+pdivy = 0. (4.28)
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oP

Figure 4.4. Mass conservation in a domain P with boundary OP.

Equation (4.28) constitutes the local form of the principle of mass conservation in the spatial
description. An alternative local statement may be obtained by applying the localization
theorem to (4.26), in the form

% +div(pv) = 0. (4.29)

This is often referred to as the mass continuity equation, on account of the earlier interpre-
tation of its integral counterpart (4.27).

An alternative referential form of the mass conservation principle may be obtained by
recalling equations (4.16) and (4.21), from which it follows that

m(.S) = /P pdv = /P 0 podV . (4.30)

Recalling also (3.75), one concludes that

/dev — / podV . (4.31)
Po Po

This is an integral form of the principle of mass conservation in the referential description.
From it, one finds that

/ (pJ —po)dV = 0. (4.32)
Po

Taking into account the arbitrariness of Py, the localization theorem may be invoked again

to yield a local form of mass conservation in referential description as
po = pJ . (4.33)

The positivity of the Jacobian J asserted in Section 3.2 guarantees that the mass density p

in (4.33) remains always positive, given a positive density py in the reference configuration.
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Note that the local referential statement of mass balance (4.33) may be directly derived
from its spatial counterpart (4.28). Indeed, recalling (3.143), the spatial mass balance state-
ment (4.28) may be written as '

P J

£ = 2 4.34

; 7 (4.34)
which may be integrated to (4.33) upon observing that p = pg in the reference configura-

tion.

Example 4.4.1: Mass conservation in volume-preserving flow

. . . . . . dp
In a volume-preserving flow of a material with uniform density, conservation of mass reduces to — = 0,

ot
since (3.143) necessarily implies that divv = 0. Hence, recalling (4.27), one may write

d dp
— [ pdv = —dv—|—/ pv'nda:/ pv-nda = 0.
dt Jp p Ot oP oP

This implies that in a volume-preserving flow the net flux of mass across the boundary 0P is zero.

4.5 The principles of linear and angular momentum

balance

Once mass conservation is established, the principles of linear and angular momentum are
postulated to describe the motion of continua. These two principles originate in the pioneer-
ing work of Newton and Euler.

By way of introduction, it is instructive to briefly revisit Newton’s three laws of motion, as
postulated for particles in 1687. The first law states that a particle stays at rest or continues
to travel at constant velocity unless an external force acts on it; the second law states that
the total external force on a particle is proportional to the rate of change of the momentum
of the particle; and, the third law states that every action (understood as a force acting
on a particle) has an equal and opposite reaction. As Euler recognized, Newton’s three
laws of motion, while sufficient for the analysis of single particles or systems of particles,
are not suitable for the study of rigid and deformable continua. Rather, he postulated a
linear momentum balance principle (akin to Newton’s second law) and a separate angular
momentum balance principle (which does not exist as such in Newton’s theory). The latter
can be easily motivated from the analysis of systems of particles.

To formulate Euler’s two balance laws, first define the linear momentum of the part of

the body that occupies the infinitesimal volume element dv at time t as dmv, where dm
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is the mass of dv. Also, define the angular momentum of the same part relative to the
origin of a fixed basis {e;} as x x (dmv), where x is the position vector associated with
the infinitesimal volume element, see Figure 4.5. Similarly, define the linear and angular
momenta of the part . which occupies a region P at time ¢ as fyvdm and f/ X X vdm,
respectively. Clearly, the angular momentum depends on the choice of the origin from which

one draws the position vector x.

Figure 4.5. Angular momentum of an infinitesimal volume element dv.

Next, admit the existence of two types of external forces acting on the body at any time ¢.
These are: (a) a body force per unit mass (e.g., gravitational, magnetic) b = b(x,t) which
acts on the particles that comprise the domain of the body, and (b) a contact force per unit
area t = t(x,%;n) = tu)(x,?), which acts on the particles that lie on boundary surfaces
and depend on the orientation of the surface on which they act through the outward unit
normal n to the surface,* see Figure 4.6. The force t(y) is alternatively referred to as the
stress vector or the traction vector. The dependence of the contact force on orientation will
be further elaborated upon in the next section.

It is important to emphasize here that the external forces are a central conceptual con-
struct in continuum mechanics, by which one describes the interactions of the body with
its surrounding environment. These may be long-range interactions realized throughout the
domain (in the case of the body force) or short-range interactions effected only on the bound-
ary by physical contact (in the case of the contact force). The preceding assumption on the
nature of the external forces constitutes a mild simplification. In a more general theory, one
would have also admitted the existence of body moment per unit mass and a contact moment
per unit area. However, these so-called distributed couples (tantamount to the classical force

couples) are ignored here.

4The notation t = t(x,#;n) = t(n)(x, 1) is, in fact, specifically intended to emphasize the dependence of t

on 1.
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Ny

\

Figure 4.6. External forces on body occupying region R with boundary OR (body force in green,

contact force in red).

The principle of linear momentum balance states that the rate of change of linear mo-
mentum for any part .# of the body that occupies the region P with boundary 0P at time ¢

equals the total external force acting on this part. In mathematical terms, this means that

d
- vdm = /bdm+/ t(n)da (4.35)
dt )& bz aP

or, equivalently, in view of (4.13),

d
— [ pvdv = /pbdv+/ t(n) da . (4.36)
dt Jp P ap

Using the Reynolds transport theorem in the form (4.2) and also invoking conservation of

mass in the form (4.28), the left-hand side of the equation can be written as

% vadv :/P{%(pv)quvdivv] dv
= /[(pv—l—p\'f)—i-pvdivv] dv

P
= /[(ﬁ+pdivv)v+p\'/] dv

P

= /Ppadv. (4.37)

An alternative (and simpler) derivation of this result takes advantage of mass conservation
to interchange material time differentiation and integration for the rate of change of linear

momentum in (4.35), such that

d
— [ vdm = /\'/dm = /padv. (4.38)
dt J o K P
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Either way, the principle of linear momentum balance in (4.36) can be now expressed as

/padv = /pbdv+/ t(n) da . (4.39)
P P aP

It is clear from (4.39) that this principle generalizes Newton’s second law where the left-
hand side is the mass-weighted acceleration of the part of the body that occupies P and the
right-hand side is the total external force acting on the same part.

The principle of angular momentum balance states that the rate of change of angular
momentum for any part .# of the body that occupies the region P with boundary 0P at
time t equals the moment of all external forces acting on this part. Again, this principle can

be expressed mathematically as

4 xxvdm = /xxbdm+/ X X tm) da (4.40)
dt J.» 5% op

or, again, by way of (4.13),
d
— [ xxpvdv = /XXpde+/ X X tm)da . (4.41)
dt Jp P P

Invoking (4.2) and (4.28), one may easily rewrite the term on the left-hand side of (4.41) as

d

pr pXXdeU = /P{%(xxpv)Jr(xxpv)divv} dv

= /[(Xva—i-xxpv—l—xx,o\'f)—i-(Xvadivv)] dv
P

= / [x X (p+ pdivv)v +x X pa] dv
P

= / x X padv . (4.42)
P
Again, one may alternatively write
d -
— Xxvdm:/Xxvdm:/xxx'fdm:/pxxadv. (4.43)
dt J K% 7 P

As a result of either of the above two equations, the principle of angular momentum balance

may be also written as

/Xxpadv = /XXpbd'U—l—/ X X tm)da . (4.44)
P P oP

The preceding two balance laws are also referred to as Fuler’s laws. They are termed

“balance” laws because they postulate that there exists a balance between external forces
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(and their moments) and the rate of change of linear (and angular) momentum. Euler’s laws
are independent axioms in continuum mechanics.

In the special case where b = 0 in P and t(») = 0 on 0P, (4.36) and (4.41) readily imply
that the linear and the angular momentum are conserved quantities in P. Hence, these
balance laws reduce to corresponding conservation laws. Another commonly encountered
special case is when the acceleration a vanishes identically or is negligible in comparison to
the external force and moment terms. In this case, (4.36) and (4.41) imply that the sum
of all external forces and the sum of all external moments vanish, which gives rise to the
classical

Equilibrium affords a simple thought experiment which verifies that angular momentum
balance is a separate postulate from linear momentum balance. Specifically, consider a
sequence of square bodies loaded with point forces at the vertices and progressively shrinking
to a point, as in Figure 4.7. While each body is clearly in force equilibrium, the forces result
in non-zero moment that would induce spinning of the body. This moment vanishes when
the body collapses to a point, in which case the body (now particle) satisfies both force and

moment equilibrium. equilibrium equations.

F1, F
L
[ U T
| orThees T
[ 1,,,,_4_»1
| 1 | | | I
| | | | | I
[ | | |
T
e — - — - — | -4 !
Y I
LA
\J
F F

Figure 4.7. A sequence of shrinking bodies under equilibrated point forces.

4.6 Stress vector and stress tensor

As in the case of mass balance, it is desirable to obtain local forms of linear and angular
momentum balance. Recalling the corresponding integral statements (4.39) and (4.44), it
is clear that the acceleration and the body force terms are already in the form of volume
integrals. Therefore, in order to apply the localization theorem, it is essential that the
contact form terms (presently written as surface integrals) be transformed into equivalent

volume integral form.
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nL=n n P,
g o
oP oP’ oP"

Figure 4.8. Setting for the derivation of Cauchy'’s lemma.

Preliminary to deriving the local forms of linear and angular momentum balance, consider
some properties of the traction vector t(). In particular, take an arbitrary region P C R
and partition it into two mutually disjoint subregions P; and P, separated by an arbitrarily
chosen smooth surface o, namely P = P;UP, and PNPy = (), see Figure 4.8. Also, note that
the boundaries 0P; and 9P, of P; and Py, respectively, can be expressed as 0P, = 0P’ Uo
and 0Py = OP” U o, while also 9P = dP" U 9P”. Now, enforce linear momentum balance
separately for P; and P, to find, according to (4.39), that

/padv = / pbdv+/ tn) da (4.45)
P1 P1 oP1

/padv = / pbdv—i—/ tm) da . (4.46)
P2 P2 OP2

Next, add the two equations together to find that

/ padv = / pbdv + / t(n) da (447)
P1UPy P1UP2 OP1UIP2

/padv = /pbdv—i—/ t(n) da . (4.48)
P P OP1UP,

In addition, enforce linear momentum balance in the entire domain P, the union of P; and
Pa, to conclude, based again on (4.39), that

/padv = /pbdv+/ tm) da . (4.49)
P P oP

Subtracting (4.49) from (4.48) leads to

/ t(n) da = / t(n) da . (450)
OP1UIOP2 oP

and

or, equivalently,
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Recalling the decompositions of OP;, 0Py, and JP, the preceding equation may be also

/ t(n) da + / t(n) da = / t(n) da (451)
OP'Uc OP"Uo oP'uUP”

or, upon rearranging the integrals on the left-hand side,

/ t(n) da + /t(nl) da + /t(nz) da = / t(n) da . (452)
OP'UIP" o o P UP"

/t(nl)da—i-/t(m) da = 0, (4.53)

expressed as

It follows that

which can be also written as

/(t(n) —H:(_n))da = 0. (454)

Since o is an arbitrary surface, upon assuming that t depends continuously on n and x

along o, the localization theorem yields the condition t(4) + t(_n) = 0 or, in expanded form,
t(x,t;n) = —t(x,t;—n) . (4.55)

This result is called Cauchy’s lemma on t,. It states that the contact forces acting at x
on opposite sides of the same smooth surface are equal and opposite, see Figure 4.9. It is
important to recognize here that in continuum mechanics Cauchy’s lemma is not an axiom.
Rather, it is derivable from the principle of linear momentum balance, as shown above. This
is in contrast to particle mechanics, where the corresponding action-reaction condition on

contact forces is admitted axiomatically in the form of Newton’s third law.

Figure 4.9. Tractions at point x on opposite sides of a surface OP (surface is depicted twice

for clarity).

To define the stress tensor at some point x and time ¢, consider the following problem,

originally conceived by Cauchy: Take a tetrahedral region P C R (the Cauchy tetrahedron),
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such that, without any loss of generality, three of its edges are parallel to the axes of the
basis {e;} and meet at x, as in Figure 4.10. Let o; be the face with unit outward normal —e;,
and o the (inclined) face with outward unit normal n. Also, denote A the area of oy, so that

the area vector nA can be resolved as
nA = (ne)A = Ane; = Aje; (4.56)

where A; = An; is the area of the face o; (and also equal to the area of the projection of

the surface o on the plane with normal e;). In addition, the volume of the tetrahedron is

V= %Ah, where h is the distance of x from the face o.

€3

b

€
€2

Figure 4.10. The Cauchy tetrahedron

Preliminary to applying balance of linear momentum to the tetrahedral region P, note

that the surface integral of the contact force may be expanded to

/ tm) da = /t(n) da —|—/ t(_el)da—i—/ t( ey da+/ t(_e3)da. (4.57)
oP 00 o1 o2 03

Upon invoking Cauchy’s lemma in the form of (4.55), the preceding integral becomes

/ t(n) da = / t(n) da——/ t(el)da—/ t(eQ) da—/ t(eg) da . (458)
oP oo o1 02 o3

Therefore, in view of (4.58), the balance of linear momentum (4.39) can be expressed as

/ p(a — b) dv = / t(n) da —/ t(el) da —/ t(eQ) da —/ t(eg) da . (4.59)
P oo o1 [ep)) o3

Assuming that p, a, and b are bounded, which is physically reasonable, one may obtain
an upper-bound estimate for the magnitude of the domain integral on the left-hand side
of (4.59) as ®

1
(a— Ydv| < /|pa— )| dv = /th = K'V = K*gAh, (4.60)

SThe inequality in (4.59) is due to the property |[,, f dv| < [, |f| dv for any integrable function f in P.
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where K(x,t) = |p(a—b)| and K* = K (x*,t), with x* being some interior point of P.® The
preceding derivation makes use of the mean-value theorem for integrals.” Assuming that t(e,)

are continuous in x, apply the mean value theorem for integrals component-wise to get
/ teyda = t7A; (no summation on 7) , (4.61)
o

so that summing up all three like equations

3
> / teyda = tiA; = tiAn, . (4.62)
i=1 Yo
Likewise, for the inclined face the mean-value theorem for integrals yields

/t(n) da = t?n)A. (463)

Note that the traction vectors t} and t(, are generally composed of coordinates chosen from
different interior points of o; and o. Recalling from (4.59) and (4.60) that

3
/t(n) da — Z/ t(ei) da
g i=1 g;

write, with the aid of (4.62) and (4.63),

3
/t(n) da — Z/ t(ei) da
4 i=1 Vi

which simplifies to

< %K*Ah : (4.64)

tinA—t/An;| = A

* * 1 *

1
try—tin| < -K*h. 4.66
‘ (n) i ’ - 3 ( )
Now, upon applying the preceding analysis to a sequence of geometrically similar tetrahedra
anchored at x and with heights hy; > hy > ..., where lim; ,,, h; = 0, one finds that

where, obviously, all stress vectors are evaluated exactly at x, hence the superscript x’ is
dropped. It follows from (4.67) that at point x

6The inequality in (4.59) is due to the property |f7> f dv‘ < fp |f| dv for any integrable function f in P.
"The mean-value theorem for integrals states that if 7P has positive volume (vol(P) > 0) and is closed,

bounded and connected, and if f is continuous in £3, then there exists a point x* € P for which [ f(x)dv =
P

f(x*) vol(P).
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Equation (4.68) reveals that the traction ty) is the relative surface area-weighted sum (rather
than the straight sum) of the tractions on the lateral surfaces of the infinitesimal tetrahedron.

The Cauchy tetrahedron argument is a brilliant example of asymptotic analysis, in which
it is essentially recognized that the two volume integrals in (4.39) scale with length-cubed,
while the area integral scales with length-squared. Therefore, it is possible to neglect all volu-
metric effects as the tetrahedron shrinks to a point, thereby deriving the local relation (4.68)
based only on the surface contributions.

In view of (4.68), one may write
t(n) = tznl = tz(e, . n) = (t, X ei)n = Tn s (469)
where T € L(T,R x T, R), defined as

is the Cauchy stress tensor. The existence of a unique stress tensor T at any point x and
time ¢ that relates the stress vector t(,) at x to the unit normal n of the plane on which
it acts according to t(ny = Tn is known as Cauchy’s stress theorem. From its definition
in (4.70), it is clear that the Cauchy stress tensor T, unlike the stress vector t(y), does not
depend on the normal n. Therefore, (4.69) also implies that t(,) depends linearly on the
normal n.
Upon expressing T in component form as T = Ty;e; ® e;, it follows readily from (4.70)
that
t; = Tper = Te,. (4.71)

Conversely, in view of (4.71), it is immediately seen that
t]' € = Tkjek e = Ej . (472)

Return now to the integral statement of linear momentum balance in the form (4.36),

and, after taking into account (4.69), apply the divergence theorem to the boundary integral

term. This leads to
/padv = /pbdv—l—/ tn) da
P P P

= /pbdv+/ Tnda
P op

= /pbdv—i—/didev. (4.73)
P P
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It follows from the preceding equation that the condition

/(pa —pb—divT)dv = 0 (4.74)
P

holds for an arbitrary region P, which, with the aid of the localization theorem leads to a

local form of linear momentum balance in the form?®
divT + pb = pa . (4.75)

An alternative statement of linear momentum balance can be obtained by noting from (4.68)

that
/padv = /pbdv+/ tm) da
P P oP
= /pbdv—i—/ tin; da
P oP

P P

where use is made, again, of the divergence theorem. Appealing, once more, to the localiza-
tion theorem, this leads to
ti;+pb = pa. (4.77)

Turning attention next to the balance of angular momentum, start by examining the
boundary integral term in (4.44). Using (4.68) and the divergence theorem, this integral can

be written as

/ X X t(n) da = / X X t;n; da = /(X X t1)72 dv = /(ez X t; +x X tM) dv R (478)
oP oP P P

since, on account of (3.8)q, X; = €;. Substituting the preceding equation into (4.44) yields

/Xxpadv = /xprdv+/(eixti—l—xxtm)dv (4.79)
P P P

or, upon rearranging the terms,

/ [X X (,oa — pb — tz,l) +e; X tz] dv = 0. (480)
P

8Some authors choose to define the Cauchy stress as T = e; ®t; and the divergence operator according to
div T - ¢ = div (Tc), for any constant vector c, instead of the corresponding definitions in (2.88) and (4.70).

These two alternative definitions lead again to the local form of linear momentum balance in (4.75).
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Recalling the local form of linear momentum balance in (4.77), the above equation reduces

to
P

The localization theorem may be invoked again to conclude that
e, xt; = 0. (4.82)
In component form, this condition can be expressed with the aid of (4.71) as
e; x (Tje;) = Tje; xe; = Tyejer = 0, (4.83)
which means that T;; = T}; or, in direct form,
T = T . (4.84)

Hence, angular momentum balance requires that the Cauchy stress tensor be symmetric.

T33
Tos
I
T3 : |
A
I T
I
T31 | T22
I
e
’ €2 LTy N Tho
e, n S

Figure 4.11. Interpretation of the Cauchy stress components on an orthogonal parallelepiped

aligned with the axes of the basis {e;}.

An interpretation of the components of T on an orthogonal parallelepiped is shown in
Figure 4.11. Indeed, recalling (4.71)y, it follows that

tj = leel + ngeg + T3j€3 s (485)

which means that Tj; is the i-th component of the traction vector acting on the plane with

outward unit normal e;. The components 7T;; of the Cauchy stress tensor can be conveniently
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put in matrix form as
Ty Ty Ths
[Ty] = | Tu Tae Toz | . (4.86)
Ty Ty Tss
where, in view of (4.84), [T;;] is symmetric.
The traction vector t(y) can be decomposed into normal and shearing parts on the plane
formed by its line of action and the unit normal n to the surface on which it acts. Indeed,

the normal traction (that is, the projection of t(,) along n) is given by
(t(n) -1’1)1’1 = (Il X Il)t(n) , (487)

as in Figure 4.12. Then, the shearing traction is equal to

Figure 4.12. Projection of the traction to its normal and shearing components.

t(n) — (t(n) . n)n = t(n) — (Il (29 n)t(n) = (1 —ne l’l)t(n) . (488)
When the traction vector t,) happens to be parallel to the unit normal n, then
(T—Ti)n = 0. (4.89)

This is a linear eigenvalue problem, which, owing to the symmetry of T possesses three real
eigenvalues 77 > T, > T3. These may be determined from the solution of the characteristic
polynomial equation (2.52) in terms of the principal invariants of T, as defined in (2.53). It
can be easily shown that the associated unit eigenvectors n, n® and n® of T are always
mutually orthogonal provided the eigenvalues are distinct. Also, whether the eigenvalues are
distinct or not, there exists a set of mutually orthogonal eigenvectors for T. As expected,
if n is a principal direction of T, (4.89), (4.69), and (4.88) imply that

i-n®n)ty = i—-—n®n)Tn = (i—-n®n)Tn = 0, (4.90)
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that is, the shearing traction vanishes on the plane with unit normal n which is an eigenvector
of T.

Example 4.6.1: Homogeneous equilibrium stress states
Consider three special homogeneous states of the Cauchy stress tensor T that lead to equilibrium in the absence
of body forces, that is, such that div T = 0.

(a) Hydrostatic pressure

In this state, the stress vector is always pointing in the direction normal to any plane that it is acting
on, that is,
tm) = —pn,

where p is called the pressure. It follows immediately from (4.69) that

T = —pi,
as in the figure below.
o
p |
p } p
el =

(b) Pure tension along the e-axis

Without loss of generality, let € = e;1. In this case, the traction vectors t; are of the form
t, = Te; , to =t3 =0.

Then, it follows from (4.70) or (4.71) that
T =Teg1®e;) = T(e®e),

as in the figure below.

€3

(S5} T«
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(c) Pure shear on the (e, k)-plane

Here, let e and k be two orthogonal vectors of unit magnitude and, without loss of generality, set e; = e
and e; = k. The tractions t; are now given by

tl = Se2 s t2 = Se1 5 tg =0.
Appealing, again, to (4.70) or (4.71), it is easily seen that
T = Se1®es+ex®e;) = Sexk+k®e),

as in figure below.

-

362 —:\&
sefees==== N

(S5} N

v

It is possible to resolve the stress vector acting on a surface of the current configuration
using the geometry of the reference configuration, if such a configuration is available. This
is plausible when, for example, one wishes to measure the internal forces developed in the
current configuration per unit area of the reference configuration. To this end, start by
letting df be the total force acting on the differential area da with outward unit normal n

on the surface P in the current configuration, that is,
df = t(n)da . (491)

Also, let dA be the image of da in the reference configuration under x; ' and assume that
its outward unit is N. Then, define p(n) to be the traction vector resulting from resolving

the force df, which acts on 0P, on the surface 0F,, namely,

Clearly, t and p are parallel, since they are both parallel to df, as is evident from (4.91)
and (4.92), see also Figure 4.13.

Returning to the integral statement of linear momentum balance in (4.39), note that this
can be now readily transformed to the reference configuration by virtue of (4.33), (4.91),
and (4.92), hence taking the form

/ poadV = / pode—l—/ PNy dA . (4.93)
Po Po aPo
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P, P

Figure 4.13. A force df acting on a differential area on the boundary of a domain OP and

resolved over the geometry of the current and reference configuration

Upon applying the preceding Cauchy lemma on p(y) and the Cauchy tetrahedron argument
to a point in Py, it is readily concluded, in complete analogy to (4.68), that

PNy = PalNa, (4.94)

where py are the tractions developed in the current configuration, but resolved on the
geometry of the reference configuration on surfaces with outward unit normals E 4. It follows
from (4.94) that

PN) = PaNa = pa(Es-N) = (pa®E4N = PN, (4.95)

where

Equation (4.95) is the referential counterpart of Cauchy’s stress theorem in (4.69). Also,
P € L(TxRo, T,R) is the first Piola®-Kirchhoff'® stress. Unlike the Cauchy stress T, this
tensor is naturally unsymmetric, since it has a mixed basis, that is, P = Pjpe; @ E4. It
follows from (4.95) that

Pa = HAei = PEA . (497)

This, in turn, implies that

Pa-€ = PjAej-ei = BA . (498)

9Gabrio Piola (1794-1850) was an Italian mathematician and mechanician.
0 Gustav Kirchhoff (1824-1887) was a German physicist.
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Turning attention to the integral statement (4.93), it is concluded with the aid of (4.95)

and the divergence theorem that

/poadV = / pgde—l—/ p) dA
Po Po OPo

:/pgde—i-/ PN dA
770 8730

- / pob dV + / DivP dV (4.99)
Po Po

which, upon using the localization theorem, results in

This is the local form of linear momentum balance in the referential description.!!

Alternatively, Equation (4.96) and the divergence theorem may be invoked to show that

/poadV — / pode+/ Py dA
Po Po 0Py

:/pode+/ palNadA
Po 9Py

= / Pode+/ Pa,adV (4.101)
Po Po

from which another version of the referential statement of linear momentum balance can be
derived in the form

pob +PpPaa = poa . (4.102)

Starting from the integral form of angular momentum balance in (4.44) and pulling it

back to the reference configuration with the aid of (4.33), (4.91) and (4.92), one finds that

/ X X ppadV = / xngde—i-/ X X pNydA . (4.103)
Po Po 0P
Using (4.94) and the divergence theorem on the boundary term gives rise to

/XXpoadV :/XXpode—i-/ X X paNadA
Po Po JPo

= / Xxpode—i-/ (x X pa)adV . (4.104)
Po Po

1Tt is important to emphasize the difference between the differential operators “div” and “Div” with the
former (the spatial divergence operator) involving derivatives with respect to the spatial coordinates x; and

the latter (the referential divergence operator) derivatives with respect to the referential coordinates X 4.
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Expanding and appropriately rearranging the terms of the above equation leads to
/73 [x X (ppa — pob —Ppaa)+XaXpa)dV = 0. (4.105)
0
Appealing to (4.102) and, subsequently, the localization theorem, one concludes that
XA xXpa = 0. (4.106)
With the aid of (3.36), (4.97) and the chain rule, the preceding equation can be rewritten as
XA XPpa = Fiae; X Pjpe; = FiaPjae e, = 0, (4.107)
which implies that F;4Pj4 = F;4P,4, that is,
FP” = PF”. (4.108)

This is a local form of angular momentum balance in the referential description.
Recalling (4.91) and (4.92), one may conclude with the aid of (4.69), (4.95), and Nanson’s
formula (3.82) that

Tnda = PNdA
(4.109)
= TJF TNdA ,
so that )
T = jPFT (4.110)
or, conversely,
P = JTF . (4.111)

Clearly, the above two relations are consistent with the referential and spatial statements
of angular momentum balance, namely (4.110) or (4.111) can be used to derive the local
form of angular momentum balance in spatial form from the referential statement and wice-
versa. Likewise, it is possible to derive the local linear momentum balance statement in the
referential (resp. spatial) form from its corresponding spatial (resp. referential) counterpart,
see Exercise 4.7.

Note that there is absolutely no approximation or any other source of error associated
with the use of the balance laws in the referential as opposed to the spatial description.
Indeed, the invertibility of the motion at any fixed time ¢ implies that both descriptions

of the momentum balance laws are completely equivalent. In this regard, the referential

ME185



Stress vector and stress tensor 137

description should not be confused with the statement of the momentum balance laws at the
reference time ;.

Other stress tensors beyond the Cauchy and first Piola-Kirchhoff tensors are frequently
used in materials modeling. Among them is the Kirchhoff stress tensor 7 € L(T, R, T,R),
defined as

r = JT = PF", (4.112)

with components
Ty = J1ij . (4.113)

Clearly, the Kirchhoff stress has both “legs” in the current configuration and is also sym-
metric due to the symmetry of T. Also, the nominal stress tensor IT € L(T, R, TxRy) is
defined as the transpose of the first Piola-Kirchhoff stress, that is,

n="°P = JF'T, (4.114)

and has components
My = JF, Ty . (4.115)

In addition, the second Piola-Kirchhoff stress tensor S € L(TxRo, TxRy) is defined as
S =F'P = JF'TF T, (4.116)

with its components given according to

Sap = Fi'Pip = JF,T,;Fg . (4.117)
Conversely, one may write
1 1
T = —-PF" = ~FSF". 4.118
7 b (4.118)

It is clear from (4.116) and (4.117) that S has both “legs” in the reference configuration and

is symmetric. Figure 4.14 depicts the relation between the stress tensors T, P, and S.

J(FT

Figure 4.14. Schematic depiction of the relation between the Cauchy stress T, the first Piola-
Kirchhoff stress P, and the second Piola-Kirchhoff stress S.
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The definition of all stress tensors other than the Cauchy stress is dependent on the

existence of a reference configuration.

