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Preface

In 1998, in times of ever increasing computer power, I had the unusual idea of writing my
own finite element program, with just 20-node brick elements for elastic fracture-mechanics
calculations. Especially with the program FEAP as a guide, it proved exceedingly simple
to get a program with these minimal requirements to run. However, time has shown that
this was only the beginning of a long and arduous journey. I was soon joined by my
colleague Klaus Wittig, who had written a fast postprocessor for visualizing the results
of several other finite element programs and who thought of expanding his program with
preprocessing capabilities. He also brought along quite a few ideas for the solver. Coming
from a modal-analysis department, he suggested including frequency and linear dynamic
calculations. Furthermore, since he was interested in running real-size engine models, he
required the code to be not only correct but also fast. This really meant that the code was
to be competitive with the major commercial finite element codes. In terms of speed, the
mathematical linear equation solver plays a dominant role. In this respect, we were very
lucky to come across SPOOLES for static problems and ARPACK for eigenvalue problems,
both excellent packages that are freely available on the Internet. I think it was at that time
that we decided that our code should be free. The term “free” here primarily means freedom
of thought as proclaimed by the GNU General Public License. We had profited enormously
from the free equation solvers; why would not others profit from our code?

The demands on the code, but, primarily, also our eagerness to include new features,
grew quickly. New element types were introduced. Geometric nonlinearity was imple-
mented, hyperelastic constitutive relations and viscoplasticity followed. We selected the
name CalculiX®, and in December 2000 we put the code on the web. Major contributions
since then include nonlinear dynamics, cyclic symmetry conditions, anisotropic viscoplas-
ticity and heat transfer. The comments and enthusiasm from users all over the world
encourage us to proceed. But above all, the conviction that one cannot master a theory
without having gone through the agony of implementing it ever anew drives me to go on.

This book contains the theory that was used to implement CalculiX®. This implies
that the topics treated are ready to be coded, and, with a few exceptions, their practical
implementation can be found in the CalculiX® code (www.calculix.de). One of the criteria
for including a subject in CalculiX® or not is its industrial relevance. Therefore, topics such
as cyclic symmetry or multiple point constraints, which are rarely treated in textbooks,
are covered in detail. As a matter of fact, multiple point constraints constitute a very
versatile workhorse in any industrial finite element application. Conditions such as rigid
body motion, the application of a mean rotation, or the requirement that a node has to
stay in a plane defined by three other moving nodes are readily formulated as nonlinear
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multiple point constraints. Clearly, new theories have to face several barriers before being
accepted in an industrial environment. This especially applies to material models because
of the enormous cost of the parameter identification through testing. Nevertheless, a couple
of newer models in the area of anisotropic hyperelasticity and single-crystal viscoplasticity
are covered, since they are the prototypes of new constitutive developments and because
of the analytical insight they produce.

Although the applications are very practical, the theory cannot be developed without a
profound knowledge of continuum mechanics. Therefore, a lot of emphasis is placed on the
introduction of kinematic variables, the formulation of the balance laws and the derivation
of the constitutive theory. The kinematic framework of a theory is its foundation. Among
the kinematic tensors, the deformation gradient plays a special role, as amply demonstrated
by the multiplicative decomposition used in viscoplastic theories. The balance equations
in their weak form are the governing equations of the finite element method. Finally, the
constitutive theory tells us what kind of conditions must be fulfilled by a material law
to make sense physically. The knowledge of these rules is a prerequisite for the skillful
description of new kinds of materials. This is clearly shown in the treatment of hyperelastic
and viscoplastic materials, both in their isotropic and anisotropic form.

The only prerequisite for reading this book is a profound mathematical background in
tensor analysis, matrix algebra and vector calculus. The book is largely self-contained, and
all other knowledge is introduced within the text. It is oriented toward

1. graduate students working in the finite element field, enabling them to acquire a
profound background,

2. researchers in the field, as a reference work,

3. practicing engineers who want to add special features to existing finite element pro-
grams and who have to familiarize themselves with the underlying theory.

This book would not have been possible without the help of several people. First, 1
would like to thank two teachers of mine: Lic. Antoine Van de Velde, for introducing me to
the fascinating world of calculus, and Professor A. Cemal Eringen, for acquainting me with
continuum mechanics. Readers of his numerous publications will doubtless recognize his
stamp on my thinking. Further, I am very indebted to my colleague and friend Klaus Wittig;
together we have developed the CalculiX® code in a rare symbiosis. His encouragement
and the ever new demands on the code were instrumental in the growth of CalculiX®.
I would also like to thank all the colleagues who read portions of the text and gave
valuable comments: Dr Bernard Fedelich (Bundesanstalt fiir Materialforschung), Dr Hans-
Peter Hackenberg (MTU Aero Engines), Dr Stefan Hartmann (University of Kassel), Dr
Manfred Kohl (MTU Aero Engines), Dr Joop Nagtegaal (ABAQUS®), Dr Erhard Reile
(MTU Aero Engines), Dr Harald Schonenborn (MTU Aero Engines) and others. Last but
not least, I am very grateful to my wife Barbara and my children Jakob and Lea, who
bravely endured my mental absence of the last few months.
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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=1.23 related to
a rectangular system {ZK}K=1,2,3 by

zK = z¥x!, x?, x?). (1.1)

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

X
(summation over repeated indices).
X

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

X
dX = X dxk. (1.4)

The Finite Element Method for Three-dimensional Thermomechanical Applications Guido Dhondt
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-85752-8
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Figure 1.1 Material coordinate systems

The vectors
Gg =0X/9xX (1.5)

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

GgdxX =1,dz" (1.6)
or
azt
Gy = ax—KIL' (1.7)

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? = Ix dzX .1, dZ"
=dzKdztig -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 dx¥ . G axt
=dxXdx'Gk -G,
=:dxXdxtGgL (1.10)
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Gk is called the metric tensor for the coordinate system {X Ky In general, Ggr # 0
for K # L, and Gk, # 1 for K = L. Thus, the basis vectors G are not necessarily
orthonormal. Using the set {G g}, one can define another set (G1} through the relations

Gk -Gl =s5f (1.11)

where § KL =0for K #0andé KL =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). {GL}
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 =axGr. (1.12)
The dot product of a vector V and a one-form « is defined by
V.a=VEGk o G" = Vg (1.13)

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

V-W=VvEGg -wlG, =VvEWLGk,L (1.14)
o B=axGK. B Gt =ayxp GKL (1.15)

where GX is defined by
GKL .= G¥ . 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.Gl =vKGg -G =vEs L = VI (1.17)

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

V= -GHG,. (1.18)

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

-G =ar (1.19)
o= (a-G)G". (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 =GKLlg, (1.21)
Gk = GgLGL. (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 {x*}. These coordinates are called spatial coordinates. The same
definitions of the reference state apply to the spatial state, for instance,

ds? = dx* dx gy (1.23)

where g, 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

ax
8k = Ik (1.24)
one can write
axk
dx = dxkgk = 3%k dXng
= 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 a@ and b, written as @ ® b such that

(@a®b)-c=a-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, ® GX) - dX. (1.28)
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Defining the deformation gradient F as
F =x%(g; ® GX) (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 GX @ G- (1.31)
then one can also write (Equation (1.21))

a=aKLGKMGLNGM®GN =aMNGM®GN (1.32)
where aMVN = ag; 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’ = ax GX ® G- (1.33)
a" =d*'Gxk ®G|. (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=ab-c)#(c-ab=c-(a®b). (1.35)
However,
@®b)-c=ab-c)=(-ba=c-bRa)=c-a@a®b)T (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 dXng . x’lL dXLg,
= xf‘Kx,lL dx¥ dXLgk -8
= xbpx!, g dX X dx ", (1.38)

Defining the right Cauchy—Green tensor by

C = Cx.G* ® G* (1.39)
where
CkrL = xfckfogk[ (1.40)
one obtains
ds? = Cgp dxX dxrt. (1.41)

Comparing Equation (1.23) and Equation (1.41), one notices that for the calculations of
ds?, 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:=x"(GX @ gp). (1.43)
Indeed, since (a ® b) - (c ® d) = (a ® d)b - ¢, one finds
F'.F =x%x' (GX®g) (g,®G")
= xfCKfogszK ® GL. (1.44)

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

ds dXK dxL
B TR R T T
— /CxLNENL (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" Gk = X5 x5 dx* dx'Gk,
= (b~ dx* dx'! (1.47)
where
b = X8 x5 Gk (1.48)

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

b = xhex! GKE (1.49)
or, equivalently,
b=F-FT. (1.50)
Consequently,
b '=FT. F! (1.51)
where
F'=xKGk®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,

GirdX¥axt = by dx*dxt. (1.54)

Therefore, b~ is called the push-forward of G and equivalently G is called the pullback
of b~ 1. Equation (1.41) and Equation (1.47) can also be written as

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

ds? =dx b dx. (1.56)
Since J is the determinant of x’kK, one also has

aJ

a—k = cofactor(xf‘K). (1.57)

X’K
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The cofactor of xf‘K is defined as the determinant of the matrix one obtains after deleting
row k and column K in x{‘K (this is the so-called minor determinant of xf‘K), multiplied by
(—1)**TK_ 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{2c0factor (x{z) + x{3cofactor (x3’3). (1.58)

X Kk is the inverse of x)kK. Accordingly,
XK = Leof k 1.59
* = 50 actor (x'y). (1.59)
Indeed, the inverse of a matrix M satisfies (Greenberg 1978)

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

det M
Comparing Equation (1.57) with Equation (1.59), one finds

= Jxk . (1.61)
k k
ax,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=JdVv (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.4dA. (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}.
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? — dS%? = (Cxr — Gyr)dxKaxt (1.70)
as well as (Equation (1.47))

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

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

Ekr = 3(Cxr — Gk1) (1.72)

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

er = 5(gu — by). (1.73)

Accordingly,
ds?> — ds? = 2Eg; dxX 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? — d$? = dx - dx — dX -dX
= (dU +dX) - (dU +dX) — dX - dX
=dU -dX +dX -dU +dU - dU
=Wk -X1+Xkx-Up+Ug-Up)dx®dx*. (1.76)

Since U = UMG s and dX = dXV Gy, one finds

U d  u auM v Gy
22— UMGy) = Gy +U
5XK ~ 5xK ' m) = oxr G T U 53%
auM u 9%zt
= oxk Om T U gy It
auM 92zL  axN
= Gy+uM_2~2__°7
axK OM UKy xm 5L OV

auM a2zl axM
+ Ul Gu
axk aXKgxN gzL

= UY% Gy (1.77)

and

0X

7 = GrL. (1.78)

U A’% 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*zF axM (1.80)
KN| ™ 9xKaxN ozL '
are called the Christoffel symbols of the second kind. Hence,
ds? —dS* = (U% Gy + U Gkm + U UY, Gyy) dxX dx”. (1.81)
Comparison of Equation (1.74) with Equation (1.81) finally yields
2ExL = UGy +UY Gru + UNUY Gun. (1.82)
Similarly, one finds
2e = un;lkglm - u'?lgkm + ur:lkun;[gmn' (1.83)

It is important to note that the extra term in Equation (1.77) derives from the fact that
G 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

2ExL =U%Gru + U Gk + U U, Gun (1.84)

and
2ey = u"fkglm - ”rfl]gkm + ”W,Ikun,lgmm (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

2Exkr =Ug 1 +ULk +UnxUn,L (1.86)

and
ek =+ Uk — Up kUm,l- (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 E KL, in rectangular coordinates:

Exp = Y(Uk,L + UL k). (1.88)
Defining the infinitesimal rotation as

Rgr = 3(Uk,L = ULx) (1.89)
Equation (1.86) can be rewritten as

Exr = Exr + 3(Emk + Rux)(Emr + Rur) (1.90)
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v, Y

-,

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 = Rcosf®

Y = Rsin6’.
The final position is characterized by
x = Rcos(0° +6)
y=R sin(GO + 9).
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
E~yy = Vy)y =cosf —1

Exy = (Uxy +Uyx)/2=0

(1.91)

(1.92)

(1.93)

(1.94)
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which shows that Exx 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
= (cos® — 1) + [(cose — 1?4 sin29] /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 dxXdx* (1.96)
or
% — Ex NKNT (1.97)
where
NK .= % (1.98)
is a unit vector satisfying
NENLGyp = % =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(NENLGkL — 1) (1.100)

where Af is a Lagrange multiplier. Hence,

d
Sni EKLNENE = Ap(NEN G = DI =0
¢
EMLNL + EKMNK — AENLGML — AENKGKM =0
¢

(Exkm — AEGgu)NX =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

ExuNX = ApGguN¥K. (1.102)
Premultiplying with the complex conjugate of N yields
NYExuNE = AeNY G NE. (1.103)
Since E is symmetric and real, one obtains
NYExuNK = NYEgy N = NK By N
= NKEgu N (1.104)

and similar for G. Consequently, NM ExuNX and NM Gy NX arereal and A g mustbe 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

ExkuNE = AiGguNE (1.105)
and
ExuNK = AMaGruNK. (1.106)

Multiplying Equation (1.105) with N}/ and Equation (1.106) with N and subtracting both
yields

NMEgyNE — NMEgyNE = A\NY Gy NE — ANY Gy NE (1.107)
or
N (Exm — Eup)NE = AN Gy NE — AaNM G NE. (1.108)
Since both E and G are symmetric, this yields
0= (A1 — AN GguNE. (1.109)
A1 and A, are assumed to be distinct, which means
NEGxkuNY =0 (1.110)

or
Ny 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 — AEGgy) =0 < det(EX, — Apsk,) =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 + AL — A+ e =0 (1.113)
where
Lig =85 EY =wE (1.114)
by = % [112E - tr(Ez)] (1.115)
L =detE = %eLMpeKNQELKE%EPQ (1.116)

are the first, second and third invariant of E. The expression trE stands for the trace
of E, eppyp and eXV9 are the alternating symbols: exry = 1 for KLM = 123 or any
cyclic rotation thereof, ex .y = —1 for KLM = 321 or any cyclic rotation, else ex 1y = O.
The eigenvalues are called principal strains and the corresponding direction N; 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 — AcGgku)NK =0 (1.117)
where
Ac =2Ap + 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 i 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’-szé’j. (1.120)

The one-forms {N'} are the dual basis of the vectors {N;}.
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Theorem 1.4.1 Let C be a symmetric covariant second-order tensor in R3, A; its eigen-

values and N the corresponding eigenvectors, then

3
C = ZA,’Mi
i=1

where . ' '
M' = N-® N+

and N' are the one-forms dual to N;.

