Displacements, Strain, Stress
and Energy

1.1 The Reference State

Continuum mechanics deals with the change of field variables due to external actions.
Examples of field variables are displacements, stresses, temperatures and magnetic induc-
tion. Actions include mechanical forces, heating, and so on. In general, a reference state is
chosen with respect to which the change of field variables is measured. Let the fields of
interest be defined in the reference state in a set of points, the so-called material points,
occupying a volume Vy with a surface Ag in Eucledian space R3 (Figure 1.1). Assume that
the reference space is described by a set of curvilinear coordinates {X K } K—=12.3 related to
a rectangular system {ZK}K:1,2,3 by

zK = z8(x!, x2, x3). (1.1)

Coordinates in the reference state are also called material coordinates. Consider an infinites-
imal vector dX. One can write

0X
dX = —dz¥X 1.2
0Zk (1.2
(summation over repeated indices).
Ig = oX (1.3)
K= %zK '

is a set of basis vectors in the rectangular system. Accordingly, Ix, K = 1,2,3 do not
depend on ZX. In an analogous way, one can write

dX = XF dx k. (1.4)
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Figure 1.1 Material coordinate systems

The vectors
Gy =0X/0axk (1.5)

constitute a basis in the curvilinear coordinate system. One can write (compare Equation (1.2)
with Equation (1.4))

GrdxX =1,4d4z" (1.6)
or
Gk = azLI (1.7)
K = 8XK L. .

The size dS of a vector dX is defined as
ds? :=dXx -dX (1.8)

where the “”” denotes the inner product of two vectors (also called the dot product or the
contraction of two vectors). In rectangular coordinates, one finds (substitute Equation (1.2)
into Equation (1.8))

ds? = IxdzX .1, 47"
=dz¥dzt1g - 1,
= dzKazlig,. (1.9)

The metric tensor Ig; takes the value 1 for K = L and O for K # L. In curvilinear
coordinates, one obtains (substitute Equation (1.4) into Equation (1.8)),

ds? = Gg dxX . G, dx*
=dxXdxtGk -G,
= dXXdxtGg, (1.10)
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Gk is called the metric tensor for the coordinate system {X Ky In general, Ggxr # 0
for K # L, and Ggp # 1 for K = L. Thus, the basis vectors Gk are not necessarily
orthonormal. Using the set {G g}, one can define another set (GH) through the relations

Gk -G =5,F (1.11)

where & KL =0 for K # 0 and 8,/ = 1 for K = L. In modern Riemannian geometry, {G*}
are called one-forms (or covariant tensors of rank 1). They map the vectors {Gg} (which
are also called contravariant tensors of rank 1) into a scalar by Equation (1.11). {G}
forms a basis for the vector space of one-forms and is also called the dual basis of {Gy}.
If o is a one-form, one writes

o =axGh. (1.12)
The dot product of a vector V and a one-form « is defined by
V-a=VEGg -arG" = VEag (1.13)

through Equation (1.11). In the same way, the dot product of two vectors and two one-forms
yields

V-W=vEGg WG, = VEWLGk, (1.14)
o-B=agGK . B Gt = ax B GKL (1.15)

where GXL is defined by
GKL .= GX .G" . (1.16)

Notice that in Equations (1.13), (1.14) and (1.15) the same symbol is used for the dot
product. The context shows whether a (covariant or contravariant) metric tensor is needed.
Multiplying a vector V with the one-form G yields

V.Gt =vEGg .Gt =vEsF =vE, (1.17)

Thus, the components VL of V can be obtained by taking the scalar product of V with the
basis one-form G~. Hence,

V =(V -GYG,. (1.18)

Similar statements to Equation (1.17) and Equation (1.18) can be made on the basis of
one-forms:

Ot~GL=OlL (1.19)
o= (x-Gr)G"E. (1.20)

Although the separation of tensors of rank one into vectors and one-forms is instructive
from a theoretical point of view, there is no reason why a vector cannot be written in terms
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of a contravariant basis or a one-form in terms of a covariant basis. Substituting GX in
Equation (1.18) and Gk in Equation (1.19), one obtains

GK =GKLg, (1.21)
Gk = GgLGE. (1.22)

The operation in Equation (1.21) and in Equation (1.22) is called raising and lowering of
the index respectively. As we will see later on, some fields are naturally represented by
covariant tensors (such as the Lagrangian strain and normals on a plane), whereas others are
predestinate for a contravariant representation (such as stresses and normals in a direction).
They can be viewed as dual fields.

1.2 The Spatial State

Because of the actions, the body B is mapped from its reference state into some other
state, a spatial state. Let the spatial state be described by rectangular coordinates {z*} and
curvilinear coordinates {xX}. These coordinates are called spatial coordinates. The same
definitions of the reference state apply to the spatial state, for instance,

ds? = dxF dx' gy (1.23)

where gy, is the metric tensor of the spatial state. Within the theory of continuum mechanics,
one tries to predict the spatial state from the reference state and the actions on it. Since

ox
= — 1.24
8k Bxk ( )
one can write
axk
dx = dxkgk = B)(—KdXng
= xf dx¥ g (1.25)

This reveals that the spatial state can be predicted from the material state if ka is known.
Defining the dyadic product of two vectors @ and b, written as @ ® b such that

(@a®b)-c=a(b-c) (1.26)
and
c-(a®b)=(c-a)b (1.27)

for an arbitrary vector ¢, and similar for two one-forms or a vector and a one-form, one
finds that

dx = x* g, (GX - dX)
= x% (g, ® G¥) - dX. (1.28)
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Defining the deformation gradient F as
F = x" (g, ® G¥) (1.29)
Equation (1.28) is transformed into
dx = F -dX. (1.30)

This shows that the deformation gradient is the Jacobian matrix of the motion from the
material into the spatial state.

The dyadic product of two vectors, of two one-forms and of a vector and a one-form is
called a contravariant tensor of rank two, a covariant tensor of rank two and a mixed-variant
tensor of rank two respectively. If

a=ax G¥ ® G* (1.31)
then one can also write (Equation (1.21))

a=ag GGGy @ Gy =ad"VGy ® Gy (1.32)
where aMV = ax; GKMGLN is obtained by raising the indices. Equation (1.31) is the
covariant expansion of a, Equation (1.32) is the contravariant expansion. To emphasize
this, the notation a” will be used for the covariant expansion and a® for the contravariant
one (this agrees with recent literature, see (Marsden and Hughes 1983), (Holzapfel 2000)).
Accordingly,

a’ =axGX ® G* (1.33)
a" =ad*'Gk R Gy. (1.34)

F is called a mixed-variant two-point tensor since it is the dyadic product of basis vectors
belonging to different states (the material and the spatial state).

Notice that the dot on the right-hand side and on the left-hand side of Equation (1.26)
have a different meaning: the dot on the right-hand side denotes the contraction of two
vectors already encountered in Equation (1.8). The dot on the left-hand side symbolizes the
contraction of a tensor of rank two and a vector. Whereas the contraction of two vectors
is commutative, the contraction of a tensor of rank two and a vector is not

(@®b)-c=a-c)#(c-a)b=c-(@b). (1.35)
However,
(@®b)-c=ab-¢c)=(c-ba=c-bQa)=c-a®bh" (1.36)
where
@b’ =bxa (1.37)

is the transpose of a ® b.
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The length ds of a vector dx in the spatial state satisfies
ds? = dx - dx
= xf‘K dx¥g, - x’lL dx‘tg,
= x,ka,lL dx* dxtg. - g
= xbpx!, g dX ¥ dx*. (1.38)

Defining the right Cauchy—Green tensor by

C :=CkGX oGt (1.39)
where
Ckr = x"x!, gu (1.40)
one obtains
ds? = Cxp dx¥ dxrt. (1.41)

Comparing Equation (1.23) and Equation (1.41), one notices that for the calculations of
ds2, the tensor C is the equivalent of g in the reference frame. One also says that C is the
pullback of g and, equivalently, g is the push-forward of C. Equation (1.41) also shows
that the Cauchy—Green tensor is positive definite. Furthermore, it satisfies

C=F'.F (1.42)
where FT is the transpose of F defined by
FT =% (G* ® gp). (1.43)
Indeed, since (a ® b) - (c ®d) = (a ® d)b - ¢, one finds
F'.F =x5x! (6K ®g) - (g,©Gh)
= xNx!, euG* ® G (1.44)

The stretch in a direction N = (dXX /dS)G g is defined by

o ds _|c dXK dxL
M =45 ~ | X745 ds
— J/Cx NKNL (1.45)

where NX = dxX/dS. Thus, Ay is the change of length of an infinitesimal vector in
direction N in the reference state.

If the mapping x (X) is one to one, it can be inverted to yield X (x). Since matter cannot
disappear, the Jacobian determinant

J = det(x"y) = det F (1.46)
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cannot be zero and the mapping is one to one. Assuming the transformation to be contin-
uous, this means that J must be either everywhere positive or everywhere negative. Since
J =1 for the identical transformation, it is everywhere positive.

dS? can also be written as

ds? = dx® dx" Gy = xK x5 dx* dx' Gk
= (b” i dx* d! (1.47)
where
b = XX x5 Gk (1.48)

The tensor b (the inverse of b~') is called the left Cauchy—Green tensor and satisfies

b = xKex! GKE (1.49)
or, equivalently,
b=F. F" (1.50)
Consequently,
b '=FT.F! (1.51)
where
F'=x%Gk®g" (1.52)

is the inverse of the deformation gradient and
FT=x%¢"®Gk. (1.53)

Equation (1.47) shows that, with respect to dS2, b~! plays in the spatial state the role that
is assumed by G in the reference state, that is,

G dXXaxt = b~y dx* dxl. (1.54)

Therefore, b~ is called the push-forward of G and equivalently G is called the pullback
of b7, Equation (1.41) and Equation (1.47) can also be written as

ds? =dX - C-dXx (1.55)
and

ds? =dx-b7" .- dx. (1.56)
Since J is the determinant of xf‘K, one also has

oJ
— = cofactor(xf‘K). (1.57)
ax’K
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The cofactor of ka is defined as the determinant of the matrix one obtains after deleting
row k and column K in ka (this is the so-called minor determinant of ka ), multiplied by

(=K Equation (1.57) is easily derived by recalling that the determinant of a matrix
can be obtained by taking the dot product of any row with the row of the corresponding
cofactors, for example, if the first row is used,

J = xl,lcofactor (x{l) + x{zcofactor (x{z) + x{3cofactor (x?j3). (1.58)

XK, is the inverse of x* . Accordingly,
x& = Leof k 1.59
k= 7(:0 actor (x’K). (1.59)
Indeed, the inverse of a matrix M satisfies (Greenberg 1978)

(M~ HKL = cofactor (MK). (1.60)

detM
Comparing Equation (1.57) with Equation (1.59), one finds

=Jxk. (1.61)
k k
8x’K

This relationship will be needed for the time derivative of J.
So far, only length changes were considered. Since the determinant of a map describes
its volume change, one can write

dv=Jdv (1.62)

where dv and dv are infinitesimal volume elements in the reference and spatial configuration
respectively. Denoting an infinitesimal surface element in the reference configuration by
the one-form dA orthogonal to the surface element and with size equal to the area of the
surface, and similarly for the spatial configuration, one obtains for Equation (1.62),

da-dx = JdA-dX (1.63)
or
da-F-dX = JdA-dX. (1.64)
Since this applies to an arbitrary vector dX, one finds
da=JdA - F! (1.65)
or
da = JF~T.dA. (1.66)

This is feasible since it expresses that for isochoric (volume-preserving, J = 1) motion,
the surface change is inversely proportional to the length change.
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1.3 Strain Measures

Physically, we are interested in the change from dX to dx and not as much in the actual
size of dx. After all, assuming the body to be stress-free at the outset of the calculation,
it is the change of dX that generates the stress field in a mechanical problem. The vector
connecting the initial position of a material particle at X to its new position x at time ¢ is
called the displacement U (X, t) of that particle at time #. One can write (see Figure 1.2)

u=U=0+x-X (1.67)
o is the vector connecting the spatial frame of reference {g;} with the material frame {G k}.
Since the displacement connects a material vector with a spatial vector, it does not uniquely
belong to the material nor to the spatial frame, and both upper case notation U and lower
case notation u will be used. The component notation yields