4.7 The theorems of mechanical energy balance and

virtual power

Consider again the body & in the current configuration R at time ¢ and take an arbitrary
material region P with smooth boundary 0P, as in Figure 4.1. With reference to the
definition of the external forces in Section 4.5, express the rate at which the body force b

and surface traction t(,) do work in P and on P, respectively, as

Ry(P) = /pb-vdv (4.119)
P
and
R.(P) = / tm) - vda . (4.120)
oP
Also, define the rate of work done by all external forces as
R(P) = Ry(P)+ R.(P) . (4.121)

In addition, define the total kinetic energy of the material points contained in P as

K(P) = /P%V~Vpd’l}. (4.122)

Starting from the local statement of linear momentum balance (4.75), one may take the
dot product of both sides with the velocity v to find that

pa-v = pb-v+4+divT - -v. (4.123)
Now, note that, according to the product rule,
divT v = div(T?v) — T - gradv
= div(Tv) - T- (D + W)
= div(Tv) - T D, (4.124)
where use is made of (3.144) and (4.84), and also that

1 d
pa-v = §p%(v-v). (4.125)
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Equations (4.124) and (4.125) may be used to rewrite (4.123) as
1 d .
§pa(v-v)+T'D = pb-v+div(Tv) . (4.126)

Next, integrating (4.126) over P leads to

1
/—pi(v-v)dv—f—/T-de = /pb-vdv—l—/div(Tv)dv (4.127)
p2 dt P P P

or, upon using conservation of mass on the first term of the left-hand side and the divergence
theorem on the second term of the right-hand side of (4.127),

d

1
— —pv-vdv+/T-de = /pb-vdv—{—/ Tv-nda . (4.128)
dt Jp 2 P P aP

Recalling (4.69) and (4.84), the preceding equation can be further rewritten as

d 1
— —pV-vdv—i-/T-de = /pb'vdv+/ tm) - vda . (4.129)
dt Jp 2 P P oP

The second term on the left-hand side of (4.129),
S(P) = / T-Dadv, (4.130)
P

is called the stress power and it represents the rate at which the stresses do work in P. Taking
into account (4.119), (4.120), (4.122), and (4.130), Equation (4.127) may be expressed as
d

EK(P) +S(P) = Ry(P)+ R.(P) = R(P) . (4.131)
Equation (4.131) states that, for any region P, the rate of change of the kinetic energy and
the stress power of the particles in P are balanced by the rate of work done by the external
forces acting on the particles in P. This is a statement of the balance of mechanical energy.
One may physically interpret it as asserting that changes in the work done by the external
forces are reflected in changes in the kinetic energy and/or the deformation of the body. It
is important to emphasize here that mechanical energy balance is derivable from the three
basic principles of the mechanical theory, namely conservation of mass and balance of linear

and angular momentum, hence is not an independent axiom.
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Returning to the stress power term S(P) in (4.130), note that

/T-de = /T-Ldv
P P

1
z/—PFT-Ldv
»J

= / PF . L4V
Po

= / P-LFdV
Po

= / P-FdV , (4.132)
Po

where use is made of (4.110), (3.76) and (3.135). Further, appealing to (3.151) and (4.118),

it follows that
1
/T-de = / (—FSFT) - (F"DF ™) dv
P p \J
= / (FSE”) - (F-"BF ) av
P
_ / S.Bdv . (4.133)
Po

Equations (4.132) and (4.133) reveal that P is the work-conjugate kinetic measure to F
in Py and, likewise, S is work-conjugate to E. These equations appear to leave open the
question of work-conjugacy for T, which, indeed, cannot be addressed by merely relying on
the notion of material time derivative.

A referential form of the mechanical energy balance theorem may be readily derived
from (4.129) by invoking balance of mass and using (4.91), (4.92) and (4.132). This is

expressed as

d

1 .
— —pov-vdV—i—/ P-FdV = / pob-vdV+/ PN) - VdA (4.134)
dt Jp, 2 Po Po aPo

see also Exercise 4-13.
Instead of taking the dot-product of (4.75) with the actual velocity v, as in (4.123), one
may use a virtual velocity v* = v(x,t), that is, any vector field on P. This leads to the

scalar equation

pa-v* = pb-v' 4+divT -v". (4.135)
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Following the steps of the derivation for balance of mechanical energy, it may be readily

shown that

/pa-v*dv+/T-D*dv = /pb-v*dv+/ tm) - V'da , (4.136)
P P P op

. 1|ove fov\T
o 2 ()] i

is the virtual rate-of-deformation tensor, see Exercise 4-15. Equation (4.136) is a statement

where

of the wvirtual power theorem. According to it, the virtual power of the inertial force plus the
virtual stress power, which comprise the left-hand side of (4.136), are equal to the virtual
power of the external forces on the right-hand side of (4.136). A corresponding referential

statement of the virtual power theorem may be likewise deduced in the form

/ poa-v*dV+/ P -FdV = / pob-v*dV—l—/ Pm) -V dA (4.138)
Po Po Po aPo
where 5o+
: v
F* = 4.1
0X (4.139)

is the virtual rate of change of the deformation gradient tensor, written in terms of the virtual
velocity field v* = v*(X, t).

It can be shown that the theorem of virtual power, say in the spatial form (4.136), is
equivalent to the local statement of linear momentum balance (4.36) conditional on the
continuity of all terms in (4.135). Indeed, recognizing that (4.36) implies (4.136), it is

interesting to focus on the converse. To this end, Equation (4.136) can be easily reduced to
/ (pa—pb—divT) -v*'dv = 0, (4.140)
P

for any virtual velocity v*. Proceeding by contradition, assume that there is a point x € P
at time ¢ where pa — pb — div T # 0. If so, one may choose v* to vanish everywhere in P
for any given time time except in a neighborhood of x, in which (pa — pb — divT) - v* > 0.
This is always possible due to the assumed continuity of the preceding scalar quantity. It
follows that fp(pa — pb — divT) - vi:dv > 0, which contradicts the original assumption.
Thus, satisfaction of the theorem of virtual power implies the local enforcement of linear
momentum balance.

The theorem of virtual power is particularly useful in the enfocement of linear momentum

balance using numerical techniques that rely on integral statement of the balance laws.
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4.8 The principle of energy balance

The physical principles postulated up to this point are incapable of modeling the intercon-
vertibility of mechanical work and heat. In order to account for this class of (generally cou-
pled) thermomechanical phenomena, one needs to introduce an additional principle known
as balance of energy.

Preliminary to stating the balance of energy, define a scalar field r = r(x,t) called the
heat supply per unit mass (or specific'? heat supply), which quantifies the rate at which
heat is supplied to (or absorbed by) the body through radiation. Also, define a scalar
field h = h(x,t;n) = hn)(x,t) called the heat flux per unit area across a surface 0P with
outward unit normal n. This quantifies the rate at which heat is supplied to the body across
its boundary through conduction or convection. Now, given any region P C R, define the
total rate of heating H(P) as

H(P) = /Pprdv—/m)h(n)da, (4.141)

where the negative sign in front of the boundary integral signifies the fact that the flux of
heat is assumed positive when it exits the region P through the boundary OP.

Next, admit the existence of a scalar function € = ¢(x, t) per unit mass, called the internal
energy or specific internal energy. This function quantifies all forms of energy stored in the
body other than kinetic energy. Examples of stored energy include strain energy (that is,
energy due to deformation), chemical energy, and thermal energy. The internal energy U(P)

stored in P is then given by
UP) = / pedv . (4.142)
P

The principle of balance of energy is postulated in the form

d 1
— {—pv«v—irpe} dv = /pb«vdv—l—/ t(n)'vda—l—/prdv—/ hinyda . (4.143)
dt Jp |2 P oP P oP

This is also sometimes referred to as a statement of the first law of thermodynamics and can

be written as

d
p [K(P)+U(P)] = R(P)+ H(P) . (4.144)
Equation (4.143) (or, equivalently (4.144)) states that the rate of change of the total internal

energy (including kinetic energy) of the particles in a region P is balanced by the rate of

12The term “specific” is intended to signify that the quantity is measured per unit mass.
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mechanical work done by the external forces on these particles and the rate of heating applied
to these particles.

Subtracting (4.129) from (4.143) leads to a statement of balance of thermal energy in the

d
— [ pedv = /T-de+/prdv—/ hn) da . (4.145)
dt Jp P P aP

According to this, the rate of change of the internal energy for the particles in P is balanced

form

by the stress power and the total rate of heating for the same particles.

Returning to the heat flux h = h(x, t; n), note that one may apply a standard argument to
formally deduce the dependence of h on n, as already done with the stress vector t = t(x,¢; n)
in Section 4.5. Indeed, with reference to Figure 4.8, one may apply thermal energy balance
to a region P with boundary 0P and to each of two regions P; and P, with boundaries
9P, and OP,, where P; U Py = P and P; U Py = (). Also, the boundaries 9P, = 0P’ U o,
0Py = OP" U o have a common surface o and 0P’ U OP” = OP. It follows that

d
— | pedv = /T-de+/p7"dv—/ hn) da . (4.146)
dt Jp P P ap
and, also,
d
— | pedv = / T-de+/ prdv—/ h(n) da (4.147)
dt P1 P1 P1 0P
and y
— | pedv = / T-de+/ prdv—/ hn) da (4.148)
dt P2 P2 P2 OP2
Adding the last two equations leads to
d
— pedv = / T -Ddv+ / prdv — / hn) da (4.149)
dt Jp,up, PLUP: PLUP, OPLUOP,
or, equivalently,
d
— | pedv = /T~de—|—/prdv—/ hn) da . (4.150)
dt P P P OP1UOP2

Subtracting (4.146) from (4.150) results in

/ h(n) da—/ h(n) da = O, (4.151)
OP1UOPy oP

or, equivalently,

/ h(n) da +/ h(n) da = / h(n) da . (4.152)
OP'Uoc OP"Uo oP
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As in the case of the stress vector, the preceding equation may be expanded to

/ h(n) da—i—/h(nl)da—i-/h(m)da = / h(n) da (4.153)
OP'UOP" o o oP

/(h(n) —him))da =0, (4.154)

where n; = n and ny = —n. Since o is an arbitrary surface and A is assumed to depend

or

continuously on n and x along o, the localization theorem yields the condition
h(n) = _h(fn) : (4'155)
or, more explicitly,
h(x,t;n) = —h(x,t;—n) . (4.156)

This is Cauchy’s lemma for the heat flux, which states that the flux of heat exiting a body
across a surface with outward unit normal n at a point x is equal to the flux of heat entering
a neighboring body at the same point across the same surface.

Using the tetrahedron argument of Section 4.6, in connection with the thermal energy

balance equation (4.145) and the flux continuity equation (4.156), gives rise to

where h; are the fluxes across the faces of the tetrahedron with outward unit normals e;.
Thus, one may write
h(n) = q-n, (4.158)

where q is the heat flur vector with components ¢; = h;, see Exercise 4-31.
Now, returning to the integral statement of energy balance in (4.143), one may invoke

mass conservation to rewrite it as

/(pv-\'f—i—pé)dv = /pb-vdv—l—/ t(n)-vda+/prdv—/ hnyda . (4.159)
P P opP P oP

Using (4.69) and (4.158), the above equation may be put in the form

/(pv-if—i—pé)dv = /pb'vdv%—/ Tn~vda+/p7‘dv—/ q-nda. (4.160)
P P oP P P

Upon recalling (4.124) and invoking the divergence theorem, it is easily seen that

/ Tn-vda = /(divT-v—{—T-D)dv (4.161)
oP P
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and, also,

/ q-nda = /diquv. (4.162)
aP P

When the last two equations are substituted in (4.160), one finds that
/ [(Pv—pb —divT) - v4+pe—T-D —pr—i—divq} dv = 0. (4.163)
P

Upon recalling the local form of linear momentum balance (4.36) and invoking the localiza-

tion theorem, the preceding equation gives rise to the local form of energy balance as
pe = T-D+pr—divq . (4.164)

This equation could be also derived along the same lines from the integral statement of
thermal energy balance (4.145).'3

Referential counterparts of (4.143), (4.145) and (4.164) may be derived in complete anal-
ogy to the derivation of the referential traction vector and stress tensor in Section 4.5. In

particular, the referential form of the local statement of energy balance is
po¢ = P-F+ pyr —Divqp , (4.165)
where qo = JF~1q is the referential heat flux vector, see Exercise 4-32.

Example 4.8.1: Rigid heat conductor
Consider a rigid heat conductor, for which Killing’s Theorem (see Example 3.3.2 implies that D = 0. Further,
assume that Fourier’s law holds, that is,

q = —kgradT , (4.166)

where T is the empirical temperature and k > 0 is the (isotropic) heat conductivity. These conditions imply
that the balance of energy (4.164) reduces to

pe = div(kegradT) + pr . (4.167)

Further, assume that the internal energy depends exclusively on T' and that this dependence is linear, hence

d
d—; = ¢, where c is termed the heat capacity. It follows from (4.167) that

pcT = div(kgrad T) + pr | (4.168)

which is the classical equation of transient heat conduction.

13The energy equation frequently quoted in elementary thermodynamics textbooks as “dU = §Q + 6W?,
where dU corresponds to pe, Q) to pr — divq, and 6W to T - D.
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4.9 The second law of thermodynamics

Preliminary to discussing a continuum-mechanical form of the second law of thermodynam-
ics, admit the existence of the absolute temperature 8 > 0 and the entropy n > 0 per unit
mass. Neither quantity can be fully prescribed in continuum mechanical terms without
resorting to references to discrete systems (e.g., particles), hence both are admitted here
axiomatically. Broadly speaking, the absolute temperature is related to the energy of the
vibrational motion of elementary particles comprising a body, while the entropy (whose units
are energy over temperature) is related to the amount of stored energy in the system that
cannot be put to work. The entropy is considered an extensive quantity, while the absolute
temperature is intensive one.

There is no consensus in continuum mechanics on a definitive version of the second law of
thermodynamics. This reflects the fact that as a theory, thermodynamics was not developed
for continuous media. Therefore, adapting it to continuum mechanics entails assumptions
and ambiguity. The most frequently cited expression of the second law of thermodynamics

in continuum mechanics is in the form of the Clausius'*-Duhem! inequality, according to

which

d pr h(n)
— dv > —dv — —d 4.169
dt P p77 v — P 9 v /8‘7) 9 a Y ( )

for any region P with boundary 0P occupied by a part of the body. One may think of the
two terms on the right-hand side of (4.169) as quantifying the entropy supply through the
volume and entropy flux through the boundary, respectively. Hence, the Clausius-Duhem
inequality could be interpreted as stating that the rate of change of entropy in any part of
a body equals or exceeds the total supply of entropy to the same part of the body from
external sources.!®

A local counterpart of (4.169) may be readily derived by first recalling (4.158) and ap-
plying the divergence theorem for the boundary term. This leads to

hm) / q-n / . (4
——da = da = [ div(—=)dv. (4.170)

Invoking the Reynolds transport theorem (4.2) and the balance of mass in the form (4.28),

in conjunction with (4.170) and the localization theorem, leads to the local form of the

1Rudolf Clausius (1822-1888) was a German physicist and mathematician.
15Pierre Maurice Marie Duhem (1861-1916) was a French physicist and mathematician.
16This statement corresponds to the version of the second law of thermodynamics frequently quoted in

57Q77

elementary textbooks as “dS > , where dS is the change of entropy, 6@ the infinitesimal transfer of

heat, and T the temperature.
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Clausius-Duhem inequality

oy > %— v (%) (4.171)

or, upon expanding the divergence term and multiplying through with temperature,

o0 > pr—divq—i—q-%, (4.172)
where g is the spatial temperature gradient, that is,
g = gradd . (4.173)

Recalling the local form (4.164) of the energy balance, one may rewrite the Clausius-
Duhem inequality as
g

pé—p@ﬁ—T~D+q-5 < 0. (4.174)

Now, define the Helmholtz free energy W per unit mass as
U = e—nb. (4.175)

This can be heuristically thought of as the part of the stored energy which is capable of pro-
ducing work. Expressing the rate of the internal energy in (4.174) in terms of the Helmholtz

free energy W in (4.175), one reaches the equivalent local statement of Clausius-Duhem

inequality
p¢/+pné—T-D+q-%go. (4.176)
Corresponding referential statements to (4.174) and (4.176) can be easily derived as
. : : G
poe—poﬁn—P-F—qu-? <0 (4.177)
and G

respectively, where G is the referential temperature gradient, that is,
G = Grad?, (4.179)

see Exercise 4-37.
The fundamental challenge with the preceding formulation of the second law of thermo-
dynamics is that entropy is not a defined quantity (either directly or by prescription). There-

fore, stipulating axiomatically any inequality involving a primitive quantity is not guaranteed
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to yield meaningful results. To address this concern, one may apply the Clausius-Duhem
inequality to simple continuum systems and assess the plausibility of its implications. In ad-
dition, one may seek to find prescriptions for the identification of entropy for such systems.
If both endeavors succeed, then one merely gains confidence in the use of the inequality.
The rigid heat conductor is a simple system in which one may test the plausibility of the
Clausius-Duhem inequality. Here, assume that the Helmholtz free energy and the heat flux

depend on the temperature and the temperature gradient, that is,

U =V0g . q=4qsg). (4.180)
In the absence of deformation, the Clausius-Duhem inequality in the form (4.176) reduces
to

p¢/+pn9+q-% <0. (4.181)

Upon expressing the rate of ¥ in terms of its constituent parts in view of (4.180), it follows
that

ov . v , g
- . 2 < .
p(809+a g>+pn9+q 5 < 0, (4.182)
hence,
o A g
= il 2 <. 4.1
p<89+n>9+p8g g+a-, =0 (4.183)

Now, consider a homothermal process, that is take 0 to be spatially homogeneous, therefore
g = 0, and further assume g = 0. Since 6 can be positive, zero, or negative, the only way
for the preceding inequality to hold is if
o
n o= 90
Next, take a process in which the temperature 6 is again spatially homogeneous, hence g = 0,
but where g # 0. In light of (4.184), the inequality (4.183) is satisfied only if

(4.184)

o
— =0 4.185
8g Y ( )
which means that ¥ may depend only on the temperature, that is, ¥ = \if(@) This reduces
the inequality (4.183) to

a-g <0, (4.186)

which states that the flux of heat opposes the gradient of the temperature, a result that

makes good physical sense.
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Recall next the constitutive assumption for the heat flux in (4.180)5, and note that, upon

fixing 0, (4.186) implies that the real-valued function

f(g) = al0.g) g (4.187)

attains a maximum value of zero at g = 0. This means that

of q(0,0) - .
—(0) = 0 0,0) =0 4.188
o0 = 9% 40.0) = 0, (4.188)
which immediately implies that
q(0,0) = 0. (4.189)

The last condition states that the heat flux vanishes when the temperature gradient is zero,
which is, again, entirely plausible. If the heat flux obeys Fourier’s law (4.166) in terms of
the absolute temperature, then (4.186) implies that the constant k = k(6) is necessarily
non-negative.

Next, return to the energy equation (4.164) (with a vanishing stress power term) and
observe that (4.175) implies
o

€ = V4nd+no = 50

. . O .
O+nb+nd = <%+n>6+ﬁ9 = 0o, (4.190)

where use is made of (4.184). The preceding equation transforms the energy equation to

pn = pr—divq (4.191)
or 4
. r ivq
= p—- — . 4.192
U (4.192)

One may think of the above equation as a balance of entropy in which the rate of change
of entropy is balanced by the supply and flux terms.!” It is easy to conclude from (4.191)
that isentropic processes (where n = 0) are adiabatic processes (where pr — divq = 0) and
vice-versa.

For the rigid heat conductor, it is possible to formulate a prescription for the identification
of the entropy n. To this end, consider a homothermal process, where, by definition, g = 0,

hence, by virtue of (4.189), also q = 0. Therefore, equation (4.191) reduces to

0w o= r. (4.193)

1)
"This equation may be directly compared to the elementary relation dS = ?Q for so-called reversible

processes in classical thermodynamics.
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Starting from some baseline temperature 6y at time ty where the entropy is assumed to

vanish, one may write, with the aid of (4.193),

n(d) = /tt g dt (4.194)

where 6 remains spatially homogeneous but varies with time and r is chosen to impose this

state.

4.10 The transformation of mechanical and thermal

fields under superposed rigid-body motions

In this section, the transformation under superposed rigid-body motions is considered for
mechanical fields, such as density and stress, as well as for the balance laws themselves.
Starting with the stress vector t = t(x,¢;n), and recalling the general form of the su-
perposed rigid-body motion in (3.179), write the same function in the configuration R* as
tT = tT(xT,t;n"). To argue how t and t* may be related, first recall the transforma-
tion (3.205) of the unit normal n and also that t is linear in n, as established in (4.69). Since
the two motions give rise to the same deformation (to within a rigid transformation), it is
then reasonable to assume!® that, under a superposed rigid-body motion, t* will not change
in magnitude relative to t and will have the same orientation relative to n™ as t has relative

to n, see Figure 4.15. Therefore, it is postulated that
tt = Qt, (4.195)

that is, the stress vector is objective. The above transformation indeed implies that [tT| = |t|
and tT-nT =t -n.

Consider next the transformation of the Cauchy stress tensor under superposed rigid-
body motions. By way of background, it is important to emphasize here that, unlike the
transformation of kinematic terms, which is governed purely by geometry, the transformation
of balance laws (and any relations that emanate from them) in continuum mechanics is
governed by the principle of form-invariance under superposed rigid-body motion. This,

effectively, states that the balance laws are invariant under superposed rigid-body motions

18This is, indeed, only an assumption. Despite its plausibility, there are special problems in which this as-
sumption may not be physically reasonable. These typically involve physical systems, such as, e.g., turbulent

fluids, which may not strictly adhere to the definition of a continuum.
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Figure 4.15. The relation between the traction vectors t and t™.

in the sense that their mathematical representation remains unchanged under such motions.
Appealing to this principle, and taking into account (4.69), the relation between the stress
vector and the Cauchy stress tensor (itself an implication of linear momentum balance) in

the superposed configuration takes the form
tt = Ttn't . (4.196)
Admitting (4.195), and using (4.69), (3.205) and (4.196), it follows that

tt =Qt = QTn

(4.197)
=T™n" = T"Qn,
from where it is concluded that
QT -T'Q)n = 0. (4.198)
Owing to the arbitrariness of n, this leads to
T = QTQ". (4.199)

Equation (4.199) implies that once the stress vector is assumed to be objective, then the
Cauchy stress tensor T is likewise an objective spatial tensor.

Recall next the relation between the Cauchy and the first Piola-Kirchhoff stress tensor
in (4.110). Given that this relation also holds in the superposed rigid-body configuration, it
follows that

Pt = JITHEF DT = J(QTQN)(QF ') = QUJTF ') = QP (4.200)

where the kinematic transformations (3.178) and (3.201) are employed in addition to (4.199).
Equation (4.200) implies that the first Piola-Kirchhoff stress P is an objective two-point
tensor. Proceeding in an analogous manner for the second Piola-Kirchhoff stress tensor S,
it follows from (4.116); and (4.200) that

St = (FH'PT = (F'QN)(QP) = F''P = S, (4.201)
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which implies that S is an objective referential tensor.
Since (4.201) holds true, it follows immediately that the material time derivative S sat-

isfies

st =8, (4.202)

that is, S is also objective. However, starting from the relation (4.199) and using (3.182) it

can be seen that

T" = QTQ" +QTQ" + QTQ"
= (QQ)TQ" + QTQ" + QT(Q)”
= Q(QTQ") + QTQ" + (QTQ")Q"
= QT +QTQ" - T™Q (4.203)

which shows that, unlike T, the material time derivative T of the Cauchy stress is not
objective. A similar conclusion may be drawn for the rate P of the first Piola-Kirchhoff

stress tensor, where (4.200), in conjunction with (3.182), implies that
P" = QP+ QP = (QQP+QP = QP*+QP. (4.204)

Regarding the transformation under superposed rigid-body motions of the internal en-

ergy, as well as the heat supply and flux, it is typically assumed that
et =¢ rt o =r ht = h. (4.205)

Equations (3.205) and (4.205)3, in conjunction with the form-invariance of the thermal energy

balance under superposed rigid-body motions, imply that

h+

q+_n+ — q+_Qn
h = q-n, (4.206)

therefore
(@"-Qq)-Qn = 0. (4.207)

Once more, the arbitrariness of n leads to

" = Qq, (4.208)

hence the heat flux vector q is objective.
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Next, invoke form-invariance under superposed rigid-body motions to the principle of
mass balance. Indeed, using the local referential form (4.33) of this principle and taking into

account (3.201) gives rise to
(4.200)

which results in
pt = p. (4.210)

Hence, the mass density is unaffected by superposed rigid-body motion, which is an intu-
itively plausible condition. The same conclusion may be reached when starting from the
spatial form of mass balance, see Exercise 4-27.

Invoking form-invariance under superposed rigid-body motions for the local form of linear

momentum balance in (4.75) implies that
divi TT + p™b" = prat. (4.211)

Appealing to (4.199) and resorting to components, note that

oTt (QirTuQs) 0 o7, o o7,
v iklkitjl) OXm o 9ok s o o DR o CTk 4.912
. . X AT . NXm
where it is recognized from (3.179) that e Q" , therefore, in components, Tt Qjm-
X X

J
The outcome of equation (4.212) may be written using direct notation as

divi Tt = QdivT, (4.213)

which shows that the divergence of the Cauchy stress transforms as an objective vector.
Using (4.75), (4.211) and (4.213), one concludes that

divt Tt = pf(a® —b") = p(at —b™")
=QdivT = pQ(a—b) )

from where it follows that
at —b" = Qa—Db). (4.214)

This means that, under superposed rigid-body motions, the body forces transform as

b" = Qb+at - Qa, (4.215)
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where an explicit expression for a™ in terms of the superposed motion is given in (3.186).
It is reasonable to think of b™ as an apparent body force which artificially encompasses the
part a* — Qa of the acceleration induced by the superposed rigid-body motion.”
Generally, a superposed rigid-body motion is termed inertial if the body force in the
statement of linear momentum balance transforms objectively.?’ Physically, an inertial
superposed rigid-body motion does not introduce artificial body forces. Given (3.186)
and (4.215), it is clear that a superposed rigid-body motion is inertial if, and only if,
a® = Qa. In this case, (4.213) and (4.215) imply that each of the three vector terms in
the local statement of linear momentum balance (4.211) involves a proper orthogonal trans-

formation by Q.

Example 4.10.1: Inertial rigid-body motions
It is easy to show that any constant-velocity rigid translation superposed on a given motion is inertial. Indeed,
in this case,

Q:in:QZO,CZCOtv

where ¢ is a constant vector. Recalling (3.186), this readily implies that at = a and also b"™ = b. Any
constant rigid rotation, where

Q=Q , Q=Q=0, c=0,

is also inertial, since here, according to (3.186), a™ = Qa, therefore also b™ = Qb.

Equations (4.205); 2 and (4.210), together with (4.199) and (3.207), imply that the bal-

ance of energy is form-invariant under superposed rigid-body motions, in the sense that
ptet = TT-DT + ptrt —divt q* (4.216)

reduces to the original energy balance equation (4.164), since, by analogy to the derivation
of (4.213), it is easy to show using (4.208), (3.179), and the chain rule that

dq;” a(Qiij) Oxy, Jq; Jg; dq;
i = Qii—2Qy = —L6p = —L 4.217
oz dr, Oz Qi @ik = gy, 0 1 (4.217)
or, in direct notation,
divtqt = divq. (4.218)

9Parabolic flight, intended to induce a condition of weightlessness within the earth’s atmosphere, is a
good example of a superposed rigid-body motion designed to render b* approximately equal to zero by

means of a centrifugal force which is equal and opposite to the force of gravity.
20Some authors prefer to write linear momentum balance only for inertial superposed rigid-body motions

rather than for arbitrary superposed rigid-body motions so as to avoid introducing the apparent body forces
in (4.215).

ME185



The Green-Naghdi-Rivlin theorem 155

4.11 The Green-Naghdi-Rivlin theorem

This important theorem highlights the unique role of the energy equation among the funda-
mental principles of continuum mechanics.

Assume that the principle of energy balance, taken here in its integral form, remains
form-invariant under superposed rigid-body motions. With reference to (4.143), this means
that

= / ptbt v dut +/ tT-vTdat +/ ptrtdvt — / h*da™ . (4.219)
Pt opP+ P+ P+

Now, choose a special superposed rigid-body motion, which is a rigid translation at constant

velocity, such that at a given time ¢,
Q=i : c(t) = cot, (4.220)

where ¢ is a constant non-zero vector in £3, see also Exercise 4.10.1. It follows immediately
from (3.184), (3.186) and (4.220) that

vi = v+e at = a. (4.221)

Moreover, it is readily concluded from (4.215), (4.195), (4.220) and (4.221) that under this

superposed rigid translation
bt = b |, tt = t. (4.222)
It follows from (4.205), (4.210), (4.221), and (4.222) that (4.219) takes the form

d 1
yr 7D[pé?—l—§p(v—|—c0)-(V—l—co)] dv

= /pb-(v+c0)dv+/ t-(v+co)da+/prdv—/ hda . (4.223)
P oP P oP

Upon subtracting (4.143) from (4.223), it is concluded that

d 1 d
(2 | obdo— | ¢ Z(co - 4 — 0. 4.224
Co (dt/vadv /Pp dv /873 da) +2(Co Co) (dt/PPd"U) 0 ( )

Since cg is an arbitrary constant vector, one may rewrite (4.224) by replacing co with —cq

and then add the two equations. Owing to the arbitrariness of c¢q it now follows that

d
— dv = 0 4.225
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hence, also,

d
— [ pvdv = /pbdv—i—/ tda . (4.226)
dt Jp P oP

This, in turn, means that translational form-invariance of the energy equation (at constant

velocity), as well as the conditions (4.205) and (4.222) jointly imply the integral forms of

mass conservation and linear momentum balance.?!