Proof. ‘ ' '
ZA,-M’ "N, = ZAi(N’ ® N - N,
i i

= ZAiNi(Ni -N))

=Y AN,
i

= ANt = A;G" - N, 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

=Y D AA;N' @NY)- (N @ N
i

- ZZA,-Aj(Ni ® N/)(N' - N/)

! J

=Y ANN'@N) =) AM'.
i i

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

M'+M*+M = G
MM+ AoM?+ MM = C
AIM'+ M2+ AIMP = C?
one obtains
S
M= [02 — (e — ADC + 13CA;‘G]

(1.124)

(1.125)

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

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

M'+M>H+M = G
AM' + M*)+ AsM? = C (1.128)
ANM'+ MY+ MM = 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', 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-Ni)Ni =A;(G-N)N; =A\;G-M; (1.131)
and
C:M;=C:(N;®Nj))=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):(c®d)=(@- )b -d)=t[@eb’ (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:ZAi(ni@)Ni). (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,

ni-nj:K‘A‘NL-FT-F-NL
L
1
=—N;-C-N;
)‘L)‘j - =
Aj Aj
=)L—LNL~NL-=)L—8£;. (1.138)

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

F'.g.nj=AcG-F ' .n; (1.140)
or
1 T 1
c
which is equivalent to
1 -1
A—Cg-nizb - ;. (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
=U".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:ZkiNi(@Ni :Z\/ATN"@N" (1.147)
i i

and

R=>"n®N;. (1.148)
i

Indeed,

RU=Y mi®N))Y 1N @N)
i J

]
=>"> xni ® N/(N; - NY)
i

=> Aan®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 9/0¢ is used when looking at the change in time of a field at a fixed
spatial position. Both are related by (chain rule)

adp 0¢p Ox

L% (1.151)

D ¢(x,1)
S x7 — [e—
Dt ot dx 0t
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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)
Vi=——

1.152
» ( )

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

Dv iy n (1.153)
a =—(X, .
Dt
one finds
ov n Jv 0x (1.154)
a=—+—.— .
ot  dx ot
ov
ot
where
0
Vi=— (1.156)
0x
is a one-form. Writing
v=1kg, (1.157)
and
0
V=g — 1.158
8o ( )
leads to
T I 9k
Ver=0eV) =g e 0
0x
=" ¢ ®g (1.159)
and, consequently,
vk
a'g, = — 8t V0" (g ® gD - g
P k
= (i + vk.lvl) & (1.160)
ot ’
or, in rectangular coordinates
9 k
o = 8—1)t+u",v’ (1.161)
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The change of length in time is given by

—ds®>= —dx-dx
Dt D
(L4 dx + dx D, (1.162)
= Di X Di X |. .
Since
D 3
de:dv:%-dxz(v@)vydx (1.163)
one finds
D 2
Eds =dx - (V®v)-dx+dx - (v®V)-dx
=dx - (V®v+vQ®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 -1I". (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 -F ' (1.171)
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where

= =D 1.172
()=T)=20). (1.172)

In component notation, Equation (1.164) reads

D% ds? = 2dx* dx! dy. (1.173)
Since
ds®> = QEgr + Ggr)dxX dx*t (1.174)
one also finds
%ds2 =2Ek; dXXax*’. (1.175)

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

ExrL = dux'yx'; (1.176)
or

E=F".4.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 Dxfy
Dt pxk. Dt

Dxk
_ K
_ xX, <_Dt )
K

K k
=JX KV K
= JXIfkvk;leK
= Jok,. (1.178)

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

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 7. The different wall-clock time can be expressed by a
shift of time. Hence,

XX, ) =cit)+ Q1) - 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 @ = 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 - Q' 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 a and second-order tensors b in the spatial
description transform according to

/=0 a (1.184)
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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
= —ds*>=2dx -d - dx (1.188)
Dt
and consequently,
d=Q"-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 c, is objective. Indeed,

d=d b (1.190)

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

yielding
a=0"-d-0Q. (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=0Q-a+0-a (1.193)
b'f:Q,b.QT_I_Q.j,.QT_FQ.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:

X) li AM X € AV (1.195)
= lim — . .

po AVo—0 AV) 0

AV is the volume the particle occupies in the reference configuration at time ¢t = #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,tr)eAV. 1.196
p(X.1):= lim “0 x(X.0) (1.196)
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 is zero”. Accordingly,
b / d 0 (1.197)
— v ) =0. .
Dt 1% P

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 £,y can be defined as follows:

dF, =: pf dv (1.199)
dFs =: t(n da. (1.200)
Accordingly,
D
- vadvzygt(,,)daJr/fodHZFc (1.201)

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

ca=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):

A2g" = giigii — (gij)? = cofactor(gik). (1.205)

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

ik cofactor(gix)

1.206
det g® ( )

leading to

g X gj = eijig"\/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

Dr pxxvdv:fxxt(,,)dcwl—/ ,oxxfdv—}—Zxch—l-ZMc. (1.208)
1% A 1%

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 W 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:—f pv-vdv (1.209)
2y
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and the rate of work of all forces and couples by

W:ygt(,,)-vdwr/pf-vdv+ZFc-vc+ZMc-wc (1.210)
A %

where o, 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

5:] pe dv. (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:—?qua—l—/phdv—i—ZHc (1.212)
A \4

where ¢q is the heat flux through area da (the minus sign implies that the body is los-
ing energy if ¢ points outwards), & 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
Dr V<p8+§pv~v> dv:ﬁ(t(n)~v—q-n)da

+/(pf-v+ph)du+ZHc+ZFc-vc+ZMc-wc. (1.213)
%

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,

bH > B +f d (1.214)
— s - da. .
Dt — A
Defining the entropy density 1 and the entropy source density b by
H :[ pndv (1.215)
14
and
B = / pbdv (1.216)
v
one finds
D
— ,ondvz/ pbdv+¢‘s~da. (1.217)
Dt Jy % 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, (), €, 1, ... On the other hand, some of the new variables are formulated
in terms of previously defined unknowns such as K(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

D
o (/Vo,oldV> =0. (1.218)

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

D
—(pJ)dv =0. 1.219
[, prte) (1219)
Since this equation must be satisfied for any volume, the balance of mass yields
b (pJ)=0 (1.220)
pi T ’
which can also be written as (Equation (1.178))
v.ootr 22 o (1.221)
-V _— = .
P Dt
or
ap
E—i—Vp'v—i-pV'v:O (1.222)
which is equivalent to
0
1w (pv)=o0. (1.223)

at
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1.8.2 Conservation of momentum

Equation (1.201) can be written as

D
—(pJv)dV = t da+/ JfdAdV + F.. 1.224
[V()Dt(p ) ﬁ@ WP > Fe (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)d9=¢(x*)/ de. (1.225)
Q Q
Hence

D * o % * ok

E('O VIAV) = tmyAa +E ) Aag + pT fT AV (1.226)

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

t(fnk) = —t(nk) (1227)

Figure 1.5 Equilibrium of an infinitesimal mass element
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and Equation (1.226) reduces to
D ., . % o
E(p VIAY) = tmyAa — tukAak + p" [T Av. (1.228)

Notice that n', n? and n* are positive in the direction of g', g and g3 respectively. Since
in the limit Av — 0

lim = =0 (1.229)

for an infinitesimal volume, Equation (1.226) reduces to
tmyAa = t ) Aag. (1.230)
Since
Aa; = npAa (1.231)
where nj are the components of the one-form n, that is, n = ny gk , one finds
tn) = t(piyh- (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 tX, Equation (1.232) reads
t) = tiny. (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

ftknk da =/ th, dv (1.234)
A v

one finds after localization

D k

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

Dv _ e 4 op (1.236)
Ppr =hw TP :
or

p[%ﬂv@vyv}:t’ikﬂf (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 (P X ) = J (x Yy +plx x f (1.238)
or
D Dv X k
E(,Of)xxv—l—fxxpﬁ:]x,kxt +Jx xt' +Jxxpf. (1.239)

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

g xth=0 (1.240)
since x y = 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
Di (,o]s—l—z,ojv-v) = J(v-tk);k—V~qJ+,oJf-v~|—,th (1.241)
or
De Dv k k
,oJEjLJv-pE =Jv -ty +Jvy -t —JV-q+Jv-pf+ Jph. (1.242)

Application of the balance of momentum finally leads to

De k
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 - ¢) and the heat source power (ph).

1.8.5 Entropy inequality

Along the same lines Equation (1.217) is reduced to

D
pF;’ > pb+V-s. (1.244)

1.9 The Stress Tensor

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

th=okg, (1.245)
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Now, #(u) = t*ny can be rewritten as
tw =o*'nig (1.246)
or, since ny = gy, - n,
tay =0"g - (gr-m) = (0"g @ g) - n (1.247)

which shows that 0%/ 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 ="' np. (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, " =0 (1.249)
where ¢;j; is the alternating symbol. Since gkj = Skj one finds
okl = gk (1.250)
that is, the stress tensor is symmetric. Letting
o:=dg, ®g (1.251)
Equation (1.250) is equivalent to
o=o0" (1.252)

and ¢, = o - n, Equation (1.247), is transformed into tw) =0 -n.
For the special case of tX, Equation (1.247) reduces to

th =oT. gk (1.253)

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

vi-th=g, (Vo) o gf

=weV):el=(wQV):o (1.254)

yielding for the complete energy equation

De
pE=(0®V):a—V‘q+ph. (1.255)
Using the definition in Equation (1.166)
De

p— =1:0—-V-q+ ph (1.256)

Dt
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or

D¢
—=d:0—-V- h. 1.257
P Dy o q+p ( )

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 f,) = n - o, the
normal stress o 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

%[n-a~n—k(n-gt-n)]=0. (1.259)

g% is the contravariant metric tensor whose components gk satisfy
gl =g g (1.260)
Equation (1.259) leads to the eigenvalue problem
(6 —2rgh -n=0. (1.261)

Similar to Equation (1.121), one can write

3
0 =) hicni ®ny) (1.262)
i=1

where n; are the complementary basis vectors to the eigen one-forms of a. 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, n; 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 =t@pyda =0 -nda
=0 -da
=o-JFT.dA
=Jo-(FT.N)dA
=: T (n)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

Tny=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)



34 DISPLACEMENTS, STRAIN, STRESS AND ENERGY
one finds
P=JF'.o. (1.266)
Notice that P is a two-point tensor, in component notation:
PR = XX o'k, (1.267)

T

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

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

Equation (1.257) can now also be written as

De
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=Q-dA (1.273)
yielding
Q=1Jqg F". (1.274)
Analogously, one defines
S=Js - FT (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
L (9 ) =0
Dt '

1.10.2 Conservation of momentum

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

Dv

T ,k
o - xt+pof =p—
( 8"k f Dt

or
Dv
" @ ®em -89 +of =0
yielding
Dv
kl _Jv
@ gDutpf=prp
in component form
I

Dv

ki !
o™, + =p0—.
kT off=p Dr

35

(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

oOm = (Uklgk ® gl),m

og 0g
Kl kl 98k kil l
=0 ,8:®g +o 3x’”®gl+a gk®3xm
g gtk 0L B kg g 20X
=0 0 o axmoxl 9.7
m8k ® 81 axmaxk 9zp 84081 8k axmox! dzr
3277 9xk 3%2zP  ax!
— | 5K ql - kq - .
|:G O N azP dxM x4 32‘"i| 81 @8l

Hence,

k l
ak;lm = akfm + o {mq} + okd {mq}

&y

(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!