U=UXGg (1.68)

and
u=ukg,. (1.69)

The difference between dS? and ds? can be written as (Equation (1.41))
ds? —dSs? = (Cxr — Ggp)dxKaxt (1.70)
as well as (Equation (1.47))

ds? — dS* = (gu — by,') dx* dx'. (1.71)

X2

Figure 1.2 Displacement vectors
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Now, the Lagrangian strain tensor E (also sometimes called the Green—Lagrange strain
tensor) is defined by

Exr = 3(Ckr — GkL) (1.72)

and the Eulerian strain tensor e (also sometimes called the Euler—Almansi strain tensor)
by

ew = $(gu — by). (1.73)

Accordingly,
ds? — dS? = 2Eg dxK axt (1.74)
= 2ep; dx* dx!. (1.75)

E and e are second-order tensors and can be interpreted as measures for the change of
length in a body. Using Equation (1.67) one can write

ds? —ds? = dx -dx — dX - dX
= (dU 4 dX) - (dU +dX) — dX - dX
=dU -dX +dX -dU +dU - dU
=Wk -X1+Xk - Up+Ug Updx®dxt, (1.76)

Since U = UM Gy and dX = dXV Gy, one finds

U d  u auM Gy
= = T WMy = =Gy +uMZH1
5XK ~ 5xK ' w = oxr O T U7 3%
auM u 32zt
= axk M+ U kg It
auM 92zL  axN
- Gy+UM = __ "
oxK oM TV KX gL OV

auM o 9rzE axM
+ M
IXK IXKaxN gzL
= UM Gy (1.77)
and

X

U "’5( is the covariant derivative of U™ and can also be written as

M M N M
UM =uM U {KN (1.79)
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where
M 9*zt  axM
= (1.80)
KN aXKIxN 9zZ~L
are called the Christoffel symbols of the second kind. Hence,
ds® —dS* = (U Grm + U Gk + UM UY, Gyy)dx X dxt. (1.81)
Comparison of Equation (1.74) with Equation (1.81) finally yields
2Bk, = UGy +UY Grku + U UY Gun. (1.82)
Similarly, one finds
2ep = un?kglm - ”r?[gkm + un-fkun;lgmn- (1.83)

It is important to note that the extra term in Equation (1.77) derives from the fact that
Gy is not necessarily constant in space. The expression U A’f( is also called the covariant
derivative covariant derivative of U (Eringen 1980). For reétangular coordinates, the unit
vectors do not vary in space and Equations (1.82) and (1.83) reduce to

2EL = UGy +UY Gy + U U Gun (1.84)

and
2e = urflkglm - Mnjlgkm + urflkuri[gmn' (1.85)

Furthermore, the distinction between {GX} and {G g} fades since both bases are identical,
and Gk is the unit tensor. Consequently, Equations (1.84) and (1.85) can be further
simplified to

2Exr = Uk, +ULxk +Uu,xUn,L (1.86)

and
2ep = U+ Ui g — Up |- (1.87)

The above equations establish a relationship between displacements and strains. This
relationship is nonlinear owing to the last terms in Equations (1.82) to (1.87). In problems
with small deformations, the nonlinear terms are frequently neglected, leading to the linear
strain Egp, in rectangular coordinates:

Egp = 3(Ux.. +ULK)- (1.88)
Defining the infinitesimal rotation as

Rk = %(UK,L - UL k) (1.89)
Equation (1.86) can be rewritten as

Exr = Exr+ 3(Enk + Rux)(Emr + Rur) (1.90)
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v, Yl

-,

X X

Figure 1.3 Finite rotation of a rod

showing that for the linear strain to be a good approximation for the actual strain, both the
linear strain and the linear rotation must be small. Accordingly, for a rod freely rotating
about one of its ends, linear strains are a poor approximation of the real strains. This is
easily shown. Consider a rod of length R rotating about the origin (Figure 1.3). The original

position is
X = Rcos®°®

Y = Rsin6”.
The final position is characterized by
x=R COS(GO +0)
y = Rsin(0° + 6).
Consequently, the displacements amount to

Ux=x—X=X(cosf —1) — Ysinb

Uy =y—Y = Xsinf + Y(cosf — 1).

The infinitesimal strains yield
EXX =Ux x =cosf — 1
EYY = VY,Y =cosf — 1

Exy = (Uxy +Uyx)/2=0

(1.91)

(1.92)

(1.93)

(1.94)
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which shows that Exy and Eyy are generally not zero. Since a rigid body motion must
not generate strains, this clearly shows that the infinitesimal strains are not suited for finite
rotations. The Lagrangian strain tensor, on the other hand, vanishes. For instance,

Exx =Uxx + (U)z(,x + U;%,X)/2
= (cos0 — 1) + [ (cos6 = ? +sin’6 | /2=0. (1.95)
This is especially important for slender structures such as shells and beams in which strains
are usually small but rotations can be large.
1.4 Principal Strains

An infinitesimal vector dX with size dS is transformed by the motion of the body into dx
with size ds satisfying

ds? —dS? = Egp dx¥ ax’ (1.96)
or
ds? — ds?
SdT — Ex NKNL (1.97)
where
¢ dx¥
is a unit vector satisfying
dxXdxlG
NENLG g = T’“ = 1. (1.99)

The expression in Equation (1.97) is a measure for the relative change of length of a fiber
originally parallel to N. The question we want to look into now is the following: in which
directions is this change of length maximal? This boils down to maximizing Equation (1.97)
subject to the constraint Equation (1.99). The variables are the components of N. Following
the usual procedure of calculus, finding an extremum reduces to setting the derivative of
the target function with respect to the variables to zero. The target function is

F(N) = Ex NENE — Ap(NENEGgL — 1) (1.100)

where Ag is a Lagrange multiplier. Hence,

9
aN—M[EKLNKNL — Ap(NENEGK, —1D]1=0

&2
EyiNEY + ExyN® — AeNLGyp — AN Ggy =0
&2
(Exm — AgGgm)NK =0. (1.101)
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This is a classical eigenvalue problem (generalized for curvilinear coordinates). Since E
is a symmetric tensor, the eigenvalues A g are real and the corresponding eigenvectors are
mutually orthogonal (or can be made orthogonal). Indeed, suppose that Ag is a complex
eigenvalue, then

ExkmNX = ApGguN¥. (1.102)
Premultiplying with the complex conjugate of N yields
NYExuN® = AgNY G NK. (1.103)
Since E is symmetric and real, one obtains
NYExyNK = NYExyN® = NKEy NV
= NKEgu N (1.104)

and similar for G. Consequently, M E xkmN¥ and e kN arereal and A g must be real
because of Equation (1.103) and the positive-definiteness of G. Because of Equation (1.102),
the eigenvectors N are real too.

To prove that the eigenvectors are mutually orthogonal, consider two distinct eigen-
values A1 and A, with two corresponding eigenvectors N1 and N,. Then

ExuNE = AiGguNE (1.105)
and
ExkuNS = AMyGgyNE. (1.106)

Multiplying Equation (1.105) with Né” and Equation (1.106) with N f"l and subtracting both
yields

NI EguNE — NMExky NS = AN Gy N — AN G g N (1.107)
or
NM(Exm — Eug)NE = ANANM Gy NE — AaNM G NX. (1.108)
Since both E and G are symmetric, this yields
0= (A — A)NY GruNE. (1.109)
A1 and A, are assumed to be distinct, which means
NEGguNM =0 (1.110)

or
N;-N,=0. (1.111)

This completes the proof.
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The eigenvalues are the solution of a third-order nonlinear equation expressing that the
determinant of the matrix in Equation (1.101) has to satisfy

det(Exy — ApGgm) =0 & det(EX, — Aps%,)) =0 (1.112)

for the equation to have nontrivial solutions. Since the extremal strains have a physical
relevance and are independent of the coordinate system, the coefficients of Equation (1.112)
are invariants. Indeed, Equation (1.112) can be written as

—A3 + LEAL — hEAp +1E=0 (1.113)
where
Lig =88 EY =wE (1.114)
by = % [lle - tr(Ez)] (1.115)
Lg =detE = %eLMpeKNQELKE%EPQ (1.116)

are the first, second and third invariant of E. The expression trE stands for the trace
of E, epyp and eXVQ are the alternating symbols: exzy = 1 for KLM = 123 or any
cyclic rotation thereof, exryy = —1 for KLM = 321 or any cyclic rotation, else ex .y = 0.
The eigenvalues are called principal strains and the corresponding direction NV; are called
principal directions. They are obtained by solving Equation (1.101) in which the solutions
of Equation (1.113) are substituted. For the solution of Equation (1.113), which is a cubic
equation, see (Simo and Hughes 1997) or (Abramowitz and Stegun 1972).
Since E and C differ by the metric tensor, Equation (1.101) can also be written as

(Cxkm — AcGxmINK =0 (1.117)
where
Ac =2Ag+ 1. (1.118)
Consequently, the eigenvectors of C and E are the same and the eigenvalues are directly
related by Equation (1.118). In what follows, A; denotes the eigenvalues of C, that is,
A; = Ajc. The calculation of the eigenvectors' N; is somewhat tedious. Sometimes, it is
more advantageous to calculate the tensors N' ® N', which play the role of a tensorial
basis. Here, N' (index up) are the one-forms obtained by raising the index of N:
N' =G"-N; (1.119)
and satisfy (Equation (1.110)
N .N;j=4¢ (1.120)

The one-forms {N i} are the dual basis of the vectors {N il
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Theorem 1.4.1 Let C be a symmetric covariant second-order tensor in R, A; its eigen-

values and N; the corresponding eigenvectors, then

3
C = ZA,-M"
i=1

where

M' = N:® Nt
and N' are the one-forms dual to N;.

Proof. ' _ _
> AM N =) AN'®@N)-N,
i i

=> AN'(N'-Np)
i

=Y AN'S,
i

= ANL= NG - Ny, VI

(1.121)

(1.122)

(1.123)

where G” is the covariant metric tensor and an underscore or a summation sign remove
implicit summation. Consequently, C and ), A; M' have the same eigenvalues and eigen-
vectors and are identical. Since C is a covariant tensor, it is logical that it is made up of

one-forms and not of vectors.
An interesting property is

C - C= (ZA,-M’). > AM
i j

=> > AAN'®N)- (N @N)
i

=Y Y AAN'@NI)N'-N7)

L

=Y AIN'@N) =) AM".
i i

This property allows for the following simple calculation of M;. Since

M +M>+M = G
AMY 4+ AM?2+ AsM3 = C
AIM' + AM? + A3MP = C?

one obtains

1
M’ = —[€* = (hic = A)C + I5c AT G|

(1.124)

(1.125)

(1.126)
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where
D; = (A; — Aj)(A; — Ap) (1.127)

for j, k #1i.
If two eigenvalues are identical, for example, A = A| = Aj # A3 one obtains instead
of Equation (1.125),

M'+MH+M = G
AM' + M>H +A3M° = C (1.128)
ANM' + M)+ M = P

Discarding the third equation, one finds

A3G - C

M '+ M= — 1.129
+ A A ( )
C - AG
M= (1.130)
A3 — A

This means that M and M? are not known individually, only their sum can be derived. For

three equal eigenvalues, the set in Equation (1.125) reduces to the first equation (Itskov

2001). The tensors M 1 M? and M? are sometimes called structural tensors. They are

genuine tensors of rank two subject to Equation (1.122) and the normality condition of N'.
Notice that

C-M;=C-(Nj®N;))=(C-N)N; =A;(G-N;))N; =A;G-M; (1.131)
and
C:M;=C:(NiQNj))=N,;-C-N;=N;A; - (G-N;)=A; (1.132)
since Equation (1.117) is equivalent to
C-N;=A;G-N; (1.133)

and the double contraction or inner product of two second-order tensors @ ® b and ¢ @ d
is defined by

@®b):(cod)=(@-c)b-d)=t[@®b’ (cad)]. (1.134)
One finds that the eigenvalues A; of F satisfy
A=A (1.135)
because of Equation (1.42). Defining
ni:=F-N;/A; (1.136)

one can write

F=> 1 ®N). (1.137)
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The normals N; along the principal directions in the material frame are mapped into the
normals n; in the spatial frame, strained by an amount A;. Notice that Equation (1.136)
actually defines the right-hand side of the eigenvalue problem for F. Furthermore, since
F is a two-point tensor, it cannot map a vector into a multiple of itself.