Next, a second special superposed rigid-body motion is chosen, such that, for a given

time ¢,

Q=i , Q=9 , c=0, (4.227)

where € is a constant skew-symmetric tensor. Given (4.227), it can be easily seen from (3.179),
(3.184) and (3.186) that

vi = v+ Qox  ,  al = a+2Qv+Qx. (4.228)

Equations (4.228) imply that the superposed motion is a rigid rotation with constant angular
velocity defined by €2y on the original current configuration of the continuum. Taking into
account (4.195), (4.215), (4.227) and (4.228),, it is established that in this case

bt = b+2Qv+Qx , tF =t. (4.229)
In addition, equations (4.228); and (4.229); lead to
vievh = v.v+2Qex - v+ Qox - Qox (4.230)
and

b" vl = b-v+b-Qux+2Qv- v+ 22V - Qx + Q2x - v + Qox - Qox
= b-v+b- -Qux+ Qv Qx, (4.231)

where the readily verifiable identities

Qov-v =0 , Qx-Qox = 0 , Qov - Qox +x-v = 0 (4.232)

21f condition (4.222); were to be derived from (4.215), then the argument leading to the proof of the first
part of the Green-Naghdi-Rivlin theorem becomes circular, as it presumes that linear momentum balance
holds before deducing it. Instead, one could treat this condition as an implication of the inertial nature of

translations under constant velocity.
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are employed. Similarly, using (4.228);, (4.229);, and (4.232), it is seen that

(vt-vt) = a-v+a Qux+ Qv Qx+ Qv v

= a-v+a - Qyx+ Qyv-Qx . (4.233)

Invoking now form-invariance of the energy equation under the superposed rigid rotation, it
can be concluded from (4.219), as well as from (4.230), (4.231) and (4.233), that

% 7Dp&:alv—k/7);)(a-v+<51-Q[)><+QOV-Qox)dv
= /p(b-v—i—b-ﬂox—i—ﬂov-ﬂox)dv
P

+/ t-(v+ﬂox)da+/p7‘dv—/ hda . (4.234)
ap P P

After subtracting (4.143) from (4.234) and simplifying the resulting equation, it follows that

/ pa- Qoxdv = / pb - Qox dv +/ t-Qoxda . (4.235)
P P oP

Recalling that, for any given vector z in £, z- (2X) = z- (wg X X) = wy - (x X z), where wy

is a (constant) axial vector of g, (4.235) takes the equivalent form

wo-(/xxpadv—/xprdv—/ xxtda) =0. (4.236)
P P apP

Since wy is arbitrary, the preceding equation implies that

d
— [ xxpvdy = /XXpde+/ x X tda , (4.237)
dt Jp P P

where use is also made of mass balance. This derivation confirms that the integral form of
angular momentum balance may be deduced by assuming rotational invariance of the energy
equation (under constant angular velocity), exploiting the mass balance law derived from
translational invariance, and appealing to the condition (4.229); for the body force.??

The preceding analysis shows hat the integral forms of conservation of mass and balance of
linear and angular momentum are directly deduced from the integral form of energy balance,

the postulate of its form-invariance under superposed rigid-body motions, and the invariance

22 At this stage, condition (4.229); may be thought of as an implication of invariance of the linear mo-
mentum balance (already derived from translational invariance of the energy balance) under superposed

rigid-body motions.
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conditions (4.195) and (4.205). This remarkable result is referred to as the Green®3-Naghdi**-
Rivlin®® theorem.

The Green-Naghdi-Rivlin theorem can be viewed as an implication of the general covari-
ance principle proposed by Einstein. According to this principle, all physical laws should
be invariant under any smooth time-dependent coordinate transformation (including, as a
special case, rigid time-dependent transformations). This far-reaching principle reflects Ein-
stein’s conviction that physical laws are oblivious to specific coordinate systems, hence should
be expressed in a covariant manner, that is, without being restricted by specific choices of
coordinate systems. In covariant field theories, the energy balance equation plays a central

role, as demonstrated by the Green-Naghdi-Rivlin theorem.

4.12 Exercises

4-1. Let A be a smooth surface with outward unit normal n at time ¢.

(a) Show that for any continuously differentiable vector function w = w(x, ),

d
/w-nda = /[V'v—i-(trL)W—Lw]'nda,

where L is the spatial velocity gradient tensor on A.

(b) Starting from the result of part (a), deduce the alternative identity
d
dt/AW ‘nda = /A[aa‘: + (divw)v — curl (v x w)] -nda .

(c) Show that for any continuously differentiable scalar function ¢ = ¥ (x,t),

jt/Awnda = /A[l/}n + ¢{(trL)n — LTn}} da

where, again, L is the spatial velocity gradient tensor on A.

4-2. Consider a material curve identified with the point sets Cy and C in the reference and current
configuration, respectively.
(a) Prove that for any smooth vector field u(x,t),

d

7 Cu-dx = /c(u + LTu) - dx ,

where L is the velocity gradient tensor.

B Albert E. Green (1912-1999) was a British mechanician.
24Paul M. Naghdi (1924-1994) was an Iranian-born American mechanician.
2Ronald S. Rivlin (1915-2005) was a British-born American mechanician.
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(b)

Let C(s) be a curve which is smoothly parametrized by a scalar s € [0, 1] and assume
that C is closed, namely C(0) and C(1) correspond to the same point in space. Use the
result of part (a) to conclude that

d

7 Cv-dx:/ca-dx, (1)

where v and a stand for the particle velocity and acceleration vector, respectively. The
integral on the left-hand side of (}) is termed the circulation around C. A motion is
referred to as circulation-preserving if, for every closed material curve, the circulation
is independent of time.

Suppose that the acceleration field is derivable from a potential, namely
a = grada

where a(x,t) is a real-valued function. Prove that the motion is circulation-preserving.
This result is known as Kelvin’s theorem.

4-3. Consider a spatially fixed spherical region P of £ with radius R and smooth boundary 0P,
and let a body B go through P during its motion.

(a)

Let the velocity of the body be of the special form

1
v = —c,

where p is the mass density in the current configuration and c is a constant vector.
Show that the total mass m of the material particles contained in P does not change
with time.

Let the velocity of the body be given on 9P by

where p is the mass density of the material, n is the outward unit normal to P, and ¢
is a positive constant. Show that the rate of change of the total mass m contained in P
is given by

om

ﬁ = —47TR2C.

4-4. Consider the motion of a body in which the spatial velocity vector is written with reference
to a fixed orthonormal basis e; as

v = (axry —bxg)e; + (bry —axs)es + crses,

where a, b, and ¢ are constants.

(a)

Assuming that the mass density pg of the body in the reference configuration at time
to = 0 is uniform (that is, pg is independent of position X), determine the mass density
p = p(x,t) in the current configuration.
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(b) Using the expression for the mass density p obtained in part (a), find the material time

derivative p and compare it with the spatial time derivative 8—';) Are they equal? If

yes, provide a physical justification of why this is the case.

4-5. Consider a material for which the Cauchy stress is always of the form

T = —p(p)i,

where the pressure p is a given function of the density p. Let a body made of this material
undergo a homogeneous motion such that

x = X,
and assume that the mass density at time ¢ = 0 is uniform and equal to py.
(a) Determine the velocity and acceleration of the body.

(b) Deduce the density of the material in the current configuration. Is the density uniform?

(¢) Consider a part of the body which in the reference configuration occupies the region Py
defined as

Po = {(X1,X2,X3) € & X<, [ X <1, [ X3 |< 1.

Compute the kinetic energy for this part of the body at time t.
(d) For the same part of the body as in (d), compute the stress power at time .

4-6. Recall that the center of mass for a body that occupies a region R at time ¢ is the point
whose position vector X is given by

1
x:/pxdv,
mJr

where m is the total mass of the body.

(a) Show that
/p(x - x)dv = 0
R

and

and
Mg = Hg ,
where F is the total external force acting on the body at time t, H¢g is the angular

momentum of the body with respect to its mass center, and Mg is the total moment
with respect to the mass center due to the external forces acting on the body.
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4-8.

4-9.

4-10.

(¢) In the special case of a body that is undergoing a rigid rotation about the origin of
the fixed Cartesian coordinate system, namely when there exists a proper orthogonal
tensor Q(t) such that

x = QX

show that there exists a vector w(t) such that
V= wXX.

In addition, show that the angular momentum of the body at time ¢ with respect to
the fixed origin of the coordinate system can be expressed as

H=Jw,
where J(t) is the inertia tensor defined as
J = / p(x-xi — x®x%x)dv .
R

In the above definition, i stands for the spatial identity tensor.

. Show that the rate of change of the angular momentum in a region P satisfies

d
— | xxpvdy = — (x—i)xpvdv—i—ix/padv,
dt Jp dt Jp P
where X is the center of mass in the region P. Provide a physical interpretation of this result.

Consider two surfaces o and ¢’ passing through a point x in the current configuration of a
body. Also, denote by n and n’ the outward unit normals to o and ¢’, respectively, and let
T be the Cauchy stress tensor at x. Show that

where t(,) and t(,/) are the stress vectors at x acting on o and o', respectively.

Let T be the Cauchy stress tensor for a body at a given point x and time ¢. Suppose that
the stress vector t(y) at x on a surface o lies in the direction of the outward unit normal n to
o, while the stress vector t(,,) at x on any surface 7 with unit normal m vanishes, provided
n-m = 0. Show that T corresponds to a state of pure tension.

(a) Let OP be any smooth closed surface with outer unit normal n. Use the divergence
theorem to show that
/ nda = 0.
P

(b) Use the result of part (a) to deduce the Piola identity:

Div(JFT) =0 ; (JFyHa = 0.
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4-11.

4-12.

4-13.

4-14.

4-15.

4-16.

(¢) Show also that
div(J7'FT) = 0 (J7'Fa)s = 0.

)

(a) Let a vector be expressed in the current configuration as v = v(x). The Piola transform
of v is another vector vg = v((X), defined in the reference configuration by

v = JF v .

Prove that
Divvy = Jdivv,

where “Div” and “div” are the divergence operators relative to the reference and current
configuration, respectively.

(b) Let a tensor be expressed in the current configuration as T = T(x). The Piola transform
of T is another tensor Ty = Ty(X), defined in the reference configuration by

T, = JTF T .

Prove that
DivTy = JdivT.

(c) Provide physical interpretations of the Piola transforms in parts (a) and (b) involving
the fluxes v - n and Tn, when v and T are interpreted as velocity and Cauchy stress,
respectively.

Starting from the local statement of linear momentum balance (4.100) in referential form,
deduce the corresponding local statement (4.75) in spatial form without directly resorting to
the respective integral statements.

Starting from the local statement of linear momentum balance (4.100) in referential form,
derive the referential integral statement of mechanical energy balance (4.134) by using local
statements of mass and angular momentum balance.

Starting from the local form of linear momentum balance in (4.77), deduce directly (i.e.,
without use of integral forms) that angular momentum balance implies symmetry of the
Cauchy stress.

Starting from the dot-product of the local form of linear momentum balance in spatial (re-
spectively, referential) form with a virtual velocity v*, derive the statements of the theorem
of virtual power (4.136) and (4.138).

Let a body B in the current configuration occupy a region R defined with reference to a fixed
orthonormal basis {e, ez, e3} as

R = {(z1,29,23) | |a|<a, |z2|<a, |z3|<D},
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where a and b are positive constants. In addition, let the components of the Cauchy stress
tensor be specified on R at a given time ¢ by

q
Ty = —Tn = —ﬁ(fﬂf — a3) ,
2
Ty = %x1$27
a
Tos = T3 = T33 = 0,

where ¢ is a non-zero constant.

(a) Determine the traction that should be applied on R in order to maintain the above
stress field.

(b) Calculate the resultant force and the resultant moment with respect to the origin acting
on the faces r1 = a and 9 = —a.

(¢) Assuming that the body is at rest, show that the above stress field can be maintained
without the application of any body forces.

4-17. Let the components of the Cauchy stress tensor for a body at time ¢ be of the form

0 cr3 0
Ti;] = | cas dxa —cx1 |
0 —cxy 0

where ¢ and d are constants.

(a) Determine the body forces required so that balance of linear momentum is satisfied,
assuming that the body is at rest.

(b) At the location x = 4e; + Tey — 4es, calculate the stress vector acting on the planar
surface —z1 + 279 + 273 = 2 and on the spherical surface 22 + 23 + 23 = 81.

4-18. Let the components of the velocity v be
v = X123t , V2 =wx3x1l , V3= 1:§

and the components of the stress be

m% —x1x2 0
2
[ng] = —XoX1 1‘2—1 i) y
2
0 To x3

in terms of a fixed orthonormal basis {e;} in the given configuration of the body.

(a) Find the components of the body force needed to enforce linear momentum balance of
the body in this configuration.

(b) Find the components of the traction t(,) at a point with coordinates (v1,x2,73) =
(1,1,0) on the plane with outward unit normal having components (nj,ng,n3) =

(1, 11).
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(¢) Find the maximum shear at (x1,x2,23) = (1,0,0) and the components of the unit
normal to the plane on which the maximum shear is attained.

4-19. Recall that the stress vector t(,) can be decomposed into normal and shearing components,
according to
tn)y = Nn+Ss , s-s =1,

where
N = t(n) -1n

and

S = ) = (b -m)n| .

(a) Let T; and n; be, respectively, the three principal stresses of T and the associated prin-
cipal stress directions. Consider a coordinate system whose orthonormal basis vectors €;
are parallel to n;. In addition, let the principal stresses T; be distinct and, without loss
of generality, assume that 77 > T5 > T3. Show that

N = Tnd + Thai + T3nd < T}
1/2

S = [Ttni + Tins + Ting — (Tini + Tonj + Tyn3)?| ",

where n is expressed as n = n,;€;.

(b) Show that

o, S+ (N - BN - Ty
o= (T — To)(Ty — T3) ’
., S?+ (N - T3)(N — Ty)
"= (Ty — T3)(Ty — Ty) ’
2 = S?2 + (N — T)(N — Ty)

(13 — TW)(T5 — T2)

(¢) Use the results of part (b) to deduce the relations

Ty + T5\2 T, — T3\2

4 (v-252) 2 ()
+ 2 - 2

T3 + T1\2 T3 — T1\2

v -=57) < ()
+ 2 - 2

52 4 (N o+ T2)2 (Tl - T2>2

2 - 2 ’

Interpret the above inequalities geometrically in the S — N plane (that is, obtain Mohr’s
stress representation).

(d) Determine the maximum shearing stress as a function of the principal stresses and find
the plane on which it acts. Also, determine the normal stress on this plane.

(e) Clearly explain how the results obtained in parts (a)—(d) are affected if: (i) 71 = T >
T3, or (ii) T1 = T2 = Tg.
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4-20. The components of the Cauchy stress tensor T at a point x and time ¢ are given by

11 1
[T = e 11 1 1, (1)
11 1

where ¢ > 0 is constant.

(a) Find the three principal invariants of T at (x,t).

(b) Calculate the principal stresses and the associated principal stress directions.

(c) Determine the maximum shear and the plane(s) on which it acts.
)

(d) Identify the simple stress state described by ().

4-21. Consider a body at rest so that it occupies the region R at all times.

(a) Show that
/ t®xda = /(divT@x—i—T)dv.
R R

(b) Let the mean Cauchy stress tensor T over the region R be defined as

- 1
T = — Td
vol(R)/R o

where vol (R) denotes the volume of the region R. Use the result of part (a) and the
balances of linear and angular momentum to show that

2vol (R) T :/ (teox + x®t)da + /p(b®x+x®b)dv.
OR R

The above result is known as Signorini’s theorem. Provide a physical interpretation of
the theorem.

(¢) The configuration of a body at rest is depicted in the figure below. In addition, assume
that b =0, and

t = —pin on Py ,
t = —pon on JPy ,

where p; and po are positive constants and n is the outward unit normal to 9P; or 9Ps.

Show that T is a hydrostatic pressure of magnitude

p1vol (P1) — pa2vol (Pa)
vol (Pg) — vol(Py)

where vol (P1) and vol (P2) are the volumes enclosed by 9P; and 0P, respectively.
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0P,

\n

4-22. Let T be the Cauchy stress tensor at a point x, and denote its three principal stresses and
the associated principal directions by 7; and n;, respectively. Define the octahedral plane
at x by means of its outward unit normal n, given by

n = (n; + ny + ng3) .

1
V3
(a) Show that

1
tw = —=(Tin1 + Tony + Ting) .

V3

(b) Let § be a unit vector on the octahedral plane, such that
t(ﬁ) = Nocth + SoctS

where Nyt and Sy > 0 represent the magnitudes of the normal and the shearing stress,
known as the octahedral normal and octahedral shear stress, respectively. Show that
1

Noct = gtI‘T 5

which implies that N, is a scalar invariant.

(c) Show that the magnitude of the shearing component of t(4) can be expressed as

Sor = [T — T)? + (T — T2 + (Ty — T2
1 1 1/2
— g(Tl2 + T2 + T3 — §(T1 + Ty + Ty)?

W =

Argue from the above result that S, is also a scalar invariant.

4-23. Consider a body undergoing a motion defined by

I :Xl—th,
ro = X9 +tX7,
r3 = X3,

relative to fixed and coincident orthonormal bases {E4} and {e;}.
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4-24.

4-25.

(a) Verify that the acceleration experienced by the body vanishes identically.

(b) If the components of the Cauchy stress tensor at time ¢ are given by

0 423 0
[T;)=| 423 21—-322 0 ,
0 0 1,3

and the mass density pg in the reference configuration is spatially homogeneous, deter-
mine the components of the body force needed to maintain equilibrium.

(c) Determine the components of the normal traction vector t acting at the point P in
the current configuration with coordinates (1,1,1) on the plane that is tangent to the
surface defined by

a}+ 23 +a3 = 3.

(d) Determine the components of the first Piola-Kirchhoff stress tensor P at time ¢ at the
image of the point P in the reference configuration.

Suppose that the following data is known on the stress state of a point x in the current
configuration:

(i) The traction t; acting on a surface with outward unit normal e; is given by t; = e; — e3.

(ii) The traction to acting on a surface with outward unit normal e is given by to = —2es.
(iii) The pressure p is equal to zero.
Taking into account that {e;} is a right-hand orthonormal basis, use the above data to
determine the following information at x:

(a) All components of the Cauchy stress tensor,

(b) The principal stresses and principal stress directions,

(c) The maximum shearing stress and the plane on which it acts.

(a) Suppose that at a point P in a continuum there exists an orthonormal set of vectors n;,
i = 1,2, 3, such that the tractions acting on planes with outward unit normals n; satisfy

t(ni) = —pn; , 1= 1,2,3.

Show that the Cauchy stress at P is of the form T = —pi, where i is the spatial identity
tensor.

(b) Let m;, i = 1,2, 3, be three non-coplanar and not necessarily mutually orthogonal unit
vectors. Show that the set of vectors m}, i = 1,2, 3, defined as

/
m; =mj,

is orthonormal.
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(¢) Use the results of parts (a) and (b) to argue that if there exist at a point P three
non-coplanar and not necessarily mutually orthogonal unit vectors m;, : = 1,2, 3, such
that the tractions acting on planes with outward unit normals m; satisfy

t(mz) = —pm; , i = 17273 )
then the Cauchy stress at P is of the form T = —pi.

4-26. Let the Cauchy stress tensor T be additively decomposed into two parts according to
, 1 -, , 1 -
T =T —|—§T1 ; TZ--:TM-FgT(Sij, (1)
so that tr TV = 0. In this case, T’ is called a deviatoric tensor, and %Ti a spherical tensor.

(a) Show that
trT = T.

(b) Argue that for each T, there exist a unique scalar 7' and a unique tensor T’, such that

() hold.

(¢) Prove that the tensors T and T’ are co-arial and find the relation between their respec-
tive eigenvalues.

(d) Let the rate of deformation tensor be expressed as
D =D + Di ; D;; = Déj + D5¢j7

where, again, tr D’ = 0. Show that the stress power can be also additively decomposed
according to o
T-D =T -D + TD.

4-27. Show that invariance under superposed rigid-body motions of the local statement of mass
balance in the spatial description leads to the conclusion that p™ = p.

4-28. The Biot stress tensor S is defined as
1 1
st = 5(RTP +P™R) 5 Sy} = 5 Rialip + PiaRip) |

where R is the rotation tensor obtained from the polar decomposition of the deformation
gradient tensor F (= RU), and P is the first Piola-Kirchhoff stress tensor. Show that S() is
work-conjugate to the right stretch tensor U.

4-29. (a) Let the rate of the deformation gradient F be expressed as
F =FLg,

where Ly is referred to as the right rate-of-deformation tensor. Starting from the
preceding expression, show that

L = F'LF,

where L is the usual (left) rate-of-deformation tensor. Is Ly a referential or spatial
tensor?
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(b)

Recall that the second Piola-Kirchhoff stress S and the Lagrangian strain E are work-
conjugate, in the sense that the local (referential) stress power P equals

P=SE.
Taking into account the definition of Lp in part (a), show that
P = CS:Lg,

where C is the right Cauchy-Green deformation tensor. The tensorial quantity Sy; =
CS is called the Mandel stress.

4-30. Recall that, under a superposed rigid-body motion

xt = Q(t)x + e(t) |

the Cauchy stress tensor T transforms according to

T = QTQ",

which implies that T is an objective Eulerian tensor.

(a)
(b)

Show that the material time derivative T of the Cauchy stress tensor is not an objective
Eulerian tensor.

26

Let the Jaumann=® (or co-rotational) rate of the Cauchy stress tensor be defined as

T-17+TW - WT,

o
where W is the vorticity tensor. Show that T is an objective Eulerian tensor.

Let the Cotter-Rivlin (or convected) rate of the Cauchy stress tensor be defined as
A .
T =T+ L'T + TL,

A
where L is the velocity gradient tensor. Show that T is an objective Eulerian tensor.

>
Let the Truesdell stress rate T be defined as

>

T = T-LT-TLY + T(trD) ,
where L is the spatial velocity gradient and D the rate of deformation tensor. Show that
> . >
T = %FSFT and conclude from this relation that T is an objective Eulerian tensor.
Let the Green-McInnis rate of the Cauchy stress tensor be defined as

0 . . -

T =T - RR'T + TRR" ,
where R is the rotation tensor obtained from the polar decomposition of the deformation

O
gradient F. Show that T is an objective Eulerian tensor.

26Gustav Jaumann (1863-1924) was an Austrian physicist.
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(f) Argue that the any Eulerian tensor of the form
o A
aT + (1 — a)T , acR
is also objective.
(g) Use the result in part (f) to directly conclude that the Oldroyd rate of the Cauchy stress
tensor, defined as
v .
T =T -LT - TL",
is objective.
4-31. Recall that the heat flux h = h(x,t; n) through a surface with outward unit normal n at a
point x has been shown to satisfy the condition
h(X,t; n) - - h(X,t; —Il) )
for any given time t. Use the standard Cauchy tetrahedron argument to show that there
exists a vector q = q(x,t), such that
h =q-n.
Provide full details of the derivation, including all assumptions on smoothness of the various
fields that appear in your arguments.
4-32. Starting from the local statement of the energy equation in spatial form, as in (4.164), deduce
directly its referential counterpart in the form
poé = P-F + por — Divqp ,
where qq is the Piola transform of q.
4-33. Let P be a fixed region in 3-dimensional space occupied by a continuum of mass density p

and velocity v at some time ¢.

(a) Starting from an integral statement of mass balance over the region P, employ the
Reynolds transport theorem to show that

i Lo+
— [ pdv + pv-nda = 0,
ot Jp oP

where n is the outward unit normal to the boundary 9P of the region P.

(b) Assume that the velocity of the continuum is given as
v = x1€1 + 2x9es + 3x3€3

where xz;, i = 1,2,3, are the components of the position vector x of a point relative
to a fixed orthonormal basis {e;,i = 1,2,3}. Further, assume that the mass density p
of the continuum is spatially homogeneous, that is, p = p(t). Invoke mass balance to
determine the mass density p(t), as a function of the referential mass density pg at time
t=0.
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(c¢) Let the continuum be a unit cube, as in the figure below.

3

Use the result of part (b) to determine the rate of change of the mass contained in the
fixed region P.

(d) Invoke again part (b) to determine the flux of mass through the six faces of the cube.
Is your result consistent with the identity derived in part (a)?

4-34. (a) Consider a continuum that is in equilibrium at the absence of body forces and occupies

- - 1
a region R at time ¢t. Show that the mean Cauchy stress T, defined as T = v fR T dv

in terms of the volume V of R, is related to the surface traction t on the boundary oR
according to

VT = /t®xda. (1)
R

(b) Consider a collection of n particles in equilibrium under the influence of external forces
F¢, a=1,2,...,n, and internal (i.e., interaction) forces F¢, @ = 1,2, ..., n. Show that

N
Y [Feox*+Frex?] =0, (1)

a=1

where x%, « = 1,2,...,n are the position vectors of the particles.

(¢) Suppose that one wishes to approximate the continuum of part (a) with the collection
of particles in part (b). Within such an approximation, which terms of the equations
(1) and (%) correspond to each other?

4-35. Recall the local statement of mass balance in the form
p+pdivy = 0,
where p is the mass density and v is the velocity vector.

(a) Show that mass balance may be alternatively stated in a so-called conservative form as

dp . _
n + div(pv) = 0.

In what sense may the preceding form be interpreted as “conservative”?
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(b) Recall that, in the absence of volumetric heat supply, the energy equation is written as
pe = T-D—divq,

where ¢ is the internal energy per unit mass, T is the Cauchy stress tensor, D is the
rate-of-deformation tensor, and q is the heat flux vector.

Use the result of part (a) to establish that the preceding equation may be recast in the
form

gt(pe) +div(pev) = T-D —divqg

(c) Starting from the result of part (b) and assuming the vanishing of any body forces,
invoke linear momentum balance and use the result of part (a) to argue that the energy
equation is also expressible in conservative form as

0
a(pE)—l—div(pEv—i—q—Tv) =0.

Here, E is the total internal energy per unit mass, defined as F = ¢ + %v V.

4-36. Let a body in the current configuration occupy a region R, and suppose that the components
of the Cauchy stress tensor T with respect to a fixed orthonormal basis {ei,es,e3} are of

the form
0 0 axs + x%a:z
[le] = 0 0 bl’l — 1‘11‘% y
ars + :c%xg br1 — mlxg 0

where a and b are positive constants to be determined. In addition, assume that the body is
at rest.
(a) Conclude that balance of linear momentum is satisfied in the absence of body forces.

(b) Let R be defined as
R = {(z1,20,23) €E | |z |<w, |z2|<h, 0<z3<1},
where w, h and [ are positive constants. Determine a and b by requiring that the faces

r1 = tw and zo = +h be traction-free.

(c) Use the component form of T obtained in part (ii) to determine the resultant forces
and moments acting on the faces x3 = 0 and x3 = [. Also, exhibit these resultants on
a sketch of R.

4-37. Derive the referential expressions (4.177) and (4.178) from the corresponding spatial expres-
sions (4.174) and (4.176).
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Chapter 5
Infinitesimal Deformations

The development of kinematics and kinetics presented up to this point does not require
any assumptions on the magnitude of the various measures of deformation. In many real-
istic circumstances, solids may undergo “small” (or “infinitesimal”) deformations. In these
cases, the mathematical representation of kinematic quantities and the associated kinetic
quantities, as well as the balance laws, may be substantially simplified.

In this chapter, the special case of infinitesimal deformations is discussed in detail. Pre-
liminary to this discussion, it is instructive to formally define the meaning of “small” or
“infinitesimal” changes of a function. To this end, consider first a real-valued function
f = f(z) of a real variable x, which is assumed to be twice differentiable. To analyze this
function in the neighborhood of x = xy, one may use a Taylor series expansion at xy with

remainder, in the form

Flao+v) = flao) +ovf (e0) + 57 (&) (5.1)

where v is a change to the value of ¢ and Z € (g, x¢ + v). Denoting by ¢ the magnitude of
the difference between g + v and g, that is, € = |v], it follows that as e — 0 (therefore, as
v — 0), the scalar f(x¢ + v) is satisfactorily approximated by the linear part of the Taylor

series expansions in (5.1), namely

flwo+v) = [flao) +vf (x0) - (5.2)
2
Recalling the expansion (5.1), one may say that ¢ = |v| is “small”, when the term %f”(i’)
can be neglected in this expansion without appreciable error, that is, when '
2

5@ < Ifteo+ o)l (53)
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174 Infinitesimal deformations

assuming that f(zo+v) # 0.

5.1 The Gateaux differential

Linear expansions of the form (5.2) can be readily obtained for a general class of functions

using the Gateaux differential. Specifically, given § = §(X), where § is a sufficiently smooth

real-, vector- or tensor-valued function of a real, vector or tensor variable X, the Gateaux

differential DF(Xy, ) of §F at X = X, in the direction U is defined as

DF(%,0) = [%S(%wwm)} ;

w=0

where w is a scalar. Then, it can be shown that
F(Xo+0) = F(Xo) + DF(%0, D) +o(|V)

where the term o(|U]?) satisfies

o(|BF)

li = 0.
mlgo 10|

The linear part L[F; U]z, of § at X¢ in the direction U is then defined as

L[F:V]x, = §(Xo) + DF(%X0,9) .