T Pt pof' = po— - (1.284)
or
Dv!
e (PEDa+ pof! = oo - (1.285)

since (J _lka),k = 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 (lek)

= 17 ek X XM, (1.286)
Accordingly, focusing on rectangular coordinates for simplicity,
ok = 1 ek Ly (X 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

D!
PEL 4 pof! = po—r. (1.288)
’ Dt
Notice that the first term involves covariant differentiation of a contravariant two-point
tensor. One finds (Eringen 1975)

G d
(PR Gk @ g).1 = PX, Gr @ g+ P K @ gy + PXYGi & Eha,
’ X axt -
GRVACED ¢ 32z oxk
_ ( pkk o pkk Kn LABVER P _
< L S XTax N aZM oxtoxn gzm oL ) OK @ 8k
(1.289)
Accordingly,
K k
pKE — pKk 4 pik {LN} L pkn {ln}fo. (1.290)
In vector form, Equation (1.288) yields
Dv
Vo-P+pof =po— (1.291)
Dt
or
T Dv
Vo-(S-F)+pof = A (1.292)

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

The material form of ¢ = ¢ T was derived in Section 1.8 and can be written as
F.-P=pP".FT (1.293)
or
§s=sT (1.294)

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

1.10.4 Conservation of energy

Since
g=J"Q-F' (1.295)
o=J'F.5.F" (1.296)
d=F T . E.F! (1.297)
Equation (1.257) now yields
pO%:E:S—Vo- 0 + poh. (1.298)

Because of the expressions for work power in Equation (1.272) and Equation (1.298), it
is said that (d, t) 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 § and equivalently S is the pullback of T. One obtains

S=F"'.¢.FT, (1.300)

1.10.5 Entropy inequality

Along the same lines, one obtains for the material equivalent of Equation (1.244)
Dn
poE > pob+Vo-S (1.301)

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 = —% + S (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

027 oy, 2 (1.304)
Dt — 70 0
or
pn ko1 1
IOOE ZPO§—§VO' Q+9_2Q'V09~ (1.305)

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

€ 1. 1
) — — —E:S——0-Vy0>0. 1.306
,00<77 9>+9 g2 Q Voo = ( )

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
0
Dt?

PEE + pof* =p (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 Ap;, surfaces on which
the displacements are described Ag, and surfaces on which the traction is defined, Agy.
Accordingly,
+ - — .
T(N*) + T(N,) =0 on Ay (1.308)
u=u onAgy, (1.309)

T(N) = T(N) on Aol. (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

Ty =TKNg (1.311)
and N~ = —N*, Equation (1.308) also reads
T —TE )N = [TK] NE =o. (1312)

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

Kk k D2u*
Pk &+ pof 8k = po— 58k (1.313)
and hence,
D2k
PrR gl + poff gl = po—— 8" (1.314)

D12

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

v=1g, = v-GE =vigl = v =fgl (1.315)
Accordingly, Equation (1.307) is equivalent to

D2yt
0 .
Dt?

PRsd +ooft = 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,

Su=0 on Agy. (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 k D*u*
P™' + po (f - >:|8ude=O. (1.318)
/VO[ K Dt

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

PRE Su = (PX*8up).x — PX*Surck (1.319)
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and applying Cauchy’s theorem, Equation (1.234), one obtains
2,k

D
f PKK NSy dA —f {PchSuk;K - |:,0() (fk -2 )} 8uk} dv =0  (1.320)
Ao Vo Dt

or
/ P 5uk;[(dv=/ T(N)SUKdA-l—/ pof SUKdV—/ £0 5 SUg dV
Vo Aot Vo Vo Dt

(1.321)

since TKTN*) + TK?N,) =0on Ag;, Ux =0on Ag, and T (n) = T(N) on Ag;. Through
the relationship

pkE = gLk | (1.322)
one obtains
PR Su i = SKEXK S e = SKEXE | 83 giom = SKLSEk . (1.323)
Indeed,
SKLsEg = SKLs (%xkny"ngkm - %GKL)
— %SKL(Sxk’Lx’"’K + xk,LS)c’"’K)gkm
= KX | 8x™ ¢ giom (1.324)

since both SX% and gy, are symmetric. Notice that covariant differentiation does not apply
to x. Indeed, from

u=o0o+x—-—X (1.325)
one obtains
ug=xxk—Gg (1.326)
leading to (see Equation (1.25))
b e =x* o — gk (1.327)

Concluding, Equation (1.321) can also be written as

277K
_ U
/ SKLaEKLdvz/ Tgv)8UKdA+/ pofKaUKdv—/ po——5—8Uk 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 () and f through T (v)(X, 1) dA = f(4)(X, ) da and fX (X, 1)Gg = fX(X, 1) g;.
Hence, both T( ~) and f K- 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

f PKkNK(Sude—/ PEE Suy dv
Ao Vo

D-u

2.k
Tk k
— T 8ude—/ 00 (f — )8ude =0. (1.329)
/A(), ) Vo th

Since PKkNg = T(]EV), Ag = Aoy U Agr U Ag; and Su = 0 for Ag,, one obtains

k Tk k+ k—
/ (7d) = Ty ) s dA +/ (The) + Th ) bux da
Aoy Api
Kk k Dt
—f <P S+ o0t =T )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 du 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,

Thy —Tiyy =0 on Ay (1.331)
T(’;Vt) + T(’;Vi) on A (1.332)
D2y

PKkK + pof* = po D72 on Vy (1.333)

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)

Kl ! D!
(o gnk+nof g = v dl (1.334)
subject to
Hoiy F 16y ON A (1.335)
u=u onAy, (1.336)

thy — Ty =0 on Ay (1337)
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In spatial coordinates, a virtual velocity field dv is selected satisfying v =0 on A,.
The reason for this will become clear in the derivation. Scalar multiplication yields

!

/V[(aklgl),k-swpf’g, -av] dv = /Vpl;—tgl - v dv. (1.338)
Since
(oKlg) s -8v=(cNg, - sv); —ollg, - sv, (1.339)
and
vk = (Svmg™) k = Supi 8™ (1.340)
one obtains
[V [(a"lavl),k —oklsv +p (f’ - D})—’j) 8v1:| dv=0 (1.341)

or

ki ki ;DY
o nidv;da — o“ddyy —p |l ff—— )6y |dv=0. (1.342)
A 1% Dt

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

ki - / Dv!
o édy dv = t(n)Svl da + pf'év dv — p——38v; dv. (1.343)
v A v 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-¥/§u 1:k 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 er al. 2000).

1.12 The Weak Form of the Energy Balance

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

De .
poEzE:S—V()-Q—I—,O()h onV (1.344)
completed by appropriate boundary conditions: we assume that the temperature 7 and the
flux @ are known on Apzr and on Agg respectively. Furthermore, the flux normal to an

interface A; is continuous.

T =T onAor (1.345)
Q=0 onAy (1.346)
Q" N"4+Q N =0 onAg. (1.347)
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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 §7 and integrating over V, one obtains
De .
po—8TdV = | (E:S—Vy- Q0+ poh)éT dV. (1.349)
Vo Dt
The second term on the right can be written as

—f Vo-Q8TdV =— | 0F 8T dv
Vo Vo '

- —/VO [(0¥s7) x — 0¥s7x]av

:—[ STOQXNgdA+ | 0XsTkav. (1.350)
Ao Vo

This step is essential to reduce the degree of differentiation of T 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 - O ~
—Vo - VoT = —V&T and Vo - 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 QK(SZ K
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-SVOTdV=/ E:SsTdV —
Vo

D
Q-N8TdA+f 2 (h —_ —8)8TdV.
Vo Vo Dt

(1.351)

AOQ

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- FT) + pof = pov (3 equations) (1.353)
S =ST (3 equations) (1.354)
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poé =E:S—Vo-Q+ poh (1 equation) (1.355)
- +1E-s 1Q(V9)>0 (1.356)
po\n—g)+gE: 2 06) > 0. :

In sum, there are eight equations and one inequality. The unknowns are p (1), J (1), S (9),
F (9),v (3), ¢ (1), E(6), Q (3), n (1) and 6 (1) which yields 35 unknowns. The variables
J, F, v and E can be reduced to x (3 unknowns) since

J = det(x) (1.357)
F=x%g,®G¥ (1.358)
v=2x (1.359)
E = %(x,ka,ngkl - Gk1)G* @ 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, t). 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, 1) = S[x(X', 1), 00X, 1), X, 1] (1.361)
QX1 = Qx(X'.1),0(X".t'), X, 1] (1.362)
e(X, 1) =e[x (X', 1), 00X, 1), X, 1] (1.363)
(X, 1) =nlx(X', 1), 0(X', 1), X, 1] (1.364)

t'<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 ¢. 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

xX', )= 0@ x(X',t)+ b (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, ') one obtains, Equation (1.361),

S(X,t)=S[x(X",t)—x(X,t),0(X", 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)=S[x(X', ' —t) —x(X,t' —1),0X",t' —1),X,0]. (1.368)
Consequently, the explicit dependence on ¢ drops out:
S(X,t) = S[x(X',t) —x(X,t),0(X", 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, 0 =8[Q) - 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=+I (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’, t') — x (X, ¢’) in space yields

x(X' 1) —x(X. 1) = x g, (X, 1) (X/Kl _ XK1>

1
+ 3% ke (X 1) (X/K‘ - XK‘> (X/K2 - XK2> Feee (1372)

Similarly,
O(X'. 1) =0(X.1) + 0.k (X, 1) (X/K‘ - XKI)

+ %e,ma, O (X = xB) (X - x) 4 aT)

and Equation (1.98) can be replaced by

SX, 1) =S[00) - x k, (X, 1), Q@) - x k,k, (X, 1)), ...,
0(X,1), 0k, (X, 1), 0.k, k,(X, 1), ..., X]. (1.374)

Notice that the dependent variables are explicitly dependent on 6(X, ¢') but not on x (X, ).
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, ) =x g, (X,0)+x g, (X, ) —1) + %X,Kl X, )t =%+ (1.375)
and similar for the other variables. Hence, one can reblace Equation (1.374) by
SX, 1) =S[00 -x k, (X, 1), Q@) - x g, (X,1),...,
0@1) - x k k., (X, 1), Q) - x gk, (X, 1), ...,

Q(t) . x,K1K2...KN(Xa t)v Q(t) : x,K]Kz...KN(X’ t)a ey
0(X,1),0(X,1),06(X,1), ...,

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

0 ki Ky Ky X 1), 0k Ky k(X ), 0k Ky k(X 8), o, X1 (1.376)
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In what follows, we will concentrate on materials of mechanical grade 1 and thermal
grade 1. Hence,

S(X7 t) = S[Q(t) 'x,K(Xr t)’ Q(t) 'x.’.,K(Xv t)s DRI
0(X,1),0(X,0),0(X,0),...,
Ox(X,0),0x(X,0),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 @ = +1) consists of the scalar
product of any two vectors in the set, for example,

XK X L= X,kKX,ngkl =CkL (1.378)
and triple products of the form
eklmxfckfoxZ‘W. (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

{(Cxr,Cxi,Cxr,.. J, I, J, ...} (1.380)
or
(Ckr.Cxi . CxLreeo p tpfpr.. ) (1.381)
since J = pop L. Equation (1.377) now reads
S(X.t) =S[Cxkr(X.1), Cxr(X,0),...,
p N (X, 1), p(X, 1), .
0(X,1),0(X,1),0(X,1),---,
0x(X,1),0k(X,0),0x(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), VoO(X, 1), X] (1.383)
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and similarly (dropping the dependence),

0= 0[C,p "0,V X] (1.384)
e =¢[C,p~',0, Vo0, X] (1.385)
n=nlC,p~",0, Vb, X]. (1.386)

Since det C = J? and pJ = pg (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:

Voi=¢—0n. (1.387)
Since
Y =é—0n—0i (1.388)
the entropy inequality now reads
P b+ LS E— Lo v >0 (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, X]. (1.390)
Accordingly,
Y . . Y —
=—:C+—0 - Voh. 1.391
V=ac i T e Tave V0 (1.391)

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

1 | L po (O . opo Y —— 1
—\—p0o—=+55):C——|— 0— — -Vob — —= Q- Voo > 0. (1.392
( PO +2> 6(89+n> 9 3ves O 92Q 0t = 0. ( )

Since S, Q, ¥ and 7 are not a function of C nor 6 nor W, Equation (1.392) 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 ¥ := pgyy one obtains

W T aT

S 0p 0¥ _,02 0% 1393
M3c ~“9C T 9E (1.393)
oy 1 9%
-9 1.394
T= 7% T T 00 (1.394)
9 >
K (1.395)

Vel  9Vod
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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, 8, X) such that S and 75
can be obtained by partial differentiation. ¢ satisfies

b
e(C,0,X) = ot on. (1.397)
0

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

0 = —«(C,0, V0, X) - Vob. (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,

ED>
=—(C,0,X 1.3
N aE(C’ , X) (1.399)
1 9%
po 90
by
e=—+0n (1.401)
£0
0= 0(C,0,Vp0, 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 Q with respect to E and V(0
(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:

£~ 200, X) + =50, X)Exr + 35KV O0, X)Exk L Eun. IIEI =0 (1.403)
while Q is expanded at Vo8 = 0, E = 0 and the linear terms are kept

Q~ —«%0,X) - X0, X)0. L — kKM@, X)Epm, Vb — O, | E| — O.