Not only are {N;} mutually orthogonal but {n;} are also a mutually orthogonal set of
vectors. Indeed,

1

n; nj=)v)\,NL'FT'F'NL
el
1
= N;-C-N,
)\.L}\.j - -
_EN .N: 25 ¢! 138)
T PR '

Hence, in each material point, there exist three mutually orthogonal vectors, the deformation
of which is extremal and yields again three mutually orthogonal vectors. The vectors {n;} are
the eigenvectors of the inverse of the left Cauchy—Green tensor b~!. Indeed, substituting
Equation (1.136) into Equation (1.117) yields

C-F ' nj=AcG-F'.n. (1.139)

Substituting C (Equation (1.42)) leads to

FT'.g-nj=AcG -F7 ' .n; (1.140)
or
1 -T -1
C
which is equivalent to
1 -1
A_Cg.nl-zb -n;. (1.142)

At this point, the polar decomposition theorem should be mentioned because of its
physical relevance. It states that the deformation gradient F can be written as the product
of an orthogonal matrix R and a symmetric tensor U, called the right-stretch tensor.
Accordingly,

F=R-U (1.143)
where

RT=R! (1.144)
and

U=U". (1.145)
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Since
C=F"F=U""R"R-U
=UT.U=U.U=U? (1.146)
U and F have the same eigenvalues equal to the square root of the eigenvalues of C.

Since C is positive-definite (Equation (1.41)), U is also positive-definite. Furthermore, the
eigenvectors of C and U are identical. We have

U=ZAiNi®Ni =Z\/A_,»Ni®Nf (1.147)
4 1

and

R:Zni®Ni. (1.148)
i

Indeed,
R-U=Ym®N)Y 2N ®N)
i i

1
=D D xmi ®N/(N;-NY)
i

=Y nn@N' =F. (1.149)

1

In a similar way, one can decompose F into
F=V_-R. (1.150)

V is the left-stretch tensor.

Equation (1.143) shows that the motion can be locally decomposed into a pure stretch
along the principal directions followed by a rotation. It should be emphasized that a pure
stretch is guaranteed for the principal directions only. For all other directions NV, the product
U - N will involve some rotation, unless some of the principal values coincide. Furthermore,
R is not constant in space. Consequently, R denotes a microscopic rotation in the material
point of interest and not a macroscopic rotation.

1.5 Velocity

In most problems time is involved. The total time rate of change of a field is denoted by
the total derivative D/Dt. It physically means that a material particle is followed while
monitoring the change of some field at the momentaneous location of the moving particle.
The partial derivative d/0¢ is used when looking at the change in time of a field at a fixed
spatial position. Both are related by (chain rule)

9, 09 ox

= — 1.151
ot  odx Ot ( )

L
(. )



20 DISPLACEMENTS, STRAIN, STRESS AND ENERGY

where ¢(x,t) is some field variable. The second term in Equation (1.151) is also called
the convective time rate of change and is solely due to the nonzero velocity of the particle.
The vector field

ax(X,1)
vVi=—"

1.152
a7 ( )

is the classical velocity of a particle originally at location X. Applying Equation (1.151)
to the particle acceleration, @ defined by

Dv
= —(X,1 1.153
a Dt( ) ( )
one finds
ov Jdv OJx
- 1 .= 1.154
=5 T w (1159
d
=2 L vV v (1.155)
ot
where
ad
Vi=— (1.156)
ax
is a one-form. Writing
v=1kg, (1.157)
and
d
V=g — 1.158
g (1.158)
leads to
T l 9k
Verv=weV) =g &~ g
ax
=g ® g (1.159)
and, consequently,
vk
dg =" g+ " (@ @) gy
9 k
_ (L N vk.,vl> . (1.160)
ot '
or, in rectangular coordinates
9 k
ak = 2 k! (1.161)
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The change of length in time is given by

D D
— ds? = —dx -dx
Dt Dt

D D
:(—dx)-dx—i—dx-(—dx). (1.162)
Dt Dt
Since
D rear=2" dr=wev).d (1.163)
JR— =dv = — - = (v . .
Dt " ox *
one finds
D 5
Eds =dx - (VQuv)-dx+dx-(v®V) - -dx
=dx - (Vuv+v®V) -dx
—2dx -d - dx (1.164)
where
d=i(Vev+veV) (1.165)

is called the deformation rate tensor. One also defines the velocity gradient / and the spin
tensor w:

I'=w®V) (1.166)

w:= 11 -1". (1.167)
Consequently, one obtains

d=11+1". (1.168)

Equation (1.164) shows that 2d plays a similar role for D(ds*)/Dt as g for ds?.
Since

dx = F -dX (1.169)
one finds by taking the total derivative of both sides

(W®V)-dx =F-dX
=F.F'.dx (1.170)

or

I=(F -F1 (1.171)
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where

= =D 1.172
()=T)=5-0 ). (1.172)

In component notation, Equation (1.164) reads

b ds? = 2dx* dx! dy;. (1.173)
Dt
Since
ds?> = QEg; + Ggp)dxKdxt (1.174)
one also finds
D .
Edﬁ =2FEg dxXaxt. (1.175)

Comparison of Equation (1.173) and Equation (1.175) leads to

Exr = dux*yx'; (1.176)
or

E=F".d-F. (1.177)

Accordingly, the tensor E is the pullback of d and equivalently d is the push-forward of
E.
The time derivative of the Jacobian J can be derived as follows:

DJ  DJ Dx'y
Dt Dx*. Dt

Dx*k
K
=J X% <W>
K

_ K .k
=JX KV k

K k1
=JX" v x g
= vk, (1.178)

In this derivation, Equation (1.61) was used. The expression vk

gence of the velocity, also written as V - v.

. corresponds to the diver-

1.6 Objective Tensors

Observers are not always on the same place and they do not necessarily use the same time.
Consequently, observations are made by people in totally different places characterized by
local coordinate systems for time and space. In space, these coordinate systems are related
by a translation described by a vector ¢(¢) and a rotation defined by an orthogonal matrix
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Figure 1.4 Frames of different observers

Q(t) (Figure 1.4). Notice that, since the observers generally move with a different speed,
¢ and Q are a function of the time ¢. The different wall-clock time can be expressed by a
shift of time. Hence,

XX, Y=¢ct)+ Q@) -x(X,1) (1.179)

' =t—a. (1.180)

Since Q is an orthogonal matrix Q' = QT and det Q = 1. Here, only rigid body motions
excluding reflections are considered and hence det Q = 1. The transformation in
Equation (1.179) conserves the distance and angles. Indeed,

dx’ = Q- dx (1.181)
and consequently
(ds)? =dx’'-dx' =dx - QT - Q- dx = dx - dx = ds? (1.182)
and
dx’-dy’ =dx- Q7. Q-dy =dx -dy. (1.183)

It is generally accepted that material properties should be independent of the coordinate
frame of the observer. Hence, in describing these material properties, we would like to use
quantities that ensure that the frame independence is guaranteed. For a time-independent
rigid body motion, it is known that vectors @ and second-order tensors b in the spatial
description transform according to

d=0-a (1.184)



24 DISPLACEMENTS, STRAIN, STRESS AND ENERGY
and
V=0 b 0" (1.185)

Requiring this to be true for time-dependent rigid motions guarantees the spatial frame
indifference of any material law using such quantities. Vectors and tensors obeying
Equation (1.184) and Equation (1.185) for time-dependent rigid body motions are called
objective. From Equation (1.181), it is clear that dx is objective while time-differentiation
of Equation (1.179) reveals that the velocity v and the acceleration are not:

V=0-x+0-v (1.186)
ad=0-x+20-v+ 0 -a. (1.187)

Accordingly, v and a should not be used to describe material laws. That the acceleration is
not objective is well known and is the reason for the Coriolis force in mechanics. Since the
transformation in Equation (1.179) conserves the distance, one obtains (Equation (1.164)):

D
E(ds’)z =2dx’ - d’ - dx’
=2dx-QT-d’"- Q- -dx
D 5
= —ds’=2dx -d -dx (1.188)
Dt
and consequently,
d=0".d Q. (1.189)

This shows that the deformation rate tensor is objective. Notice that a second-order tensor
a, which maps an objective vector b into another objective vector ¢, is objective. Indeed,

d=d-b (1.190)

implies
c=(Q"-d-0)b (1.191)

yielding
a=0"-d Q. (1.192)

The time derivative of an objective vector or tensor is generally not objective. Indeed,
time differentiation of Equation (1.184) and Equation (1.185) yields

d=0-a+0-a (1.193)
I}’:Q-b-QT+Q-b-QT+Q-b-QT. (1.194)

The terms that are underlined are the reason for the lack of objectivity.
Finally, all vectors and tensors in the material description (such as C) are objective
since they are not influenced by a change of the spatial frame of reference.
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1.7 Balance Laws

Balance laws are important statements describing the conservation of some physical quan-
tities. These quantities and the conservation thereof will be defined in the present section.

1.7.1 Conservation of mass

Each object in space is assigned a strictly positive scalar quantity called the mass. The
mass is assumed to be continuously distributed, which allows for the definition of density
po(X, t) by letting the volume containing particle X go to zero:

00(X) := lim

— X e AW 1.195
AVo—0 AV 0 ( )

AV is the volume the particle occupies in the reference configuration at time ¢ = #y. The
density can change during the motion of a body. The density of a particle at time ¢ originally
at X is

AM
X,t):= lim —, x(X,1)eAV. 1.196
p(X,1) = lim —=7 X, 1) ( )
AV is the volume the particle occupies at time ¢ in the spatial configuration. The axiom
of the conservation of mass now states that “the time rate of change of the total mass of a

bOdy 1S Zero . ACC()rdlngl y s
[7 v . .

1.7.2 Conservation of momentum

The momentum (also called linear momentum) of an infinitesimal mass dm moving with
a velocity v is defined as

vdm = pvdv. (1.198)

The principle of conservation of momentum states that “the time rate of change of linear
momentum is equal to the total force F' acting on a body”. Forces acting on a body are
either body forces Fy, resulting from distant actions such as gravity, surface tractions Fg
resulting from immediate contact such as classical friction forces, or concentrated forces
F.. Enough continuity is assumed such that the body force per unit volume f and the force
per unit area ¢(;) can be defined as follows:

dFy =: pf dv (1.199)
dFs =: t(y) da. (1.200)
Accordingly,
D
o vadu=ygt(,,)da+/vpfdu+ZFc (1.201)

where A denotes the surface of the body at stake. This principle is also known as Newton’s
second law.



26 DISPLACEMENTS, STRAIN, STRESS AND ENERGY
1.7.3 Conservation of angular momentum
The angular momentum of a particle with mass dm, velocity v and location x is defined as

x x vdm (1.202)

where x symbolizes the vector product (also called the cross product) of two vectors. The
vector product of two vectors @ and b is a one-form ¢ satisfying

c-a=c-b=0 (1.203)
and
c-c=(a-a)b-b)— (a-b)> (1.204)

Accordingly, g; x g; is proportional to g*. The proportionality constant A can be deter-
mined from Equation (1.204):

22 g" = giigii — (gij)* = cofactor(gik).- (1.205)

Since g¥ is the inverse of g”, one finds

Kk cofactor(gix)

1.206
det g® ( )

leading to

g x g = eijkg"\/detg". (1.207)

Similarly, the moment of a force F acting at a location x is defined as x x F. The
principle of conservation of angular momentum states that “the time rate of change of
angular momentum is equal to the total moment due to forces and couples acting on the
body”. Hence,

D
D pxxvdv:?gxxt(,,)da—i—/ ,oxxfdv—i—Zxch—l-ZMc. (1.208)
v A v

Here M, represents concentrated moments. It is assumed that there are no distributed
moments, which essentially means that this treatise is limited to nonpolar theories. Readers
interested in polar theories (used, for example, for the description of liquid crystals) are
referred to (Eringen 1980).