Example 5.1.1: Gateaux differentials of simple functions
Let §(X) = f(z) = 2. Using the definition in (5.4),

Df(xo,v) = _dif(xo-i-wv)]

w=0

F )
= _@(xo + wv) L}_O
[ d
= | == (22 + 2zowv + wzv2)]
dw "

[2:001) + 2wv2] I

= 2xqv .

Hence,
L[f;v]ze = o+ 2200 .

(5.4)

(5.5)

(5.6)
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(B) Let F(X) = ¢(x) = x - x. Using, again, the definition in (5.4), it follows that

D¢(x0,v) = :CZJQS(XO o wv)] L
= :di{(xo +wv) - (x0 + wV)}}

w=0

d
= %(xo - Xg + 2wxg -v+w2v-v)]

=2Xg- V.

w=0

This means that
L[$;V]x, = Xo-Xo+2X0:V .

(c) Let F(X) = T(x) = x ® x. Using, one more time, the definition in (5.4),

[ d
DT(xq,v) = @T(xo + wv)]
L w=0

= :ddw{(xo +wv) ® (x0 + wV)}}

w=0

[ d
= dw{xo®x0+w(x0®v+v®xo)+w2v®v}}

w=0
= [(X®V+VROxp)+2wv®Vv],_,
=X Q®V+VR®Xg .

It follows that
LIT;v]x, = X0 ®X0+Xo®V+VRXg .

5.2 Consistent linearization of kinematic and kinetic

variables

Preliminary to the ensuing development, assume that the two orthonormal bases {E4} and
{e;} associated respectively with the reference and current configuration are coincident. In
this case, the position vector x of a material point P in the current configuration can be
written as the sum of the position vector X of the same point in the reference configuration

plus the displacement u of the point from the reference to the current configuration, that is,
x = X+u, (5.8)

as shown in Figure 5.1. As usual, the displacement vector field can be expressed equivalently

in referential or spatial form as

u = aX,t) = alxt). (5.9)
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{Ea} = {e;}
Figure 5.1. Displacement vector u of a material point with position X in the reference config-

uration.

It follows from (3.34) that the deformation gradient can be written as

Cox X +w) o
F=95x 7~ "ax ~'Yox

where H € L(T,R,TxRy) is the (relative) referential displacement gradient tensor defined
by

— ++H, (5.10)

ou
oX
Clearly, H quantifies the deviation of F from the identity tensor, see, again, Exercise 3-10.

H = (5.11)

Recalling the discussion in Section 5.1, a linearized counterpart of a given kinematic

measure is obtained by first expressing the kinematic measure in terms of H as §(H) and,

then, by expanding F(H) about the reference configuration, where H = 0. This leads to

§(H) = §(0) + DF(0,H) + o(|H|*) , (5.12)
where, as usual, |[H| = (H-H)Y2. Taking into account (5.7) and (5.12), the linear part
L(F;H)o of § in the direction of H about the reference configuration is given by

L(§:H)o = §(0) + DF(0,H) . (5.13)

A suitable global measure of the magnitude for the deviation of F from the identity can
be defined as

e = ¢g(t) = ;3713) H(X, )|, (5.14)
0

where “sup” denotes the least upper bound of |H(X, )| over all points X in the reference
configuration at time ¢. Now, one may say that the deformations are small (or infinitesimal)

at a given time ¢ if € is small enough so that the term o(|H|?) can be neglected when compared

with F(H).
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Next, proceed to obtain infinitesimal counterparts of some standard kinematic fields,
starting with the deformation gradient F. To this end, recall (5.10) and write F = F(H) =
I+ H. Then, the Gateaux differential of F in the direction H is

DF(0,H) = [diF(OerH)L:O

w
= [%(I + wH)} »
=H. (5.15)
Hence, the linear part of F in H is
L[F;H], = F(0)+ DF(0,H) = I+H. (5.16)

Effectively, Equation (5.16) shows that the linear part of F in H is F itself, which should be
also obvious from equation (5.10).

Recall next that FF~! = i, and take the linear part of both sides in the direction of H.
This leads to

LIFF 1 H|y, = FOF'0)+DFFH(0,H) = L[i;H]p = i, (5.17)
where, using (5.15) and the product rule,

D(FF~)(0,H) = DF(0,H)F '(0)+F(0)DF'(0,H) = H+ DF '(0,H)

(5.18)
= Di(0,H) = 0
The preceding equation implies that
DF'(0,H) = -H. (5.19)
Hence, the linear part of F~! at H = 0 in the direction H is
L[FYHy = F'0)+DF'0,H) = I-H. (5.20)

Next, consider the linear part of the spatial displacement gradient tensor grad u. First,

observe that, using the chain rule,
gradi = (Grada)F! = (F—2)F ' = i-F !, (5.21)

therefore
gradi = gradu(H) = i— (I+H)™". (5.22)
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Taking into account (5.19) and (5.21), this implies
D(gradu)(0,H) = —DF '(0,H) = H. (5.23)
As a result,
L[gradu; H)y = gradu(0) + D(gradu)(0,H) = 04+ H = H. (5.24)

The last result shows that the linear part of the spatial displacement gradient grad u coincides
with the referential displacement gradient Grad (= H). This, in turn, implies that, within
the context of infinitesimal deformations, there is no difference between the partial derivatives
of the displacement u with respect to X or x. This further implies that the distinction
between the spatial and referential description of deformation-related quantities becomes
immaterial in the case of infinitesimal deformations. For this reason, the use of separate
orthonormal bases {E 4} and {e;} ceases to be meaningful, hence, for concreteness, all vectors
and tensors under infinitesimal deformations are referred to a single basis chosen to be {e;}.

To determine the linear part of the right Cauchy-Green deformation tensor C in (3.50),

write
C=CH) = I+H'I+H) = I+H+H +H'H. (5.25)
Then,
d
DC(0,H) = {— (0 + wH)]
dw w0
= { d {I+wH+H")+wHH}
w=0
= H+H" +20H™H| _
=H-+H". (5.26)
Consequently, the linear part of C at H = 0 in the direction H is
L[C;H], = C(0)+DC(0,H) = I+ (H+H"). (5.27)

Likewise, the left Cauchy-Green deformation B in (3.57) is written as

B=BH = I+HI+H)" = I+H+H" + HH" | (5.28)
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hence,

4

DB(0,H) = { B(0+wH)]

w=0

=~ 5

= |- {I+w@H+H") +wHH"}

= [H+H" +20HH"] _
=H+H". (5.29)

w=0

therefore,

L[B;H], = B(0)+DB(0,H) = i+ (H+H"). (5.30)

It is clear from (5.27) and (5.30) that the symmetry of C and B is preserved in the respective
linear parts. The same equations imply that the linear parts of C and B with respect to the
reference configurations are equal, since the two identity tensors i and I become identical
when the basis vectors {e;} and {E4} coincide.

Recalling (3.69) and using (5.26), it can be immediately concluded that the linear part

of the Lagrangian strain tensor E is

1
L E;H], = 5(H+HT) : (5.31)
At the same time, the Eulerian strain tensor e in (3.72) can be written as
1 _ _
e = e(H) = 3 i-F"{F'(H)] , (5.32)

hence, with the aid of (5.19) and the product rule, its Gateaux differential is given becomes

De(0,H) = —% [DF~"(0,H)F~'(0) + F~"(0)DF'(0,H)]

_ —%[DF‘T(O,H)+DF‘1(O,H)] = %(H+HT), (5.33)

given that F~1(0) = I. This means that the linear part of e is equal to
1
Lle;Hlo =e(0) + De(0,H) = S(H+ HT) . (5.34)

It is clear from (5.31) and (5.34) that the linear parts of the Lagrangian and Eulerian strain
tensors coincide. Hence, under the assumption of infinitesimal deformations, the distinction

between the two strains ceases to exist and one simply writes that

L[E;H]p = Lle;H]p = %(H+HT) = e, (5.35)
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where ¢ is the classical infinitesimal strain tensor, with components £;; = 3 (u; ; + uj;).
Proceed next with the linearization of the right stretch tensor U. To this end, recall (3.90)
and use (5.25) to write
U? =C =I1+H+H" +H'H, (5.36)

so that, with the aid of (5.26) and the product rule,
DU?*(0,H) = DU(0,H)U(0)+U(0)DU(0,H) = 2DU(0,H) = H+H" , (5.37)

since U(0) = L. Tt follows from (5.37) that

L[U;H], = U(0)+DU(0,H) = I+ %(H+HT) : (5.38)

Repeating the procedure used earlier in this section to determine the Gateaux differential

of F~1, one easily finds that the corresponding differential for U~! is
1
DUY0,H) = —§(H+HT) : (5.39)

therefore .
LU H], = 1- 5(H+ HT) . (5.40)

It is now possible to determine the linear part of the rotation tensor R, written, with the
aid of (3.86), as
R = R(H) = FH) U '(H), (5.41)

by first obtaining the Gateaux differential of R as

DR(0,H) = DF(0,H)U '(0) + F(0)DU '(0,H) = DF(0,H) + DU *(0,H)

= H-J(H4H) = [(H-H), (5.42)
where use is made of (5.15) and (5.39). Then, one may write
L[R;H], = R(0)+ DR(0,H) = I+ %(H —H") . (5.43)
When H is small, the skew-symmetric tensor
w = %(H —H") (5.44)

is called the infinitesimal rotation tensor and has components w;; = 3(u;; — u;;). In this
case, Equations (5.35) and (5.44) imply that

H=ct+w. (5.45)
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Next, derive the linear part of the Jacobian J of the deformation gradient. To this end,

recall (2.52) and observe that

D(detF)(0,H) = %detF(wH)}

w=0

= % det(e + wH)}

w=0

- [e{[r- Dl

[ et el mehemd )]

d
= | (14 wly + w’ Iy + w3]]IH)}
oy

=Iy = trH, (5.46)

w=0

where Iy, Ilg, and Illg are the three principal invariants of H. This, in conjunction
with (5.35), leads to

Lldet F;H]p = detF(0) + D(detF)(0,H) = 1+trH = 1 +tre. (5.47)

The balance laws themselves are subject to linearization. For instance, the referential

statement of mass balance (4.33) may be linearized to yield
Llpo;H]o = L[pJ;Ho . (5.48)
This means that
po = p(0)J(0)+ Dp(0,H)J(0) + p(0)DJ(0,H) . (5.49)

Since conservation of mass is assumed to hold in all configurations (therefore also in the

reference configuration), it follows that

po = p(0)J(0) = p(0), (5.50)
since J(0) = dets = 1. Thus, Equation (5.49), with the aid of (5.46) results in

Dp(0,H) 4+ pgtre = 0, (5.51)

hence,
Dp(0,H) = —pptre . (5.52)
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The linear part of the mass density relative to the reference configuration now takes the form
Lp;Hlo = p(0) + Dp(0,H) = po(1—tre) . (5.53)

Equation (5.53) reveals that the linearized mass density does not coincide with the mass
density of the reference configuration.

The linearization of linear momentum balance will be discussed in Section 6.6.

5.3 Exercises

X
5-1. Find the linear part of the unit vector — at x¢ in the direction v.

|

5-2. Recall that an infinitesimal material line element dX in the reference configuration of a body

can be written as
dX = MdS ,

in terms of the unit vector M in the direction of dX. Due to the motion, the above line
element is mapped to dx in the current configuration, such that

dx = mds,
where m is a unit vector in the direction of dx.

(a) Show that the linear part of ds/dS with respect to the reference configuration is given
by
Llds/dS;H]p = 1 + M-eM,

where € = %(H + HT) and H is the relative displacement gradient tensor.

(b) Show that the linear part of m with respect to the reference configuration is given by

Lm;H]p = [(1 — M-eM)I + HM.

5-3. Recall that an infinitesimal material area element dA with outer unit normal N in the refer-
ence configuration is mapped to an infinitesimal area element da with outer unit normal n
in the current configuration, such that

nda = JF TNdA,
where F is the deformation gradient tensor and J = det F.

(a) Show that the linear part of da/dA with respect to the reference configuration is given
by
Llda/dA;Hlp = 1 + tre — N-eN |

where € = %(H + HT) and H is the relative displacement gradient tensor.
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(b) Show that the linear part of n with respect to the reference configuration is given by

Ln;H]p = [(1 + N-eN)I — H'|N .
5-4. Recall that the referential displacement gradient tensor is given by

H=-—_=F -1
X

and define the tensors € and w as

H+H) |, w=_-H-H.

N

1
e = —
2

(a) Show that the Lagrangian strain tensor E can be expressed as

1

E:s+§(€2+sw—we—w2). (1)

(b) Discuss how E, € and w transform under a rigid motion superposed on the continuum,
namely when

xm = Qx+c,

where Q(t) is a proper orthogonal tensor-valued function of ¢ and c(t) is a vector-valued
function of ¢.

(c¢) Indicate the reduction that takes place in the formula (1) in the context of infinitesimal
kinematics. Are the invariance requirements of part (b) satisfied in the infinitesimal
theory?

5-5. Consider a two-dimensional body which undergoes the homogeneous deformation illustrated
in the figure.

_|_

Ug
______ 1
|
|
|

1

Es, e, A :
|

(a) Determine the components of the deformation gradient F', the Lagrangian strain E, and
the stretch A along the direction M = %(E1 + E») in terms of the displacements u;
and uo.
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(b) Determine the components of the linearized counterparts of the same kinematic quan-
tities as in part (a), again in terms of the displacements u; and us.

(c) Compare the results in parts (a) and (b) and argue that they are consistent with the
linearization of functions in two variables (here, u; and us).

5-6. Let (E1, Es) be a pair of orthonormal vectors in £ and recall that, under the influence of the
deformation gradient F, they transform to a pair (FE;, FEs), so that the angle § between
the transformed vectors satisfies the relation

P FE; FE,
cos) = ———  —— .
[FE;| |FE,
Using consistent linearization in the direction H, show that the linear part of cos 6, as defined
above, equals the engineering shear strain yi12 = w12 + u2,1.
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Chapter 6
Constitutive Theories

The balance laws for thermomechanical processes (those in which there is interaction between
mechanical energy and heating) furnish a total of 8 equations (one from balance of mass,
three each from linear and angular momentum balance, and one from balance of energy).
These are used to determine 17 unknowns, which are the mass density p, the position x (or
velocity v), the stress tensor (e.g., T, with 9 unknowns), the temperature 7', and the heat
flux vector q. Clearly, without additional equations relating these unknowns this system
lacks closure, that is, it cannot lead to a determinate solution. Closure is established by
constitutive equations, which relate the stress and heat flux to kinematic variables, mass
density, and temperature.

In the special case of purely mechanical processes, where all thermal effects are neglected
(that is, ¢ = 0, r = 0), the balance of energy in (4.164) implies that the stress power balances
the rate of change of the internal energy and does not determine (or even affect) the stress.
Therefore, there are 7 equations used to determine 13 unknowns, which implies that closure
is effected by a constitutive equation for stress alone.

Before introducing specific constitutive equations, it is important to emphasize that the
distinction between fluids and solids as continuous media is neither sharp nor uncontested.
It is reasonable to state that fluids generally undergo deformation that cannot be practically
measured relative to a reference configuration, while solids do. However, even this statement
is relative. Indeed, it is entirely possible to envision a body whose deformation at some
timescale fits the preceding attribute of a fluid but in another (much shorter) can be safely
considered as a solid. Tectonic motions of the earth are a good such example, as they can
be thought of as fluid in a geologic time-scale (in the order of millions of years), but solid

in much shorter time scales. In a laboratory setting, the so-called pitch drop experiments
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demonstrate that the distinction between highly viscous liquid and solid materials forced to

“flow” under gravity is not possible without specifying the time-range of observation.

6.1 General requirements

For purely mechanical processes, a reasonably general constitutive equation for the Cauchy
stress at a point x at time ¢ may be written as

T(X,t) = T($H [F(X,7)], H [Grad F(X,7)],...,p) (6.1)

T<t T<t

or, in rate form, as

T(X,t) = T((gt[F(X,T)], $ [Grad F(X, 7)), ... ,T,p) . (6.2)
In Equation (6.1), Tis a (Cauchy) stress response function, while correspondingly in Equa-

tion (6.2), T is a (Cauchy) stress-rate response function. Also, the terms $ [F(X,7)] and
T<t
9 [Grad F(X, 7)] represent the total history of the deformation gradient and the referential

<t
gradient of the deformation gradient up to (and including) time ¢ for a given material point

occupying the point X in the reference configuration. Furthermore, Equations (6.1) and (6.2)
may be written in spatial form as

T(x,t) = T($ [F(x.,7)], 9 [grad F(x,,7)],...,p) (6.3)

T<t T<t

or, in rate form, as

~

T(x,t) = T(( 9 [F(x;,7)], 9 [grad F(x,,7)],...,T,p) , (6.4)

T<t T<t

where x, is the position at time 7 of a particle situated at x at time ¢. Clearly, a special case
of the preceding constitutive laws arises when the stress or stress rate at time ¢ depend only
on variables at the same time. Analogous functional representations may be formulated for
other stress measures, such as P and S.

The constitutive equations (6.1-6.4) are especially convenient because the stress (or stress
rate) is given as an ezplicit function of the quantities on which it depends. More generally,

one may postulate implicit constitutive laws in the form

A

G(T, H [FX,7)], 9 [Grad F(X,7)],... ,p) =0, (6.5)

T<t <t
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where G is a tensor-valued function. The Cauchy stress can be extracted from (6.5) under
regularity conditions set by the implicit function theorem.

For thermomechanical processes the preceding constitutive laws may be amended to
include dependence on temperature and an additional constitutive law is introduced for the
determination of heat flux in terms of the the now expanded set of independence variables.

A number of restrictions may be placed on the preceding equations on mathematical or
physical grounds. Some of these restrictions appear to be universally adopted, while others
are relaxed for certain constitutive laws. Five of these restrictions are reviewed below.

First, constitutive laws are expected to be dimensionally consistent. This simply means
that the physical dimensions of the left- and right-hand sides in (6.1) or (6.2) must be the

Same.

Example 6.1.1: Dimensional consistency of a simple constitutive law for stress
Consider the constitutive law of the form
T = aB,

where « is a material parameter. Dimensional consistency necessitates that « have physical dimensions of stress
(or ML= T72] in terms of mass M, length L, and time T), since B is dimensionless.

Second, constitutive laws need to tensorially consistent in their representation. This
means that the right-hand sides of (6.1) and (6.2) should be spatial tensor-valued functions
(hence, resolved naturally on the basis {e; ® €;}) to maintain consistency with the left-hand

sides (that is, T and T), which are, by definition, spatial tensors.

Example 6.1.2: Tensorial consistency of a simple constitutive law for stress
Consider the constitutive law of the form
T = BF,

where (3 is a material parameter. Tensorial consistency would disallow this constitutive law because F €
L(TxRo, T, R) is a two-point tensor, while T € L(T,R,T,R) is a spatial tensor.

A third restriction, often referred to as determinism, requires that the stress at time ¢ be
prescribed as a function of quantities at time ¢ or earlier (but not later) times. Clearly, the
constitutive equations (6.1-6.4) satisfy the restriction of determinism.

A fourth restriction is placed by locality, that is, the assumption that the stress at a point
should only depend on quantities defined at that point without any dependence on other

points.
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Example 6.1.3: Two non-local constitutive laws for stress

(a) The constitutive law

T(xt) = 7 [ et
Ps(x)

where v is a material parameter and Pjs(x) is a sphere of radius § > 0 centered at x, violates locality.
Still, such a constitutive law may be meaningful for some special class of materials.

(b) The constitutive law
P = §(GradF)l

or, in component form,
Pia = 6FiaBlp = 6x; aBlB

is non-local, although Grad F itself is a local function. This is because, assuming that § has units of
stress, dimensional consistency mandates that the vector-valued function 1 have units of length. This
means that the stress at a point depends on a material parameter 1 associated with this point, but
prescribed (say, by experiment) over a distance surrounding this point.

The fifth source of restrictions is the postulate of invariance under superposed rigid-body
motions, which is most often assumed to apply to constitutive laws. According to this
postulate, the response functions T and T in (6.1) and (6.2) must remain unaltered under

superposed rigid-body motions. This means that

THxtt) = T( § [FF(X, 7)), $ [Grad FF (X, 7)), ... ph) (6.6)
and, likewise,
TH(x*,t) = ’i‘(( ét[F’L(X,T)], Szt[Grad Ft*(X,7)],....,T", p%) . (6.7)

Note that both the stress T in (6.6) and the stress rate T in (6.7) are transformed to their
counterparts under superposed rigid-body motions, and all the arguments in the response
functions T and T are likewise transformed. However, invariance of the constitutive laws

under superposed rigid-body motions means that the response functions themselves remain
unchanged, which is indeed the case in (6.6) and (6.7).

Example 6.1.4: Invariance of a simple constitutive law for stress
In this example, the postulate of invariance under superposed rigid-body motions is explored for a special case
of (6.1), in which

T = T(F) . (6.8)

Here, invariance necessitates that X
T = T(F*). (6.9)
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Taking into account (3.178), (4.199), and (6.8), equation (6.9) leads to

QT(F)Q" = T(QF), (6.10)

for all proper orthogonal tensors Q. Clearly, equation (6.10) places a restriction on the function T. The
ramifications of this restriction will be discussed in detail in Section 6.4.

Example 6.1.5: Invariance of a simple constitutive law for stress rate
Here, a special case of the constitutive law (6.2) is considered, in which

T = T(F). (6.11)
Now, invariance under superposed rigid-body motions implies that
T+ = T(F*). (6.12)
Recalling (3.178) and (4.199), it follows that

QTQT - T(QF), (6.13)

which, with the aid of (6.11), may be expanded to

QTQ” + QT(F)Q” + QTQ”T = T(QF) , (6.14)

or, alternatively, to R A
QT + QT(F)QY - TTQ = T(QF), (6.15)

where use is also made of (3.182). Equation (6.14) places an untenable restriction on the response function T

owing to the explicit presence of the variable T+, which is independent of T. Therefore, the constitutive
law (6.11) violates invariance under superposed rigid-body motions.

One way to enforce invariance is to revise (6.11) in a manner that eliminates the additional stress terms
that appear on the left-hand side of (6.14) or (6.15). To this end, one may postulate a constitutive law of the
form

T+TW - WT = T(F), (6.16)

where the two added terms on the left-hand side of (6.16) are reverse-engineered so that, under superposed
rigid-body motions, they cancel out the two stress terms on the left-hand side of (6.15). Indeed, in this case
and with the aid of (3.208) and (4.199), invariance under superposed rigid-body motions implies that

QT* + QT(F)QT - T*Q + T*W+-W+T+
— QT(F)QT + TH(W+ — Q) — (W' — )T+
— QI(F)Q” + (QTQT)(QWQ") — (QWQT)(QTQ")
— Q(T + TW - WT)Q” = T(QF), (6.17)

hence, with reference to (6.16)

QT(F)Q" = T(QF). (6.18)
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This equation places a meaningful restriction on the response function T, akin to the one placed on T in (6.10).
The stress-rate quantity

T = T+TW - WT (6.19)

is called the Jaumann'rate of the Cauchy stress tensor and is one of many possible objective rates of the
Cauchy stress that may be used to circumvent the problem posed by invariance in constitutive equations of the
type (6.2). Some other such objective rates are introduced in Exercise 4-30.

Invariance under superposed rigid-body motions may be also used to outright exclude

certain functional dependencies in the constitutive laws for stress.
Example 6.1.6: Two constitutive reductions due to invariance under super-
posed rigid-body motions
(a) Consider a constitutive law for stress in the form
T = T(x), (6.20)

namely assume that the Cauchy stress tensor depends explicitly on the current position x, rather than
implicitly through the dependence of, say, p or F on it. Invariance of T under superposed rigid-body
motions implies that

=

T+ = T(x*) . (6.21)

Hence, upon recalling (3.179) and (6.20), equation (6.21) leads to

—~

QTx)Q”T = T(Qx+c), (6.22)

for all proper orthogonal tensors Q(t) and vectors c(t). Now, choose a constant superposed rigid-body
translation, which amounts to setting Q = i and ¢ = cg, where ¢y is constant. It follows from (6.22)
that

T(x) = T(x+co) . (6.23)

However, given that cq is arbitrary, the condition in (6.23) can be met only if Tis altogether explicitly
independent of x.

(b) Assume here a constitutive law of the form
T = T(v), (6.24)

that is, let the stress be an explicit function of the velocity. This violates invariance under superposed
rigid-body motions. Indeed, in this case, invariance implies that

T = T(v'), (6.25)

which readily translates, with the aid of (3.184)1, (4.199), and (6.24) to

QT(v)QT = T(QQx+ Qv +¢) . (6.26)

!Gustav Jaumann (1863-1924) was an Austrian physicist.
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Now, choose a rigid-body translation at constant velocity, such that Q(¢) = i, ©(¢) = 0 and c(t) = cof,
where ¢ is, again, a constant. It follows that for this particular choice of a superposed rigid-body
motion, equation (6.26) reduces to

T(v) = T(v+co), (6.27)

which implies that the velocity v cannot be an explicit argument in T.

6.2 Inviscid fluid

All bodies, both fluid and solid, resist, to some extent, sliding of one part relative to another
by developing tangential forces on the opposing surfaces of the two parts, see Figure 6.1. In
a typical fluid, it is the interaction between its molecules that is primarily responsible for

these frictional forces.
/\»
- \\/

Figure 6.1. Schematic of tractions resisting the sliding of a continuum.

In an inviscid fluid, the frictional forces are negligible relative to those in the direction
normal to a surface. As a result, an inviscid fluid cannot sustain shearing tractions under
any circumstances. More specifically, the stress vector t acting on any surface is always
opposite to the outward normal n to the surface, regardless of whether the fluid is stationary

or flowing, see Figure 6.2. This means that
tm = —pn, (6.28)

hence, in view of (4.69),

T = —pi, (6.29)
where p is the pressure. Gases, such as helium, oxygen, and nitrogen are often idealized as
inviscid fluids.

On physical grounds, one may assume that the pressure p depends on the density p, that
is,

T = —p(p)i. (6.30)
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Figure 6.2. Traction acting on a surface of an inviscid fluid.

Indeed, it is reasonable to argue that the denser (respectively, heavier) the material the
larger the number of molecules (respectively, the weight of molecules) whose vibration is
generating the impacts responsible for generating the pressure p. This constitutive relation
defines a special class of inviscid fluids referred to as elastic fluids.

It is instructive here to take an alternative path for the derivation of (6.30). In particular,

suppose that one starts from the more general constitutive assumption
T = T(p) . (6.31)
Upon invoking invariance under superposed rigid-body motions, it follows that
T = T(p"), (6.32)

which, with the aid of (4.199) and (4.210) leads to

~

QT(p)Q" = T(p), (6.33)

for all proper orthogonal Q. Furthermore, substituting —Q for Q in (6.33), it is clear
that (6.33) holds for all improper orthogonal tensors Q as well, hence it holds for all orthog-
onal tensors.

Generally, a tensor function ’i‘(gf)) of a real variable ¢ is termed isotropic when

~

QT (¢)Q" = T(¢), (6.34)

for all orthogonal tensors Q. This condition may be interpreted as meaning that the compo-
nents of the tensor function remain unaltered when resolved on any two orthonormal bases.
Clearly, the constitutive function T in (6.31) is isotropic, as mandated by (6.33).

The representation theorem for isotropic tensor functions of a real variable states that

a tensor function of a real variable is isotropic if, and only if, it is a real-valued multiple
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of the identity tensor. In the case of T in (6.31), this theorem immediately results in the
constitutive equation (6.30).
To prove the preceding representation theorem, first note that the sufficiency argument

is trivial. The necessity argument can be made by setting
Q=Q =e®e —e,0e;tezey, (6.35)

which, recalling the Rodrigues formula (3.129), corresponds to p = e;, q = ey, r = e3, and
0 = 7/2, that is, to a rotation by 7/2 with respect to the axis of e;. It is easy to verify that,
in this case, Equation (6.34) yields

Ty —Tis T Th T Tis
T3 Tz3 —Tzo | = | Toy Toe Toz | - (6.36)
Ty —Ths Ty T31 Tzp Tig

This, in turn, implies that
Tog = T35 , Tio=Tyn=Tiz=T13 =0 , T3 =13 . (6.37)

Next, set
Q=Q =ede—eRe te e, (6.38)

which corresponds in (3.129) to p = es, q = e3, r = ey, and § = 7/2. This is a rotation by
/2 about the axis of e;. Again, upon substituting (6.38) in (6.34), it follows that

Tzs T3 T3 Th T Tis
T23 Ty =T = To Too T23 ) (639)
—Tig —Tio T T3y Tzy Tig
which leads to
Ty = Ts3 , To3 =Tz =15 =T12 = 0 ; T3 = —Tis. (6.40)

One may combine the results in (6.37) and (6.40) to deduce that
T = Ti, (6.41)

where T' = Ty, = Ty = T33, which completes the proof.
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Returning to the balance laws for the elastic fluid, note that angular momentum balance
is satisfied automatically by the constitutive equation (6.29) and the non-trivial equations

that govern its motion are written in Eulerian form as

p+pdivy =0,

_ (6.42)
—gradp(p) + pb = pv
or, upon recalling (3.20) and (4.29),
%+div(pv) =0,
ov 8% (6.43)
—gradp(p) + pb =p (E + a_xv)

Equations (6.43)s are referred to as the compressible Euler equations. Equations (6.43)
together form a system of four coupled non-linear partial differential equations in x and t,
which, subject to the specification of suitable initial and boundary conditions and a pressure
law p = p(p), can be solved for p(x,t) and v(x,t).