(1.404)

Because of the symmetry of E one finds
e KL = gLk (1.405)
s KLMN _ s LKMN _ s"KLNM _ s"MNKL (1.406)

KM —  KML (1.407)
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Applying Equation (1.399) yields
SKL@, X) = =XL@, X) + =KEMN (9 X)Eyy. (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, KM =0 (1.409)
and
0% = —X16, X)0 1. (1.410)
The entropy inequality now amounts to
kKo k6 >0 (1.411)

which means that the symmetric part of « ¥Z 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 6rr represent a homogeneous temperature distribution without any thermal stresses.
Then one can write

2K, X) = yKE(X) — BXE B, X)(0 — bre). (1.412)

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

temperature increase if no expansion is allowed. Furthermore, we define oX% assuming
S KLMN o be invertible:
BXL @0, X) = =KMN 9 X)ayn (60, X). (1.413)
Hence,
SEED, X) = y*E(X) = BRE6, X) (0 — brer) + XN (6, X) Enin
=y XX + KNG, X) [Evn — amn (0, X) (O — brep)] . (1.414)

The tensor & contains the expansion coefficients. Now, let us expand Xy (6, X) in Equa-
tion (1.403) about Bpef:

X)), X
206, X) = po(X)Wo(X) — po(X)0(X)(© — brer) — %(e Ok (1415)

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 7 := 6 — 6r yields

poc(0) 1
2 = povo — ponoT — T2 + [y*F — pXL@O)T1EkL + EE“MW@)EKLEMN

2Qref
(1.416)
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and

T KL (OVT2 KL/
c(0) n B (G)EKL L€ 6) n B"(©)

n=nmno+
Oret £0 20t L0

1
TEkp + EEKLMN/(G)EKLEMN~
(1.417)

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

T2
Po€ = poYo + Ponobret + poc(0) <T + )
2eref

1
+ [y XL+ BEL(0)0efl Ex L + Ez"“‘”(ewEKLEMN +

0c'(0)T? 1
P — 05 OT Exs + 300 KN 0) ExL By, (1418)
Te:

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 7' term leads to

poe = povro + potobret + poc@OT + [y XL + BELO)0rerl Ex + SZKEMN @OV E [ Eyy
(1.419)

and for the stress
SKE = [yKE — BXEOT1 + KN O) Eyy. (1.420)
Substitution into Equation (1.355) finally yields (after further linearization: 6 Ex1 ~6Ex L)
pocO)T + BXLO)0ret Ex . — (XE(0)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
BXL =0 forK #L
KEMN — (0 forK #Land M = N (1.422)

one obtains SKL =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 Ex; =0, K # L and consequently SX =0, K # L:
the shear stress is zero. Accordingly,

E = ZAiENi ® N! (1.423)

1

SZZAiSNi ® N;. (1.424)

1
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Furthermore, since

F=Y JAicn ®N (1.425)
i

and
o=J'F-S - FT (1.426)

one finds
o=J""! (Zw/AicninN")- > AjsN;®N, -(Z,/Ach"@nk)
i J k

= J_leicAisni ® n; (1.427)

1

which yields for the true principal stresses
Ao = J ' AicAis = IV QRAE + DA;s. (1.428)
Since J, A¢; > 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

% = povio — ponoT — %Z)Tz Fl R BEEOTIERL + 355N @) Ex By
(1.429)
SKL = [y KL — pEE@O)T) + SKEMN () Epyy (1.430)
0% = —«XL©)0 .. (1.431)

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

X=0-X, 0" 0=0-0"=1, detQ=x+l (1.432)
must leave the constitutive equations invariant. Under such a transformation, second-order
and fourth-order tensors transform according to

KL
v =y 0%, 0ty (1.433)

Z/KLMN

= zPCR ok, 08, 0" 0% (1.434)
One can show that for this to be true for an arbitrary rotation, the tensors must satisfy
y Kb = GKL (1.435)

S KLMN _ 5 GKLGMN o (GKMGLN | GKN GLM) (1.436)
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and similarly for the other tensors

BKL = pGKE (1.437)

KL = GKE. (1.438)
Since

trE = GXLEgp (1.439)

is the trace of the tensor E, one finds

2(0) = povo — ponoT — 2 ;;(f) T + [y — BOTICE + LAO)(CE)? + p(@)u(E?)
(1.440)
SKL — [y — BOTIGKL + 1(0)(wE)GKE + 2 (0) EyynGEM GEN (1.441)
0K = —k ()6, GKL. (1.442)
The energy equation reduces to
pcO)T + BO)oret EXy — (GXE1(0)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)

_ l 2 2
hr = SlIfp — w(E)] (1.445)

Consequently, the free energy ¥ can also be written as
poc(®) 5 1 2
X = poo — ponoT — TfT +ly = BOT1hE + FIMO) + 20O — 21 O) L2k
Ie
(1.446)

A(0) and wu(@) are called Lamé’s constants, k(6) is the conduction coefficient, c(f) is the
specific heat and B(0) satisfies (substitute Equation (1.436) into Equation (1.413))

B©O) = [3A(0) + 21(0) ] (6) (1.447)
where «(0) is the isotropic expansion coefficient. The thermal stress now yields
SKL — _[30(0) 4+ 21 (O (0)TGKL. (1.448)
This stress is needed to suppress
Exr =a(@)TGky (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 u, the latter of which is also called the shear modulus. The
Poisson coefficient v and Young’s modulus E satisfy

E

= — 1.450
* 2(1 +v) ( )
A= vE (1.451)

T (14 v)(1—2v) '

which can be inverted to yield
A
V= RAN (1.452)
20+ )
3A+2
E— nGBA+ ,Uv). (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=ht3u (1.454)
3K —2

N R (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):

Exr = 3WUk.L + UL:k). (1.456)
Recall that the infinitesimal rotation is defined by

Rkr = 2(Uk:L — Ur;k). (1.457)

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

Exr~ Exr |EIl |R| — 0 (1.458)
e ~éu | EI IR — 0. (1.459)
To derive further simplifications we start from Equation (1.67):

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

g =" + UG (1.461)
leading to
e =" + Ef + RY)GL - g (1.462)
or
e = @ + Ef + Rig,! (1.463)
where
g =G g"=g" GL=4g". (1.464)

In a similar way, one arrives at
XK =@l -, -7 ek, (1.465)
For small strains and rotations, Equation (1.463) and Equation (1.465) reduce to
e ~ gk, IEN IR — 0 (1.466)
XK, ~ g5, IEIL IRI - o. (1.467)
From Equation (1.352) and Equation (1.353), one finds
ExL = eux*¢x!, (1.468)
which reduces by the use of Equations (1.458), (1.459), (1.466) and (1.467) to
Exi~eug'cs's, IEI IR] - 0. (1.469)

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

Rir ~Fugs's, IEI R — 0. (1.470)
Furthermore, J = detxf‘K. Substituting Equation (1.463) and linearizing yields
J~ LKMol kgl 18y + 85k g L (ERy + RR g™
+8 8" (ES + RY)g o + g’ 18"y (BT + RP)g™s).  IEILIR| — 0 (1.471)

where ¢XKLM

and ey, are alternating symbols. This is equivalent to
J~1+EK ~14,, |E| IR|— 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 = g sKExk X!, (1.473)
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and linearizing yields

+ @, +7 085 kg™, IENIIR| — 0. (1.474)

The inverse of Equation (1.474) amounts to

SKE ~ oMighehi(1+2",) — ghgh, @ + )
— ¢5e&h @+ D1, LIEN IR — 0. (1.475)
Substituting the above relations into Equation (1.420) yields a linearized expression for the
stress:
akl ~ ykl(l _ émm) + J/ml(Ekm + ;km) + )/km(élm + ’:lm)
— BMT 4 gkmng o IE| IIR| — 0 (1.476)
where
yH =y Kleke ) (1.477)
B = p*g ke, (1.478)
ghimn — S KLMN gk ol gm on (1.479)

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

q" =—77"Klg (1.480)
Linearizing yields ~ B
g" ~—«Mo, IE| IR -0 (1.481)
where
ikl = KKLngglL. (1.482)

Analogous considerations lead to

P0E ~ Povo + Ponobret + poc@)T + [y* + B 0eflen
1 o - -
+ Eakl'""eklemn, IE|, IR — 0 (1.483)
kil

cT B - -
n=mno+_-—+—eu, |EI,IR|—0 (1.484)
Oref £0

poc <
% = povo — ponoT — T2+ [y" — ¥ TIey
2(9ref

1 o - -
+5ak’"’”ek1emn, IEIl, R — 0. (1.485)
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The balance equations now read
oM+ p(f =) =0
pocT + B Ocetérs — (KM T 1) — poh = 0
M TT) > 0.

The derivation for isotropic materials runs along the same lines and yields for
IEN IR — O

o~y (1 =& )g" = pTg +22", 8" + 2(u + )
qk ~ —KT,lgkl

- 1
pog ~ povo + ponobret + pocT + [y + Bbretle”,, + 5()» + 2T = 21l

cT B
n=mno+ —+—Ig
Oret 00

POC
2Qref

1
% = povo — ponoT — 2= T2 + [y = BTz + 5 O+ 21 — 2l

oM+ p(f1 =) =0
pocT + Bbrethiz — (cT1g""):k — poh = 0
kaflgkl > 0.
For materials without residual stress and 7 = 0 Equation (1.489) reduces to
okl ~ )\émmgkl +2ueM
Hence,
ok~ Br42uw)em,.

For a uniform pressure p we have

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

= (A —
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 I, I and I3 (dropping the index C for convenience).
Accordingly,

L =%y, b, 1560, X) (1.502)
where
I = tr(C) (1.503)
L =3[} - (CP)] (1.504)
I3 = det C. (1.505)

Consequently, Equation (1.399),
S=2 82(1 b, I 9X)811+8E(1 b, 1 9}()8]2
- 811 17 27 3’ ’ BC 312 1’ 25 37 ’ 8C

X 013
— (I, D, 13,0, X)—|. (1.506
+3h(1 2, I3 )BC} ( )

Since
on__ 3CunG"™W _ xy (1.507)
0CkL ICkr ’
dalp 1 0

—_ 1>~ CpoC GPNGQM]
3CkL 2acKL[‘ PO=MN

1
_ - [2110“ — CynGENGEM — CpQCPLCQK]

2
= LGXE — cynGENGEM (1.508)
al
3 _ cofactor(Ckr) = cofactor(Cpx) = I3(C~ 1)KL (1.509)

0CkL
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we obtain,

X g, 0% i i
al 2p)

X
3

Here, the 6-dependence is not specified yet. Whether the function X (I, I3, I3, 60, 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):

e =gk (1.511)

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

Cxr = x'%x' g = Gk (1512)
Cr = 2dux"ex') = 2dug*xg' | (1.513)
Ok =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)=S(C,C,p~ ", p,0, V0, X). (1.515)
Now, Equation (1.269) yields

okl = J_lx’kKSKLx)lL = %SKLngglL. (1.516)
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Since (see Equation (1.178))

P0

p:<7):_%j:_pd§( (1.517)
and
d 0
XK = 9.k8 K (1.518)
the Cauchy stress takes the form
oX,)=0(d,p"',6,V0,X). (1.519)

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

o(x,n)=0d,p ', 0,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™",0,V0,x)=0d,p',6,V6,0) (1.521)
and the explicit dependence on x drops out:
oc=a(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:0——=q-V0>0 1.523
g ton+od:o ekl = ( )
where ¢ = ¢ — 61, Equation (1.387), and
v =y p ' 0,V0) (1.524)

because of similar dependencies of ¢ and 5. The time derivative of v reads

L AP IR A A & B I -7} 1525
V=d T P T e T ave (1.525)

Substituting Equation (1.525) into Equation (1.523) yields

poy - p Y —5 p (Y :
A S e N (A A )
0 od 6 op—1" 9( J”’)

= 1
———-V@—I——d:a—e—zq-V@ZO. (1.526)
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Since (see Equation (1.517))

1
T_l4., (1.527)

this is equivalent to

poy - 1 oy p (oY
Py a I AR )
0ad ‘T ( op1 g) 9<ae+>

poYy — 1
_ LY VG- —q-Vo=0. (1528
6 9ve grd VO =0 (1929)

Since this equation is linear in the time derivatives, it can only be satisfied if the corre-
sponding coefficients reduce to zero:

oy
— =0 1.529
5d ( )
oy
=—— 1.530
n 39 ( )
0
W _ (1.531)
aveo
Hence,
Y=y . 0) (1.532)
and Equation (1.528) reduces to
1 oy 1
—d : -Vo > 0. 1.533
7 (a op- 1g> 929 > ( )
Defining the pressure p by
oy
=—— 1.534
p o ( )
and the dissipative stress by
t:=0+pg (1.535)
we finally arrive at the following equations:
ad
p=—L (6 (1.536)
~9p!
o
=—— ,0 1.537
n ag P00 ( )
t=td,p ', 0,V0) (1.538)
g=qdd,p',0,V0) (1.539)
e=v(p L0 -0 1’”( ~19) (1.540)

o=—pg+t (1.541)
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subject to

1 1

—d:t——q-V0=>0. 1.542

- 74 V0 > (1.542)
Equation (1.542) implies that ¢ and ¢ must be at least linear in d and V6 respectively.
Equation (1.538) and Equation (1.539) can be replaced by

t=t;d, p',0,V0):d (1.543)
g=—krd, p', 0,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 =apg’ + ond® + ar(d?)* (1.545)
where
ak(p~1,0,V0, Iy, ha, 1) (1.546)
Linearization yields
a0 = r(p~ ', 0,V0) 14 (1.547)
a1 =2uy(p~1,0,V0) (1.548)
a =0 (1.549)

and one arrives at the well-known stress expressions for linear Stokesian fluids:
o=(—p+Xrg:d)g+2u,d. (1.550)

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

pé=d:.:o—V-q+ ph. (1.551)
Substitution of Equation (1.540) yields
P2y \— 9%y .
— 0 1 9—0|=d:6-V- h, 1.552
p[ (p+ ap_139>p 392 ] o q+p ( )
which reads by the use of Equation (1.527) and Equation (1.534):
R Oy
0—=6+06 d: d:t—V. h=0. 1.553
ey + op 190 g+ q+p ( )
For most gases, ¢ = 0 is assumed (no stress dissipation) and Equation (1.553) reduces to
3y . 32
p@—w9+9 Ld d.g—V-q+ph=0. (1.554)

902 ap—190
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Linear Mechanical Applications

2.1 General Equations

The basic equations for the finite element method are the weak formulation of the bal-
ance of momentum, Equation (1.328) and the weak formulation of the balance of energy,
Equation (1.351). For mechanical applications in which the temperature is assumed to be
known, only the balance of momentum is needed in order to determine the displacement
fields:

/ SKLSEKLdV=/ Tgv)aUK dA—i—/ pofXsUK dV—,oof
Vo Aot Vo Vo

DIUK
p SUk dV.