1.7.4 Conservation of energy

This principle states that “the time rate of change of the sum of the kinetic energy K and
internal energy £ is equal to the sum of the work rate of all forces and couples WV acting
on the body and all other energies U/ that enter or leave the body per unit time”. The total
kinetic energy of a body is defined by

1
IC=—/ pv-vdv (1.209)
2 Jy
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and the rate of work of all forces and couples by

W:ft(,,).udaJr/pf.vdv+ZFc.uc+ZMc-wc (1.210)
A \%4

where w, is the angular velocity of the particle M, is acting.
The internal energy is a new quantity. It is assumed that it is continuously distributed
such that the energy density or energy per unit mass ¢ can be defined as

E:/ pedv. (1.211)
1%

Other energies can, for example, be of thermal, chemical or electromagnetic origin. Here
we limit the discussion to thermal energy. In that case, &/ amounts to

u=—¢q-da+/phdv+ZHc (1.212)
A \%

where ¢ is the heat flux through area da (the minus sign implies that the body is los-
ing energy if g points outwards), 4 is the body heat density and H. is the heat due to
concentrated heat sources. Consequently, the principle of conservation of energy reads

D 1
Di V(pe—l-ipv-v) dv:jé(t(,,)-v—qm)da
+/(,0f~v+ph)dv+ZHc+ZFc~vc+ZMc~coc. (1.213)
\%4

This is also called the first law of thermodynamics.

1.7.5 Entropy inequality

This principle, also called the second law of thermodynamics or Clausius—Duhem inequal-
ity, states that “the time rate of change of the entropy H of a body is never less than the
sum of the entropy s entering the body through its surface and the entropy B generated by
body sources”. Hence,

ba > B —l—% d (1.214)
— s - da. .
Dt — A
Defining the entropy density 1 and the entropy source density b by
H =/ pndv (1.215)
v
and
B = f pbdv (1.216)
v
one finds
D
—/ pndvz/pbdv+¢‘s~da. (1.217)
Dt Jy v A

Notice that this is an inequality. If other phenomena are considered such as electromagnetic
actions, additional laws apply. Here we concentrate on thermomechanical processes.
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1.7.6 Closure

At first sight, the formulation of the balance laws does not look very promising for our
primary goal, that is, the determination of x (X, ¢). Indeed, a lot of extra unknowns have
been defined: p, £(), €, 17, ... On the other hand, some of the new variables are formulated
in terms of previously defined unknowns such as /C(v). The relevance of the balance laws
is based on the relationship they establish with the physical world through quantities such
as f and h. They are fundamental axioms based on physical observations and as such
indispensable. The extra unknowns will be taken care of later on by the material description
(constitutive equations).

1.8 Localization of the Balance Laws

An important notion in the classical theory of continuum mechanics is the localization
of the balance laws. In the previous section, the balance laws were formulated for finite
bodies. The localization principle postulates that the balance laws are valid for any body,
no matter how small. This strong assumption leads to a differential form of the balance
laws. Nonlocal theories exist (Eringen 1976), which do not make this assumption but rather
assume a sphere of influence for every point.

1.8.1 Conservation of mass

Since dv = J dV, one can write Equation (1.197) as

2([ JdV)—O (1.218)
Dt VOIO e '

Vo is the volume of the mass at time ¢ = #yp and as such not dependent on time. Hence,
Equation (1.218) is equivalent to

D
—(pJ)dVv =0. 1.219
/V Di (pJ) ( )
Since this equation must be satisfied for any volume, the balance of mass yields
D (pJ)=0 (1.220)
Dt T ’
which can also be written as (Equation (1.178))
vt 20 (1.221)
-V _— = .
P Dt
or
ap
E+Vp-v+,ov-v:0 (1.222)
which is equivalent to
ap
— + V. (pv) =0. (1.223)

ot
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1.8.2 Conservation of momentum

Equation (1.201) can be written as

D
—((pJv)dV = @ tyd Jfdv F.. 1.224
/vth(p v) y£<n)a+/%pf +Y F (1.224)

Before localization can be applied to Equation (1.224) the surface integral in the right-
hand side has to be converted to a volume integral. To this end, the original conservation
of momentum Equation (1.201) is applied to the volume in Figure 1.5. In addition, the
mean value theorem is used, stating that for a continuous function ¢ in a domain €2 a point
x* € Q exists such that

/¢(x)d§2=¢(x*)f dQ. (1.225)
Q Q
Hence

D * 0% * p%

E('O VIAV) = EmyAa + E _pyAag + p* [T AV (1.226)

assuming there are no point loads in the volume Av. Newton’s third law (action = reaction)
dictates that

t(_nk) = _t(nk) (1227)

Figure 1.5 Equilibrium of an infinitesimal mass element
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and Equation (1.226) reduces to
D .. -
E(p VEAY) = tmyAa — ik Aag + p" [T Av. (1.228)

Notice that n', n? and n* are positive in the direction of g', g and g> respectively. Since
in the limit Av — 0

Jim A—: =0 (1.229)
for an infinitesimal volume, Equation (1.226) reduces to
tmyAa =tk Aag. (1.230)
Since
Aar = nyAa (1.231)
where nj are the components of the one-form n, that is, n = ny gk , one finds
tn) = t (k)i (1.232)
Notice that the normal to a surface is a one-form since the inner product with a length
vector produces a scalar volume. Denoting the traction vector on a surface with unit normal
n* by t*, Equation (1.232) reads
twy = thng. (1.233)
Accordingly, the stress on a surface with normal n is a linear combination of the

stresses on surfaces perpendicular to the coordinate axes. Substituting Equation (1.233)
into Equation (1.224) and applying Cauchy’s theorem , which reads

?gt"nk da =/ t* dv (1.234)
A v

one finds after localization

D k

E(,o]v):t;kJ—i-pr (1.235)
at locations without concentrated forces. Applying the balance of mass yields

Dv
Py =t +pf (1.236)
or

3
p|:a—1;+(v®V)-v}=tk;k+pf. (1.237)
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1.8.3 Conservation of angular momentum

Localization of Equation (1.208) at points without concentrated forces nor moments, taken
Equation (1.232) into account, yields

D
5y (PIX X 0) = J(x x e+ pJx x f (1.238)

or

D
—v—nykxtk—i—Jxxtk,k—i-Jxxpf. (1.239)

D
—((p)x xv+Jx x =
Dt(p) + oy

Using the balance of mass, Equation (1.220), and the balance of momentum, Equation (1.236),
yields

g xth=0 (1.240)

since x ; = g;. The meaning of Equation (1.240) will become clear in Section 1.9.

1.8.4 Conservation of energy

Similar operations as in the previous section convert Equation (1.213) into

D 1
D7 (p]8+§plv~v) =](v~tk);k—V-qJ+pJf~v+,0]h (1.241)
or
D D
PJD—j—i-Jv';OD—:=Jv-t{‘k+Jv;k~tk—]V~q+]v~,0f+J,0h. (1.242)

Application of the balance of momentum finally leads to

D¢ X
pE=v;k~t —V.-q+ ph. (1.243)

Equation (1.243) shows that the change of the internal energy per unit of time is balanced
by the stress power (v - t%), the heat influx (—V - q) and the heat source power (ph).
1.8.5 Entropy inequality

Along the same lines Equation (1.217) is reduced to

Dn

>pb+V-s. 1.244
Dr 2P s ( )

0

1.9 The Stress Tensor

In the previous section, it was explained that £ (x) is the stress on an infinitesimal surface
at x perpendicular to g,. The components o¥ of ¢* are defined by

th=okg,. (1.245)
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Now, tn) = tknk can be rewritten as
tm) = o nig (1.246)
or, since ny = g - I,
tay =0"g - (g -m)=(0"g @ g n (1.247)

which shows that o is a second-order contravariant tensor (the so-called Cauchy stress
tensor) and that the stress vector on an infinitesimal surface perpendicular to n can be
obtained by the scalar product of the transpose of the stress tensor at that point with n, in
component notation:

ty =0 . (1.248)

The Cauchy stress is also called the true stress since it is defined in the spatial state of
reference. It is the stress the deformed state truly experiences.
An important property of o*! follows from Equation (1.240) in component notation:

eijig, oM =0 (1.249)
where ¢;j; is the alternating symbol. Since gkj = Skj one finds
okl = otk (1.250)
that is, the stress tensor is symmetric. Letting
o:=cg, g (1.251)
Equation (1.250) is equivalent to
o=q" (1.252)

and ¢y = o1 - n, Equation (1.247), is transformed into ¢, = o - n.
For the special case of ¢X, Equation (1.247) reduces to

t“ =0T . gk (1.253)

Thetermv j - t*inthe energy balance, Equation (1.243), becomes (see also Equation (1.163))

v,k-tk :gk~(V®v)-aT-gk

=W®V):id l=(w®V):0a (1.254)

yielding for the complete energy equation

De
th:(v®V):a—V~q+ph. (1.255)
Using the definition in Equation (1.166)
De

p—=1:0—-V-q+ph (1.256)

Dr
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or

De
pazd:a—V~q+ph. (1.257)

Since o is symmetric, all its eigenvalues are real. The meaning of the eigenvalues can

be clarified by looking for the maximum normal stress in a point. Since ¢,) = n - o, the
normal stress ¢ on an infinitesimal surface with normal n is given by

o=n-o-n. (1.258)

Maximizing o with the constraint ||n|| =n - g% - n =1 yields

ain[n~a-n—)»(n~gt~n)]=0. (1.259)

g% is the contravariant metric tensor whose components g satisfy
=g g (1.260)
Equation (1.259) leads to the eigenvalue problem
(0 —rghH-n=0. (1.261)

Similar to Equation (1.121), one can write

3
o= hig(n; @n;) (1.262)
i=1

where n; are the complementary basis vectors to the eigen one-forms of o. However, con-
trary to C the tensor o is not positive definite, since o in Equation (1.258) can be negative
(pressure). In general, the stress eigenvectors do not coincide with the strain eigenvectors.
Consequently, r; in Equation (1.262) is usually distinct from »n; in Equation (1.136).

The force on an infinitesimal area da can be written as

dF =ty da=0-nda
=0 -da
=0 -JFT.dA
=Jo-(FT.N)dA
=: Ty dA (1.263)

where Equation (1.65) was used. The vector T () represents an equivalent stress vector on
the surface in the reference configuration and satisfies

Tiy=Jo-FT-N. (1.264)

Defining the Piola—Kirchhoff tensor of the first kind by an expression similar to Equa-
tion (1.247):

Ty :=P'-N (1.265)
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one finds
P=JF'.o. (1.266)
Notice that P is a two-point tensor, in component notation:
PEE = jxK ol (1.267)

T

The tensor P is not symmetric. Indeed, 0 = ¢ is equivalent to

F-P=pP". FT. (1.268)
To remediate this, a Piola—Kirchhoff stress tensor of the second kind, S, is defined by
S=P - FT'=JyF'.o.-FT (1.269)
This tensor is symmetric and satisfies
S=5KGr G. (1.270)
One also defines the Kirchhoff stress 7 by
T:=Jo. (1.271)

Equation (1.257) can now also be written as

D¢
po— =d :t —JV-q+ poh. (1.272)

Dt
In the balance equations in the previous section, a couple of quantities were defined on
surfaces in the spatial configuration such as the heat vector ¢. Similar to the derivation in

Equation (1.263), an equivalent quantity in the reference configuration is defined by

q-da=0Q-dA (1.273)
yielding
Q=Jqg -F". (1.274)
Analogously, one defines
S=Js-F' (1.275)

for the entropy flux. Do not confuse the infinitesimal length dS, Equation (1.8), with the
Piola—Kirchhoff stress tensor of the second kind S, Equation (1.269), and the entropy
vector S, Equation (1.275). The context should clarify what is meant.

1.10 The Balance Laws in Material Coordinates

In Sections 1.7 and 1.8, the balance laws were derived in spatial coordinates. In some
cases (think of objective quantities), it is advantageous to work in material coordinates.
The material form can be derived by starting over with the global form, or by simply
converting spatial quantities into material quantities.
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1.10.1 Conservation of mass

The spatial form D(pJ)/Dt can be trivially converted by integration into

pJ = po.