Recalling from Example 3.3.1 that div v = 0 in any isochoric motion, it follows from (6.42),
that for such a motion the mass density is constant for each particle and equal to po(X). A
material is itself incompressible if it can only sustain isochoric motions. If the inviscid fluid
is assumed incompressible, then the constitutive equation (6.30) loses its meaning, because
the function p(p) does not make sense as the density p is not a variable quantity. Instead, the
constitutive equation T = —pi holds with p being the unknown. In summary, the governing

equations for an incompressible inviscid fluid (often also referred to as an ideal fluid) are

divv =0,
ov v (6.44)
—gradp + pob = po (— + —XV) :
where now the unknowns are p and v. Here, one may interpret the pressure p as the stress
term responsible for enforcing the incompressibility condition (6.44);.

Note that if a set (p,v) satisfies equations (6.44), then so does another set of the form
(p+c, v), where ¢ is any constant. This suggests that the pressure field in an ideal fluid is not
uniquely determined by the equations of motion. The indeterminacy is removed by specifying
the value of the pressure at some point of the domain or the boundary. This conclusion is
illustrated by considering a sphere composed of an ideal fluid, which is assumed to be in
equilibrium under uniform time-independent pressure p. The same “motion” of the ball can

be also sustained by any pressure field p + ¢, where ¢ is a constant, see Figure 6.3.
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/ N
T

Figure 6.3. A ball of ideal fluid in equilibrium under uniform pressure.

Recalling (4.130) and given (6.29), the stress power for a region P occupied by an ideal
fluid is
S(P) = /T-de = /—pi-de = /—pdivvdv. (6.45)
P P P

Equation (6.45) demonstrates that the stress power vanishes when the inviscid fluid is in-

compressible.

6.2.1 Initial/boundary-value problems of inviscid flow
6.2.1.1 Uniform inviscid flow

Consider the case of a uniform flow of an inviscid fluid, where v = v and v is a constant.
Clearly, the flow is isochoric, hence (6.42); implies that the density remains constant at each

material particle. Also, since a = 0, it follows from (6.42), that
—gradp+ pob = 0.

In the absence of body force, the preceding equation implies that the pressure p(p) is homo-

geneous and constant throughout the flow.

6.2.1.2 Irrotational flow of an ideal fluid

Consider an ideal fluid in the absence of body forces. Assuming that the density pg is
homogeneous, the linear momentum equation (6.44)s may be written with the aid of (3.136)

as

_ grad (%) - g—‘t’ Y Lv. (6.46)
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However, it is easy to show that

1
Lv = grad <§v . V) +2Wv
1
= grad (§V~V) —2VX W
1
= grad (§V . v) —v xcurlv (6.47)

where use is made of (3.146), (2.36) and (3.161). In view of the preceding equation, the

linear momentum equation (6.46) may be also expressed as

0 1
8_‘2: = —grad (,0% + SV V) +v xcurlv . (6.48)

Taking the curl of both sides of (6.48), invoking incompressibility in the form of (6.44);, and
recalling the identities (d)-(f) in Exercise 2-23, it follows that

0 0 1
curl a—:: = a(curlv) = —curlgrad (% + SV V> + curl (v x curlv)

= curl (v x curlv)
= div(v® curlv — curl v ®@ v)
= grad v curlv + div(curl v)v — grad(curl v)v — div v curl v

= grad vcurlv — grad(curlv)v . (6.49)

The latter readily implies that the material time derivative of curl v is expressed as

1 1
d(sz v) _ a(cg; v) + grad(curlv)v = gradvecurlv . (6.50)

Therefore, if the flow of an ideal fluid becomes irrotational at any given time, then (6.50)
d(curlv)

dt

all subsequent times.

implies that = 0 at that time, which proves that the flow remains irrotational for

6.3 Viscous fluid

All actual fluids exhibit some viscosity, that is, some capacity to resist shearing. It is easy to
conclude on physical grounds that the resistance to shearing must be related to the spatial

change in the velocity, as seen in Figure 6.4. Here, the horizontal component of the velocity
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—-

I,

Figure 6.4. Shearing of a viscous fluid

vanishes at the solid-fluid interface, corresponding to the no-slip condition, while the same
velocity attains increasing values as one moves further away from the interface. Therefore,

it is sensible to postulate a general constitute law for wviscous (or wviscid) fluids in the form
T = T(p,L) (6.51)
or, recalling the unique additive decomposition of L in (3.144), more generally as
T = T(p,D,W). (6.52)

It turns out that the explicit dependence of the Cauchy stress on W can be suppressed
by invoking invariance under superposed rigid-body motions. Indeed, this requirement leads
to the condition

T = T(p*, D", WH). (6.53)

Recalling (3.207), (3.208) and (4.210), equation (6.53) takes the form
QT(p.D,W)Q" = T(p,QDQ", QWQ" + ) , (6.54)

for all proper orthogonal tensors Q. Now, consider a special superposed rigid-body motion
for which Q(t) = i, Q(t) = Qq, c(t) = 0, and ¢(t) = 0. This is a superposed rigid-body
rotation on the original current configuration with constant angular velocity defined by the
skew-symmetric tensor €2y. Given the special form of this superposed rigid-body motion,

Equation (6.54) implies that

~

T(p,D,W) = T(p,D,W + Q) , (6.55)

which must hold for any constant skew-symmetric tensor €2y. This means that the constitu-

tive function T cannot depend on W, thus it reduces to

T = T(p,D) . (6.56)
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Invariance under superposed rigid-body motions for the reduced constitutive function

in (6.56) gives rise to the condition
T* = T(p*, DY), (6.57)
which, upon appealing to (3.207) and (4.210), necessitates that

QT(p,D)Q" = T(p,QDQ"), (6.58)

for all proper orthogonal tensors Q. In fact, since both sides of (6.58) are even functions
of Q, it is clear that (6.58) must hold for all orthogonal tensors Q.
Suppressing, for a moment, the dependence of T on p in Equation (6.58), note that a

tensor function T of a tensor variable S is called isotropic if

QT(S)Q" = T(QSQ"), (6.59)

for all orthogonal tensors Q. In this context, isotropy of T i implies that an orthogonal
transformation of its argument leads to a likewise orthogonal transformation of its value.
It can be proved following the process used earlier for isotropic tensor functions of a real
variable that a tensor function T of a tensor variable S is isotropic in the sense of (6.59) if,

and only if, it can be written in the form

T(S) = agi+ 1S + a,S? , (6.60)
where ag, a1, and as are real-valued functions of the three principal invariants Is, IIs and
Illg of the tensor S, that is,

apg = do([s,[[s,[]]s) 5 ay = dl(Is,Ifs,[lls) s a9 = &Q(Is,ffs,fffs) . (661)

The above result is known as the representation theorem for isotropic tensor-valued functions
of a tensor variable. Using this theorem, it is readily concluded that the Cauchy stress for

a viscous fluid that obeys the constitutive law (6.56) is of the form

T(p,D) = api+ a;D + a;D? (6.62)
where ag, a; and as are functions of I'p, IIp, IlIp and p. The preceding equation characterizes
what is known as the Reiner*-Rivlin fluid. Materials that obey (6.62) are also generally

referred to as non-Newtonian fluids.

2Markus Reiner (1886-1976) was an Austrian-born Israeli engineer.
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At this stage, introduce a physically plausible assumption by way of which the Cauchy
stress T reduces to mere hydrostatic pressure —p(p)i when D = 0. Then, one may slightly

rewrite the constitutive function (6.62) as

~

T(p,D) = (—plp) + ag)i+ a;D + a,D* | (6.63)

where, in general, ay = aj(p, Ip, IIp, IIIp). Clearly, when af = a1 = ay = 0, the viscous fluid
degenerates to an inviscid one, as seen from (6.30).

From the above general class of viscous fluids, consider the sub-class of those for which
the Cauchy stress is linear in D. To ensure linearity in D, the constitutive function in (6.63)
is reduced to

A

T(p,D) = (—plp) +ag)i+aD . (6.64)
where aj = Mp, a1 = 2, and A, @ are material parameters that depend, in general, only

on p. This means that the Cauchy stress tensor now takes the simplified form

~

T(p.D) = —plp)i+ Alp)(tr D)i+2p(p)D . (6.65)

Viscous fluids which obey (6.65) are referred to as Newtonian viscous fluids or linear viscous
fluids. The functions A and p are called the wviscosity coefficients and have dimension of
stress times time (or [ML™'T™!]).

With the constitutive equation (6.65) in place, consider the balance laws for the New-
tonian viscous fluid. Clearly, angular momentum balance is satisfied at the outset, since T
in (6.65) is already symmetric. Recalling (4.28) and (4.75), the balances of mass and linear

momentum can be expressed as
p+pdivy =0
div[—p(p)i + A(p)(tr D)i + 2u(p)D] + pb = pa .
Assuming further that A and p are independent of p (which is common), the left-hand side
of (6.66), takes the form

(6.66)

div[—p(p)i+ A(trD)i+ 2uD] = — gradp(p) + Agrad div v + p(div grad v + grad div v)
= —gradp(p) + (A + p) graddivv + pdivgradv . (6.67)
Therefore, for this special case, Equations (6.66) may be expressed as
)+ pdivv =0
pp (6.68)
—grad p(p) + (A + p) graddiv v + pdivgradv + pb = pa .

Equations (6.68), are known as the Navier®-Stokes equations for the compressible Newtonian

3Claude-Louis Navier (1785-1836) was a French engineer.
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viscous fluid. As in the case of the compressible inviscid fluid, there are four coupled non-
linear partial differential equations in (6.68) and four unknowns, that is, the mass density p
and the velocity v.

If the Newtonian viscous fluid is assumed incompressible (which implies that trD =

divv = 0), the Cauchy stress is given by

T(p,D) = —pi+2uD , (6.69)
where the pressure p enforces the incompressibility constraint, in complete analogy to the
inviscid case. Hence, the governing equations (6.68) take the form

divv =0
(6.70)
—gradp + pdivgrad v + pb = pa .

The first equation in (6.70) is a local statement of the constraint of incompressibility, while
the second is the reduced statement of linear momentum balance that reflects incompress-
ibility. Also, upon recalling the mass balance equation (4.28), incompressibility implies that
the material time derivative of the density p vanishes identically, that is the density remains
constant for any given particle. As in the inviscid case, the four unknowns now are the

pressure p and the velocity v.
As with the Euler equations, the Navier-Stokes equations are non-linear in v due to

. ov  ov )
the acceleration term a = 5 + a—v. In the special case of very slow and nearly steady
X

flow, referred to as creeping flow or Stokes flow, the acceleration term may be altogether

ignored in (6.66)9, giving rise to a system of four time-independent linear partial differential

equations. For flows in which the convective acceleration (?_V is much smaller in magnitude
X

ov
than the partial time derivative — of the velocity, one may reasonably choose to neglect
the former while retaining the latter, leading to the unsteady Stokes flow approximation of

the incompressible Navier-Stokes equations.

6.3.1 The Helmholtz-Hodge decomposition and projection meth-

ods in computational fluid mechanics

Any twice continuously differentiable in x vector field v(x,t) defined at any time ¢ in a

domain R with sufficiently smooth boundary 0R can be uniquely decomposed as

V = Ve + Vi, (6.71)
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where
divve, = 0 inR (6.72)
and
Veo-n = 0 ondR, (6.73)
while
curlv,, = 0. (6.74)

Equation (6.71) describes a useful form of the Helmholtz!-Hodge® decomposition of a vector
field v into a solenoidal (that is, divergence-free) part vy, and an irrotational part vi..
As (6.72) and (6.73) suggest, the former is specifically defined as a divergence-free vector
field whose normal component vanishes along the boundary 0R of the domain. In addition,
it can be shown that, given any irrotational vector field v;, in a simply connected® region R,

there exists a real-valued function ¢(x,t) in the same domain, such that
vy = grad¢ . (6.75)

To argue the uniqueness of this decomposition, first note that

/VSO-VZ'TdU = /Vso-gradgbdv
R R

= /div((bvso) dv—/ odiv vy, dv
R R

= / OV -nda = 0, (6.76)
R

where use is made of the product rule, the divergence theorem (2.99) and the properties (6.72)
and (6.73) of vg,. Therefore, the vector fields vy, and v;. are mutually orthogonal in the
sense of (6.76). Subsequently, suppose, by contradiction, that there exist distinct solenoidal
vector fields v§}), v and irrotational vector fields v\*, v!¥ such that

ir ) YVar o

v = V(l)—i—vg) = v 1y (6.77)

SO r

Next, write the difference between the two decompositions as

(vi) —v@) + (V(l) — V(z)) =0, (6.78)

so ir ir

4Herman von Helmholtz (1821-1894) was a German physicist and physician.
*William V.D. Hodge (1903-1975) was a Scottish mathematician.
6A region R in &3 is simply connected if any closed curve in R may be continuously shrunk to a point

without ever exiting R.
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and consider the product

[ =) [ =)+ (0 =) ae
R
= [ ) (6 o [ () - v) () V) de = 0. (67)
R R

Exploiting the orthogonality condition (6.76), the preceding equation reduces to

/(Vg}))—vg)) ( (2) dv = /}V(l) g?’zdv =0, (6.80)
R

(1) (1 _

which implies that v’ = v{2), hence also v, therefore the decomposition (6.71) is

ZT‘ ?
unique.
To argue the existence of the decomposition, note that, given any vector field v in the

domain R at time ¢, which satisfies (6.71), one may write
divv = divv,, +divgrad¢ = divgrad¢ (6.81)

subject to

v.en = (Vso—l—vz-r)'n = Vipon = grad¢-n (6'82)

on the boundary OR, where the defining properties (6.72), (6.73), and (6.75) of vy, and v;,
are invoked. Equations (6.81) and (6.82) imply that, given v, determining the real-valued

function ¢ is tantamount to solving the boundary-value problem

divgrad¢ = divv in R,
(6.83)
grad¢-n =v-n ondR.
This is the classical Laplacian with prescribed flux boundary conditions, which can be readily
shown to possess a solution ¢ which is unique to within an additive constant. This non-
uniqueness is of no consequence to the Helmholtz-Hodge decomposition, since ¢ enters the
definition of v;. only through its gradient. Once vy, is shown to exist, a solenoidal vector
field v, is defined as vy, = v — grad ¢.
The Helmholtz-Hodge decomposition plays a pivotal role in a powerful class of numerical
methods used to solve the incompressible Navier-Stokes equations. To illustrate the use of
these so-called projection methods in the simplest possible setting, suppose that a solution

to the incompressible Navier-Stokes equations (6.70) is sought in a domain R subject to the
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boundary condition v -n = 0 on OR. Projection methods first establish a prediction v* to
the velocity field, such that

pdivgrad v + pgb = poa” (6.84)

in R and v*-n = 0 on OR. Also, let the density be spatially homogeneous and equal to py.
Clearly, v* does not involve the pressure field p appearing in (6.70) nor does it satisfy,
in general, the incompressibility condition of (6.70);. For this reason, a correction to the

velocity is subsequently introduced, such that
—gradp = po(a—a”). (6.85)

Ignoring the effect of the correction on the first term on the viscous force term in (6.70)s,
the preceding equation may be rewritten as
. P
a* = a+grad — . (6.86)
Po
Integrating (6.86) in time over a small increment At and assuming here, for simplicity, zero

initial velocity, one may write, to within a small error,
At
v = v+ gradp— . (6.87)
Po
Equation (6.87) represents the Helmholtz-Hodge decomposition of the field v* into the actual
At
velocity field v (which is solenoidal) and the pressure gradient gradp (weighted by —).
Po

Therefore, the exact velocity v (to within numerical error) is obtained by projecting v*
to its solenoidal part, which justifies the name of the method. The pressure p may be
subsequently determined by solving the Laplacian resulting from the divergence of both
sides of Equation (6.87).

6.3.2 Initial/boundary-value problems of viscous flow
6.3.2.1 Gravity-driven flow down an inclined plane

Consider an incompressible Newtonian viscous fluid in steady flow down an inclined plane
due to the influence of gravity, see Figure 6.5. Let the pressure of the free surface be constant
and equal to py and assume that the fluid region has constant depth h.

Assume at the outset that the velocity and pressure fields are of the form

v = 0(xq,x3)€9 (6.88)
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Figure 6.5. Flow down an inclined plane

and
p = p(x1,72,23) , (6.89)
respectively. Incompressibility implies that

divv = 88—:2 =0, (6.90)

which means that the velocity field is independent of x5, namely that
v = 0(x3)es . (6.91)

This, in turn, implies that the acceleration vanishes identically.
Given the reduced form of the velocity field in (6.91), the velocity gradient tensor is

written in component form as

0 0 O
[Li] = |00 £ 1|, (6.92)
0 0 O

which implies that the rate-of-deformation tensor has components

ldo | (6.93)

Recalling the constitutive equation (6.69), it follows from (6.93) that the Cauchy stress is

given by
—p 0 0
[Tl = | 0 —p piz |- (6.94)
dv
0 ey P
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Note that gravity induces body force per unit mass equal to
b = g(sinfey; — cosfes) , (6.95)

where ¢ is the gravitational constant. Given (6.89), (6.91), (6.94) and (6.95), the equations

of linear momentum balance assume the form

95
9 _y
3x1
op d*v
- — inf =0 6.96
o1, +udm§ + pgsin : (6.96)
—@ —pgcosf =0 .
833'3
It follows from (6.96); 5 that
p = p(x2,x3) = —pgzzcost + f(z2) , (6.97)

where f(x2) is a function to be determined.
Next, taking advantage of (6.97) to impose the pressure boundary condition on the free

surface, one finds that

P(za,h) = —pghcosd + f(zz) = po . (6.98)

where pg is the ambient (say, atmospheric) pressure. This, in turn, implies that the func-

tion f(xy) is constant and equal to
f(x2) = po+ pghcosb . (6.99)
Substituting this equation to (6.97) results in an expression for the pressure as
p = po+ pg(h—x3)cosb . (6.100)
Using the pressure from (6.100) in the remaining momentum balance equation (6.96), and

recalling (6.91) leads to
d*v

Md_xg

which may be integrated twice to

+pgsing = 0, (6.101)

—pgsinf

2 T3+ s + ey (6.102)

v(z3) =
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Enforcing the no-slip boundary conditions ©(0) = 0 on the solid-fluid interface and the no-

hsin 6
shearing traction condition T53(h) = 0 on the free surface gives c; = 0 and ¢; = w,
which, when substituted into (6.102) yield
in 6
o(zs) = PP, (h - %) . (6.103)
1

It is seen from (6.103) that the velocity distribution is parabolic along the zs-axis and
pgsin
24
grounds, the velocity is proportional to the gravity force, the density of the fluid, and the

h? on the free surface. As expected on physical

attains maximum value vpax =

slope of the inclined plane, as well as inversely proportional to the viscosity.

6.3.2.2 Couette flow between concentric cylinders

The steady viscous flow developed between two rigid surfaces that move tangentially to
each other is referred to as Couette” flow. By way of example, consider the flow between
two concentric and infinitely long rigid cylinders of radii R, (outer cylinder) and R; (inner
cylinder) rotating with constant angular velocities w, (outer cylinder) and w; (inner cylinder),
see Figure 6.6. The fluid is assumed Newtonian and incompressible. Also, the effect of body

force is neglected.

Figure 6.6. Couette flow between concentric cylinders

The problem lends itself naturally to analysis using cylindrical polar coordinates with
right-hand orthonormal basis vectors {e,, ey, e,}. The velocity and pressure fields are as-
sumed axisymmetric and, using the cylindrical polar coordinate representation, can be ex-

pressed as
v = 9(r)ey (6.104)

"Maurice Marie Alfred Couette (1858-1943) was a French physicist.
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and
p = p(r). (6.105)
Taking into account (A.17), the spatial velocity gradient can be written as

dv v

L = %eg®er—;er®eg, (6.106)
so that
1 /dv v rd (v
D = 5 (g— ;) (er®eg+89®e7«) = 55 <;) (eT®eg+eg®eT) . (6107)

It is clear from (6.107) that divv = 0, hence the incompressibility condition is satisfied from
the outset by the velocity field in (6.104). Also, in light of (3.20) the acceleration of the fluid

is expressed as

dv 1 v°
a = (—Ueg e —v-e ee) vey = —U—er , (6.108)
dr T T

where use is made of (6.104) and (6.106).
The stress may be computed from (6.69) with the aid of (6.107) and equals

.
T = —pi+pur— (g) (e, ®eg+ey@e,) . (6.109)

Taking into account (6.109), (6.108), and (A.20), the linear momentum balance equations in

the r- and 0-directions become

dp 02
car (6.110)
AFAGIETAGEL |
—_— ’r’— —_ —_— _— pr—
dr | dr \r dr \r ’
respectively.
The second of the above equations may be integrated twice to give
W(r) = ar+ 2 (6.111)
r

The integration constants c; and ¢y can be determined by imposing the no-slip boundary

conditions v(R;) = w;R; and 9(R,) = w,R,. Upon determining these constants, the velocity

of the flow takes the form
RBofr Ri\  wi(Fo 1
R; \ R; r We \ T R,

o(r) = woR, (6.112)
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Finally, integrating equation (6.110); and using a pressure boundary condition such as, e.g.,
p(Ro) = po, leads to an expression for the pressure p(r).

It is clear from (6.112) that in the special case of two cylinders spinning with the same
angular velocity w; = w, = w, the circumferential velocity of the fluid reduces to v(r) = wr.
Alternatively, when the inner cylinder collapses to a point (that is, where R; — 0), the

velocity becomes simply (1) = wor.

6.3.2.3 Poiseuille flow

Poiseuille® flow is the steady flow of an incompressible Newtonian viscous fluid through a
straight cylindrical pipe of constant radius R in the absence of gravity, see Figure 6.7. Adopt-

ing, again, a cylindrical polar coordinate system, and aligning the e,-axis to the centerline

R

Figure 6.7. Poiseuille flow

of the pipe, assume that the velocity of the fluid is of the general form
v = 9(r)e, , (6.113)

while the pressure is
p = p(r,z) . (6.114)
Taking again into account (A.17), the velocity gradient for this flow is given by

.
L = d—:ez Re, (6.115)

hence the rate-of-deformation tensor is expressed as

1dv
D = Ea(er®ez+ez®e7a). (6.116)

Equation (6.116) shows that the assumed velocity field satisfies the incompressibility condi-
tion at the outset, while (6.113) and (6.115) imply that the acceleration vanishes identically.

8Jean Louis Marie Poiseuille (1797-1869) was a French physicist.
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Given (6.116), the Cauchy stress of the incompressible fluid is of the form

Ji
T = —pi—l—ud—:ﬁ(er®ez+ez®e7«) : (6.117)

Then, the equations of linear momentum balance take the form

op
_X —p
or ’
10p
——— =0 6.118
r 00 ’ ( )
op v pdo _ 0

To: Mar v
where (A.20) is employed. Equation (6.118) is satisfied identically due to assumption (6.114),
while (6.118); implies that p = p(z). However, given that v depends only on r, Equation

(6.118)3 requires that
dp
dz
where ¢ is a constant. Upon integrating (6.118)3 in 7, one finds that

= ¢, (6.119)

CT2

o(r) = @jtcllnr—i—c% (6.120)

where ¢; and ¢y are also constants. Admitting that the solution should remain finite at » = 0
and imposing the no-slip condition v(R) = 0, it follows that

o(r) = i(?ﬂ —RY), (6.121)
which establishes a quadratic profile for the velocity along the radius of the pipe.

Two additional boundary conditions are necessary (either a velocity boundary condition
on one end and a pressure boundary condition on the other or pressure boundary condi-
tions on both ends of the pipe) in order to fully determine the velocity and pressure fields.
If, in particular, it is assumed that 9(0) = vy at some cross-section, then it is concluded

from (6.121) that ¢ = —41‘%12’0, hence the velocity becomes

r

2
o(r) = [1 - (}—%> } v . (6.122)
Given the expression for ¢, one may establish, with the aid of (6.119), a relation between the

viscosity p and the pressure change (drop) Ap along a region of the pipe with length AL

according to
4pvg

Ap = I

AL . (6.123)
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This relation may be employed to estimate experimentally the viscosity coefficient p. As is
physically plausible, it establishes that the pressure change is proportional to the viscocity
coefficient and the total length of the pipe segment, while also inversely propoprional to its

cross-sectional area.

6.3.2.4 Stokes’ second problem

Consider the semi-infinite domain R = {(z1, z2,x3) | 23 > 0}, which contains a compressible
Newtonian viscous fluid, see Figure 6.8. The fluid is subjected to a periodic motion of its
boundary x3 = 0 in the form

v,(t) = Ucos(wt)ey , (6.124)

where U > 0 is the magnitude and w > 0 the frequency. In addition, the body force is

neglected and the initial mass density is assumed homogeneous.

€3) ey
€1

Vp

Figure 6.8. Semi-infinite domain for Stokes’ second problem

Adopting a semi-inverse approach, assume a general form of the solution as
v = v(z3,t) = f(x3)cos(wt — axsz)e; , (6.125)

where the function f and the constant « are to be determined. The solution (6.125) assumes
that the magnitude of the velocity field attenuates in the xs-direction, as prescribed by f(x3),
and remains periodic, albeit with a phase-shift of axs relative to the prescribed boundary
velocity. Further, note that the assumed motion is isochoric, hence, owing to conservation
of mass, the initially homogeneous mass density remains homogeneous throught the motion.
In view of (3.20) and (6.125), the acceleration field is given by

a = a(zs,t) = —wf(xs)sin(wt — axz)e; , (6.126)

where the convective part is identically zero.
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The only non-vanishing components of the rate-of-deformation tensor are

1(d
D3 = D3 = 5 d_f cos (wt — axs) + af sin (wt — axs) | . (6.127)
T3

Taking into account (6.65) and recalling that the motion is isochoric (hence, p and p are

necessarity homogeneous due to the homogeneity of p), it follows that

—p 0 T
;=1 0 —p 0 |, (6.128)
Tsn 0 —p
where
Tis = T3 = p (j—; cos (wt — ax3) + af sin (wt — leil?g):| : (6.129)

Taking into account (6.126) and (6.128) it is easy to see that the linear momentum
balance equations in the es- and e3-directions hold identically. In the e;-direction, the linear

momentum balance equation takes the form
2 af )
i {d_x% cos (wt — axs) + 2ad_:c3 sin (wt — ax3) — a” f cos (wt — aasg)]
= —pwfsin(wt —azxz) . (6.130)

The preceding equation can be also written as

d? d

i (—]; - oz2f) cos (wt — ax3) + <2/wz—f + pwf> sin (wt — axz) = 0. (6.131)
dzs dxs

Clearly, for this equation to be satisfied identically for all x3 and ¢, it is necessary and

sufficient that

d? d,
d_xé —a’f =0 2uad—i’ +pwf = 0. (6.132)
3

These two equations can be directly integrated to give

pw

f(x3) = c1€™ + e ™™ | f(x3) = cze 2™ (6.133)

respectively. To reconcile the two solutions, one needs to let ¢; = 0 and ¢; = ¢3 = ¢, therefore
pw

flzs) = ce 2™, (6.134)

where o = ;Q)_w and, as expected from (6.125), has units of [L™!]. With this expression in
L

place, the velocity field in (6.125) takes the form

v(zs, t) = ce™ V5 cos (wt — az3z)e; . (6.135)
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Applying the boundary condition v(0,t) = v,(¢), which, in light of (6.124) yields ¢ = U, it
is finally concluded that

Va(zs,t) = Ue V5" cos (wtﬂ/%xg)el. (6.136)

It is clear from (6.136) that the boundary velocity decays exponentially along x3 with
rate of decay that is inversely proportional to the square-root of the viscosity of the fluid and
phase shift that is likewise inversely proportional to the square-root of the viscosity. Also note
that the pressure p is constitutively specified, yet is constant throughout the semi-infinite
domain owing to the homogeneity of the mass density. It is also instructive to consider the
limiting cases p — 0 and p — oo, which demonstrate that it is viscosity itself that enables

the fluid motion.

6.4 Non-linearly elastic solid

Recalling the definition of stress power in the mechanical energy balance theorem of Equa-
tion (4.129), define a non-linearly elastic solid by admitting the existence of a strain energy

function U = U(F) per unit mass, such that
T-D = pV. (6.137)

Note that, since U depends on the deformation gradient F, the strain energy is measured
relative to a given reference configuration. It follows, with the aid of (4.28) and the Reynolds

transport theorem, that the stress power in the region P is written as
. d d
/T~de = /p\I/dv = — [ pVdv = —W(P), (6.138)
P P dt Jp dt

where W (P) = / pV dv is the total strain energy of the material occupying the region P.