D
(2.1)

In the present chapter, primarily linear applications are envisaged. The term “linear” relates
to the material, which is assumed to be linear elastic, and to the strain formulation. Con-
sequently (see Equation (1.420)),

SKE = [y KL — pKL@O)T] + SKEMN () Eyy (2.2)
and _
Exr ~ Exr = 3(Uk:L + UL:k) (2.3)
or
Exr~ 35Uk, +ULk) 24

for rectangular coordinates. In the rest of the chapter, rectangular coordinates will be
assumed and the covariant differentiation will be replaced by simple differentiation. Now,
Equation (2.1) can be written as

/BEKLEKLMN(G)EMNdV:/ Tffv)deAJr/ oo fXsUk dv
Vo A

or Vo

~ D2UK
+ [ 1BXEO)T — y X 18Ek L dV — ,00/ SUKdV. (2.5)
Vo Vo Dlz

The Finite Element Method for Three-dimensional Thermomechanical Applications Guido Dhondt
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-85752-8



64 LINEAR MECHANICAL APPLICATIONS

Equation (2.5) shows that the residual and the thermal stresses can be considered as loads.
Because of the symmetry relations satisfied by LXLMN KL and KL substitution of
Equation (2.4) into Equation (2.5) yields

f Uy nZEEMN 9)sUK 1 dvzf
Vo

Ao

—K
T (3)8Ux dA + /V pofXsUg dV
it 0

DUk
+ | 1BXL@O)T — yXEsUK L dV — ,00[ ———8Ug dV. (2.6)
Vo Vo Dt

Now, an assumption is made that can be considered as the quintessence of the finite
element method. The volume Vj is split in smaller volumes called “finite” elements:

Vo= Voe @.7)

and the displacement field within each of these volumes is assumed to be a continuous
function of the displacement in discrete points i, called “nodes’:

N
UX) =) ¢i(X)U;. (2.8)

i=1

The functions ¢; are called shape functions.

In Equation (2.8), the position X is characterized by global coordinates. In practice, it
is advantageous to define local coordinates (&, n, ) within each element satisfying —1 <
&,1n,¢ <1 (this applies to brick elements; the range for other types of elements will be
discussed shortly) and to express both the global coordinates and the displacements as a
function of discrete values at selected positions:

N
U(X)=Z§0i(%', 1, HU(Xq,) (2.9)

i=1

M
X =Y viEn0)Xgp (2.10)

i=1

If the discrete positions and the shape functions for X and U are the same, the formulation is
called isoparametric (Zienkiewicz and Taylor 1989). Here, only isoparametric formulations
will be considered. Accordingly,

N
U(X)=Z<pi($,n, HUX;) 2.11)

i=1

N
X=) i 00X 2.12)

i=1
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Equation (2.11) reads in component formulation

N
Uk(X) =Y i€, n, Uik (2.13)

i=1

where U;g is the component K of the displacement in node i. Hence,

N
UkL(X) =Y @i n Uik (2.14)
i=1

where

(plL(S 7) C) = 8XL

_ dgi 06 dgi dn | Dy B
©9g aXL  anp aXL  9c axL’

(2.15)

The terms dg; /d& are obtained through direct differentiation, while 9 /d X% can be deter-
mined by inverting d X% /0&:

0 1 axr
5 = —cofactor [ — (2.16)
axL J* o0&
where
. 0X
axkt

is the Jacobian determinant of the transformation X(p). The quantities g are obtained
through direct differentiation of Equation (2.12).

Splitting the integrals in Equation (1.8) across the elements e and using Equation (2.14)
yields

N
3] 199 SURCLEUTWINTIRTASD o) P e A s
e

O j=1 j=1 Ave j—1

N N
+ Z/ > pofXpisUik dve + Z/ D IBREOT — y*Hpi 18Uk dVe

Oell Oell

D? U
—Zf ZZPO%% Uik dV, (2.18)

0‘11]1
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or, removing everything that is not a function of space from the integrals

N

E |:/ <Pj,NZKLMN(9)<Pi,LdVei| U;mdUik
i— Voe

1 j=1

-3,
oy

e =]

2

N
e =

N
—=K
T (n)®i dAei| SUik + Z Z |:/
e o i VO
e =l

pof e dVe] 8Uik

BXEOT — y¥ gL dVe] 8Uik
V()e

ZUK

Al DU,
_ZZZ[f pO(ﬂi(ﬂjdVg:| Dté SUig. (2.19)
Voe

e =1 j=1

If we define for each element e a vector containing all displacements belonging to the
element

Un |
Uiz
Uiz
Uz

{ul. =1 . (2.20)
Uni
Un2
Uns |

one can write for Equation (2.19)
T T T D2
Yo ()T (K] U, = Do vl {F), - o fuli (M), oy (v}, @21
e e e
where the components of [K ] {F } and [M ] satisfy

_ . <KLMN _
[K]e(iK)(jM) = /Vo $iLX @pjndVe (2.22)

—=K
Floin) = [A T )¢ dAc + /v pofXeidv, + ’ BXEOT — y* gL dVe
Oe Oe Oe
(2.23)

[M]e(iK)(jM) = /Vo po@ip;j dVe. (2.24)
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where [K ]e is the element stiffness matrix, { F }e is the element force vector and [ M ]e is the
element mass matrix. Notice that [K ], is symmetric because of the symmetry of TXLMN,
cf Equation (1.156). By defining a displacement vector {U } containing all displacements
of the complete model and a localization matrix [L]e localizing the degrees of freedom of
element e in {U }:

(v}, =[], (v} (29

—s{0)" (L 1)) s 0 (ST L 12,) g ). @20

e

Since Equation (2.26) must be satisfied for an arbitrary virtual displacement § {U } one
finally obtains

[K1{U} -+ [M] 25 (U} = {F) @27)

where
[K]:= 3" [L]; [K],[2], (2.28)
[M]:=Y"[L]; [M], [£], (2.29)
(F}= SLLIT(F), 2:30)

are the global stiffness matrix, global mass matrix and global force vector respectively.
Notice how the introduction of the shape functions transformed the integral equation (2.1)
into a set of linear algebraic equations over space, Equation (2.27). Instead of having to
look for a solution everywhere in space, the unknowns are reduced to the displacements
in a finite number of nodes. Equation (2.27) is the basic finite element equation to be
solved for mechanical problems. It generally results in a system of hundreds of thousands
of equations requiring special solution techniques (Sloan 1989), (Ashcraft et al. 1999).

2.2 The Shape Functions

Equation (2.8) shows that within each element the displacement field is assumed to be a
continuous function of the displacements in the nodes. The question that arises is where
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/ %

X]

Figure 2.1 8-node brick element

those nodes are located and what the shape functions look like. There is no unique answer
to this question. Rather, there are several schemes of which some have grown very popular
through time. As mentioned in the previous section, we will concentrate on formulations in
which the same shape functions are used for the displacements and the geometry (isopara-
metric formulation).

2.2.1 The 8-node brick element

The most popular element form is the brick shape, with local coordinates satisfying —1 <
&,1n,¢ < 1. Figure 2.1 shows the 8-node brick element in local and global coordinates. At
each vertex of the brick there is a node. If the shape functions are such that

@i (§j.mj,§j) = bij (2.31)

then the Equations (2.11) and (2.12) are identically satisfied at the nodes. For the shape
functions, one often takes polynomials because of their mathematically simple form. The
lowest-order polynomial with eight unknown coefficients has the form

0i6,n.8) =a; +bi§ +cin+dit +eién+ fif¢ +gint + hiEne. (2.32)

Equation (2.31) together with Equation (2.32) leads to eight equations in eight unknowns
for each shape function. These sets of equations uniquely determine the coefficients. One
obtains

pr=>0=80-=m-2¢)/8 (2.33)
=0+ -1 -27)/8 (2.34)
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p3=>0+8A+mnA—-¢)/8
pa=(1-85A+nA-0)/8
ps=1-=8A =m0 +¢)/8
vo =1 +85A-—nA+¢)/8
=0+ +n+1¢)/8
ps =1 -8 +n1+¢)/8.
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(2.35)
(2.36)
(2.37)
(2.38)
(2.39)
(2.40)

The 8-node brick element is also called a linear brick element since the interpolation
functions along any edge are linear (keep two of the three local coordinates constant with
value £1). They look very attractive due to the simple shape functions and their intuitively
attractive form for meshing purposes; however, the element exhibits marked problematic
behavior such as shear locking, volumetric locking and hourglassing. This will be discussed

in Section 2.5.

2.2.2 The 20-node brick element

This element has the same shape in local coordinates as the 8-node brick, but contains 20
nodes instead of 8. They are located at the vertices and in the middle of the edges (see

Figure 2.2).
Using the following basis polynomials,

1
§ n ¢
ng §¢ &n
g2 n’ ¢?
ng? ¢ E¢2 &% En? £
&n¢

§2n¢ £1°¢ Ene?
one obtains for the shape functions, using Equation (2.31)

pr=—0=-80-mMU-0)2+E+n+)/8
p=—10+80-n0-0)2-E+n+)/8
p3=—1+5HA+nNU-)2-E-n+)/8
pa=—-0=8EA+mMUA-0)C2+E-n+)/8
ps=—U=EA-=mMA+)C2+E+n-0)/8
po=—U+EHA-=—mMUA+)C2—-E+n-0)/8
pr=—0+8A+nNA+0)2-5-n—-20)/8

(2.41)

(2.42)
(2.43)
(2.44)
(2.45)
(2.46)
(2.47)
(2.48)
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Figure 2.2 20-node brick element

pg=—(U=8EA+mMA+)C2+E-n—-0)/8 (2.49)
po=>10-8EA+EA - -0)/4 (2.50)
pro=0+EUA =+ -2)/4 (2.51)
pn=>0-50+5A+nd—-2)/4 (2.52)
po=0-=-80-nl+nd-2{)/4 (2.53)
p3=010=5A+EA - +)/4 (2.54)
pra=>1+EHUA = +mA+)/4 (2.55)
15 =1 =0 +EHA+mA+)/4 (2.56)
p16 =10 =)A= +n)(1+7)/4 (2.57)
pr7=>1=-5A - -0A+)/4 (2.58)
pig=10+EHA - =) A +)/4 (2.59)
pro=10+EHA+nU - A +)/4 (2.60)
@20 =(1=5EA+n =)+ )/4. (2.61)

The 20-node brick elements are also called quadratic elements because the interpolation
along each edge is a quadratic function. Because of this, they can simulate curved bound-
aries by a piecewise-quadratic approximation. Quadratic brick elements are usually well
behaved and in the author’s opinion they should be preferred to linear brick elements.
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A major disadvantage is that despite intensive research no satisfactory automatic mesh-
ers are yet available (Tautges 2001). Therefore, the efficient generation of a good-quality
hexahedral mesh heavily relies on the expertise of the user.

If one of the faces of a 20-node brick element is collapsed, the element can simulate
singular strain and stress fields (Dhondt 1993). This is used in special applications such as
linear elastic fracture mechanics (Dhondt 2002).

2.2.3 The 4-node tetrahedral element

The 4-node tetrahedral element is characterized by linear interpolation functions within a
tetrahedron (see Figure 2.3). The local coordinates are such that

0<é&nt=1 (2.62)
§+n+i =<1 (2.63)

Nodes 2, 3 and 4 are characterized by £ =1, n =1 and ¢ = 1 respectively. In the
local coordinate system, the coordinates of a point P can be obtained by constructing
the tetrahedra T, T, and T3 extending from P to the faces 1 — 3 — 4 (opposite node 2),
1 —2 — 4 (opposite node 3) and 1 —2 — 3 (opposite node 4) respectively. Denoting the
volumes of 71, T and T3 by Vi, V> and V3 respectively, and the total volume by V one
can write

E=W/V (2.64)
n="Vy/V (2.65)
=W/ V. (2.66)
4
¢
3
X 2
1

/ X2

Xl

Figure 2.3 4-node tetrahedral element
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The shape functions take the form

pr=1-&6—-n-¢ (2.67)
pr=£ (2.68)
p3=1 (2.69)
Y4 =2¢. (2.70)

The shape functions are exceedingly simple. However, for stress calculations the element
is extremely stiff and lots of elements are needed to obtain acceptable results. It should
generally be avoided.

2.2.4 The 10-node tetrahedral element

The 10-node tetrahedral element is characterized by quadratic interpolation functions within
the element. The extra degrees of freedom are taken care of by introducing nodes in the
middle of the element edges (Figure 2.4). The local coordinate system is the same as for
the 4-node tetrahedral element. The shape functions take the form

pr=RA-§-—n-0—-11-§-n-1¢] (2.71)
2= (25 — 1§ (2.72)
p3=02n—1)n (2.73)
4= (20 —1)¢ (2.74)

ps =41 —& —n—0)§ (2.75)
P = 4&n (2.76)

/ 2

Figure 2.4 10-node tetrahedral element
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g1 =40 -§—-n—0)n (2.77)
pg=4(0—-§—-n—-10)¢ (2.78)
P9 = 4EC (2.79)
@10 = 4n¢. (2.80)

The 10-node tetrahedral element is a very flexible element due to its shape. Furthermore,
automatic reliable tetrahedral meshing routines have been developed that are able to cope
with nearly any structure (George and Borouchaki 1998), (Freitag and Knupp 2002). The
quality of the 10-node element is comparable to the 20-node brick element. Disadvantages
are the enormous amount of elements generated by automatic meshing routines and the
nontrivial quality check of the mesh. Indeed, owing to the irregular shape of the tetrahedra,
a visual check is nearly impossible and one has to rely on mathematical measures such as
the dihedral angle.