Substitution into the spatial form yields
D
— =0.
D1 (p0)

1.10.2 Conservation of momentum

Substitution of Equation (1.253) into Equation (1.236) yields the spatial form

Dv
T _k _
(0" g%k +pof =D,
or
Dv
ml k —
[o (81 ®8n) -8 )];k+pf—th
yielding

Dv
kl _
g +of = Ppr

in component form
l

Dv

ki !
o+ = .
w el =07,
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(1.276)

(1.277)

(1.278)

(1.279)

(1.280)

(1.281)

Notice that the semicolon in Equation (1.281) stands for the covariant differentiation of a
second-order tensor (g,, in Equation (1.280) is not constant in space). For second-order

contravariant tensors, one finds
_ kl
O m = (o 8 ® gl),m
— ol g @+t I8k oo 4 Ghy o 981
m8k ! pyeT ! [ ey

w 0%zF ox1

_ ki
_O‘ymgk®gl+od 8xmaxk azp

92zP  axk 3%z ax!
— |:0,klm+ gl _Y &~ YA kq

axmaxd azP 0 9xmaxd azP

Hence,

k l
ol =ot, +o7 {mq} + oka {mq}

—g,®g+0g®

82z x4
Ax™mox! azP

o

8y

(1.282)

(1.283)

where the braces denote the Christoffel symbols of the second kind (cf Equation (1.80)).
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Substituting Equation (1.267) and Equation (1.276) into Equation (1.281) yields

D!

JUTS P D+ pof' = po— - (1.284)
or
D!
e (PEDa+ pof! = oo - (1.285)

since (J ’lx!kK)yk = 0. This identity can be obtained by realizing that J~! is the Jacobian
determinant of the inverse deformation X (x). Consequently, Equation (1.59) becomes

1
x!kK = Fcofactor (XK,k)

= 1JeM"mex X" XM, (1.286)
Accordingly, focusing on rectangular coordinates for simplicity,
xR = e ek (X E XM+ X5 XM ) =0 (1.287)

since by switching / and k or m and k the permutation symbols change sign. Another
derivation is given by (Ogden 1984). Equation (1.285) finally yields

K1 I DV’
Pk +pof = po——-. (1.288)
: Dt
Notice that the first term involves covariant differentiation of a contravariant two-point
tensor. One finds (Eringen 1975)

G ad
Kk _ pKk kk UK Kk 8k 1
(PG ®8).L =P |Gk g+ P IxL Qg+ P GK®WX,L
92zM  9xX 3z axk
— PKk PKki— Kn - 1 G .
( L axTax N azi T GaToan agn L ) OK © 8k
(1.289)
Accordingly,
K k
PKk — pKk 4 pNk {LN} 4 pkn {zn}x’lb (1.290)
In vector form, Equation (1.288) yields
Vo P+ pof = po (1.291)
0 Pt = pop- .
or
Dv
Vo (S FD)+pof =pop (1.292)

where V( represents the gradient in material coordinates.
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1.10.3 Conservation of angular momentum

The material form of & = a7 was derived in Section 1.8 and can be written as
F.-Pp=pPT.FT (1.293)
or
s=5T (1.294)

depending on whether the first or second Piola—Kirchhoff stress tensor is used.

1.10.4 Conservation of energy

Since
g=J"'0-FT (1.295)
o=J'F.S FT (1.296)
d=F T . E.F! (1.297)
Equation (1.257) now yields
De .
v =E:S—Vy- Q0+ poh. (1.298)

Because of the expressions for work power in Equation (1.272) and Equation (1.298), it
is said that (d, ) and (E, S) are conjugate pairs in the spatial and material description
respectively. Indeed,

d:t=E:S. (1.299)

Recall that d is the push-forward tensor of E. Equivalently, 7 is called the push-forward
of S and equivalently S is the pullback of T. One obtains

S=F1.¢.FT, (1.300)

1.10.5 Entropy inequality

Along the same lines, one obtains for the material equivalent of Equation (1.244)

,oo@ > pob+Vo- S (1.301)
Dt
where S is the entropy flux vector in material coordinates.
The entropy inequality plays an important role in the derivation of admissible constitu-
tive equations. For thermal processes, the entropy influx and source can be written as the
corresponding heat influx and source, divided by the absolute temperature 6 . Consequently,

S=—%+S1 (1.302)
h
b=—-+b; (1.303)

0
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where S; and b; are the entropy influx and source due to other processes respectively.
For simple thermomechanical processes that are considered here, S| and b; are zero.
Accordingly, the entropy inequality reads

Dn h 0

s o =V, = 1.304
popr = Pog = Vo o (1.304)
or
Dn ol 1
“ s o — —Vp - — 0 - V. 1.305
Pop 2Py —gVor @+ 502 Vo ( )

Solving the energy balance Equation (1.298) for Vj - @ and substituting into Equation (1.305)
yields

& 1. 1
0 _ 2 ZE-S——0-Vo0 > 0. 1.306
po(n 9)+9 g2 Q2 Vb = ( )

This is the preferred form that will be used for the derivation of the constitutive equations.

1.11 The Weak Form of the Balance of Momentum

In this section, an alternative form of the balance of momentum will be derived, which will
form the basis for much of the finite element formulation to follow in subsequent chapters.
In the material formulation, the weak form is generally known as the principle of virtual
work and in the spatial description it is known as the virtual power principle. It will be
shown that the strong form deduced so far, Equation (1.288), is completely equivalent to
the weak form by first deriving the weak form from the strong form and subsequently the
strong form from the weak form. General curvilinear coordinates are assumed throughout.
To obtain the equations in rectangular coordinates, replace the covariant differentiation by
partial differentiation.

1.11.1 Formulation of the boundary conditions (material coordinates)
The balance of momentum in material form

D2uk
Dt?

PKE + pof* = po (1.307)

will be supplemented here with boundary conditions. Suppose that the material volume
Vo is surrounded by a surface Ag consisting of internal surfaces Ag;, surfaces on which
the displacements are described Ag, and surfaces on which the traction is defined, Ao,.
Accordingly,

Ter+) +T -, =0 on Ay (1.308)
u=u onAoy (1.309)

T =Tn) on Agy. (1.310)
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At internal surfaces the material is connected, but it might change its properties, for
example, due to a change of material. Equation (1.308) is equivalent to Newton’s third
law: action equals reaction. The plus and minus sign denote the two sides of the internal
surface. Since

T =TKNg (1.311)
and N~ = —N™*, Equation (1.308) also reads
(TXT — TK )N = [TK] N =0 (1.312)

This is also called the traction continuity condition. Note that Equation (1.307) is equivalent
to

D2uk

PEicgi+ mf g =m— g (1.313)

and hence,

D2uk

L
ST (1314)

PK;ngkL + pofkgkL = L0

where gkL =g G" are called shifters since they move quantities from one coordinate
system into another. Indeed, for a vector v one has

v:vkgk=>v-GL=vkgkL=>VL=vkgkL. (1.315)
Accordingly, Equation (1.307) is equivalent to

D2ul
0 .
Dt?

PXigd +poft =p (1.316)

1.11.2 Deriving the weak form from the strong form (material
coordinates)

Let us consider an infinitesimal perturbation of the displacement field u with components
Suy satisfying the geometric boundary conditions in Equation (1.309). Accordingly,

du=0 on Ag,. (1.317)

Taking the scalar product of the vector Equation (1.307) with the one-form du and inte-
grating over the material volume leads to

Kk ¢ DA
P" — Su dV =0. 1.318
/;/0|: ,K+Po<f D2 >j| ug ( )

Since (the usual differentiation rules also apply to covariant differentiation)

PK;"K(Suk = (PKk(Suk);K - PKk5”k;K (1.319)
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and applying Cauchy’s theorem, Equation (1.234), one obtains

D2 k
f PXE Nk Sup dA —f {PKk(Suk;K — |:,00 <f" _ )} 8uk} dv =0 (1.320)
Ao Vo th

2. K
Kk —K K D<u
P up. g dV = T(N)5UK dA + pof 86Uk AV — £0 ) sUkg dV
Vo Aot Yo Vo Dt

(1.321)

or

since TK*('Nﬂ + TK?N,) =0on Ag;, SUx =0o0n Ag, and T () = T(N) on Ag;. Through
the relationship

pRE = KLk | (1.322)
one obtains
PR sup g = SKExK ook = SKEX | 8x" gim = SKESEk . (1.323)
Indeed,
SKESExy = $518 (365 14" g gim — $Gcr)
= %SKL(Sxk,Lxqu +xk’L8x"fK)gkm
= SKLxk | 8x™ ¢ giom (1.324)
since both SX% and gy, are symmetric. Notice that covariant differentiation does not apply

to x. Indeed, from

u=o0+x-X (1.325)
one obtains
ux=xg—Gg (1.326)
leading to (see Equation (1.25))
wh o =x* o — gk (1.327)

Concluding, Equation (1.321) can also be written as

KL =K % D2UK
SPHSEgp dV = T(N)(SUK dA + pofr8Ug AV — ,0()—23UK dv.
Vo Aot Vo Vo Dt

(1.328)

The left-hand side is called the internal virtual work, the first term on the right-hand side is the
virtual work due to external tractions, the second term is due to distributed forces and the last
term is due to inertia. Notice that, although all quantities in Equation (1.328) are expressed
in terms of material coordinates, some are defined as a function of their spatial counterparts
suchas T (y) and f through T (v)(X, ) dA = f(4)(X, t)da and fX (X, 1)Gg = f*(X, 1) g;.
Hence, both T(N) and fX are a function of the deformation. For example, if a rotating body
expands because of centrifugal loads, fX changes.
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1.11.3 Deriving the strong form from the weak form (material
coordinates)

Starting from the weak form in Equation (1.321) and applying Equation (1.319) and Cauchy’s
theorem one obtains

/ PK"NKaude—/ PER Sup dv
Ag Vo ,

f T Sy dA f (fk Dz”k> SupdV =0. (1.329)
- Uk - oo\J — Uk = 0. .
Ao ) Vo Dt?
Since PXANg = T(’j\,), Ao = Aoy U Agr U Ag; and Su = 0 for Ag,, one obtains
k Tk k+ k—
fAO (Tho) ~ Tiw) duicdA + /AO. (Th5, +Th ) buicda
it l

Kk k D*u*
—/ <P x tpof" —po P )8ude=0. (1.330)
Vo

So far we only specified du to be a virtual displacement field satisfying the geometric
boundary conditions. Now, we require Equation (1.330) to be valid not only for one
special du but also for any Su satisfying Su = 0 on Ag,. Because of the arbitrariness of
du, the functional analysis density theorem applies (for a proof, the reader is referred to
(Belytschko et al. 2000)) requiring the coefficients of duy in each term in Equation (1.330)
to be zero. Accordingly,

—k
Ty — Ty =0 on Ay (1.331)
T(’;Vt) + T(’;Vt) on Ag; (1.332)
2uk

PEE + po f* = po on Vj (1.333)

Dt?

which is the strong form.

1.11.4 The weak form in spatial coordinates

Here again, the starting point is the strong form, Equation (1.281)
!

Dv
e i+ol'er=r—0 8 (1.334)
subject to
Hohy T 1y ON A (1.335)
u=u onA, (1.336)

thy =Ty =0 on A,. (1.337)
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In spatial coordinates, a virtual velocity field v is selected satisfying v =0 on A,,.
The reason for this will become clear in the derivation. Scalar multiplication yields

K ! Dv'
/ [(a gk Sv+pfg -Sv] dv = / pD—gl -dvdv. (1.338)
1% v t
Since
(Mg i dv=(c"g, sv)x —oMg - svs (1.339)
and
v = (bumg™) k = Svm i 8™ (1.340)
one obtains
ki K ;DY
(@™Sv)k—o vk +po | f — Dr Sy {dv=0 (1.341)
1%

or

D 1
/ oM ngdv;da — / [okladk, —p (fl — —U> 8v1:| dv = 0. (1.342)
A 1% Dt

Indeed, dy; = (vk:; + vi:x)/2 and okl = gk, Taking into account the boundary conditions
finally yields

Kl - / D!
o™ ddy dv = t(n)sz da+ | pf'évydv— | p——>3v;dv. (1.343)
14 Ay 14 v Dt

Equation (1.53) expresses the principle of virtual power. Notice that the principle of
virtual work is of no avail here since the expression o-¥/8u;.; cannot be simplified because of
the presence of nonlinear terms in the definition of the Eulerian strain measure. Accordingly,
the spatial description implies a rate formulation and necessitates a thorough discussion of
objective rate tensors. This can be largely avoided by using the material description.