P
As a result, the mechanical energy balance theorem (4.131) for this class of materials takes

the form

d
dt
In words, Equation (6.139) states that the rate of change of the kinetic and strain energy

[K(P)+W(P)] = Ry(P)+ R.(P) = R(P) . (6.139)

(which together comprise the total internal energy of the non-linearly elastic material) equals

the rate of work done by the external forces. Non-linearly elastic materials for which there
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exists such a strain energy function U are referred to as Green-elastic or hyperelastic mate-
rials.
Since the strain energy function depends exclusively on the deformation gradient, one
may use the chain rule to conclude that
. ov .
U = F F , (6.140)
so that, upon recalling (3.135) and (6.137),

T-D =T-L
‘ o0 o0 (6.141)
= p¥ = p— - (LF) = p—FT.L
p pop  (LF) = pop ,
where the symmetry of the Cauchy stress has been exploited. The preceding equation implies
that .
ov

(T—pa—FFT)~L =0. (6.142)

Observing that L may vary independently of F, it follows immediately that

T = p——F". (6.143)

Upon enforcing the symmetry of the Cauchy stress, Equation (6.143) leads to

A A T
g—EFT =F <g—§> : (6.144)

This places a restriction on the form of the strain energy function U. Instead of explicitly

enforcing this restriction, one may simply write the Cauchy stress as

~ ~ T
1 | 0¥, o

In addition, upon recalling (4.33) and (4.110), it is readily seen from (6.143) that the stress
response of a Green-elastic material may be equivalently expressed in terms of the first

Piola-Kirchhoff stress tensor as

Alternative expressions for the strain energy of the non-linearly elastic solid may be ob-

tained by invoking invariance under superposed rigid-body motions. Specifically, objectivity
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of W, which is well-justified on physical grounds, and invariance of the constitutive function 0
under superposed rigid-body motions imply that
Ut = U(Ft) = U(QF)
=V

o, (6.147)

for all proper orthogonal tensors Q. Selecting Q = R”, where R is the rotation stemming
from the polar decomposition of F? of (3.86)1, it follows from (6.147) that

U(F) = ¥(QF) = ¥(RTRU) = ¥(U). (6.148)
Therefore, one may write

¥ = ¥(F) = ¥(U) = ¥(C) = ¥(E), (6.149)

by merely exploiting the one-to-one relations (3.69); and (3.90) between tensors U, C, and E.

Then, the material time derivative of ¥ can be expressed as

. ov . ow ow
UV = —.C = — - (2FIDF) = 2F—F'.D 1
oC C oC ( ) oC ’ (6.150)
where (3.147) is invoked. It follows from (6.137) that
0w
T-D = 20F—F7.D 6.151
or, equivalently, ~
T -2 Fa—q]FT D=0 (6.152)
Prac - '

Given the arbitrariness of D for any given deformation gradient F', it follows that

T = 2ng—gFT : (6.153)

Using an analogous procedure, one may also derive a constitutive equation for the Cauchy

stress in terms of the strain energy function ¥ as

T = pFa—EFT : (6.154)

9Since, by its definition, R € L(T, R, TxRo) is a two-point tensor while Q € L(T,R,T,R) is a spatial ten-
sor, it should be understood here that Q is equal to R” to within the two-point shifter tensor + = §; 4e; @ E 4,
that is, Q = 2R7, although 2 € L(T, R, TxRo) does not appear explicitly in the derivation.
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It follows from (6.153) and (6.154), with the aid of (4.33) and (4.116), that the stress
response of the Green-elastic solid may be expressed in terms of the second Piola-Kirchhoff

stress tensor as N .
ov ov

S = 2= = poee (6.155)

Next, consider a body made of Green-elastic material that undergoes a smooth motion
for which there exist times ¢; and t5(> 1), such that

x = x(X,t1) = x(X,12) (6.156)

and, also,

for all X. This motion is referred to as a smooth closed cycle in [t;,ts], as every material
particle P in the body starts and ends in the same position with the same deformation

and velocity, see Figure 6.9. In addition, recall the theorem of mechanical energy balance

P(t1), P(t2) T P(t)

Figure 6.9. Closed cycle for a part P of a body containing particle P.

in (6.139) and integrate this equation in time between ¢; and ¢, to find that

K(P)+ W(P) — / “(By(P) + R(P)dt (6.158)

t1

However, since the motion is a closed cycle, it is immediately concluded from (6.157) that

[K(P)+W(P)]? = Up %pv-vdH/Pp\i/(F)dv]tQ =0, (6.159)

t1

thus, also, in view of (4.119), (4.120), and (6.158), that

/ttQ[Rb(P)JrRC(P)]dt = /ttz (/Ppb-vdv—i—/m)t.vda) d=0. (6160
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This proves that the total work done on a non-linearly elastic solid by the external forces
during a closed cycle is equal to zero.
Equation (6.139) further implies that

¢ 1 . !
/ (/ pb-vdv—i—/ t-vda) dt = [/ —pv-vdv—i—/p‘I/(F)dv} . (6.161)
t \JP aP P2 P t

This means that the total work done by the external forces taking the body from its con-
figuration at time t; to a configuration at time ¢(> t;) depends only on the end states at ¢
and ¢; and not on the path connecting these two states, see Figure 6.9. This is the sense in
which the Green-elastic materials are characterized as path-independent.

A more general class of non-linearly elastic materials is defined by the constitutive relation
T = T(F) . (6.162)

Such materials are called Cauchy-elastic and, in general, do not satisfy the condition of
worklessness in a closed cycle. Recalling the constitutive equation (6.145), it is clear that
any Green-elastic material is also Cauchy-elastic. Upon reflecting on the constitutive equa-
tion (6.162), one may conclude that in a Cauchy-elastic material the stress at a given time is
fully determined by the deformation at that time relative to a given reference configuration.

The concept of material symmetry is now introduced for the class of Cauchy-elastic ma-
terials. To this end, let P be a material particle that occupies the point X in the reference
configuration. Also, take an infinitesimal volume element P, which contains X in the ref-
erence configuration. Now, consider another reference configuration locally related to the
original one by a transformation characterized by the invertible tensor F’, see Figure 6.10.
This defines the geometric relation between the regions Py and P;. Note, however, that the
stress at point P and time ¢ is agnostic to (therefore, independent of) the specific choice of
reference configuration. Hence, when expressed in terms of the deformation relative to the

transformed reference configuration, the Cauchy stress at point P is, in general, given by
T = T'(FF) , (6.163)

where the function T/ must be different from T. The preceding analysis demonstrates that
the constitutive law (6.162) itself depends, in general, on the choice of reference configuration.
For this reason, one may choose, at the expense of added notational burden, to formally
write (6.162) and (6.163) as

T = Tp,(F) (6.164)
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and
T = Tp(FF ), (6.165)

respectively, thereby stating explicitly the reference configuration relative to which the stress

function is defined.

F’ F
m /\
/\

F/—l P

P} Po P

Figure 6.10. Deformation relative to two reference configurations Py and P;.

By way of background, recall here that a group G is a set together with an operation ,

such that the following properties hold for any three elements a, b, ¢ of the set:
(i) a* b belongs to the set (closure),
(i1) (a*b)*c=a=x* (bxc) (associativity),

(iii) There exists an element 4, such that i x a = a *x i = a (existence of identity),

1 1 1

(iv) For every a, there exists an element a~', such that a *x a™" = a™" * a = ¢ (existence of

inverse).

It is easy to confirm that the set of all orthogonal transformations Q € L(TxRo, TxRo)
of the original reference configuration forms a group under the usual tensor multiplication,
called the orthogonal group or O(3). In this group, the identity element is the referential
identity tensor I and the inverse element is the inverse Q! (or transpose Q') of any given
element Q. The subgroup!® Gp, C O(3) is called a symmetry group for the Cauchy-elastic

material with respect to the reference configuration Py if
Tp,(F) = Tp,(FQ) , (6.166)

for all Q € Gp,. Physically, Equation (6.166) identifies orthogonal transformations Q which

produce the same stress at P under two different loading cases. The first one subjects

10A subset of the group set together with the group operation is called a subgroup if it satisfies the closure

property within the subset.
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the reference configuration to any deformation gradient F. The second one subjects the
reference configuration to an orthogonal transformation Q and then to the same deformation
gradient F as the first one, see Figure 6.11. If the stress in both loading cases is the same,
then the orthogonal transformation @Q is representative of the material symmetry of the body

in the neighborhood of P relative to the reference configuration Pj.

T\
pe Q

Po

Figure 6.11. An orthogonal transformation of the reference configuration.

Next, consider again the two reference configurations P, and P; of Figure 6.10, and
suppose they are associated with material symmetry groups Gp, and Gp;, respectively. It
follows from (6.166) that

Tp,(F) = Tp(FQi) , Tp(F) = Tp(FQo) , (6.167)

for any Q; € Gp, and Qy € Gp;. Recalling (6.164) and (6.165), one may conclude from (6.167)
that

T =Tp(F) = Tpy(FF') = )T%(FF_ Q) (6.168)

Keeping Q; and F’ fixed and observing that (6.168) holds true for all F implies that

Q =FQF! (6.169)

or, more generally,
Gr = {FQF ' | Qi eGp} . (6.170)
The relation (6.170) between the symmetry groups of the material is known as Noll’s'* rule

and shows that, for Cauchy-elastic materials, the symmetry groups relative to two different
reference configurations are related according to a tensorial rule involving the transforma-

tion F’ between the two configurations.

HWalter Noll (1925-2017) was a German-born American applied mathematician and mechanician.
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If Equation (6.166) holds true for all Q € O(3), then the Cauchy-elastic material is termed
isotropic relative to the configuration Py. Therefore, an isotropic material is insensitive
to any orthogonal transformation of its reference configuration. Recalling the left polar
decomposition (3.86), of the deformation gradient and choosing Q = R”,'? Equation (6.166)
implies that

T = TP()(F) = TPO(FRT) = TPO(VRRT) = TPO(V) (6171)

In addition, invariance of T'po under superposed rigid-body motions, in conjunction with (3.194),

leads to

T" = QT (V)Q" = T, (QVQ"), (6.172)

for all proper orthogonal tensors Q (hence, given that (6.171) is quadratic in Q, all orthogonal
tensors Q € L(TxRo,TxRy)). Invoking the representation theorem for isotropic tensor-

valued functions of a tensor variable introduced in Section 6.3, it follows that

T = Tp,(V) = agi+ a;V +a;V?, (6.173)
where ag, a1, and ay are functions of the three principal invariants of V. Clearly, an equivalent
to (6.171) representation of the Cauchy stress for a Cauchy-elastic material is T = Tp,(B).
Upon enforcing invariance under superposed rigid-body motions for Tpo, in conjunction with

the use of the representation theorem, as discussed immediately above, it is concluded that

T = Tp,(B) = boi+ 0B+ b,B?, (6.174)
where, now, by, by, and by are functions of the three principal invariants of B. Given that
the two Cauchy-Green deformation tensors B and C share the same principal invariants (see

Exercise 3-20), one may exploit (4.118) to transform (6.174) into
S = ¢C '+ I+ 6,C, (6.175)

where ¢y, ¢; and ¢y are functions of the three principal invariants of C. Invoking the Cayley-
Hamilton theorem of Example 2.4.8, one may equivalently express the second Piola-Kirchhoff
stress as

S = dI+,C+c,C*, (6.176)

12Gince R € L(T,R,TxRo) is a two-point tensor while Q € L(TxRo, TxRo) is, by definition, a referential
tensor, the formal choice is Q = R%4, where » € L(T, R, TxRo) is a two-point shifter tensor.
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for a different set of functions ¢, ¢| and ¢, of the three principal invariants of C. Given (3.69),

an alternative stress representation to (6.176) is
S = dyI + d,E + . E? (6.177)

where dy, di, and dy are functions of the three principal invariants of E. By the same token
and in light of (3.90) and the Cayley-Hamilton theorem, the second Piola-Kirchhoff stress

may be also expressed in terms of the right stretch tensor U as
S = el+ e, U+ e,U% (6.178)

where eq, e1, and ey are functions of the three principal invariants of U.

It is readily concluded from (6.174) and (6.175) that TB = BT and SC = CS hold
true for any isotropic Cauchy-elastic material. This means that these pairs of stress and
deformation tensors are co-axial, that is, owing to the isotropy of the material, the prin-
cipal directions of the (symmetric) stress tensors are unchanged relative to those of the
corresponding (symmetric) deformation tensor.

For a Green-elastic solid, isotropy implies that

A

U(F) = U(FQ), (6.179)

for all Q € O(3). In view of (6.149)3 and (3.50), the preceding condition gives rise to

¥(C) = ¥(Q'Ccq), (6.180)

again, for all Q € O(3). Applying the representation theorem for isotropic real-valued func-
tions of a tensor variable'® to ¥ leads to the conclusion that the strain energy of any isotropic

Green-elastic solid may be expressed as
U = U(Ig, I, I¢) . (6.181)

Recalling (6.155); and using the chain rule it follows that

(6.182)

g 0¥ dlc N oV 0llc N oV Ol
~ M\ 9ic aCc T ollc oC T alllg aC

13This theorem may be viewed as a special case of the previously introduced representation theorem for

tensor-valued functions of a tensor variable, by merely setting Wi as the tensor function.
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It is easy to show by appeal to (2.54) that

ol
=~ _1
oC ’
Ol
T 6.183
- =ld-C. ( )
olllc B
5o = McC

(see Exercise 3-33 for a component-based approach to derive (6.183)3). Then, the expression
for the second Piola-Kirchhoff stress in (6.182) becomes
o o o o
S =2 I I- C+—1IHcC| . 6.184
P\ ate T Calie ollg - " atlg (6.184)

As expected, this function is a special case of (6.175).

Example 6.4.1: Two constitutive laws for compressible isotropic Green-elastic
materials
A commonly employed constitutive law in non-linear elasticity is one is which

S = 2uE+ A(trE)I, (6.185)

where A and p are positive material parameters. This is a generalization of the classical stress-strain law of
linear elasticity (compare to Equation (6.263) later in this chapter), and is known as the generalized Hooke's'*
law or Kirchhoff-Saint-Venant'® law). Taking into account (4.116) and (6.185), the Cauchy stress for this

material may be expressed as

1[1 1
T = = |=XIg—3)—u|B+ =uB?. 1
>[5 -9 - ] B+ S (6.186)

It is easy to show by appealing to (6.182) that the constitutive law (6.185) may be derived from a strain energy
function per unit referential mass which satisfies

- 1 1
po¥(Ic, I, lc) = gA(Ic —3)% + Z'M(Ié —2Ic —2IIc +3) . (6.187)
Another useful constitutive law in non-linear elasticity is defined by the strain energy function

po¥(Ic,Ilc, lllc) = %

1
(Ic —3) — plnJ + 5A(J —1)%, (6.188)

where, again, A and p are positive material parameters. This is the compressible neo-Hookean law. Us-
ing (6.184) and (4.116), it is readily concluded that

S = uI-CcH+rJ(J-1C (6.189)

and |
T = ﬂj(B —1)+ANJ—=1)i. (6.190)

14Robert Hooke (1635-1703) was an English scientist.
15Barré de Saint-Venant (1797-1886) was a French engineer.
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Some non-linearly elastic materials, such as dense rubber and certain soft living tissues
(e.g., arterial walls) are considered practically incompressible. Therefore, it is important to
appreciate the restrictions posed by incompressibility to the functional form of Cauchy- and
Green-elastic materials.

To this end, recall that the pressure p defined in Example 4.6.1(a) is work-conjugate to

the volume change in that
1 1
T-D = {g(tr T)i+ Tdev} . {g(tr D)i+ Ddev} = (—p)divv + Tyep - Dgew ,  (6.191)

where tr T = —3p, while Ty, and Dy, are the deviatoric parts of T and D, respectively, see
also Exercise 4-26. In an incompressible isotropic Cauchy-elastic material, the constitutive

equation (6.174) is replaced by
T = —pi+ B+ bmB?, (6.192)

where p enforces the incompressibility condition divv = 0 (or J = 1), while b; and by are
functions of the first two principal invariants of B (as, now, IIlg = 1). Since the constraint
where F 4., = J~/3F is the deviatoric

deformation gradient, see Exercise 3-31. Analogous modifications apply to other functional

of incompressibility is enforced, B = By, = FdevFgev,

representations of the Cauchy stress in a Cauchy-elastic material.
In an incompressible Green-elastic material, one may recall the defining property (6.137)
and the volumetric/deviatoric decomposition in (6.191) to admit a decomposition of the

strain energy rate according to
p¥, = p¥ —pdivv, (6.193)

where W, is the strain energy of the incompressible material and W is the strain energy of

an unconstrained Green-elastic material. Applying (6.137) to the strain energy V. yields

. ov . v
T-D=T-L =p¥., = p——-F—pdivy = (pa—FFT—pi>-L, (6.194)

from which is can be shown upon repeating the procedure used to derive (6.145) that

~ AN\ T
1 o, o0

where, again, p enforces the incompressibility condition.
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Example 6.4.2: A constitutive law for incompressible isotropic Green-elastic
material

With reference to (6.192) and Example 6.4.1, one may readily conclude from (6.190) that the incompressible
counterpart of the neo-Hookean law is

T = —pi+puB-i),

where det B = 1. Note that, with a slight abuse of notation, one may subsume the term —ui into the pressure
part to rewrite the preceding constitutive law equivalently as

T = —pi+uB. (6.196)

6.4.1 Boundary-value problems of non-linear elasticity
6.4.1.1 Uniaxial stretching

Consider the response to homogeneous uniaxial stretching of non-linearly elastic materials
following the generalized Hookean and neo-Hookean laws of Example 6.4.1. For this purpose,
take a slender three-dimensional specimen of initial length L and stretch it to final length [
while keeping its lateral surfaces fixed, as in Figure 6.12. For simplicity, the major axis of

the slender specimen is aligned with the basis vector e; which also coincides with E;.

e17E1
I

—— L — u—f
—

Figure 6.12. Homogeneous uniaxial stretching of a slender specimen

Given the homogeneity of the imposed deformation, the motion of the specimen is defined
componentwise as

2 = X+ %Xl o m=Xy . w3=Xy, (6.197)

where u = [ — L. If follows from (6.197) that the only non-trivial component of the defor-

mation gradient is F};, which is expressed in referential or spatial form as

U 1
Fi=14+—= = ) 6.198
11 +L . ( )
[
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This, in turn, implies, with the aid of (3.50), (3.69), (3.57), and (3.72) that

U\ 2 U 1 fu\2
_ el = —4+ (= 1
o (1 + L) . Bu= 43 <L> (6.199)
and, also,
1 u 1 yuN\2
By = ——— , = ———<—> , 6.200
11 €11 ] 5\ ( )

(1-7)

with all other components attaining trivial values. In addition, note from (6.198) that

J=14+- = . (6.201)

Taking into account (6.199)s, (6.200);, and (6.201), the stress components along the axis
of stretching for the generalized Hooke’s law are are given according to (6.185) and (6.186)

as

u 1 yu\2
_ 2oz .202
Suo= (A +2p) {L+2(L)} (6.202)
and
1 1 1
Th = — A |—— =1 —pp+up (6.203)

1
U 2 3
EAa [ =
l l [
Likewise, for the compressible neo-Hookean law, substituting (6.199);, (6.200);, and (6.201)
into (6.189) and (6.190) yields

1
(1+1) L
and
U 1 u 1
T, = u<1—7> | A (6.205)

(1-7) hi-g

Consider now the special case A = 0. For the generalized Hooke’s law, Equations (6.202)
and (6.203) imply that in the limit of infinite compression (} — —1 or, equivalently,
= —00), Siu — —p and T1; — 0, the latter of which is physically implausible. On the
other hand, for the same extreme case, Equations (6.204) and (6.205) imply that for the neo-
Hookean material S1; — —oo and 77; — —oo, as intuitively expected. Likewise, consider

the limit of infinite extension, where ¥ — oo or, equivalently, 7+ — 1. In this extreme case,
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the same sets of equations imply that S;; — oo and T1; — oo for the generalized Hookean
material, and also S1; — p and Ty; — oo for the neo-Hookean material. Representative

plots of the stress response predicted by the two material models are shown in Figure 6.13.

T T T
generalized Hookean law
neo-Hookean law

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
w/L
6 T T T
generalized Hookean law
5 neo-Hookean law 4
4+ B
3l i
b
&~
ol i
_—
1k - — i
o _ - -
Y m— L L L L L L L L L
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
u/l

Figure 6.13. Homogeneous uniaxial stretching of a slender specimen: Second Piola-Kirchhoff

and Cauchy stress components along the stretch direction for A =0 and p = 1.

6.4.1.2 Rivlin’s cube

Consider a unit cube made of a homogeneous, isotropic, and incompressible non-linearly
elastic material. First, recall the general form of the constitutive equations for isotropic

non-linearly elastic materials in (6.174) and, letting, as a special case, by = 0, write
T = —pi+0B, (6.206)

where b;(> 0) is a constant, and p is a Lagrange multiplier to be determined upon enforcing
the incompressibility constraint. Note that, in view of (6.196), this is an incompressible

neo-Hookean material.
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Returning to the unit cube, assume that its edges are aligned with the coincident or-
thonormal bases {E4} and {e;} of the reference and current configuration, respectively.
Also, let the cube be loaded by three pairs of equal and opposite tensile forces, all of equal
magnitude, and distributed uniformly on each face.

Taking into account (4.110) and (6.206), one may write
P =J(—pi+uBF 7T = pF 1 +uF, (6.207)

where J = 1 due to the assumption of incompressibility. The tractions, when resolved on

the geometry of the reference configuration, satisfy
pa = PE, = cdae;, (6.208)

where ¢ > 0 is the magnitude of the normal tractions per unit area in the reference config-
uration. Note that ¢ is the same for all faces of the cube, since, by assumption, the force
on each face is constant and uniform. Therefore, recalling (4.95), one may take the first

Piola-Kirchhoff stress to be constant throughout the cube and equal to
P = (céiAei) (%9 EA = 6(61 & E1 +e® E2 +e3® Eg) . (6209)

This further implies that the cube is in equilibrium without any body forces.

On physical grounds, solutions for this boundary-value problem are sought in the form
F = )\161 & E1 + )\262 & E2 + )\363 X E3 s (6210)

subject to the incompressibility condition, expressed in this case as A A2A\3 = 1. Returning
to the constitutive equations, substitute (6.209) and (6.210) into (6.207) to conclude that

¢ = —>\£+b1>\i Ci=1,23 (6.211)
or
b = ch+p , i=1,23. (6.212)

Eliminating the pressure p in the preceding equations leads to
bi(A2 = XF) = (= N\y) (6.213)
where ¢ # 7. This, in turn, means that
Al = X or (M + ) = ¢

)\2 = )\3 or b1(>\2—|—)\3) = C, (6214)
)\3 = /\1 or b1<)\3+)\1) = C,
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subject to A A3 = 1.
One solution of (6.214) is obviously

This corresponds to the cube remaining rigid under the influence of the tensile load. Next,
note, with the aid of (6.214), that it is impossible to find a solution for which all the
values of \; are distinct. Therefore, the only remaining option is to seek solutions for which
Al = Ao # A3, Aoy = A3 # Ap and A\3 = Ay # Ao Explore one of these solutions, say
A1 = Ay # A3, by setting A3 = A and noting from (6.214) that

c

)\2+)\3:>\3+)\1 :b—:T], (6216)

1

where 77 > 0, so that

The above equation may be rewritten as
fO) = =29 +9°A -1 = 0. (6.218)
To examine the roots of f(A\) = 0, note that
F) = 3N —=dpr+9* , f"(\) = 6A—4n, (6.219)

hence the extrema of f occur at

n n .
—  where f’(=) = —-2n <0 (maximum
A= {3 [ =<0 ) (6.220)
n  where f’(n) =2n >0 (minimum)
and are equal to A
n 3
-) = —=n°—1 = —1. 6.221

It is also obvious from the definition of f(A) in (6.218) that f(0) = —1 and f(co0) = co. The
plot in Figure 6.14 depicts the essential features of f(A). Clearly, a root, say, A = A3 > 7 is
inadmissible, as, according to (6.216), it would lead to \; = Ay =1 — A < 0.

In summary, \; = Ay = A3 = 1 is always a solution. Furthermore:
1. If &tn® < 1, there are no additional solutions (Case I).

2. If %773 = 1, there is one set of three additional solutions corresponding to A = g =

i/g <1 (Case II).
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Case 111, Case 11
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Figure 6.14. Function f()) in Rivlin's cube

3. If %773 > 1, there are two sets of three additional solutions corresponding to the two
roots of f(A) which are smaller than n (Case III).

Note that, for Case III it is not required that A3 > 1 in any of the two sets of solutions.

A typical non-trivial deformation of the cube is depicted in Figure 6.15.

X3

—_—— —_ - e = - - = = = >

Figure 6.15. A solution to Rivlin's cube (A = Ag # A3, A3 < 1)

Rivlin’s cube demonstrates the potential loss of uniqueness in the solution of boundary-
value problems of non-linear elasticity, depending on the loading conditions and the material

parameters.

6.5 Non-linearly thermoelastic solid

In the case of a non-linearly thermoelastic solid, one may postulate that the Helmholtz free

energy ¥ and the referential heat flux qg are of the form

U = U(F,0,G) , q = qQ(F,0,G). (6.222)
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It follows from (6.222); that the referential statement of the Clausius-Duhem inequality
in (4.178) may be written as

o .. oU . 9T . : : G
P4 4 — - 6—P F < 22
po<aF +80 9+8G G>+pn + qo 7 <0 (6.223)
or, upon rearranging terms,
ov : ov , o . G
_Pl.F o . 2 <. 224
(Pan ) +P0<89+77>9+008GG+(10 g = 0 (6 )

Choosing a homothermal process (that is, taking 6 to be constant in referential space, which
also implies that G = 0) for which also G = 0, it is concluded from (6.224) that since F is

arbitrary (hence can be made equal to —F'), it is necessary that

ow
P = PIE - (6.225)

Next, one may take a time-dependent homothermal process with G = 0. Since 0 may be

chosen positive or negative, it follows from (6.224) and (6.225) that

o

n= o (6.226)

The final choice is to take a homothermal process in which G = 0. Since it is also possible

to choose the temperature gradient to be —G, it follows from (6.224), (6.225), and (6.226)
that A
ov
oG
which, in light of the original constitutive assumption (6.222), means that

-0, (6.227)

U = U(F,0) . (6.228)
The original Clausium-Duhem inequality (6.224) now reduces to

<0. (6.229)

G
QOQ

Following the analysis for the rigid heat conductor in Section 4.9, the preceding inequality
implies that
qo(F,6,0) = 0. (6.230)
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Recalling the referential statement of energy balance in (4.165), note that

_ . : o . 9. .
€ = U+nd+n0 = a—F-F—F%H%—n@%—n@

1 . o - 1 .
= —P-F+(|[=+4n|0+90 = =P -F+n90, (6.231)
Po a0 Po

where use is made of (4.175), (6.225), and (6.226). Now, substituting (6.231) into (4.165)
yields

pofn = por — Divqg (6.232)
or
. r Divq
poil = pog— =5 (6.233)

which are completely analogous to equations (4.191) and (4.192) obtained for the rigid heat
conductor.

For the non-linearly thermoelastic solid, just like for the rigid heat conductor, it is possible
to formulate a prescription for the identification of the entropy 7. Indeed, for a homothermal

process, where g = 0, hence, due to (6.230), also gy = 0, equation (6.232) reduces to
o = r. (6.234)

Therefore, one may again integrate from some initial time ¢35 where the entropy is assumed
to vanish to find that

n(0) = /t g dt | (6.235)

where # remains spatially homogeneous but varies with time and r is chosen to impose this
homothermal state.

The purely mechanical theory of non-linear elasticity discussed in Section 6.4 may be
recovered by keeping the temperature @ constant (say, equal to #) and considering the con-
stitutive assumption (6.228) for the Helmholtz free energy as defining the strain energy for

this isothermal case, that is,

U = U(F,0) = U(F). (6.236)

It is clear from the preceding derivation that, under isothermal conditions, a non-linearly

thermoelastic solid reduces to a Green-elastic (but not necessarily a Cauchy-elastic) solid.
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6.6 Linearly elastic solid

In this section, a formal procedure is followed to obtain the equations of motion and the
constitutive equations for a linearly elastic solid. To this end, start by writing the linearized

version of linear momentum balance as
L[divT;H]o + L[pb; Hlo = L]pa;H]o . (6.237)

Now, proceed by making the following assumptions: First, let the reference configuration

be Cauchy stress-free. Since, in view of (6.162), one may write T = T(F) = T(H), this

translates to

T(z) = T(0) = 0. (6.238)
It follows that
L[T;H], = T(0)+ DT(0,H) = DT(0,H), (6.239)
where p
DT(0,H) = LZ—T(OWH)] = CH . (6.240)
W w=0

The quantity C is called the elasticity tensor and it is a fourth-order tensor that can be
resolved in components as

C = Cijklei &® €; Qe e (6.241)

on the basis {e; ® e; ® e, ® €;}. The product CH in (6.240) is the most general linear

second-order tensor function in H and is expressed as

CH = (Cijne; @ e; @ e, @ e)(Hpnen ® e,)
= ijlemnei X ej[(ek X el) . (em ® en)]
= ijlemn(Skmélnei & €;

= CijuHpe; ®e; . (6.242)

Note that the component representation of the referential displacement gradient in (6.242)
is H= H,;je; ® e;, since, as argued in (5.23), the distinction between referential and spatial
gradients is lost under the assumption of infinitesimal deformations.