2.2.5 The 6-node wedge element

For this element type, the local coordinates are such that (Figure 2.5)

0<é&n=l -1=<¢=1 (2.81)
f§+n=1 (2.82)
For ¢ = —1, one obtains the lower triangle 1 — 2 — 3. The values of £ and 5 of a point A

are given by the surface ratio of triangle 1 — A — 3 and triangle 1 — A — 2 with respect to
triangle 1 — 2 — 3 respectively. The 6-node wedge element is linear, that is, the connection
of the nodes in Figure 2.5 is straight. Its shape functions take the form

pr=0-§-m1-20)/2 (2.83)
pr=£01-1¢)/2 (2.84)
g3 =n(l—-2¢)/2 (2.85)
pa=10—-6-—mU+8)/2 (2.86)
ps=E(14+¢)/2 (2.87)
v =n(1+¢)/2. (2.88)

2.2.6 The 15-node wedge element

The 15-node wedge element is the quadratic version of the 6-node wedge element (see
Figure 2.6). Equations (2.81) and (2.82) also apply here. The shape functions take the
form

pr=—(0=8-—mU-0Q2E+2n+¢)/2 (2.89)
=81 -0)2 -5 =2)/2 (2.90)
p3=n(l-0)2n—-¢—-2)/2 (2.91)
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pa=—(1-E—mA+)(2E+2n—-1¢)/2 (2.92)
ps=8601+0)25+¢—-2)/2 (2.93)
vo =n(1+8)2n+¢ —2)/2 (2.94)

p1=25(1-6—m)(1-2¢) (2.95)
8 =26n(1 —1¢) (2.96)
po=2n(1—-§—m1—-19) (2.97)
@10 =261 —=§ =1 +¢) (2.98)
e11 =201+ ) (2.99)
pr2=2n1 - - +2¢) (2.100)
p13=~1—E—n(1—-2¢% 2.101)
pa=£1-2¢7) (2.102)
@15 =n(1 —¢?). (2.103)

Wedge elements are often used as fill-in elements by automatic hexahedral meshing codes.
Their quality is comparable to the 20-node brick and 10-node tetrahedral element.

v~
N
N
(@)

Figure 2.5 6-node wedge element



LINEAR MECHANICAL APPLICATIONS 75

Figure 2.6 15-node wedge element

2.3 Numerical Integration

To obtain the force, the stiffness matrix and the mass matrix (see Equations (2.22)—(2.24)),
integration over the element is required. To calculate an integral of the form

I = f(X)dv (2.104)

Voe
numerical integration is used. Indeed, f(X) is frequently a complicated function of space (it
usually contains material properties depending on the temperature, which is itself a function
of space) and the shape of an element can be quite irregular. Consequently, analytical
integration is not feasible. Before applying numerical integration to Equation (2.104) the
integration domain is transformed from the global to the local element coordinate system:

1=/V f[X@,n,o]J*(s,n,z)dendq=:/ gE.mO)dednds (2105
OeL

VoeL
where J*(&,7n,¢) is the Jacobian determinant of the transformation X(y) (see
Equation (2.17)). In this way, the integration domain is identical for all elements belonging
to the same type, for example, brick elements. Now, the analytical integration is approx-
imated by a numerical integration scheme (Stroud 1971). This basically means that the
integral in Equation (2.105) is replaced by a linear combination of function values at
specific locations, the so-called integration points, within the domain of integration:

N
/;/ g, n, 0)dednds ~ Y g, mi, Gwi. (2.106)
OeL

i=1
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The value of the weights, the location of the integration points and their number constitute
together an integration scheme. Different schemes lead to different calculational expenditure
and different accuracy. For finite element calculations, the Gauss schemes are very popular,
because of their high accuracy compared to the numerical expenditure. Since the integration
schemes essentially depend on the shape of the domain, a distinction is made between
hexahedral, tetrahedral and wedge elements.

2.3.1 Hexahedral elements

The domain in local coordinates for a hexahedral element is a cube extending from —1 to +1
(=1 <é&,n,¢ <1) along each coordinate axis. The integration schemes are symmetric in
each direction. The lowest scheme has one integration point in each direction (1 x 1 x 1 =
1, Figure 2.7), the next ones have two (2 x 2 x 2 = 8, Figure 2.8) or three (3 x 3 x 3 =27,
Figure 2.9) points in each direction. The location of the integration points and their weights
are summarized in Table 2.1.

The 1 x 1 x 1 scheme, the 2 x 2 x 2 scheme and the 3 x 3 x 3 scheme are exact for
a constant function, a trilinear function and a triquadratic function respectively. Therefore,
the 2 x 2 x 2 scheme represents full integration for a linear element (8—node brick) and
the 3 x 3 x 3 scheme stands for full integration in a quadratic element (20—node brick).
The term reduced integration is used if one selects the next coarser scheme: 1 x 1 x 1 for
linear elements and 2 x 2 x 2 for quadratic elements. Reduced integration frequently has
a beneficial effect: it produces less shear locking and less volumetric locking; therefore, it
is ideal for plates, shells and incompressible materials (rubber, plasticity in metals). Fur-
thermore, Barlow has shown ((Barlow 1976), see also (Mackinnon and Carey 1989) and

2

Figure 2.7 Hexahedral element: 1 x 1 x 1 scheme
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7

Figure 2.8 Hexahedral element: 2 x 2 x 2 scheme

Figure 2.9 Hexahedral element: 3 x 3 x 3 scheme

77
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Table 2.1 Location of the integration points in hexahedral

elements.
Scheme Location (&;, n;i, &) Number Weight
and any perturbation
Ix1xl1 (0,0,0) 1 8
2x2x%x2 (:l:i,:ti,ii) 8 1
V3 V33

3x3x3 (:i:,/i:l:,/i:tﬁ)
5 5 5
(o,i/é,i/z) " (§

5 5 9

OOi\/§

b 9 5

8 3

(0,0, 0) 1 <§>

(Liew and Rajendran 2002)) that the reduced integration points are the so-called super-
convergent points, in which the stress is one order more accurate than in any other point.
However, because of reduced integration, so-called zero-energy modes can arise, lead-
ing to hourglassing. Shear locking, volumetric locking and hourglassing are discussed in
Section 2.5.

o0
N
O | W\
N—

w

(@)
N
O | o0

2.3.2 Tetrahedral elements

For tetrahedral elements, the integration domain in local coordinates is depicted in Fig-
ure 2.10. The most frequently used Gauss integration schemes are summarized in Table 2.2.
Linear tetrahedral elements are usually integrated with one integration point, quadratic
elements with four. Figure 2.10 visualizes the scheme with four integration points. The
scheme with 15 integration points improves the condition of the consistent mass matrix (cf
Section 2.11.6). For tetrahedral elements, the term reduced integration is not used.

2.3.3 Wedge elements

The integration domain for a wedge element consists of a prism with triangular lower and
upper surface (Figure 2.11). Linear wedge elements are usually integrated with a 2-point
scheme, quadratic wedges with a 9-point scheme. The 18-point scheme is used for the
integration of the consistent mass matrix (cf Section 2.11.6). The integration schemes are
summarized in Table 2.3.
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2

Figure 2.10 Tetrahedral element: 4 integration points

Table 2.2 Location of the integration points in tetrahedral elements.

Total number of Location (§;,n;, ¢i, 1 — & —ni — ¢ ) Number  Weight
integration points and any perturbation
1111 1
1 R 1 =
47474 4 6
A 5-v55-35 5-V5 5435 A 1
20 7 20 7 20 7 20 24
1111 1
15 — ==, = 1 16
47474 4 810
7—V15 715 7-/15 13+3J15 A 2665 + 14/15
34 7 34 7 34 34 226 800

T4+ V15 74+ /15 7+/15 13 —3/15 A 2665 — 144/15
34 0 34 0 34 34 226 800

10— 215 10—2v15 1042415 10+ 2415 6 20
40 ’ 40 ’ 40 ’ 40 2268
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A 6
N A

A 3
2A AN

Figure 2.11 Wedge element: 9 integration points

Table 2.3 Location of the integration points in wedge elements.

Total number of  Location (§;,7n;, 1 —& —n; — ¢, ¢&;) Number Weight

integration points and any perturbation
) [ , L
3’3377 /3 2
9 11 4&: 3 6 5
666 5 54
114 8
(6’6’8’0) 3 5
18 11 4&: 3 6 1
666 5 12
11 4_0 3
6°6’6° 15
11 3
Tloe/? 6 1
2°2 5 108
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-1

Figure 2.12 Mapping a surface element in local coordinates onto global coordinates

2.3.4 Integration over a surface in three-dimensional space

Occasionally, the domain of an integral is a surface. For instance, for a distributed pressure,
the first term in Equation (2.23) takes the form

—/ pNKy; dA, = —/ po; dAK (2.107)
Age Age
or, generically,
I = f(X)dA. (2.108)
AO('

On the left-hand side of Figure 2.12, the surface is shown in local coordinates, on the
right-hand side in global coordinates. The infinitesimal surface dA satisfies

dA = —d& x —dp (2.109)
n
where “x” is the vector product. Consequently, Equation (2.108) can be replaced by
1 =/ FIX (&, m1J* dé dn (2.110)
AeL

where
X 9aX axKoaxt
J* =—x—=——Gg xG (2.111)
o0& an & In

can be considered as a Jacobian vector. Since

Gk x G = ex .GV det G° (2.112)



82 LINEAR MECHANICAL APPLICATIONS

Equation (2.111) can also be written as

axk axt
J* = exiy—— ——GM/det G° (2.113)
0§ oy
or
G' G* G}
ax! ax? ax3
J* =19t 9t 9g |VdetG’ (2.114)
ax! ax? ax3
an dn Iy

where the vertical lines denote the determinant. Notice that the vector product of two vectors
yields a one-form. This confirms the one-form nature of a differential surface element.

Equation (2.107) is the expression for the force in direction K in local node i due to
a distributed pressure on Ag.. Focusing on a hexahedral element type and assuming that
x =&,y =mn, z=0 and that the pressure is constant, the force F; in z-direction in local
node i takes the form

1 pl
Fa=-p [ [ wenea @.115)
-1J-1
The total force F, on the surface amounts to
F, = —4p. (2.116)

Accordingly, the relative force in local node i satisfies

1 1 1
Fui/F. = Z/I/Iso,-(s,mds an. 2.117)

The shape functions in the face are the three-dimensional shape functions from
Section 2.2 for which one local coordinate is kept constant. Performing the integration
in Equation (2.117) and similarly for the other element types leads to the force distribu-
tions in Figure 2.13. One notices that for linear elements each node takes the same amount
of force. This is not the case for quadratic elements. For 10-node tetrahedral elements, the
vertex nodes do not take any force at all and the middle nodes carry the complete force.
For 20-node brick elements, the middle nodes carry even more than the complete force
resulting in tensile forces in the vertex nodes. This substantially complicates the detection
of contact conditions in quadratic elements.

2.4 Extrapolation of Integration Point Values to the Nodes

Solution of the governing finite element equations (2.27) yields the displacements at all
nodes. These can be used to calculate the strains (apply Equations (2.14) and (2.4)) and
the stresses (through Equation (2.2)) throughout each element. Because of the numerical
integration, the strains and stresses are more accurate at the integration points than anywhere
else. Therefore, the field variables are usually evaluated at the integration points and, if
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Figure 2.13 Relative nodal forces due to constant pressure

needed, extrapolated to the nodes. This extrapolation is done on an element basis, that is,
one obtains for a given node as many values as the number of elements it belongs to. These
values are usually discontinuous at the element borders. This is taken care of by calculating
the mean value over all elements the node belongs to.

Extrapolation toward the nodes is sometimes replaced by interpolation within patches
of elements. This is closely related to the very important topic of error estimation. For
further information the reader is referred to (Zienkiewicz and Zhu 1992a), (Zienkiewicz
and Zhu 1992b), (Gabaldén and Goicolea 2002) and (Prudhomme et al. 2003).

Now, extrapolation schemes will be presented for the three-dimensional elements intro-
duced in the previous sections.

2.4.1 The 8-node hexahedral element

The extrapolation of the field variables in the integration points toward the nodes for
the fully integrated linear hexahedral element is usually trilinear, that is, the shape func-
tions that are used for the displacements are also used for the stresses, strains and any
other dependent fields. Assume that the field variables are known in the nodes. Then,
the integration point values are obtained by (the stress oy, stands for any field vari-
able)

8
Oxxj = 2 i€ ). §j) Oni (2.118)
i=1

(i are the nodes, j are the eight integration points) or in matrix form

{O'xx }integration points — [A] {Uxx }nodes : (2.119)
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Consequently, the nodal values are found by inverting Equation (2.119)

-1
{Uxx }nodes = [A] {UXX }integration points * (2.120)

[A] is an 8 x 8 matrix and can be evaluated explicitly since both the shape functions
(Section 2.2.1) and the location of the integration points (Section 2.3.1) are known. Con-
sequently, the inverse matrix can also be coded explicitly into the finite element program.
For the node and integration point numbering of Figure 2.8 the matrix [A]_1 satisfies

[4] " =
[+2.549 —0.683 —0.683 +0.183 —0.683 +0.183 +0.183 —0.049]
—0.683 +2.549 +0.183 —0.683 +0.183 —0.683 —0.049 +0.183
+0.183 —0.683 —0.683 +2.549 —0.049 +0.183 +0.183 —0.683
—0.683 +0.183 +2.549 —0.683 +0.183 —0.049 —0.683 +0.183
—0.683 +0.183 +0.183 —0.049 +2.549 —0.683 —0.683 +0.183
0.183 —0.683 —0.049 +0.183 —0.683 +2.549 +0.183 —0.683
—0.049 +0.183 +0.183 —0.683 +0.183 —0.683 —0.683 +2.549
| +0.183 —0.049 —0.683 +0.183 —0.683 +0.183 +2.549 —0.683

2.121)

Notice that Equation (2.120) defines the nodal values as a linear combination of the
integration point values. For the reduced integration 8-node element, there is only 1 inte-
gration point, yielding one field value per element. This value is copied to the nodes and
corresponds to a constant function extrapolation.