Naturally, the strong form can also be obtained starting from the weak form. Interested
readers are referred to (Belytschko et al. 2000).

1.12 The Weak Form of the Energy Balance

We start from the strong form expressed by Equation (1.298)

D¢ .
poﬁzE:S—Vo-Q+,ooh onV (1.344)
completed by appropriate boundary conditions: we assume that the temperature 7 and the
flux @ are known on Agr and on Agg respectively. Furthermore, the flux normal to an

interface A; is continuous.

T=T onAor (1.345)
Q=0 onAgy (1.346)
Q" NT4+Q -N =0 onA. (1.347)



DISPLACEMENTS, STRAIN, STRESS AND ENERGY 43

To obtain the weak form, we consider again an infinitesimal perturbation of the indepen-
dent variable field T, satisfying the “geometric” boundary conditions in Equation (1.345).
Hence,

8T =0 on Apr. (1.348)

Multiplying Equation (1.343) with 67 and integrating over V, one obtains

D .
f P0=28T AV = | (E:S—Vo- Q+ poh)sT dV. (1.349)
Vo Dt Vo

The second term on the right can be written as

—/ Vo - QSTdV:—/ ok 8T dv
Vo Vo '
= —/ [(0¥sT) .k — 08T x| aV
Vo

=—/ STQXNxdA+ | QXsT g av. (1.350)
Apg Vo

This step is essential to reduce the degree of differentiation of 7 in the resulting equation
and is similar to Equations (1.318) to (1.320) for the balance of momentum. Indeed, the
constitutive equations in Section 1.13 will show that Q@ ~ —VT. Consequently, Vo - Q ~
—Vo - VoT = —VST and Vp - Q 8T is the product of two terms of which the first one is
twice differentiated, the second one not at all. On the other hand, both terms in QKSZK
are differentiated only once. This implies that the shape functions in the finite element
formulation can have a lesser degree of smoothness and still comply with Equation (1.350).
Substitution of Equation (1.350) into Equation (1.349) yields

— Q-SVonV=/ E:SsTdV —
Vo

D
Q-NSTdA—i—/ 0 (h — —8)5Tdv.
Vo Vo Dt

(1.351)

Apo

This equation is the analogue of Equation (1.328). Similar to what was said in Section
1.11.3, the strong form can be derived from the weak form if one allows the temperature
perturbation to be absolutely general provided the “geometric” boundary conditions are
satisfied.

1.13 Constitutive Equations
1.13.1 Summary of the balance equations
In Section 1.10, the balance equations were derived in material coordinates. They amount to
pJ = po (1 equation) (1.352)
Vo(S- FY) 4+ pof = pov (3 equations) (1.353)
S =587 (3 equations) (1.354)
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poé =E:S—Vy-Q+ poh (1 equation) (1.355)
- +1'-S 1Q(V9)>0 (1.356)
P\ gL ) 00) > 0. .

In sum, there are eight equations and one inequality. The unknowns are p (1), J (1), S (9),
F 9), v (3),e (), E6), O (3), n (1) and € (1) which yields 35 unknowns. The variables
J, F, v and E can be reduced to x (3 unknowns) since

J = det(xy) (1.357)
F=xg 06" (1.358)
v=1x (1.359)
E = (N g — Gk)GX ® G- (1.360)

In that way, 19 unknowns remain. Accordingly, we need another 11 equations to solve the
problem for x (X, ¢) and 6(X, ). This is not surprising, since the material properties were
not considered so far. All balance equations apply to steel as well as to wood, water or
air. It is well known that these materials behave quite differently and it is the task of the
constitutive equations to describe these different kinds of behavior. It looks like a huge
task to tackle but luckily there are some physical principles that may guide us. Here I wish
to adhere to a simplified form of the axiomatic formulation found in (Eringen 1980) since
it leads us in a systematic way to the constitutive equations of widely different materials.

1.13.2 Development of the constitutive theory

The constitutive equations bridge the gap between physically observable quantities (inde-
pendent variables in the constitutive equations) and the quantities arising in the balance
laws (dependent variables in the constitutive equations). For thermomechanical processes,
the observable quantities are the location x (X, ) and the temperature 6 (X, ¢). All other
variables such as the stress S, the flux @, the internal energy ¢ and the entropy n are
measured indirectly by the effect they produce on the displacements and the temperature.
For instance, the stress is usually measured through strain gauges. Accordingly, the value
of the dependent variables (S, Q, ¢, and n — the density p is not considered as a depen-
dent variable but rather immediately eliminated through Equation (1.352)) at X at time ¢ is
assumed to be a function of the value of the independent variables (x, 0) at all former times
and in the complete body. This can be written in the form of the following functionals:

S(X,t) =S[x(X',t),0(X", 1), X, 1] (1.361)
0X,1) = Q0x(X',t),0X",t), X, 1] (1.362)
e(X,t) =elx(X',1),0(X",1), X, 1] (1.363)
n(X,t) =nxX’, 1), 0X",1), X, 1] (1.364)

' <t,X eV

Hence, a priori it is assumed that the deformation and temperature in the complete
body at all former times can have an impact on the value of any dependent variable at
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X and t. This formulation includes memory effects (e.g. viscosity) and nonlocal effects
(atomic forces).

There are two major postulates that must be obeyed by the constitutive equations.
First, there is the principle of objectivity, which states that the constitutive equations must
not depend on the spatial motion of the observer. This principle has already been briefly
discussed in Section 1.6. There, it was emphasized that only objective tensors should be
used in constitutive equations. What does this translate to in Equations (1.361) to (1.364)?
Since the left-hand side of these equations is formulated in terms of material quantities,
objectivity is no problem. What about the right-hand side? In general, a time-dependent
rigid body motion combined with a time-shift maps x (X, ) into

(X', )= Q') -x(X', 1)+ b(t)) (1.365)
0-0"=0"-0=1 V={-a (1.366)

This mapping can be split into a time-dependent translation, a time-shift and a time-
dependent rotation.

A time-dependent translation must not change the constitutive equation. Taking the
translation to be x (X, t’) one obtains, Equation (1.361),

S(X,1)=SxX", 1) —x(X,1),0X", 1), X, 1], (1.367)

which means that only the relative position with respect to x (X, ") is kept.
A time shift must not influence Equation (1.367) either. Taking the shift to be ¢ one obtains

SX,t)y=8S[x(X',t'—t)—x(X,{' —1,0(X",t' —1), X, 0]. (1.368)
Consequently, the explicit dependence on ¢ drops out:
S(X,t)=8S[x(X',t)—x(X,t), 60X, 1), X]. (1.369)

Finally, a time-dependent rotation of the spatial frame of reference should also leave the
constitutive equation unaltered. One obtains

SX,n) =S[00 x(X', 1) —x(X,1)),0(X", 1), X] (1.370)

for an arbitrary rotation Q(#).

The second postulate states that the constitutive equations must be form-invariant with
respect to a certain class of rotations @ and translations B of the material frame, which
are the result of material symmetries and material homogeneities. A lot of materials exhibit
symmetries with respect to a specific class of rotations due to the intrinsic crystallographic
structure. For example, single crystals are frequently orthotropic, which means that mutually
orthogonal planes exist in the material frame with respect to which the material properties
are symmetric. A usual assumption in polycrystals is the form-invariance with respect to
the full group of rotations: this means that the material properties are independent of the
direction and this is called isotropy. For a homogeneous material, the properties are not
changed by an arbitrary translation. Once the classes {@Q} and {B} are determined on
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the basis of observations of the material behavior, the constitutive equations should be
form-invariant with respect to transformations of the type

X=0-X+B, 0"-0=0-0"=1, detQ==l (1.371)

mapping the material frame X into X. Notice that the axiom of objectivity involves
transformations of the spatial frame, whereas the axiom of material invariance concerns
transformations of the material frame.

In order to obtain further simplifications, the expressions for the independent quantities
are expanded in a Taylor series. Taylor expansion of x(X’, ") — x (X, t') in space yields

x(X' 1) —x(X.1) =x.k,(X. 1) (X”‘l - XK‘)

1
+ %Ki (X 1) (X’Kl - XK1> (X’K2 - XK2> +oo (1372)

Similarly,
O(X'. 1) = 0(X. 1))+ 0.k, (X, 1) (X’Kl - XKI)

1
+ 50K (X 1) (x’K‘ - XK1> (X’K2 - XK2> Feee (1373)

and Equation (1.98) can be replaced by
SX, 1) =S[Q(1) - x k, (X, 1), Q) -x kx>, (X, 1), ...,
0(X,1),0.k,(X. 1), 0k, (X 1), ..., X]. (1.374)

Notice that the dependent variables are explicitly dependent on 6(X, ¢') but not on x (X, t').
Materials satisfying Equation (1.374) are said to be of mechanical grade N and thermal
grade M if the spatial derivatives are at most of Nth order and the thermal derivatives of
at most Mth order.

Taylor expanding the remaining independent variables in time yields

xk, (X, )Y =x g, X,0)+x g, (X, )¢ —1)+ %x,,ﬁ X, =2+ (1.375)
and similar for the other variables. Hence, one can rei)lace Equation (1.374) by
SX, 1) =S[00 -x g, (X, 1), Q@) - x g, (X, 1), ...,
01 -x gk, (X, 1), Q1) - x gk, (X, 1), ...,

Q(l) : x,Kle...KN(Xs t)v Q(t) 'x,KlKQ...KN(X» t)v ey
0(X,1),0(X,1),6(X,1), ...,

0.k, (X,1),0k,(X,1),0k(X,1),...,

0.k, Ky Ky KXo 1), 0.k, Ky kg X 1), Ok K kg (Ko D), X]. (1.376)
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In what follows, we will concentrate on materials of mechanical grade 1 and thermal
grade 1. Hence,

S(X,t) =S[0@) - x x(X,1), Q(t) - x x(X,1),...,
0(X,1),6(X,0,6(X,1),...,
0x(X,0),0k(X,1),0k(X,1),....X] (1.377)

The principle of objectivity implies that the right-hand side of Equation (1.377) must be
invariant with respect to spatial rotations. This means that the list of independent variables
can be replaced by the invariants of {x x,x x,X g, ...} with respect to an arbitrary rota-
tion. The theory of invariants (Spencer 1971) shows that an integrity basis for the invariants
of the above set subject to proper transformations (i.e. det Q = +1) consists of the scalar
product of any two vectors in the set, for example,

xk-xL=x%x! gu=CkL (1.378)
and triple products of the form
ermx g x x"y. (1.379)

For K # L, K # M and L # M the expression in Equation (1.379) is the Jacobian deter-
minant J. For K = L, K = M or K = M Equation (1.379) is zero since this amounts to
the determinant of a matrix with two equal rows or columns. Consequently, the dependence
on {x x,X k,X g, ...} in Equation (1.377) can be replaced by a dependence on

(Ckr.Cxr. Cxp,... . J.J, J,...} (1.380)
or
{Ckr.Cxr.Cxr,...p M p y ..} (1.381)
since J = ,oop_l. Equation (1.377) now reads
S(X,t) = S[Cxr(X.,1), CkL(X,1), ...,
P X, ), pX, 1), .
0(X,1),0(X,1),6(X,1),---,
0x(X,0),0k(X,1),0k(X,1),...,X] (1.382)

This also applies to @, ¢ and n yielding the missing 11 equations.