At this stage, recall that invariance under superposed rigid-body motions of the consti-

tutive function in (6.162) implies that

A

QT(F)Q" = T(QF), (6.243)
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for all proper orthogonal tensors Q. Setting F = ¢ and taking into account (6.238), it is

readily concluded from the preceding equation that
T(Q) = 0, (6.244)

which means that rigid-body rotations result in no stress. Therefore, one may choose a
special such rotation for which Q(¢) = i (hence, H(t) = 0) and Q(t) = € (hence, H = ),
where € is a constant skew-symmetric tensor. In view of (6.240) and (6.244), one may
conclude that for such a rotation

d _ . . .
{d—T(OanH)} — DT(0,H) = CH = CQ, = 0. (6.245)
w=0

w

Since €2y is an arbitrarily chosen skew-symmetric tensor, this implies that C{2 = 0 for any
skew-symmetric tensor Q. Recalling (5.45), (6.239), (6.240), and also that the reference

configuration is stress-free, it follows that
L|T;H]p = DT(0,H) = C(e+w) = Ce = o, (6.246)

where o denotes the linear part of the Cauchy stress tensor. Since the distinction between
partial derivatives with respect to X and x disappears in the infinitesimal case (see discussion
in Section 5.1), it is clear that so does the distinction between the referential and spatial

divergence operators. Therefore, in view of (6.246), it is concluded that
DIdivT](0,H) = D[DivT|(0,H) = DivDT(0,H) = Dive , (6.247)

where the divergence operator “Div” can be taken out of the differentiation since it is inde-
pendent of it. Given that the reference configuration is assumed stress-free, Equation (6.247)

further implies that
L[divT;H]o = L[DivT;H], = DivL[T;H], = Dive . (6.248)

By way of a second assumption, let the reference configuration be also acceleration-free,
that is, a = a(0) = 0. Since linear momentum balance holds in the reference configuration,
then the body force should also vanish in the reference configuration, that is, b = b(0) = 0.6
Since, according to linear momentum balance, p(a—b) balances the divergence of stress and

the latter is linear in H, it follows that

Llp(a—b);H]o = p(0)(a—b)(0) + [Dp(0, H)](a — b)(0) + 5(0) Dla — b](0,H) . (6.249)

16Tt is possible to relax the assumption of vanishing acceleration and instead posit that in the reference

configuration the acceleration is equal to the body force, that is, a(0) = b(0) # 0.
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Taking into account (5.50) and also recalling that the reference configuration is acceleration-

and body force-free, as well as that p(a — b) is linear in H, it follows from (6.249) that
Llp(a—b);Hly = 5(0)Dla—bJ(0,H) = po(a—b) . (6.250)

Equations (6.248) and (6.250) jointly imply that the linearized statement of linear momentum
balance (6.237) takes the form

Dive + pob = poa . (6.251)

In the context of linear elasticity, all measures of stress coincide, that is, the distinction
between the Cauchy stress T and other stress tensors, such as P, S, etc., disappears. To
show this, recall, for instance, the relation between T and P in (4.110) and take the linear

part of both sides to conclude that

L[T;H]p = L HPFT;HL : (6.252)
In light of (6.246), this implies that
o - ﬁp(o)ﬂo) + {D%(O,H)} P(0)F7(0)
4 ﬁ[DP(O, H)F7(0) + ﬁp(o)[ppﬂo, H). (6.253)

Recalling that the reference configuration is assumed stress-free (hence, P(0) = 0) and that

F(0) = 1, the above equation leads to

o = DP(0,H) , (6.254)
which further implies that
LP;:H], = P(0)+ DP(0,H) = o, (6.255)
hence,
L[P:H], = L[T;H], . (6.256)

Similar derivations can deduce the equivalence of other stress tensors in the infinitesimal the-
ory. Therefore, the stress tensor o is the universal measure of stress within the infinitesimal

theory.
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Returning next to the constitutive law (6.246), write in component form
Oij = Uijki€kl - (6-257)

In general, the fourth-order elasticity tensor C possesses 3* = 81 material constants Cijr as
its components. However, since balance of angular momentum implies that o;; = 0;; and

also, by the definition of € in (5.35), &;; = ¢j;, it follows that
Cijt = Cjim = Ciyie = Ciun (6.258)

which readily implies that only 6 x 6 = 36 of these components are independent.!” Next,
recalling (6.155);, note that in the infinitesimal theory, Equation (6.246) may be derived

from a strain energy function W(s) per unit volume as

oW
= — 6.259
o= 20 (6.259)
where .
W = W(e) = 5€ Ce. (6.260)
It follows from (6.259) and (6.260) that
0aij 82W

_ — Ciin 6.261
85kl a&:ija&d it ( )

which, in turn, implies that Cj;; = Cjj. The preceding identity reduces the number of
independent material constants from 36 to 21.%

The number of independent material constants can be further reduced by material sym-
metry. In particular, recall the constitutive equation (6.177) for the isotropic non-linearly

elastic solid, whose linearization yields
o = dyl.I1+de , (6.262)

where djj and d; are constants. Setting djj = A and d; = 2u, one may rewrite the preceding
equation as
o = Atre)l +2ue . (6.263)

17To see this, take each pair (4,4) or (k,l) and use (6.258) to conclude that only 6 combinations of each

pair are independent.
18T see this, write the 36 parameters as a 6 x 6 matrix and argue that only the terms on and above (or

below) the major diagonal are independent. This leaves %(36 —6) + 6 = 21 independent terms.
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The material parameters A and g are known as the Lamé'® constants of isotropic linear
elasticity. Taking the trace of both sides of (6.263) and assuming that A+ % w# 0, it is easily

seen that .
t = t . 6.264
re 2 ro ( )
Therefore, as long as p # 0, one may invert (6.263) to find that
1 A

(tro)I| . (6.265)

ﬂ 0_3)\+2u

It is customary to express the preceding stress-strain relations in terms of an alternative

pair of material constants, that is, the Young’s®® modulus E and the Poisson’s*' ratio v,
where
po M A (6.266)
A+ 2\ + )
provided A + p # 0, and, inversely,
A = bv - (6.267)

(14+v)(1-2v) 21+v)’
as long as 1 +v # 0 and 1 — 2v # 0. Substituting (6.267) to (6.263), one finds that
E
= tre)I 4+ (1 —2 . 2
=0 T —20) [v(tre)I + ( v)e] (6.268)

Upon inverting (6.268), it follows that

e = %[(1 +v)o —v(tro)l], (6.269)

assuming F # 0.

6.6.1 Initial/boundary-value problems of linear elasticity
6.6.1.1 Simple tension and simple shear

Consider the case of simple tension along the es-axis, where o33 > 0, while all other compo-
nents of the stress are zero. This is clearly an equilibrium state in the absence of body force.
It follows from (6.269) that in an isotropic linearly elastic solid

033 Vo33
€33 = — s €11 = E99 = ——— , (6270)
E
19Gabriel Léon Jean Baptiste Lamé (1795-1870) was a French mathematician.
20Thomas Young (1773-1829) was a British scientist.
21Siméon Denis Poisson (1781-1840) was a French mathematician and physicist.
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while all shearing components of strain vanish. Given (6.270), one may easily conclude that

a simple tension experiment can be used to determine the material constants £ and v as

=28 yo= o =2 (6.271)
€33 €33 €33
On physical grounds, F > 0, since tensile stress should generate extension in the same
direction, and, also, v > 0, since practically all materials under simple tension experience
lateral contraction, referred to as the Poisson effect.

In the case of simple shear on the plane of e; and e,, the only non-zero components
of stress is 019 = 09;. Again, this is an equilibrium state in the absence of body force.
Recalling (6.269) and (6.267)a, it follows that for an isotropic linearly elastic solid

012

— 272
. (6272

€12 =

while all other strain components vanish. The elastic constant p can be experimentally
measured by arguing that 2¢15 is the change in the angle between infinitesimal material line
elements initially aligned with the basis vectors e; and es, see Exercise 5-6. On physical
grounds, one concludes that p > 0, since shear stress should induce shear strain of the same

sense.

6.6.1.2 Uniform hydrostatic pressure and incompressibility

Suppose that an isotropic linearly elastic solid is in equilibrium under a uniform hydrostatic

pressure o = —pl, as in Example 4.6.1(a). Taking into account (6.264), it follows that

tre = —3p3)\+2 = Py (6.273)
where, with the aid of (6.267),
3N+ 2 E
K = = . 6.274
3 3(1— 2v) (6.274)

The parameter K above is the bulk modulus of elasticity. Equation (6.273) can be used in an
experiment to determine the bulk modulus by noting that, according to (5.47), tre = —%
is the infinitesimal change of volume due to the hydrostatic pressure p.

It is clear from (6.273) that K > 0, since hydrostatic compression (p > 0) should result
in reduction of the volume. Using (6.274),, this means that v < 0.5. An isotropic linearly

elastic material becomes incompressible when v — 0.5, in which case K — oo.
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6.6.1.3 Saint-Venant torsion of a circular cylinder

Consider a homogeneous isotropic linearly elastic cylinder in equilibrium, as in Figure 6.16.
The cylinder has length L, radius R, and is fixed at the one end (z3 = 0), while at the
opposite end (x3 = L) it is subjected to a resultant moment Mes relative to the point with

coordinates (0,0, L). Also, the lateral sides of the cylinder are assumed traction-free.

€2

X1

Figure 6.16. Circular cylinder subject to torsion

Due to symmetry, it is assumed that the cross-section remains circular and that plane
sections of constant x3 remain plane after the induced deformation. With these assumptions

in place, assume that the displacement of the cylinder may be written as

u = arsrey (6.275)
where « is the angle of twist per unit zz-length and r = /2% + 23. Recalling, again with
x x
reference to Figure 6.16, that ey = — e + ey (see also Appendix A), one may rewrite
r r

the displacement using rectangular Cartesian coordinates as
u = Oé(—l'gxgel +ZE1I3€2) . (6276)

It follows from (5.35) that the infinitesimal strain tensor has components

1 0 0 —XT9
[61']'] = 50& 0 0 =z ) (6277)
—T9 0

which confirms that the motion of the cylinder is isochoric. Hence, according to (6.263) the

stress tensor has components

0 0 —X2
[Uij] = u« 0 0 T . (6278)
—To X1 0
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It can be readily demonstrated with reference to (6.278) that all equilibrium equations
are satisfied in the absence of body forces. Further, for the lateral surfaces, the tractions

vanish, since

0 0 —T9 1 T 0
t:] = [oyllng] = pa| 0 0 m Bl 2| = 01 . (6.279)
—To I 0 0 0

On the other hand, the traction at x5 = L is

0 0 —z9 0 —XT9
ti] = [oyllny] = pa| 0 0 = 0| = pal| o |- (6.280)
—X2 X1 0 1 0

Therefore, upon setting xy = r cos @ and x5 = rsin# in the preceding equation, the resultant

force is given by

or R —sin6
/ [ti]dA = pa / / r| cosf | rdrdd
w3=L o Jo
’ ( )
6.281
27
RS o —sin 6 R cos 0
= ,uoz? cos do = ,ua? sin 0 = 01,
’ 0 0 0

0
where use is made of (A.8). Moreover, the magnitude M of the resultant moment with

respect to the origin of the Cartesian coordinate system is

M = (xlel + x9€9 + Le3) X ,uoz(—xgel + ZL‘leg) dA - €3
r3=L
) 2t R R (6.282)
:/wz/ (] +23)dA = ua/ / r?rdrdd = po— = pula,
23=L o Jo 2

4
™
where [ = = is the polar moment of inertia of the circular cross-section.

6.6.1.4 Plane waves in an infinite solid

Consider an infinite solid made of a homogeneous isotropic linearly elastic material. Suppose
that a harmonic longitudinal wave is transmitted along the z;-axis resulting in a displacement

field of the general form
u(X,t) = asin(kX; £ wt)e; . (6.283)
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Here, a is the amplitude of the wave, k; is the wave number for the longitudinal wave, and w
is the frequency. Alternatively, [; = 1/k; is the wavelength and T' = 1/w is the period of the
wave. The amplitude is specified, such that a < 1 in order to enforce the assumption of
infinitesimal deformations in the elastic medium. The wave number k; and the frequency w
are assumed positive, but the relation between them is to be determined.

If the displacement field in (6.283) is to be sustained by the elastic solid, then it must
satisfy the equations of linear momentum balance (6.251), with the stress according to (6.263)
in terms of the infinitesimal strain in (5.35). Equivalently, one may directly apply (6.283)
to Navier’s equations of motion deduced in Exercise 6-18. It is easy to confirm that, upon
ignoring the body force, the linear momentum balance equations are identically satisfied
along the e;- and ez-direction. However, along the e;-direction, linear momentum balance

reduces to the (longitudinal) wave equation
(A +20)ur 11 = potl (6.284)
hence, given the form of u; in (6.283),
ko= 2, (6.285)
C

where

o = 22 (6.286)
Po

is the longitudinal wave speed. Therefore, the relation (6.285) constitutes a necessary condi-
tion for the transmission of the longitudinal wave through the infinite elastic medium.
Next, consider a harmonic transverse wave along the x;-axis corresponding to the dis-

placement field
u(X,t) = asin(k:Xs £wt)e , (6.287)

where k; is the wave number for the transverse wave. Repeating the procedure outlined

above leads to the (transverse) wave equation
Hur 22 = poly , (6.288)
which, on account of (6.287), yields the condition

ko= 2 (6.289)
Cy
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in terms of the transverse wave speed ¢; given by
= 4 ]— . (6.290)
It is noteworthy that, given (6.267), the ratio between the two wave speeds may be

a _ (At J20-v) (6.291)
e i 1—-2v "’ '

hence it depends only on Poisson’s ratio v and is greater than one if 0 < v < 0.5. This

expressed as

points to an alternative method for estimating v, which is specifically applicable to physical

bodies whose domain may be adequately modeled as infinite.

6.7 Viscoelastic solid

Most materials exhibit memory effects, that is, their current state of stress depends not only
on the current state of deformation, but also on the deformation history.
Consider first a broad class of materials with memory, for which the Cauchy stress is
given by
T(X,t) = T($ [F(X,7)]) . (6.292)

<t

This means that the Cauchy stress at time ¢ for a material particle P which occupies point X
in the reference configuration depends on the history of the deformation gradient of that point
up to (and including) time ¢. Materials that satisfy the constitutive law (6.292) are called
simple.

Invoking invariance under superposed rigid-body motions for the constitutive law (6.292)
and suppressing, in the interest of brevity, the explicit reference to the dependence of func-

tions on X, it is concluded that

A~

QHT(H [F(N)Q () = T(H[Q(NF(1)]) . (6.293)

T<t T<t

for all proper orthogonal tensor functions Q(7), where 7 € (—oo,t]. Applying the polar
decomposition (3.86) to F(7) and choosing Q(7) = R¥(7), for all 7 € (—o0, 1], it follows
that

RY()T($H [F(M)R(t) = T(H[U(T)]) . (6.294)

T<t T<t
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Equation (6.294) can be readily rewritten as

T(t) = R(t)T(Tg[U(T)])RT(t) (6.295)
or, equivalently,
T(t) = F(t)U‘l(t)T(ngt[U(T)])U‘l(t)FT(t). (6.296)

Upon recalling (4.116)s, this, in turn, implies that

S(t) = JOU'OT(H [UMNU(E) = S(H[UT) - (6.297)

<t <t

In view of (3.69) and (3.90), one may alternatively write

S(t) = S(H[C(M) = S(H

T<t <t

[E(7)]) . (6.298)

Next, proceed to distinguishing between the past (7 < t) and the present (7 = ¢) in
referring to the measures of deformation that enter the preceding constitutive laws. To this

end, define the Lagrangian strain difference
E.(s) = E(t—s)—E(t), (6.299)

where, obviously, E;(0) = 0. Clearly, for any given time ¢, the variable s > 0 is probing the
history of the Lagrangian strain looking further in the past as s increases. Now, one may
rewrite (6.298), as

S(t) = S(Tgt[E(T)]) = S(Ss;go[Et(s)],E(t)) : (6.300)
Then, define the elastic response function S¢ as
S°(E(t)) = S(0,E(t)) (6.301)
and the memory response function S™ as
Sm(sj;ﬁo[Et(s)],E(t)) = S(Si)o[Et(s)],E(t)) —S(0,E(¢)) . (6.302)
Therefore, the overall stress response becomes
S(t) = S°(E(t)) +Sm(85§0[Et(s),E(t)]) : (6.303)

The first term on the right-hand side of (6.303) represents the stress which depends ex-

clusively on the present state of the Lagrangian strain, while the second term reflects the
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dependence of the stress on past Lagrangian strain states. Note that, by definition, the stress
during a time-independent deformation, that is, when E(t) = Eq for all ¢, with Ey a con-
stant, is equal to S(t) = S¢(Ey), or, equivalently, S™ (SSE)O[O], E(t)) = 0, as seen immediately
from (6.302) with the aid of (6.299). B
The constitutive equation (6.303) describes a viscoelastic solid. For such a material, S™ is
rate-dependent (that is, it depends on the rate E of the Lagrangian strain) and also exhibits
fading memory. The latter means that the effect on the stress at time ¢ of the deformation at
time t — s (s > 0) diminishes as s increases. This condition can be expressed mathematically
as
lim 8™ ( $ [E{(s)], E(t)) = 0, (6.304)

d—00 s>0

where E2(s) is the static continuation of Ei(s) by §(> 0), defined as

0 fo<s<d
Ed(s) = { B : (6.305)
t

s—0) fd<s<oo

With reference to Figure 6.17, it is seen that the static continuation is a time shift in the

E{(s) Ei(s)
Figure 6.17. Static continuation E?(s) of Ey(s) by 0.

argument E;(s) of the memory response function S™ by §. Therefore, the fading memory
condition (6.304) implies that, as time elapses, the effect of earlier Lagrangian strain states
on S™ diminishes and, ultimately, disappears altogether. Condition (6.304) is often referred
to as the relazation property. This is because it implies that any time-dependent Lagrangian
strain E(¢) which reaches a steady-state results in memory response which ultimately relaxes
to zero memory stress (plus, possibly, elastic stress), see Figure 6.18.

Under certain regularity conditions, the memory response function S™ can be reduced to

a linear functional in E;(s) of the form

S™( 9 [Eis)],E(t)) = /OOO L(E(?),s)E(s)ds , (6.306)

s>0
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E E :
tl t2 t tZ(S) t1 (S> tl t2 t

Figure 6.18. An interpretation of the relaxation property

where IL(E(t), s) is a fourth-order tensor function of E(t) and s. Of course, L(E(t), s) needs
to be chosen so that S™ satisfy the relaxation property (6.304), which necessitates that

lim L(E(t),s)E)(s)ds = 0. (6.307)

d—00 0

Now, let E(t) be twice-differentiable in time. Upon the Taylor expansion of E;(s) in time

around t — s, one finds that
E(s) =E(t—s)—E(l) = —sE(t—s)+o(s?) . (6.308)

Ignoring the second-order term in (6.308), which is tantamount to neglecting long-term
memory effects due to the non-uniformity in the rate of Lagrangian strain, one may substi-
tute E;(s) in (6.306) to find that

S™( § [Ei(s)], B(t)) = /OOO]L(E(t),s)[—sE(t—s)]ds _ /OOO]L(E(t),s)E(t—s)ds,

s>0
(6.309)
where
L(E(t),s) = —sL(E(t),s) . (6.310)
Conversely, upon the Taylor expansion of E;(s) in time around ¢, one finds that
E(s) =E(t—s)—E() = —sE(t) 4+ o(s?) , (6.311)

which leads to

S (5B BW) = [ LB, 5) [-sB(o)] ds

s>0

— [_/OOOL(E(t),S)sds] E(t) = M(E®)E(t), (6.312)
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where

M(E(t)) = —/OOO]L(E(t),s)sds. (6.313)

In the following two examples, the general constitutive framework developed here is rec-
onciled with the classical one-dimensional viscoelasticity models of Maxwell?? and Kelvin?3-

Voigt?*, under the assumption of infinitesimal deformations.

Example 6.7.1: The Maxwell model

The figure below depicts the Maxwell model of a linear spring with constant F and a linear dashpot with
constant 7 connected in series.

y— — NN

In this case, the constitutive law becomes

+Z, (6.314)

Noting that the assumed initial condition results in ¢(0) = 0, one may write that

t t 0 t
o(t) = {/ Ee%Té(T) dT:| et = / Ee%(Tft)é(T) dr = —/ Eeivﬁlsé(t—s) ds = / EeivEISé(t—s) ds .
0 0 t 0

Clearly, the stress response of the Maxwell model falls within the constitutive framework of (6.303), where the
elastic response function vanishes identically and the memory response can be deduced from (6.309).

Example 6.7.2: The Kelvin-Voigt model
The Kelvin-Voigt model comprises a linear spring and a linear dashpot in parallel, where the spring constant is
FE and the dashpot constant is 7, as in the figure. It follows that the uniaxial stress o is related to the uniaxial

22James Clerk Maxwell (1831-1879) was a Scottish physicist.
2William Thomson, 1st Baron Kelvin (1824-1907) was a British physicist and engineer.
24Woldemar Voigt (1850-1919) was a German physicist.
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strain € by
o = Ee+ne. (6.315)
E
- —
(o g

=7
|

Ui

Clearly, this law is a simple reduction of (6.303), where the memory response is obtained from a one-
dimensional counterpart of (6.312).

6.8 Exercises

6-1. Consider the homogeneous motion x in the form

1 = xi(Xa,t) = X1 + 71Xy,

T2 = XQ(XA,t) = X2 3

r3 = x3(Xa,t) = Xz,
where v = y(t) is a non-negative function with v(0) = 0, and all components are taken with
reference to a fixed orthonormal basis (see Exercise 3-8).

A body which undergoes this motion is made of a material that satisfies the constitutive
equation
T =aB + D +cW ,

where a, b and ¢ are material constants, B is the left Cauchy-Green deformation tensor, D
is the rate of deformation tensor, and W is the vorticity tensor.

(a) Identify the physical dimensions (in terms of length L, mass M, and time T) of all con-
stants in the constitutive equation for T.

(b) Invoke invariance under superposed rigid-body motions to appropriately reduce the
constitutive equation.

(c) For the given motion, determine the components of the Cauchy stress tensor T sustained
by this material.

(d) For the given motion, determine the components of the first Piola-Kirchhoff stress
tensor P and the second Piola-Kirchhoff stress tensor S sustained by this material.

6-2. Suppose that the pressure p of an elastic fluid in the absence of heat supply is given by

p = kp',
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where k(# 0) and v(> 1) are material constants. Show that in this case the internal energy
of the ideal fluid is given by

k
e = —— p'71 + constant .

v—1

6-3. Recall that the Cauchy stress tensor T for an elastic fluid is expressed as
T = —pI,

where p = p(p) is a given function of the mass density p. Consider the steady motion of
an elastic fluid under the influence of body forces b derivable from a real-valued potential
function 5(x) as

b = —gradg.

Assume that the motion takes place at the absence of heat supply and that the heat flux
vector q vanishes identically.

(a) Use the local form of energy balance to conclude that
pé = T-D,

where € denotes the internal energy.

(b) Starting from the mechanical energy balance theorem, conclude that the stress power
T - D takes the form

T -D = —p—i—p; - pB - S PV V.

(¢) Use the results of part (a) and (b) to conclude that
d P 1
— p— — . p— 0
alet o gvy) =0,

which implies that the quantity H defined as

1
H:e—%]f)—i—ﬁ—l—fv-v
p 2

remains constant along a particle path. The above result is often referred to as Bernoulli’s
theorem.

(d) Obtain a special case of Bernoulli’s theorem assuming that the fluid is incompressible
and letting the potential function § be defined as

where g is a constant vector.
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6-4. Recall that, under superposed rigid-body motions, the position x* of a particle is given by
xT = Qx+c,

where x is the position of the same particle in the original deformed configuration, Q(t) is a
proper-orthogonal tensor, and c(t) is a vector.

(a) Verify that the velocity v transforms under superposed rigid-body motions as
vi = Qv+Qx+e¢.

(b) Consider two bodies that are sliding past each other and are in contact at a point P
at time ¢, as in the figure. Suppose that frictional traction t; on the contact point is

P body 2

constitutively specified as
tf = tf(VhVZ) )

as a function of the velocities vi and vy of the two bodies at P. Show that invariance
under superposed rigid-body motions requires that

b (v, v3) = Qty(vi,va) .
(c) Use the results of parts (a) and (b) to argue that
tf = Ef(Vl —Vg) .

(d) Taking into account the results of parts (a)—(c), show that

QEf(Vl — VQ) = tf(Q(Vl — Vg)) .

6-5. Consider an incompressible Newtonian viscous fluid and let P be a region occupied by a part
of the fluid in the current configuration.

(a) Use the general theorem of mechanical energy balance to show that

d

1
— [ zpov-vdv + 2M/D-de = /pob-vdv +/ t-vda,
dt Jp 2 P P oP

where the material constant p is assumed positive.
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(b) Let R be the (finite) region occupied by the fluid in the current configuration. If v
vanishes on OR, show that, in the absence of body force,

d 1

E Zpoveovdy < 0.
dt Jr 270V V=

Comment on the physical interpretation of the above result.

6-6. Consider an incompressible Newtonian viscous fluid which is contained in a fixed and bounded
region R in space, such that at all times

v=20 on OR .

Show that, in this case, the stress power S, defined over the region R as

S(R) = /RT-de,

can be also written as
S(R) = 2,u/ W -Wdv,
R

indicating that the stress power is exclusively due to the vorticity tensor.

6-7. The steady planar flow of a Newtonian viscous fluid involves a velocity field v, whose com-
ponents with reference to an orthonormal basis {e;, e2, e3} are written as

v = @‘I/z ;

vy = _@\Ij,l ’
p

vy = 0.

In the above equations ¥ = W(x1,x2) is a real-valued function, pg is the homogeneous mass
density in the reference configuration, and p is the mass density in the current configuration.

(a) Show that conservation of mass is satisfied identically.

(b) Derive a partial differential equation involving ¥ and p under the assumption that the
flow is irrotational.

(c) Simplify the partial differential equation obtained in part (b) for the case where the
fluid is incompressible.

6-8. Recall that the spatial velocity gradient tensor L is uniquely decomposed into the (symmetric)
rate-of-deformation tensor D and the (skew-symmetric) vorticity tensor W. Also, recall that
the vorticity vector w is the axial vector of W and is related to the velocity according to

wW = %curlv.

(a) Assuming that the material is incompressible, show that

divD = —curlw .
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(b)

Invoke the result in part (a) to show that the linear momentum balance equations for
an incompressible Newtonian viscous fluid can be written as

—gradp — 2ucurlw + pb = pv,

where p is the mass density, b the body force vector per unit mass, p the constant
viscosity coefficient and p the pressure. Conclude from the above that, in the case of
an irrotational flow, the linear momentum equations of an incompressible Newtonian
viscous fluid coincide with the respective equations for an incompressible inviscid fluid.

6-9. Consider a compressible Newtonian viscous fluid which occupies the region R¢ defined as

Ro = {(.’El,xg,l‘g) ’ xs3 >0} .

The fluid is initially at rest and is set in motion at time ¢ = 0, so that along the bounding
plane z3 = 0 the prescribed velocity is expressed as

Vp(t) = Ue R (t > 0) ,

where U > 0 is a scalar, and all components are referred to an orthonormal basis {e;, €2, e3}.

(a)

Assuming that the velocity profile is of the general form
v = v(zs,t) e , (t>0),
compute the components of the acceleration vector, the rate of deformation tensor and

the Cauchy stress tensor.

Use the assumptions and results of part (a) to show that, in the absence of body forces,
the equations of motion reduce to

p
V33 = —Ut,
1

where the material constant p is assumed positive. Notice that the above equation is
identical in form to the one-dimensional heat equation.

Let v be written as

U(l’g,t) = f(Tl) >

where
n = oy
pt
Argue that the initial condition
/U(l‘370) =20 ) (373 > 0) y
and the boundary conditions
lim v(z3,t) = U , lim v(zs,t) = 0,
xr3—0 r3—00
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apply, and use them to show that the function f should satisfy the differential equation
d 9, df
il 4 7) =0,
oy (o0 /05
with boundary conditions
f0)=0U .  f(eo) = 0.
(d) Integrate the differential equation obtained in part (c) to find
f=v(t- 5 [(ewcma)
= - — exp (— .
VT Jo
The above problem is known as Stokes’ first problem.
e 2 T
Note: Recall the identity (/ e ”? dz) =7
0
6-10. Recall that the spatial form of mechanical energy balance is expressed as

1
d/pv-vdv + /T-de = /pb-vdv +/ t-vda, (1)
dt Jp 2 P P op

where P denotes a region (with smooth boundary 0P) occupied by part of a continuum in
the current configuration.

(a) Starting from (), obtain a referential form of mechanical energy balance by appropri-
ately rewriting all domain and boundary integrals over the images Py and 0Py of P and
0P, respectively, in the reference configuration.

(b) Admit the existence of a strain energy function ¥ = U(F) per unit mass in the reference
configuration, such that the stress power is equal to the mass density po times the
material time derivative of . Show that the first Piola-Kirchhoff stress tensor is directly
obtained as .

oY

= PoafF .