2.4.2 The 20-node hexahedral element

For the fully integrated 20-node element, a similar scheme as for the fully integrated 8-node
element is proposed: the field variables are interpolated using the shape functions of the
element:

20

Oxxj = Y _ @iy &) owxin j=1.....27 (2.122)
i=1

(i are the nodes, j are the integration points). This, however, leads to 27 equations in 20
unknowns (the nodal values oy,;) and cannot be inverted: the system is overdetermined. A
standard procedure to solve overdetermined systems is the least-squares method. Writing
Equation (2.122) as

20
bj =Y ajxi, j=1,....27 (2.123)
i=1

corresponds to minimizing
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7 20
I:= <Za/~,~x,~ —bj> : (2.124)

The solution can be found by differentiation:

91 27 20
— =2 ixi—bilaix|=0, k=1,...,20 2.125
axs jz_:l |:<§ ajiXi j) ajk:| ( )

is equivalent to

20 27 27
Z Z ajiajk | xi :Zajkbj’ k=1,...,20 (2.126)
i=1 j=1 j=1
or
20
D cuxi=di, k=1,...,20 (2.127)
i=1
where
27
ckFZajkaﬁ, k=1,...,20 (2.128)
j=1
27
dk=zajkbj, k=1,...,20. (2.129)
j=1

Equation (2.127) is a system of 20 equations in 20 unknowns. Let {bl} be a unit vector
with a unit value in its first row. Then, the solution {xl} contains the nodal values for a
unit value in the first integration point and zero in all other integration points. This can be
repeated for all other integration points. One finally obtains the 20 x 27 matrix [B] in the
equation

{Uxx}nodes = [B] {Gxx }integration points (2.130)

It takes the form
[B] = [{x1} {x2} .. {x27}]. (2.131)

The numerical values can be found in the CalculiX® code (CalculiX 2003).

For the reduced integration element, there are only 8 integration point values. The same
scheme as for the fully integrated 8-node element is used to obtain the vertex nodal values.
The values of the middle nodes are obtained by taking the mean of the neighboring vertex
nodal values.
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2.4.3 The tetrahedral elements

For the linear tetrahedral element, there is only 1 integration point and its value is simply
copied to the nodes.

The quadratic tetrahedral element contains 4 vertex nodes and 4 integration points.
Consequently, exactly the same procedure can be used as for the reduced integrated 20-
node elements: one takes the displacement shape functions of the corresponding linear
element — the linear tetrahedron — and writes Equations (2.118) to (2.119). The inver-
sion of [A] yields the vertex nodal values by Equation (2.120). Here, [A]71 takes the
form

+1.92705 —0.30902 —0.30902 —0.30902
[A]fl _ 1 —=0.30902 +1.92705 —0.30902 —0.30902 2.132)
~ | —0.30902 —0.30902 +1.92705 —0.30902 ’

—0.30902 —0.30902 —0.30902 +1.92705

for the node and integration point numbering of Figure 2.10. The values in the middle
nodes are obtained by taking the mean of the neighboring vertex nodal values.

2.4.4 The wedge elements

For the linear wedge element, the values in the two integration points are linearly extrap-
olated toward the nodes in the upper and lower triangle.

The quadratic wedge element has 15 nodes and 9 integration points. It is under-
determined. However, there are only 6 vertex nodes. Consequently, one can apply a
least-squares scheme for the vertex nodes. It results in the following 6 x 9 [B] matrix
(cf Equation (2.130)):

[B] =
+1.6314 —03263 —0.3263 +0.5556 —0.1111 —0.1111 —0.5203 +0.1041 +0.1041
~0.3263 +1.6314 —0.3263 —0.1111 +0.5556 —0.1111 +0.1041 —0.5203 +0.1041
—0.3263 —0.3263 +1.6314 —0.1111 —0.1111 +0.5556 +0.1041 +0.1041 —0.5203
—0.5203 +0.1041 +0.1041 +0.5556 —0.1111 —0.1111 +1.6314 —0.3263 —0.3263
+0.1041 —0.5203 +0.1041 —0.1111 +0.5556 —0.1111 —0.3263 +1.6314 —0.3263
+0.1041 +0.1041 —0.5203 —0.1111 —0.1111 +0.5556 —0.3263 —0.3263 +1.6314

(2.133)

for the node and integration points numbering of Figure 2.11. The midnode values are
obtained by taking the mean of the neighboring vertex nodal values.

2.5 Problematic Element Behavior

Some of the elements discussed earlier exhibit anomalies under certain conditions. This
invariably results from the approximations in the finite element formulation. These are
twofold: the real displacement field is approximated by the shape functions and the contin-
uous integration is replaced by a sum in discrete points. The most important anomalies that
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can occur in the volume elements considered here are shear locking, volumetric locking
and hourglassing.

2.5.1 Shear locking

Shear locking predominantly occurs in linear elements with full integration (8-node brick).
It results in a deformation behavior that is too stiff, that is, the displacements are too small.
This can best be explained by looking at a two-dimensional view of a beam subjected to
pure bending in Figure 2.14.

The shear force is zero and the shearing strain should everywhere be zero. However,
the linear brick element cannot model the curvature appropriately and will approximate the
deformed shape by a piecewise-linear curve (recall that the edges of an 8-node brick
element are straight). Whereas in the real deformation cross sections remain perpen-
dicular to the beam axis (Figure 2.14(b)), this is not necessarily the case in the finite
element approximation (Figure 2.14(c)). Figures 2.14(d) and 2.14(e) show just one ele-
ment from Figure 2.14(c). If full integration is used (2 x 2 x 2 integration points) as shown
in Figure 2.14(d), the shear strain at the integration points is not zero and a consider-
able amount of energy is absorbed by the fake shearing phenomenon, not leaving enough
energy for bending: the displacements are too small. The problem can be alleviated by
using reduced integration (1 x 1 x 1 integration point) as shown in Figure 2.14(e): the
shear strain at the integration point is zero and the correct displacements result.

2.5.2 Volumetric locking

The problem of volumetric locking occurs for incompressible or nearly incompressible
behavior. It can be explained using the example in Figure 2.15. Element 1 is fixed along-
side 1-2 and 1-4. It is a standard two-dimensional quadrilateral element. The mate-
rial is assumed to be incompressible. Accordingly, J = 1 everywhere. Since u; = uy =
ugs = vp = vy = vg4 = 0, the displacements in the element amount to (reduce the three-
dimensional shape function in Equation (2.39) to the present two-dimensional case)

1
u= Z(l + &)1 +nus

1 (2.134)
v= A +6U+ s,

For simplicity, the local and global coordinates are assumed to coincide, that is, x ¢ =
yn=1,x,=y¢=0. Hence,

1
Ug = Z(l + nus

1
Uy, = Z(l + &)us
(2.135)

1
Ve = Z(l + n)vs

1
Uy = Z(l +$)U3.
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Figure 2.14 The shear locking phenomenon
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Figure 2.15 Locking behavior in corner elements

Since
e = (xEs*, +ub) k=8 +ufy (2.136)
and
J = det(xy) (2.137)
one finds
1 1
J=1+Z(1+n)u3+z(1+$)v3- (2.138)

The requirement J = 1 (incompressibility) amounts to

1 1
Z(1+n)u3+z(1+$)v3=0. (2.139)

If we take full integration, Equation (2.139) has to be satisfied at &, n = £0.57:
0.39u3 4+ 0.39v3 =0
0.11uz +0.39v3 =0
0.3%3 4+ 0.11v3 =0
0.11uz +0.11v3 =0

(2.140)

which can only be satisfied if u3 = v3 = 0. This results in a zero-deformation field for
the complete element: the element locks. The same argument can be repeated for the
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neighboring elements (dashed line in Figure 2.15). If, on the other hand, reduced integration
is applied, there is only one integration point at £ = n = 0. Now, there is only one equation
to satisfy:

us +v3 =0 (2.141)

and no locking occurs. Therefore, it is often advantageous to use reduced integration to
avoid locking.

Another option is to use hybrid elements (Zienkiewicz and Taylor 1989), in which the
pressure is considered as an additional independent variable. Indeed, the problem is that for
truly incompressible behavior the pressure cannot be derived from the displacement field,
since increasing the hydrostatic pressure does not lead to a change in the displacement field.
The resulting hybrid elements are a special case of what are now called assumed stress
and assumed strain elements. In these elements, the stresses and/or strains are interpolated
independent of the displacements. They require the application of multifield variational prin-
ciples such as the Hu—Washizu weak form. Interested readers are referred to (Belytschko
et al. 2000).

2.5.3 Hourglassing

Hourglassing implies the existence of zero-energy modes: these are displacement modes
that do not lead to any strain or stress at the integration points. Since the field values at the
integration points are the only ones entering the integration scheme (Equation (2.106)),
hourglass modes can be added at will without disturbing the equilibrium condition
(Equation (2.1)). This usually results in wildly varying displacement fields but correct
stress and strain fields. Reducing the number of integration points naturally increases the
number of hourglassing modes. A linear brick element with reduced integration has one
integration point where six strain components prevail. However, the same element has 8
nodes leading to 24 degrees of freedom. Accordingly, 18 undetermined modes are left of
which 6 are rigid body modes leading to 12 hourglass modes in total. Figure 2.16 shows
how hourglassing for a beam under bending might look like.

To get rid of hourglassing, several stabilization methods such as the introduction of arti-
ficial stiffness and the enhanced strain method have been proposed. For details, the reader
is referred to (Belytschko er al. 2000), (Belytschko and Bindeman 1993), (Puso 2000),
(Reese and Wriggers 2000) and (Reese 2003a). Notice that the solution in Figure 2.14(e)
to eliminate shear locking works because the shear deformation is an hourglass mode for
this one integration point. This shows that the locking phenomena and hourglassing are
intimately related, (see also (Reese 2002) for more information).

For the 20-node brick element with reduced integration, there are only (3 degrees of
freedom) x (20 nodes) — (8 integration points) x (6 strain components) — (6 rigid body
modes) = 6 hourglass modes. Because of the quadratic shape of the element sides, these
modes cannot propagate through the mesh. Consequently, hourglassing in these elements
is rare. In fully integrated brick elements, in tetrahedral elements and wedge elements,
hourglassing cannot occur.
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Figure 2.16 Hourglassing in a cantilever beam

2.6 Linear Constraints

In addition to the equilibrium equations expressed by Equation (2.27), the solution of a
field problem requires the formulation of boundary conditions. One distinguishes geomet-
ric boundary conditions, which contain the independent variables such as displacements
and temperatures, from natural boundary conditions, which are formulated in terms of
the dependent variables such as stress and heat flux. In this section, the focus is on geo-
metric boundary conditions. If only one degree of freedom is involved, the constraint is
called a single point constraint, else it is a multiple point constraint. Constraints can be
linear or nonlinear. Examples of truly linear multiple point constraints are the constraint
of a degree of freedom in nonrectangular coordinates, cyclic symmetry conditions and
equations connecting dissimilar meshes. Examples for nonlinear multiple point constraints
are constraints involving finite rotations such as rigid body motions and incompressibility
conditions.

2.6.1 Inclusion in the global system of equations

The multiple point constraint concept is extremely powerful. Therefore, a truly efficient way
must be found to deal with it numerically. One option is to augment the matrix with the
additional equations using Lagrangian multipliers. This, however, leads to larger systems of
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equations, increased computational times and a nonsymmetric system. This can be avoided
by eliminating one degree of freedom per single point constraint or per multiple point
constraint during the construction of the global stiffness matrix. How this is done will be
explained in the present section.