1.14 Elastic Materials
1.14.1 General form

Elastic materials are defined as materials without memory. Consequently, the time deriva-
tives are dropped in Equation (1.382) and one obtains

S(X,1) =S[C(X,1), p~ "X, 1),0(X,1), Vob(X, 1), X] (1.383)
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and similarly (dropping the dependence),

Q= QIC,p7", 0, V0, X] (1.384)
e=¢e[C,p7",0, Vo, X] (1.385)
n=nlC,p~",6, Vb, X1. (1.386)

Since det C = J2 and pJ = py (balance of mass) the explicit dependence on p is dropped.
The balance of momentum, the balance of energy and the entropy inequality remain to be
satisfied. It is amazing that the entropy inequality, being an inequality, plays an extremely
important role in the derivation of the material laws. To see this, we first define the free
energy ¥ (X, t) to simplify the calculations:

Vi=e—0n. (1.387)
Since
y=é—0n—01 (1.388)
the entropy inequality now reads
—@(1/}+977)+15:E—iQ-V0020. (1.389)
0 0 62

Notice that because of Equation (1.385) and Equation (1.386), dropping the dependence on

o]

¥ =yI[C,0, Voo, XI. (1.390)

Accordingly,

i aw W —
e+ 26+ 22 v 1.391
V=gc Ot t aves O (1.39D)

Substituting Equation (1.391) into Equation (1.389) and noting that E = C/2 yields

1( piany! s) c_—<%+ )9’ P Vol — 3 Q- Vo = 0. (1392)

0 aC 6 \ 206 0 9V

Sinqe S, 0, ,W and 7 are not a function of C nor 6 nor W, E}qugtion (l..392) is linear in
C, 6 and V(6. Hence, for Equation (1.392) to be valid for any C, 6 or V0, the coefficients
of these terms must be zero. Defining ¥ := ppyy one obtains

FIVRE) SR> >

S=2p Y 0% _ 0% 1393
Poc = °9C T IE (1.393)
gy 193
= ~ 2= 1.394
T="%6 T " 00 (1.394)
9 %
L4 (1.395)

IVod  aVed
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and the entropy inequality reduces to
—Q - Voo > 0. (1.396)

Consequently, for elastic materials there exists a function X(C, 6, X) such that S and 7,
can be obtained by partial differentiation. & satisfies

)
e(C,0,X) == +0n. (1.397)
£0

The only dependent variable that depends on Vo6 is Q. Equation (1.396) requires that Q
is at least linear in V6, that is,

0 =—«(C,0,Vp0, X) - Vpb. (1.398)

The entropy inequality has dictated the shape of nearly all variables! The only equations
left to satisfy are the balance of momentum and the balance of energy. Summarizing,

s=22.0.x) (1399)
- 8E E) ) .
1 9%
po 0
)
e=—+0n (1.401)
£0
0= 0(C,06, Vo, X). (1.402)

Elastic materials in this general form are also called hyperelastic materials. ¥ is sometimes
called the stored energy function (Ciarlet 1993).

1.14.2 Linear elastic materials

Special forms arise if we linearize S with respect to E and @ with respect to E and V6
(C and E are equivalent independent variables). To obtain a linear relation between S and
E, we expand ¥ about E = 0 and truncate the series after the quadratic terms:

T~ 200, X) + 250, X)Eg + 32N O, X)Eg L Eyy, IIE - 0 (1.403)
while @ is expanded at Vo8 = 0, E = 0 and the linear terms are kept

Q~ —«%0,X) — kX0, X)0. L — kKM@, X)Erm, VO — O, |E|| — 0.

(1.404)

Because of the symmetry of E one finds
» KL — pLK (1.405)
wKLMN _ s LKMN _ s"KLNM _ »MNKL (1.406)

KM — ( (KML (1.407)
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Applying Equation (1.399) yields
SKL@, X) = =XL@, X) + =KEMN (9 X)Eyn. (1.408)

Physical observations and the second law of thermodynamics, cf Equations (1.396) and
(1.398), dictate that there is no heat flux if the temperature gradient is zero. This leads to
(see Equation (1.404))

kK =0, XM =0 (1.409)
and
0% = —kXL6, X)0 ;. (1.410)
The entropy inequality now amounts to
kKXP0 k0 >0 (1.411)

which means that the symmetric part of « X© must be positive definite. The physical meaning
of kXL is the conduction coefficient matrix.

The term X% (9, X) in Equation (1.408) contains the thermal stress. Let the temper-
ature Orr represent a homogeneous temperature distribution without any thermal stresses.
Then one can write

=KL, X) = yKE(X) — BEE B, X)(0 — Orep). (1.412)

y KL are residual stresses from other sources and SX is the compressive stress rise per unit

temperature increase if no expansion is allowed. Furthermore, we define «X’ assuming
S KLMN 6 be invertible:
BEL©G, X) = TKEMN (9 X)apn (6, X). (1.413)
Hence,
SEEO, X) = y X)) = BEE0, X) (0 — brep) + XMV 0, X) Eygy
= y*EX) + ZKEMNG, X) [Evn — amn (0, X) (O = brep)] . (1.414)

The tensor « contains the expansion coefficients. Now, let us expand %y(6, X) in Equa-
tion (1.403) about Oef:

B X, X) o
Z0(6, X) = o (X)Wo(X) = po(Xm ()@ = bre) = om0 — b (1419)

Notice that the equality sign applies, since c(f, X) in the last term may depend on 6.
Dropping the dependence on X in the notation and defining T := 6 — Oy¢ yields

poc() 1
% = oo — ponoT — T2+ [y = BEEOTIE L + 525N 0) Ex Evy

2 ref
(1.416)
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and

c®T BKL@® JOT*  BKL (9 1
©) + p( )EKL + ©) + p( )TEKL + —EKLMN/(O)EKLEMN~
Oret Lo 20ref £0 2

(1.417)

n=no+

The last three terms are due to the temperature dependence of the coefficients. Since
poe = X + ppfn, one obtains

T2
Po€ = poYo + Ponobret + poc () <T + >
29ref

1
+ 4 B @)l Ex e+ SN @) Ex L Eyy +

0c'(O)T?
2eref

From Equation (1.418), it follows that c is the specific heat. Substituting the above equations

into the energy balance, Equation (1.355), is quite a tedious task. Generally, the derivative of

the coefficients with respect to the temperature can be neglected (the coefficients, however,
are still a function of temperature). Furthermore, discarding the quadratic T term leads to

poe = povo + ponobret + pocOT + [y 5E + BELO)0refl Ex 1 + SEXHMNO)Ex | Evn
(1.419)

1
0 + 08K OV TEkL + Epoez“MN/(e)EKLEMN. (1.418)

and for the stress
SKL — [yKL _ gKL(g)T] 4+ SKLMN gy, (1.420)
Substitution into Equation (1.355) finally yields (after further linearization: 6 Exi ~6wefExL)
poc@O)T + 51 (O)bretExr — (KXF(6)0.1):x — poh = 0. (1.421)

This is the classical heat equation for linear elastic materials.
If in Equation (1.420)

yKL =0 forK #L
XL =0 forK #L
TKLMN — (0 for K #Land M = N (1.422)

one obtains SXL =0, K # Lif Eg; =0, K # L and vice versa. If this is true for arbitrary
orientations of the axes as in the case of isotropic materials, then the principal axes of E
are also principal axes of S. Indeed, take the principal axes of E as a local rectangular
coordinate system. This means that Eg; = 0, K # L and consequently K& =0, K # L:
the shear stress is zero. Accordingly,

E = ZA,-EN" ® N! (1.423)
i

S=ZA,-SN,- ® N;. (1.424)

1
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Furthermore, since .
F=> \Aicn ®N' (1.425)
i
and
o=J'F.S FT (1.426)
one finds

o=J"1 (Z\/A,'cni@Ni) . ZAjij(X)Nj . (Z\/Achk(X)nk)
i j k

J

=J! ZAicA,-sni Qn; (1.427)

1

which yields for the true principal stresses
Mo =J T NicAis =TTV QAE 4+ DAs. (1.428)
Since J, Aci > 0, the true stress and the second Piola—Kirchhoff stress have the same sign.

1.14.3 Isotropic linear elastic materials

For a linear elastic material, we found

poc(6) 1
2 = povo — ponoT — ge—fﬂ + = BRHOTIEKL + 555N O) Ex L Eun
Te!
(1.429)
SKL = [y KL — gEL@O)T1 + ZXEMN (9)Epyy (1.430)
0K = — kXL ©v)o ;. (1.431)

Isotropy means that the material data are independent of the direction in the material frame
of reference. Hence, a transformation Q such that

X=0-X, 0''0=0-0"=1, detQ=+I (1.432)

must leave the constitutive equations invariant. Under such a transformation, second-order
and fourth-order tensors transform according to

KL
y't = yMN QK 0y (1.433)

KLMN
¥/ = 2PeRS oK, 0, 0" 0% (1.434)
One can show that for this to be true for an arbitrary rotation, the tensors must satisfy
yKL =y GKE (1.435)
SKLMN _  GKLGMN | (GKMGLN | GKN GLM) (1.436)
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and similarly for the other tensors

BEL = pGKL (1.437)

KL =k GKL, (1.438)
Since

trE = GKLEg, (1.439)

is the trace of the tensor E, one finds

_ poc(0) 2 1 2 2
Z(0) = poo — ponoT — TfT + 1y = BOTICE + 310)(CE)” + n(@)ur(E”)
Ie
(1.440)
=y — BOTIGKL + 1(0)(rE)GXE + 20(0) Eygn GEM GEN (1.441)
0K = —k(6)0. L GKE. (1.442)
The energy equation reduces to

pc@OT + B0t Ex — (GXT1(6)6.1).x — poh = 0. (1.443)

The kind of material described by Equations (1.440) to (1.443) is also called a St Venant—
Kirchhoff material.
The first and second invariant of a tensor E are defined by

Lig =tE (1.444)

bLi = %[IEE —tr(E?)]. (1.445)

Consequently, the free energy ¥ can also be written as
poc(0)
X = povo — ponoT — Wt T +[y —BOT1E + —[)»(9) + 20O — 21(0) L2
Ie
(1.446)

A(0) and @ (0) are called Lamé’s constants, k (0) is the conduction coefficient, c¢(0) is the
specific heat and B(60) satisfies (substitute Equation (1.436) into Equation (1.413))

BO) = [3A(0) + 21(0)] (0) (1.447)
where «(0) is the isotropic expansion coefficient. The thermal stress now yields
SKL = _[30(0) 4+ 2(0) ] (0)TGKL. (1.448)
This stress is needed to suppress
Exp =a(@)TGgky (1.449)

which is the strain resulting from the temperature change.
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Finally, it should be noted that frequently other elastic constants are used instead of
the Lamé’s constants A and wu, the latter of which is also called the shear modulus. The
Poisson coefficient v and Young’s modulus E satisfy

E

S — 1.450
H* 2(1+v) ( )
E
A= — U= (1.451)
1 +v)(1 —-2v)
which can be inverted to yield
A

V= ———— (1.452)
2(A + )
3r+2

E— n@Br+ /L). (1.453)
At

Another frequently used constant is the bulk modulus K. For linearized strains, it will be
proven in the next section that K is the ratio of the hydrostatic pressure p to the volume
reduction it produces. The following relations apply

2

K=h+p (1.454)
3K —2

y= o "B (1.455)
6K +2u

1.14.4 Linearizing the strains

So far, we consistently used the Lagrange strain tensor E. Equation (1.82) shows that E
is not linear in the displacement U. To obtain a truly linear theory, the quadratic terms in
E are dropped and one obtains the infinitesimal strains E, Equation (1.88):

Exi = 3(Uk:L + ULik). (1.456)
Recall that the infinitesimal rotation is defined by
Rk =3k, — ULk). (1.457)

Equation (1.90) has shown that Ex; can only be replaced by Ex if both the strain and
the rotations are small. The same applies to ex; and eg;. Under the above assumptions, one
can write

Exr~Exr |E|IR| -0 (1.458)
e ~éu EN IR — 0. (1.459)
To derive further simplifications we start from Equation (1.67):

xkg = XE+UHGL —o. (1.460)
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Taking the derivative with respect to K yields

hegr = (0 + UL G (1.461)
leading to
e =@ + E% + RY)GL - g* (1.462)
or
e = (0" + Ef + Rhoe,* (1.463)
where
8 =G, g"=g" G, =g,. (1.464)

In a similar way, one arrives at
XK =@ - -7 peh. (1.465)
For small strains and rotations, Equation (1.463) and Equation (1.465) reduce to
g ~ g, IEIIR] -0 (1.466)
XK~ g5 IEI IR — 0. (1.467)
From Equation (1.352) and Equation (1.353), one finds
ExrL = exex!, (1.468)
which reduces by the use of Equations (1.458), (1.459), (1.466) and (1.467) to
Exy ~eug'ys's. IEI IR] - 0. (1.469)