(c) Suppose that the continuum in the reference configuration occupies a finite region Ry
and, subsequently, undergoes a motion in the absence of body forces, such that at all
times

P

p-v=20 on IRy ,

where p = PN, and N is the outer unit normal to 9Rg. Conclude that the total energy
E., defined as

1
B~ [ (¥ + gooveviav,
Ro

remains constant.
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6-11.

6-12.

6-13.

Consider a homogeneous Green-elastic body at rest in the absence of body forces, and let
¥ = U(F) be the strain energy function per unit mass in the reference configuration.

(a) Show that
Div (po¥I — FTP) = 0.
The quantity poWI — FTP is called the Eshelby stress tensor.
(b) Argue that the Eshelby stress tensor is symmetric when the material is isotropic.

(c) Use the result of part (a) to conclude that given any region Py of the body,

/ (p0UN — F'p)dA = 0,
9Py
where p = PN, and N is the outward unit normal to the boundary 9P.

Show that the Mandel stress Sy; in Exercise 4-29 is symmetric for all isotropic elastic ma-
terials.

Recall that Green-elastic materials are characterized by the existence of a strain energy
function ¥ = ¥(C) per unit referential mass, such that the second Piola-Kirchhoff stress is
defined as B

S = 2P0§% ;
where pg is the mass density in the reference configuration and C is the right Cauchy-Green
deformation tensor.

Let the strain energy function for a given Green-elastic material be defined by

po¥ =

SRS

A
(Ic —3) —plnJ+ §(an)2 ,

where Ic = trC, J = (det C)l/2 and A, i are material constants. Such a material is referred
to as compressible neo-Hookean.

(a) Find an expression for the second Piola-Kirchhoff stress of a compressible neo-Hookean
material in terms of C, A and p.

(b) Use the result of part (a) to find an expression for the Cauchy stress of a compress-
ible neo-Hookean material in terms of B, A and p, where B is the left Cauchy-Green
deformation tensor.

(c) Linearize the constitutive equation of either part (a) or part (b) relative to the reference
configuration to deduce the stress-strain relation

o = 2ue+ Atre)l

of isotropic linear elasticity, where € is the infinitesimal strain tensor, o the stress tensor
of the infinitesimal theory, and I the identity tensor.

ME185



252 Constitutive theories

6-14. Consider a non-linearly elastic material with stored energy ¥ = \iJ(F) per unit mass.

(a) Show that
OV (F)
OF
(b) Suppose that, under superposed rigid-body motions, the strain energy function remains
invariant, that is

T = FT .

A

U(F) = ¥(QF),

for all proper orthogonal tensors Q = Q(¢). Invoke invariance to conclude that

OU(F) ..  9¥(QF) . :
oF F = W'(QFﬁLQF),

for all proper orthogonal tensors Q = Q(t).

(c) Taking into account the result of part (b), choose an appropriate superposed rigid-body
motion to deduce that .
oV (F)
OF
for all skew-symmetric tensors 2.

F'.Q =0,

(d) What does the result of part (c) imply for the relation between invariance of the stored
energy function under superposed rigid-body motions and the balance of angular mo-
mentum?

6-15. Consider a two-dimensional incompressible continuum which, when unstressed, occupies a
square region Ry of side a, and suppose that it is formed through a pair of convergent rigid
walls into a rectangular region R, as shown in the figure. Further, assume that the body is
in equilibrium without body forces and its deformation is spatially homogeneous.

T :::::::::::::::::::::::::::+
a Ro R a/2

T T T Tt
L B st

+— a —+

(a) Determine the length b of the deformed configuration of the body.

(b) Find the deformation gradient F, the left Cauchy-Green deformation tensor B, and the
Almansi (Eulerian) strain tensor e at any point of the body.

(c) Assume that the material is homogeneous and elastic, and, further, obeys the neo-
Hookean law, according to which the Cauchy stress T is given by

T = —pi+uB,

where p is a (given) material parameter, p is a (yet unknown) pressure, and i is the
spatial second-order identity tensor. Determine p as a function of i and the deformation.
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(d) Taking into account the result of part (c), find the traction acting on the body along
any one of its two horizontal edges.

6-16. Repeat the analysis in Section 6.4.1.1 for volume-preserving uniaxial stretching, such that

1/2 1/2
U 1 1
rr = Xi+-X1 , x = u Xo , x3 = u X3,
L 1+ — 1+ —
L L

where all components are taken relative to coincident orthonormal bases {E4} and {e;} in
the reference and current configuration, respectively. In particular:

(a) Find the non-trivial components of the deformation gradient F and confirm that the
motion is volume-preserving.

(b) Find the non-trivial components of the Cauchy-Green deformation tensors C and B, as
well as those of the strain tensors E and e.

(c) Write the stress components S1; and 771, assuming that the material obeys the gener-
alized Hooke’s law.

(d) Write the stress components S1; and 771, assuming that the material obeys the neo-
Hookean law.

(e) For the special case A = p = 1, plot the component Sp; for each of the material laws
in parts (d) and (e) as a function of 7 and, likewise, the component 77 as a function
of .
l

6-17. Consider a body in equilibrium at the absence of body forces and let it occupy in its reference

configuration the region Ry with boundary dRg. Recall that the mean first Piola-Kirchhoff
stress P and deformation gradient F are defined respectively as
1 _ 1

P =— PdVv , F = — Fdv ,
V Jre V Jre

where V is the volume of Ry.

(a) Using the equilibrium equation, the preceding definitions of the mean stress and defor-
mation gradient, and the divergence theorem, show that
1 _ 1 _ _
— P-FdV-P-F = — (p—PN)-(x—FX)dA, (1)
VIR V Jor,
where p is the referential traction vector, and X, x are the positions of a material point
in the reference and current configuration, respectively.

(b) Suggest two distinct sets of boundary conditions on 0Rg for which equation () reduces

to 1
— P-FdV = P-F. (1)
V JRre

This is known as the Hill-Mandel condition.
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(c) State in a sentence the meaning of equation (1).

6-18. Consider a homogeneous isotropic linearly elastic solid, and let u = u;e; be the displacement
vector resolved on a fixed orthonormal basis {e;, €3, es}. Show that the displacement field
satisfies Navier’s equations of motion,

pdiv(gradu) + (A + p)grad(diva) + pob = potr,
where A and p are the Lamé constants.
6-19. For a homogeneous linearly elastic solid, the strain energy per unit volume is given by
1
W = §Cijkl5ij5kl ;
where Cjj; are the components of the fourth-order elasticity tensor.
(a) Obtain a special form of W for the case of an isotropic material (express W in terms
of the Lamé constants A\ and p).
(b) Decompose the components €;; into their spherical and deviatoric parts, and argue that
positive-definiteness of the elasticity tensor implies that
2
w>0 , A+ 3 uw>0.
(c) Use the inequalities obtained in part (b) to derive corresponding restrictions on the
bulk modulus K, Young’s modulus E, and Poisson’s ratio v.

6-20. Let an isotropic linearly elastic solid with Lamé constants A and u be subject to antiplane
shear, as defined in Exercise 3-27.

(a) Linearize the expression for the Lagrangian strain E to deduce the components of the
infinitesimal strain tensor €.

(b) Find the components of the stress tensor . Under what condition can this motion be
sustained without any body force?

6-21. Consider a deformable continuum in the shape of an infinitely long thick-walled cylinder

of inner radius R; and outer radius R,, which is made of a homogeneous isotropic linearly
elastic material. A fixed orthonormal basis {e1, ez, es} is chosen so that the major axis of
the cylinder lies along e3. In the absence of body forces, the cylinder is subjected to internal
pressure p; and external pressure pe, and is assumed to undergo a radially symmetric motion
in the (z1, z9)-plane.

(a) Use cylindrical polar coordinates (r, 6, x3), where

x1 = rcost , To = rsinf
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X2

T

to conclude that, if the effects of inertia are neglected, the boundary-value problem
yields a single non-trivial displacement equation of motion, in the form

AL )] =0 (h

In the above equation, the radial displacement u, at a point is defined as the projection
of the displacement vector u in the direction of the position vector x of the point.
(b) Integrate () twice to obtain a general expression for the radial displacement as
B
u = Ar + —
r

where A and B are undetermined constants. Also, calculate the corresponding polar
components of the infinitesimal strain tensor and the stress tensor.

(c) Use the stress boundary conditions at » = R; and r = R,, to determine the constants A
and B.

6-22. Let the Cauchy stress tensor T in a continuum satisfy the constitutive equation
T = T(F.F),
where F is the deformation gradient.

(a) Invoke invariance under superposed rigid-body motions to reduce the above constitutive
equation to
T = RT(U,U)RT

where R is the rotation tensor and U is the right stretch tensor, both obtained from
the deformation gradient F by using the polar decomposition theorem.

(b) Argue that the constitutive equation of part (a) may be also written in the form

S = S(E,E) .
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6-23. Consider a body that undergoes simple shear of the form

r1 = x1(Xa,t) = X1 + Xy,
T2 = x2(Xat) = Xo,
z3 = x3(Xa,t) = X3,

where ~(t) is a non-negative function defined as

_ Joat for0<t<1l/a
() = { 1 fort>1/a ’

with o > 0, and where all components are resolved on fixed orthonormal bases {E4} and
{e;} in the reference and current configuration, respectively.

(a)

Assume that the body is made of a viscoelastic material for which the second Piola-
Kirchhoff stress S is defined as
S = S°+8™,
where
S¢ = MtrE)I+ 2uE
and .
S§™ = nE,
and A, y, n are positive constants.

Determine the shear stress Sio for this material and plot Sio against the shear strain
Eipgfor \=p=1,7=0.1 and a = 0.1, 1.0 and 10.0.

Repeat the analysis of part (a) for a viscoelastic material in which the stress is consti-
tutively defined as

S(t) = E/OOO e~CE(t — 5) ds |

where £ =1, ( = 10.0, and S(0) =0
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Chapter 7
Multiscale modeling

It is sometimes desirable to relate the theory of continuous media to theories of particle
mechanics. This is, for example, the case, when one wishes to analyze metals and semi-
conductors at very small length and time scales, at which the continuum assumption is not
unequivocally satisfied. In such cases, multiscale analyses offer a means for relating kinematic

and kinetic information between the continuum and the discrete system.

7.1 The virial theorem

The virial theorem is a central result in the study of continua whose constitutive behavior
is derived from an underlying microscale particle system.
Preliminary to the derivation of the theorem, recall from Exercise 4-21(b), that the mean

Cauchy stress T in a material region P satisfies the equation

(vol P)T = /

t®xda—/divT®xdv. (7.1)
aP P

Taking into account (4.75), the preceding equation may be rewritten as

(vl P)T = /

oP

d
:/ t®xda—|—/pb®xdv——/pk@xdv—l—/pic@kdv. (7.2)
oP P dt Jp P

Next, define the (long) time-average (¢) of a time-dependent quantity ¢ = ¢(t) as

t®xda—|—/p(b—a)®xdv
P

() = lim ~ / et (7.3)

T—oo0 T’ to
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and note that, as long the rigid translations are suppressed,

<d/ c@xdv) = i ! / <@ xd / @ xd
—_- X X av = m — X X av — X X av
dt P p T—o0 T P p t=to+T P IO

The preceding time-average vanishes due to the assumed boundedness of the domain integral

t:to} = 0. (74)

fp px ® x dv at all times. In the case of a rigid translation, it is easy to show that the quantity
inside the square bracket in (7.4) is not bounded, therefore the time average of % fp PXQX dv
does not necessarily vanish.

Using (7.4), the time-averaged counterpart of the mean-stress formula (7.2) takes the

(vol P)T) = </8Pt®xda>+</Ppb®xdv>+</7)p>'c®5<dv>. (7.5)

Turn attention now to a system of N particles whose motion is governed by Newton’s

form

Second Law, namely
mox* = f* | a=12,...,N, (7.6)

where m® and x“ are the mass and the current position of particle «, respectively, while f¢
is the total force acting on particle a. Taking the tensor product of the preceding equation

with x, it is easy to deduce the relation
[0 d e o L, e (e (e
ma(x ®x%) —m*x*@x* = f*@x". (7.7)

Moreover, taking time averages of (7.7) for the totality of the particles and assuming bound-

edness of the term Zgil mox® ® x*, it is concluded that

_<imaxa®xa> = <ﬁfa®xa>. (7.8)

Recognizing now that the total force f* acting on a given particle is the sum of an internal
part £ (due to interaction between particles) and an external part £ (due to all sources

outside the particle system), the preceding equation may be rewritten as

(Tmeex) = (Srtex) (Y eex) (1)

a=1 a=1 a=1

or, upon rearranging terms,

N N N
_ int,o e — ext,o a\ oo .o
<;f ®X> <;f ®x> <;mx ®X>. (7.10)
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Comparing (7.5) to (7.10) and ignoring the body forces in the continuum problem, it
can be argued that there is a one-to-one correspondence between the three terms in each
statement. Therefore, one may argue that if the region P corresponds to this set of particles,

the mean stress in this region satisfies

((vol P)T) = —<if"’”’“®x“>, (7.11)

which, with the aid of (7.10), leads to an estimate of the time average of the mean Cauchy

stress in terms of the underlying particle system dynamics as

N N
(vol P)T) = <Z mex® ® xa> n <Z festr @ xa> . (7.12)

a=1 a=
Equation (7.12) is a statement of the virial theorem. It is interesting to note that (7.12)
suggests that the time-averaged mean stress may be expressed as the sum of a kinetic part

due to particle velocities and a part due to the external forces.

7.2 Exercises

7-1. Consider a continuum body which occupies the region R, and in which any material particle
1 is subject to a force f; due to its interaction with any other material particle j. Also, let
the force f; be derived from a potential V' = V(x;,x;) as

ov

where x; and x; are the position vectors of particles 7 and j relative to a fixed point O.

(a) Invoke invariance under superposed rigid motions to conclude that the potential V'
depends only on the relative position of the two particles, namely that V' = V(r),
where r = x; — x;.

(b) Argue a further reduction in the constitutive dependence of the potential, in the form
V =V(r), where r = \/r - r.

(c) Use the reduced form of the potential obtained in part (b) and the constitutive relation
(1) to conclude that f; = —f;, where f; is the force acting on particle j due to its
interaction with particle 3.

(d) Derive an expression for the total force f(x) at some material point with position vector
x due to its interaction with the rest of the particles in the body.
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(e) Assume that the mutual interaction can be modeled by a Lennard-Jones potential,

which is defined as - )
~ T T
7o) = o[ () 2 ()]
T r
where ¢ and r,, are material parameters. Use this potential and equation (}) to derive
an expression for the force f;. What is the physical interpretation of the parameter r,,?
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A Cylindrical polar coordinate system

Let the orthonormal basis vectors of the cylindrical polar coordinate system be {e,,eq, €.},
and note, with reference to Figure A.1, that they are related to the fixed Cartesian orthonor-

mal basis {e;, es, e3} according to

e, =ej;cosf+eysind
eg = —e;sinf +eycosb (A.1)

e, = e3.

Here, 6 is the angle formed between the vectors e; and e,. Conversely, one may write

€9

e,

€1

€3,€;

Figure A.1. Unit vectors in the Cartesian and cylindrical polar coordinate systems

e, =e,cosfl —epsinb ,
e, = e,.sinf +egcosb (A.2)

€3 — e, .

Further, since for any vector x one may write

X2

Figure A.2. Unit vectors in the Cartesian and cylindrical polar coordinate systems

X = wm;€; = re,+ ze, , (A.3)
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as in Figure A.2, one may easily conclude from (A.1) that
xry = rcosf , w9y = rsinf | wx3 = z. (A.4)
Conversely, using (A.2) or (A.4) is follows that

T
ro=\Jri+ax3 , 6 = arctanx—2 , 2z = I3 (A.5)
1

It is also easy to show, with the aid of (A.1), that

de, deg
_ —0 A.
de e0 b dﬁ e’r‘ 9 ( 6)
hence, recalling (A.3),
dx = dre, + rdfey + dze, . (A.7)

It follows from the preceding equation that the infinitesimal area element in the (e,, eg)-plane
is expressed as
dA = dre, x rdfey = rdrdbe, . (A.8)

The most efficient way to derive expressions for the gradients of scalar and vector func-
tions in the cylindrical polar coordinate system is to use the coordinate-free definitions (2.76)
and (2.80). To this end, start from (2.76) and observe that the differential of the scalar func-

tion ¢(x) is defined in coordinate-free manner as
dp = grad¢ - dx . (A.9)
When using polar coordinates, it follows that

dp = grad o - (drer + Td989 + dze,)

8rd +%d0+0 dz

where use is made of (A.7). Equating the right-hand sides of (A.10); yields

96 8¢

09
. _ . - . = L A1l
grad ¢ - e, 5 rgrad ¢ - e 50 grad ¢ - e, 55 ( )
which, in turn, implies that
0 18¢ 0¢p
= —e, . 12
grad¢p = 5, + - ~90°¢ o+ 5, (A.12)
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Following a completely analogous procedure, one may use (2.80) to define the differential

of the vector function v(x) as

dv = gradvdx

where, as usual,

vV = v.e, + vgeg +v,€e, .

Taking into account (A.6), (A.7), and (A.14), one finds that

dv = gradv (dre, + rdfey + dze,)

ov ov ov
Ed r—+ %dQ + @d

Gvr ov () 81)2
= Edrer + Edreg + Edrez

ov, Ovg ov,
+ ( 20 + UrdGeg) + <Wd(969 - vgdGer) 50 —dbe,

aUT ave Uy
+ EdzeT + Edzeg + Edzez )

Equating the right-hand sides of (A.15); 3 implies that

ov, Ovg ov,

(gradv)e, = Wer + Eee + Eez )
1 r 1 Jv,
(gradv)ey = . (%Ue — ’Ug) e + — (% + vrdQ) ey + ;%ez ,
(gradv)e, = %eT + %ee %ez )
from where it is readily concluded that
radv—%e ®e +%e ®e +a e, ®e
g — 87’ T T 87’ 6 r a z T
+1 81},,_ - +1 6v9+ ® +18vz ®
-\ 00 Vg | € W €y Uy | €9 K € r@@ez ey
8 —e.®e, + 9v “Le Qe -I-%
T 9z ' 7 0z

e, Xe, .

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

The divergence of the vector function v(x) is obtained from (A.17) by appealing to the

definition (2.85), and is given by

di B 8vr+l %+ +8vz
A PR NV 0z

(A.18)
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Lastly, given a symmetric tensor function T(x), expressed using cylindrical polar coordinates

as

T = Trrer Qe + Tr9<er Xeygt+e® er) + Trz(er ®e,+e, er)_'_
T0999 ® ey + Tﬁz(QH ¥e,+e,Q e@) + Tzzez e, , (Alg)

one may find that its divergence is given by

. aT;’r Trr - T90 1 aTT@ aTrz
d T - - r
v ( or * r * r 00 * 0z et
oT, 27, 19017, 0Ty,
( ARt L B ) e+

or r r 00 0z

(a;’f + 7; + %%ng + agj) .. (A.20)
Indeed, take a constant vector c, such that
C = cie; = ce + e+ ce, (A.21)
where, upon recalling (A.2),
¢, = cr1cosl+cosinf , cg = —cysinf+cycosf ¢, = c3, (A.22)
hence
%Cer = —c18inf +cycos = ¢y , % = —cycosf —cysinf = —c. . (A.23)

Given the symmetry of T, one may write in cylindrical polar coordinates

Tc = Trrcrer + TTOCTeG + Trzcrez
+ TrQCQGT + ngCgeg + ngcrez
+ T.c.e. + Ty.coeg+ T..ce, . (A.24)

It follows from (A.20) that
. 0
div (TC) = E (Tr‘rcr + TTHCG + Trzcz)

110
+ ; % (TTGCT + THGCH + THZCZ) + Trrcr + TTHCQ + Trzcz
0
+ a_ (Trzcr + TGZCQ + Tzzcz> ) <A25)
z

from which one may deduce (A.20) upon recalling the coordinate-free definition (2.88) and
using (A.23).
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€-0 identity, 31

acceleration, 38
apparent, 83
centrifugal, 83
Coriolis, 83
Euler, 83
translational, 83

acceleration gradient
spatial, 108

adiabatic process, 149

axial vector, 18

balance of energy, 142
mechanical, 139
thermal, 143

basis
right-hand, 12

body, 37

bulk modulus, 236

Cauchy tetrahedron, 125
Cauchy’s lemma, 125, 144
Cauchy’s stress theorem, 128, 134
Cauchy-Green deformation tensor

left, 56

right, 54
Cayley-Hamilton theorem, 23, 219
circulation, 30, 159
Clausius-Duhem inequality, 146, 229
closed-cycle, 215
closure, 11, 185
configuration, 38

current, 40

material, 43

reference, 38
conservation law, 123
constitutive law

explicit, 186

implicit, 186

266

constitutive laws
determinism, 187
dimensional consistency, 187
invariance under superposed rigid-body mo-
tions, 188
locality, 187
tensorial consistency, 187
cross product, 12
left, 33
right, 33
curl, 27

deformation
infinitesimal, 176
spatially homogeneous, 49, 54, 56
deformation gradient
deviatoric, 104
inverse, 52
deformation gradient tensor, 49
virtual rate of, 141
dilatation
pure, 50
displacement, 92, 175
displacement gradient tensor
referential, 92, 176
spatial, 93, 177
divergence
of tensor function, 27
of vector function, 26
referential, 135
spatial, 135
divergence theorem, 29
dot product, 9

elastic response function, 241
elasticity tensor, 231
elements, 4

entropy, 146

equilibrium equations, 123
Euclidean point space, 10
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Euler equations
compressible, 194
Euler’s laws, 122
Eulerian description, 40
extensive quantity, 115

fading memory, 242
first law of thermodynamics, see balance of energy
flow
Couette, 206
creeping, 200
Poiseuille, 208
Stokes, 200
unsteady, 200
uniform, 195
flud
viscid, see viscous
fluid
elastic, 192
ideal, 194
irrotational, 195
inviscid, 191
linear viscous, 199
Newtonian viscous, 199
non-Newtonian, 198
Reiner-Rivlin, 198
viscous, 197
force
body, 120
contact, 120
form-invariance, 150, 152
energy balance, 155
linear momentum balance, 153
mass balance, 153
Fourier’s law, 145, 149

Gateaux differential, 174
generalized Hooke’s law, 221
gradient

scalar function, 24

vector function, 25
Green’s First Identity, 36
Green’s Second Identity, 36
Green-Naghdi-Rivlin theorem, 158
group, 217

orthogonal, 217

symmetry, 217

heat capacity, 145
heat conductivity, 145
heat flux, 142

heat flux vector, 144

referential, 145
heat supply, 142
Helmholtz free energy, 147
Helmholtz-Hodge decomposition, 201
Hill-Mandel condition, 253
homothermal process, 148
hydrostatic pressure, 132

identity tensor

referential, 52

spatial, 52

two-point, 52
index

dummy, 14

free, 14
inertia tensor, 161
internal energy, 142
invariant

principal, 35
invariants

principal, 20
inverse function theorem, 51
isentropic process, 149

Jacobian determinant, 52
Jaumann rate, 190

Kelvin’s theorem, 159

Kelvin-Voigt model, 244

Killing’s theorem, 76

kinetic energy, 138

Kirchhoff-Saint-Venant law, see also generalized
Hooke’s law

Kronecker delta symbol, 9

Lagrange’s criterion of materiality, 44
Lagrangian description, 39
Lagrangian strain

generalized, 104
Lamé constants, 235
Laplace’s equation, 36

Dirichlet Problem, 36
Levi-Civita symbol, see also permutation symbol
linear space, 6
linear subspace, 7
localization theorem, 113

mapping, 5
composition, 5
configuration, 38
domain, 5
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linear, 13 Jaumann, see also co-rotational
range, 5 Oldroyd, 170

mass, 115 Truesdell, 169

mass continuity equation, 118
mass density, 115
referential, 116
material
incompressible, 194, 236
isotropic, 219
path-independent, 216
simple, 240
material description, 38
Maxwell model, 244
measure, 115
memory response function, 241
Mohr’s stress representation, 164
moment
body, 120
contact, 120
momentum
angular, 120
linear, 119
motion, 37
circulation-preserving, 159
invertible, 52
irrotational, 77
isochoric, 60, 74, 194
rigid, 76
rigid-body, 45
steady, 45
steady at a point, 45
unsteady, 45
volume-preserving, 60

Nanson’s formula, 62
Navier’s equations of motion, 239, 254
Navier-Stokes equations
compressible, 199
neo-Hookean law, 252
compressible, 221
incompressible, 223
no-slip condition, 197
Noll’s rule, 218

objective, 87
objective rate, 190
objective stress rate
co-rotational, 169
convected, 169
Cotter-Rivlin, see also convected
Green-Mclnnis, 169

octahedral stress
normal, 166
shear, 166

particle path, 45
pathline, 45
permutation symbol, 13
Piola identity, 161
Piola transform, 162
pitch drop, 185
placement, 39
point, 10
Poisson effect, 236
Poisson’s ratio, 235
polar decomposition

left, 64

right, 63
polar decomposition theorem, 62
polar factors, 62
polar moment of inertia, 238
pressure, 132
principal directions, 65
principle of angular momentum balance, 122
principle of balance of mass, see principle of mass

conservation

principle of linear momentum balance, 121
principle of mass conservation, 117
projection methods, 202
purely mechanical process, 185

Radon-Nikodym theorem, 115
rate of change
convective, 43
rate of heating, 142
rate-of deformation tensor
virtual, 141
rate-of-deformation tensor, 74
right, 168
referential description, 39
region
bounded, 29
smooth, 29
relaxation property, 242
representation theorem for isotropic real-valued
functions of a tensor variable, 220
representation theorem for isotropic tensor-valued
functions of a real variable, 192
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representation theorem for isotropic tensor-valued
functions of a tensor variable, 198
representation theorem for tensor-valued functions
of a tensor variable, 219
Reynolds transport theorem, 111
rigid rotation, 154, 156
rigid translation, 154, 155
rigid-body motion
superposed
inertial, 154
Rivlin’s cube, 225
Rodrigues’ formula, 71, 99
rotation tensor
infinitesimal, 180
rotor, see also curl

scalar
differential, 263

set, 4
Cartesian product, 5
closed, 11
complement, 4
difference, 4
empty, 4
intersection, 4
linearly independent, 8

open, 11
union, 4
shear

antiplane, 254
engineering, 184
pure, 50, 133
simple, 50
shifter, 52
Signorini’s theorem, 165
simple shear, 91
simply connected, 201
solid
non-linearly elastic, 212
Cauchy-elastic, 216
Green-elastic, 213
hyperelastic, 213
viscoelastic, 242
space
distance between points, 11
origin, 11
spatial description, 40
specific heat supply, see heat supply
specific internal energy, see internal energy
spectral representation theorem, 21
spin tensor, 74

stagnation point, 45
static continuation, 242
Stokes theorem, 30
Stokes’ first problem, 250
Stokes’ second problem, 210
strain energy, 212
strain energy function, 212
strain tensor
Almansi, see Eulerian
Eulerian, 59
Hencky, 104
infinitesimal, 180
Lagrangian, 58
streakline, 46
streamline, 46
stress
deviatoric, 222
stress power, 139
stress response function, 186
stress tensor
Biot, 168
Cauchy, 128
Eshelby, 251
first Piola-Kirchhoff | 134
Kirchhoff, 137
Mandel, 169
nominal, 137
second Piola-Kirchhoff, 137
stress vector, 120
stress-rate response function, 186
stretch, 53
logarithmic, 76
principal, 65
pure, 50
stretch tensor
left, 62
right, 62
subgroup, 217
subset, 4
proper, 4

temperature
absolute, 146
empirical, 145
temperature gradient
referential, 147
spatial, 147
tension
pure, 132
tensor, 13
addition, 19
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adjugate, 105
components, 15
contraction, 22
determinant, 20
fourth-order, 231
identity, 13
inner product, 22
inverse, 22
inverse-transpose, 24
invertible, 22
multiplication, 19
orthogonal, 23
improper, 23
proper, 23, 68
positive-definite, 19
referential
objective, 87
reflection, 72
rotation, 71
shifter, 214
skew-symmetric, 17
spatial
objective, 87
symmetric, 17
trace, 20
transpose, 17
two-point, 51
objective, 88
zero, 13
tensor function
isotropic, 192, 198
tensor product, 13
tensors
co-axial, 22, 66, 168
mutually orthogonal, 22
thermomechanical process, 185
time average, 257
time derivative
material, 43
particle, see also material
spatial, 43
substantial, see also material
total, see also material
total internal energy, 142
traction
normal, 131

shearing, 131
traction vector, 120
triple product

scalar, 12, 59

vector, 32

vector
Cartesian component, 10
magnitude, 9
orthogonal, 9
orthonormal, 9
spatial
objective, 87
vector field
divergence-free, see solenoidal
solenoidal, 201
vector space, 6
basis, 8
Euclidean, 9
finite dimensional, 8
infinite-dimensional, 8
velocity, 38
angular, 83
apparent, 83
translational, 83
virtual, 140
velocity gradient tensor
spatial, 73
virtual power theorem, 141
viscosity coeflicients, 199
vortex line, 78
vorticity tensor, 74
vorticity vector, 77

wave
frequency, 239
longitudinal, 238
period, 239
transverse, 239
wave number, 239
wave speed
longitudinal, 239
transverse, 240
wavelenght, 239
work-conjugate, 140

Young’s modulus, 235
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