On the basis of Equation (1.457), a similar relationship applies to the infinitesimal rotation

Rir ~ ughee',, NEl IR — 0. (1.470)

Furthermore, J = detxf‘K. Substituting Equation (1.463) and linearizing yields

J~ %eKLMeklm[nggngmM + ngglL(ERM + RSRM)ng

+ 8" k8" (EG + R)g o + 8 18" (BT + RP)g™).  IEIL IR| — 0 (1.471)

where XKLM

and ey, are alternating symbols. This is equivalent to
J~1+EK ~14,, |E| |R|— 0. (1.472)

Substituting Equation (1.463) and Equation (1.472) into the relationship between the Cauchy
stress and the second Piola—Kirchhoff stress leads to

oM = 7 sKExR X!, (1.473)
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and linearizing yields

Ukl ~ SKL[ngglL(l _ Emm) + (ékm + ka)ngglL
+ @, 7,085 kg™, IE| IR| — 0. (1.474)

The inverse of Equation (1.474) amounts to

SKL ~ oMigh el +ém) — ghgk, @ + )
—g5gtn @+ DL NIENL IR — 0. (1.475)
Substituting the above relations into Equation (1.420) yields a linearized expression for the
stress:
ot ~yMa—am ) +ym @, + ) v E, + L)
— BYT + oMM, E|, R — 0 (1.476)

where

yH =y Klgk g, (1.477)

IBkl _ ﬂKLngglL (1.478)
ghlmn — g KLMN gk ol om on (1.479)

In a similar way, by combining Equation (1.274) and Equation (1.410) one arrives at

q" = -7 KLy xRt (1.480)
Linearizing yields ~ ~
q" ~—«Mo,, |E|, IR -0 (1.481)
where
ikl = Kl gk, ol . (1.482)

Analogous considerations lead to

o€ ~ poto + porobret + pocO)T + [y + B 0retlen
1 - -
+ Eokl’""éklémn, IE|, [R| — 0 (1.483)

kl

cT B - -
77:770+9—+ﬁ—€kl» IEI IIR] — O (1.484)
ref L0

poc
20kef

X = poYo — ponoT — 7%+ M — M TIey

1 o - -
+Eok"""eklemn, IE|, |R| — 0. (1.485)
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The balance equations now read
o+ ol =ih =0
pocT + BX6resers — M T — poh = 0
T > 0.

The derivation for isotropic materials runs along the same lines and yields for
IEl, IR — O
oM~y (1 =208 = BTg +2&", 8" + 2(u + )"

g" ~ —«Tg"

- 1
pog ~ poo + ponobret + pocT + [y + Bbresle™, + E(k + 21 — 2uly;

cT B
n=no+-—+-—1I;

Oref £0
poc

20ref

1
% = poo — ponoT — T> + [y — BTz + SO+ 2L — 2uly;

o+ ol =ih =0
pocT + Bbrethz — (KT18"") ik — poh = 0
Kﬂkﬂlgkl > 0.
For materials without residual stress and 7" = 0 Equation (1.489) reduces to
okl ~em oK 4 oudt
Hence,
ok~ Br42u)em,.

For a uniform pressure p we have

akk =3p
and (see Equation (1.472)),
dv —dV
e o~ J -1~ —
¢m av
which is the volume change. Hence,
2 dv-—dV

=(+=
p (+3M) v

from which Equation (1.454) follows.

57

(1.486)
(1.487)
(1.488)

(1.489)
(1.490)

(1.491)

(1.492)

(1.493)

(1.494)
(1.495)
(1.496)

(1.497)

(1.498)

(1.499)

(1.500)

(1.501)

Summarizing, in the small deformation theory, the strain tensors E and e are replaced by
their infinitesimal counterparts E and e. This is only justified for small strains together with
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small rotations. Therefore, it is better to use the expression small deformation theory rather
than infinitesimal strain theory. Using the infinitesimal strains and rotations, the constitutive
equations and balance laws can be simplified. Notice that the term “infinitesimal” does not
apply to other quantities such as stresses. Equations (1.474) and (1.475) show that also in
the linear strain theory the second Piola—Kirchhoff and Cauchy stress both exist and are
generally different. The derived equations are valid in the spatial frame of reference.

1.14.5 Isotropic elastic materials

In this section, we start again from Equation (1.399) to Equation (1.402) and assume that
¥ is isotropic in C but that the resulting stress S is not necessarily linear in E. This
covers the large family of so-called isotropic hyperelastic models such as neo—Hooke,
Mooney—Rivlin, Ogden and many others, used for materials such as rubber and hyperfoam.
Because of the isotropy, £ can only be a function of the invariants of C. These will be
denoted in the present context by Iy, I> and I3 (dropping the index C for convenience).
Accordingly,

=%, I 15,0,X) (1.502)
where
I = tr(C) (1.503)
L = 31} — ur(C?)] (1.504)
I; = detC. (1.505)
Consequently, Equation (1.399),
s=2| 20 b0, 0 L2 e x) 22
- 811 1, 27 3» ’ 8C 812 1 21 3s ’ BC
ox dal3
— (1, 1, 15,0, X)—|. (1.506
+813(1 2, I3 )BC} ( )
Since
al ACynGMN
LM = GKE (1.507)
0CkL 0Ck L
ol 1 9

== I} = CroCunG*N G|
0CkL 20CkL [ 1 PO™MN

1
= 20165 = Cun GFNGHM — CpoCPhCOK]
=1,GXt — cpynGENGIM (1.508)

013 —1\KL
= cofactor(Cg) = cofactor(Crg) = I3(C™ ) (1.509)
0Ckr
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we obtain,
X 4 X 4 4
S=2|—U1, 1,10, X)G"+ — (1, 2, 3,0, X)(1,G" — C7)
a1l p)

E)
TR 13,9,X)13c:—1] (1.510)
3

Here, the 6-dependence is not specified yet. Whether the function X (11, I, I3, 6, X) has
to satisfy specific requirements to make sense physically will be discussed in Chapter 4 on
hyperelastic materials. Since C* and C~' have the same eigenvectors and the eigenvectors
of C* are not modified by adding or subtracting a multiple of G*, Equation (1.510) shows
that S has the same eigenvectors as C*. Consequently, for an isotropic elastic material
the principal second Piola—Kirchhoff stress directions coincide with the principal stretch
directions.

1.15 Fluids

Solids and fluids are two major classes of materials. Fluids include both liquids and gases.
There are several ways in which a fluid can be described. Assume that there is no gravity.
Then, the stress in a liquid at rest is zero. If you stir the liquid and wait until there is
no motion the stress will again be zero. If you take a container filled with gas at a given
pressure, stir the gas without increasing the external pressure and wait till there is no motion
the stress reduces to the hydrostatic pressure before stirring. Consequently, the deformation
of liquid materials does not induce stress as long as the liquid is at rest and the density is
unchanged. Accordingly, the deformation gradient for quasistatic deformations leaving the
density unchanged reduces to the shift operator (Eringen 1980):

XK =g (1.511)

In a similar way, one arrives at the following simplifications:

Ckr =x%x' gu=GkeL (1.512)
Ckr = 2dux"¢x'; = 2dug yg' | (1.513)
0k =018 . (1.514)

Just as for elastic materials, we start from the material formulation of mechanical grade 1
and thermal grade 1, but now we keep the first time derivatives of the mechanical quantities
as well:

S(X,1)=S8(C,C,p7", p,6,Vob, X). (1.515)
Now, Equation (1.269) yields

okl = JIxk SKLx = L gKLgk ol (1.516)
' ' £0
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Since (see Equation (1.178))

- b0 k
p_<7)__ﬁj__pdk (1.517)
and
a 0 &
the Cauchy stress takes the form
oX,nN=0(d,p”",6,V6, X). (1.519)

Since any configuration leaving the density unchanged is undeformed, X can be replaced
by x:

ox,n)=0d,p',6,V0,x). (1.520)

The principle of objectivity requires that Equation (1.520) does not change its form after
applying an arbitrary time-dependent translation, for example, x(¢):

od, p',6,V0,x)=a(d,p"',0,V0,0) (1.521)
and the explicit dependence on x drops out:
o=o0(d, p ' 0,V0) (1.522)

and similar expressions for ¢, € and 5. Just as in the derivation of the constitutive laws
for elastic materials the entropy inequality plays a major role. The spatial formulation of
Equation (1.389) reads

o . 1 1
—— 0 —d:o——q-V6=>0 1.523
GO 40+ oo — g V62 (1.523)
where ¢ = ¢ — 61, Equation (1.387), and
v =y, p ' 6,V0) (1.524)

because of similar dependencies of ¢ and n. The time derivative of i reads

ey . ey —— ov. 9y —
W g+ Yy Y Y e 1.525
VEgd o P T ae? T ave (1.525)

Substituting Equation (1.525) into Equation (1.523) yields

paw,d pawF_g Y :
6 od 6 9p~! 6

= 1 1
—=—-VO+-d:0——=q-V6=>0. (1.526)



DISPLACEMENTS, STRAIN, STRESS AND ENERGY
Since (see Equation (1.517))

— 1
pl=—d:g
o
this is equivalent to
X1 oy p (0 -
—=——:d+-d: ——g - = 0
gad ‘70 <" 3p18) "o \a T
_POV
0 ave

61

(1.527)

1
q-V6>0.

-7 (1.528)

Since this equation is linear in the time derivatives, it can only be satisfied if the corre-

sponding coefficients reduce to zero:

oY
2 =0
ad
__
=" %0
9
Yy
ave
Hence,
v =y 0

and Equation (1.528) reduces to

0 02

Defining the pressure p by

dp—1

__
p a1
and the dissipative stress by
t:=0+pg
we finally arrive at the following equations:
o
=—-— , 0
P op1 (o=, 0)
o 4
= .0
n ag P 0)

t=td,p7 ", 6,V0)
q=q(d . p”'.0,V0)
oY
p)

e=v( 1,0 —0—(p"0)

0
o =—pg+t

1 1
—d:(a—ﬂ )——q.vezo.

(1.529)

(1.530)

(1.531)

(1.532)

(1.533)

(1.534)

(1.535)

(1.536)

(1.537)

(1.538)
(1.539)

(1.540)

(1.541)
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subject to
1d't ! Vo >0 (1.542)
gd: 62q > 0. .
Equation (1.542) implies that ¢ and ¢ must be at least linear in d and V@ respectively.
Equation (1.538) and Equation (1.539) can be replaced by
t=t,.d, p',0,V0):d (1.543)
g=—kr(d,p~' 6,V0) Vo (1.544)

where £ is a fourth-order tensor, k is a second-order tensor. Notice that the dissipative
stress cannot be derived from a potential function, only the hydrostatic part p can. This is
a major difference compared to elastic materials. Equation (1.542) is the fluid equivalent
of Equation (1.396) for elastic materials.

Because of the principle of objectivity, Equation (1.543) can be further reduced to

t =aog’ + od® + ar(d?)* (1.545)
where
ag(p1,0,V0, L, L, 1) (1.546)
Linearization yields
oo =ry(p~ ', 0,V0) 1y (1.547)
o) = 2uy(p~t, 0,V0) (1.548)
w0 =0 (1.549)

and one arrives at the well-known stress expressions for linear Stokesian fluids:
0=(=p+tivg:dg+2md (1.550)

For details, the reader is referred to (Eringen 1980).
The energy equation, Equation (1.355), reads in spatial coordinates:

pé=d:.:0—V-q+ ph. (1.551)
Substitution of Equation (1.540) yields
Py \—— .
— 0 1_9p—0|l=d:0-V- h, 1.552
p[ <p+ 3p180>p 292 ] o q+p ( )
which reads by the use of Equation (1.527) and Equation (1.534):
1y 9%y
0——60+6 d: d:t—V. h=0. 1.553
ey + op-196 g+ q+op ( )
For most gases, £ = 0 is assumed (no stress dissipation) and Equation (1.553) reduces to
2y . 92
p9—w9+9 Ld d:g—V-q+ph=0. (1.554)

362 ap—190