Assume that our global system of equations contains N degrees of freedom. Equation
[ reads

N
Zaljuj =b, [=1,...,N. (2.142)
j=1

Assume we have M additional multiple point constraints of the form

N
D enur=fi, i=1,....M. (2.143)
k=1

In each of these equations i, we choose one degree of freedom k;, which is suited to be
eliminated and which will be called a dependent degree of freedom. All dependent degrees
of freedom k;,i = 1,..., M must be distinct. Now, Equation (2.143) can be rearranged
by collecting all dependent degrees of freedom on the left-hand side:

N

M
e =fi— Y, ewur, i=1....M (2.144)
j=1 =

ke{kt... Ky}

This is a set of M equations in M unknowns and can be solved for the dependent degrees
of freedom provided that the equations on the left-hand side are linearly independent. It
results in equations of the form

N
wo = Y ckuk +dy;- (2.145)

k=1
klky,... . kp}

Now, assume that there is only one multiple point constraint. Equation (2.145) reduces to

N
up = Zcikuk +d; (2.146)
k=1
ki
which allows us to eliminate u;. Equation (2.146) is of a most general form including

single point constraints (all c;x = 0). Substituting Equation (2.146) into Equation (2.142)
yields (no implicit summation in the section)

N
> aij + acijyuj = b —ayd;, 1=1,... N. (2.147)
j=1
J#i

The new coefficient afj in the global matrix at position (I, j) now reads

aj; = aij +aiicij, jl=1,...,N;j#i. (2.148)
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The global stiffness matrix is Hermitian (complex matrices arise because of cyclic sym-
metry conditions, cf Section 2.10; if the matrix is real, “Hermitian” can be replaced by
“symmetric”’) and consequently,

aj =aj, jl=1,...,N (2.149)

where a stands for the complex conjugate of a. However, for the new coefficient we have

;?lza_ﬂ~|—a_jic_i17£afj, Jol=1,...,N;j#i. (2.150)
The Hermitian structure is destroyed! This is a serious drawback since it means that com-
putational advantages due to the Hermitian structure are lost. The Hermitian structure,
however, can be restored by multiplying row i, which reads

N
Z(aij +ajicij)uj = b; — a;id; (2.151)
j=1
JF#
by ¢i, and adding ittorow m,m =1, ..., N, m # i. Now, coefficient al*j at position (I, j)
reads
a,*j:alj+a1,~c,-j+a,~jc_,-1+a,~,~c,~jc_,~l, Jyl=1,... ,N;j,l#i (2.152)

which coincides with the complex conjugate of
aj = aji+ajicii +aucij + aiiciciy,  jl=1,... N;jl#i (2.153)

which reads

5 =@+ @ G aey + @ Gic, ol =1 Nij AL (2.154)
The right-hand side coefficient b} satisfies
b = b — ajid; + bicii — ajidici;, 1=1,...,N;l #1. (2.155)

Row i and column i are dropped altogether from the set.
What happens if two multiple point constraints apply? Let us say that there is a second
multiple point constraint of the form

N

Uy = Z Coilii + dp,  m # . (2.156)

k=1
k#m

We assume that both constraints were brought in the form of Equation (2.145) such that
cmi = cim = 0. Consequently,

N
u; = Z cixty + d; (2.157)
k;é]g,:k;ém
N
Uy = Z Cmkllk + . (2.158)

k=1
ketm, ki
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Applying Equation (2.152) twice, first to eliminate multiple point constraint m, and then

to eliminate multiple point constraint i, one obtains
a;cj* = al*j + al*mcmj + a:l;jc_ml + a;knmcmjm
= ajj + aicij + aijcii + aiicijcil
+ (aim + aiicim + @imCit + @i CimCit) Cmj
+ (amj + amicij + a;jCim + a;i CijCim)Cmi
+ (@mm + amiCim + AimCim + aiicimm)cmjc_ml

Jyl=1,...,N;j,l#i;j,1+#m,
or taking into account that c;,, =0

sk
a; = aij + (@icij + aimcmj)

+ (aijcii + amjcmi)
+ (@imCmjCil + amiCijCmi)
+ (@iiCijCil + AmmCmjCmi)-
J,l=1,... ,N;jl#1i;j,l#m.
In a similar way one obtains for the right-hand side
b;™ = bf — a},,dy + b} Cl — ayy, dimCmi
= by — ajid; + bicij — a;id;c;|
— (aim + aiiCim + @imCil + @i CimCi1) dm
+ (b — amidi + biCim — aiidiCim)Cmi
— (@mm + amiCim + AimCim + QjiCimCim) dmCmi
Il=1,... ,N;l#i,m
or, taking into account that ¢;,, = 0
bi* = by + (biTi1 + bmCmi)
— (a;;id;i¢i1 + Apmdpy i)
— (@id; + aimdm + aimCitdm + aiCrid;).

l=1,...,N;l#i,m.

(2.159)

(2.160)

(2.161)

(2.162)

(2.163)

(2.164)
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Equations (2.161) and (2.164) cover all possibilities for coefficients a and b. Indeed, in
a finite element code the element matrices are calculated first, Equations (2.21) to (2.24).
Then, these matrices are transferred into the global matrix. This operation is symbolized
by Equations (2.28) to (2.30) and will be looked at in more detail now.

Suppose an entry a in the local matrix corresponds to global degrees of freedom p and
q (row and column). Now, the following possibilities arise:

1. p and g are independent degrees of freedom. Then

dpg+ = a (2.165)

where the C-notation + = was used to indicate that the global matrix entry ap, is
to be augmented by a.

2. pis a dependent degree of freedom, g is not. Accordingly, row p in the global matrix
is eliminated, column ¢ is not , and a has a similar status as a;; in the term a;;¢;; in
Equation (2.152). Since row p is eliminated, the contribution of a is transferred to
whatever position a;; in Equation (2.152) has gone to, now substituting p for i and
q for j

ajg+ = acy;. (2.166)

This applies to all degrees of freedom [ for which ¢;;; # 0. Because of Equation (2.145)
these are only independent degrees of freedom.

3. g is a dependent degree of freedom, p is not. This contribution is comparable to
ajicij in Equation (2.152) and —ay;d; in Equation (2.155). Now we have

apj+ =acy; Vj such that ¢4; #0 (2.167)
and
bp+ = —ady. (2.168)
4. p and g are dependent degrees of freedom, p # ¢, cf a;;,Ciicyj in Equation (2.161)
and a;;,cid,, in Equation (2.164):
ajj+ = acpicyj VI, j such that ¢,y #0 and ¢j; #0 (2.169)
and
bj+ = —acpd,; VI such that ¢,; # 0. (2.170)
5. p and g are dependent degrees of freedom, p = g, cf a;;c;jc;; in Equation (2.152)
and —aj;d;c;; in Equation (2.155):
ajj+ =acpjcp Vi, jsuchthat ¢,y #0,cp; #0 2.171)

bi+ = —ad,c,; VI such that ¢,7 # 0. (2.172)
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For an entry b in the local right-hand side corresponding to global degree of freedom
p, there are only two possibilities:

1. p is an independent degree of freedom

by+=b. (2.173)

2. p is a dependent degree of freedom, cf b;c;; in Equation (2.155):

b+ = bc,; VI such that ¢, # 0. (2.174)

In this way, all entries in the local matrices are transferred to independent degrees
of freedom in the global matrices. Consequently, the elimination of degrees of freedom
involved in multiple point constraints is taken care of implicitly while transferring the local
matrices into the global ones.

Notice that to each entry a in row i, and column i, in the element stiffness matrix
corresponding to global degrees of freedom p and ¢, respectively, there is a symmetric
entry with the same value a in row i, and column i,,. If p is a dependent degree of freedom
and g is an independent degree of freedom, Equation (2.166) applies to entry a in row i,
and column i,:

ajg+ =acp| (2.175)
and Equation (2.167) applies to entry a in row i, and column i ,:
aqi+ = acy; (2.176)

which keeps the Hermitian structure of the global matrix. In practice, only half of the
Hermitian matrix is calculated and stored.

2.6.2 Forces induced by linear constraints

The introduction of multiple point constraints induces forces. Indeed, imagine a constraint
of the form

ui =, 2.177)

Then both degrees of freedom are coupled and behave as if a rigid bar connects both:
degree of freedom i will experience a force F, degree of freedom j will experience the
inverse force. How does this translate to general multiple point constraints of the form in
Equation (2.146)? Recall that the global system contains N degrees of freedom leading
to an N x N stiffness matrix. Adding Equation (2.146) leads to N + 1 equations in N
unknowns. After substitution into the global set, column i was eliminated leading to N
equations in N — 1 unknowns. This is still an overdetermined system and generally has
no solution. This problem was solved by adding multiples of row i to the other rows and
deleting row i afterward. Consequently, row i is not being satisfied. Indeed, the residual
of row i is exactly the multiple point constraint force we are looking for (no implicit
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summation in this section):

N
> aij + aiicijyuj — (bi — ajidi) = Fi. (2.178)
j=1
J#i

Accordingly, the addition of multiples of row i to other rows is equivalent to the addition
of multiples of F;. Indeed, row [ reads

N N
Z(alj +ajicij)u; + Z(aij +ajicijuj | ¢ii = (b — aiidy) + (bj — ajidi)ci;  (2.179)
j=1 j=1
J#i J#i

or

N
Z(alj +aiicij)uj — (b — ajidi) = —Ficii (2.180)
j=I
J#i
and degree of freedom [/ experiences the force

F = —Fieyl. (2.181)

Notice that the force is proportional to the conjugate coefficient in the multiple point
constraint. For instance, if the multiple point constraint reads

u;p =2u; (2.182)

degree of freedom j experiences a force that is twice the force acting on degree of free-
dom i.

2.7 Transformations

Transformations are an important tool for the finite element practitioner. For instance, if a
structure exhibits cylindrical symmetry, boundary conditions are more easily formulated in
a cylindrical coordinate system than in the global rectangular system. Another important
application is the definition of anisotropic material properties in cases in which the material
axes do not coincide with the global axes. In all these instances, it is advantageous to
introduce a local coordinate system. Here, we will concentrate on local rectangular and local
cylindrical systems. Both systems are orthogonal, that is, the covariant and contravariant
unit vectors coincide. If

I :=Gp/\ /G (2.183)
and similarly for the contravariant base vectors, one can write

Ip=1", 1'=1,273 (2.184)

Gy -Gp=1Ip-1;=0, I'#J. (2.185)
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Figure 2.17 Local rectangular system

Let us characterize the global rectangular coordinate system by unit vectors I, I, I3 and
coordinates X!, X2 and X3.

A local rectangular coordinate system X _x?-x3 can be defined by a point a on the
X""-axis and a second point b within the X r_x? plane excluding the X 1'_axis (Figure 2.17).
For transformation purposes, it is important to determine unit base vectors in the local
coordinate system. The unit vector along the X V_axis is easily determined

a

- (2.186)
llall

I

A vector on the X2 -axis can be found by moving b in direction I such that the resulting
vector is orthogonal to Iy:

b+rIy) LIy (2.187)
or
b+rly) Iy =0=>r=-b-1y. (2.188)
Consequently,
b—b-1)Iy
Iy @Il (2.189)

TR Y
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Finally,
13/ =Il/ XI2/ (2190)

where x symbolizes the vector product.

A local cylindrical coordinate system can be defined by two points on the cylindrical
axis (Figure 2.18). A local cylindrical system is also orthogonal, that is, the three unit
vectors are perpendicular to each other. However, the orientation of the local unit vectors
varies in space. In the finite element code CalculiX® (CalculiX 2003), the first unit vector
is in radial direction, the second in tangential direction and the third in axial direction. Let
us determine a set of unit vectors in point p. From Figure 2.18 we have

1 b-a (2.191)
3/ = . .
b —all

Point ¢ is a point on the axis such that

(p—q) L (b—a) (2.192)
or, since a point on the axis can be written as @ + AIy, A € R

(p—a—21ly)- I3 =0 (2.193)

from which

A=(p—a)-Ix. (2.194)

X3
a
X2
Xl

Figure 2.18 Local cylindrical system
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Accordingly,
p—q=p-a)—[(p—a) Iylly (2.195)
and
=21 (2.196)
lp—ql

If p is on the axis, ||p — ¢|| = 0 and Equation (2.196) cannot be applied. In that case, any
direction perpendicular to I3 can be taken for I/. Finally,

Iy =1y xIy. (2.197)

This concludes the determination of local unit vectors for rectangular and cylindrical sys-
tems.

An arbitrary vector p can be expressed as a function of Iy, I, and I3 or I/, I and
1 3/

p=X'I+X’I, + X*I3 (2.198)
= X1+ X¥1y + XI5 (2.199)

Taking the scalar product of Equation (2.198) with I 1" we arrive at

p- IV =X"I - 1"+ X2, - 1Y+ X35 - 1Y) = XV (2.200)

and similarly,
X', 1P+ X2, 1)+ X315 - 17) = X?¥ (2.201)
X', -1+ X321, - 1P+ x31;5 - 17 = x°. (2.202)

Notice that we have multiplied p by the contravariant unit vectors in the local coordinate
system, which, for rectangular and cylindrical coordinate systems happen to coincide with
the covariant unit vectors. Equations (2.200) to (2.202) can also be written as

XK = oK xt (2.203)
where

f =151,. (2.204)
In a completely similar way, one arrives at

xK =1k xt (2.205)
where

™, =15 . 1p. (2.206)
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. . . P .
T is the inverse of @, that is, [Q. L] =[T%] For orthogonal systems, where covariant
and contravariant unit vectors coincide, one can write

Ogrp=1Ig -1t (2.207)
Trgr =1 -Ig (2.208)

which, in terms of matrix operations, means

T =0". (2.209)
Consequently,
0 '=0" (2.210)
that is, @ is an orthogonal matrix. Contravariant vectors satisfy
U=U"I,
axk
=yt Gy
axL K
3 K’
X2
_ L
= Z U T Grxlg
K'=1
=UK1x (2.211)
from which one obtains
, IxK
UK =ut—— [Ggrg. 2212
axL K'K ( )
Since (Equation (2.203))
Uk = oK ut (2.213)
one finds
. axX
0, = S5 /Cxx- (2.214)

For covariant tensors, we have

axM gxN — s
Cxrr=Cun VGKK'\/GLL (2.215)

aXK oxL

= CynT™, T, (2.216)

Notice that Q and T are not symmetric.

If boundary conditions or material orientations are expressed in local coordinate sys-
tems, they have to be transformed into the global system used to formulate Equation (2.27),
usually a global rectangular system. In practice, the following situations occur:
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. Single point constraints are formulated in local coordinates:

!

Uk =a (2.217)
This is equivalent to
oK Ul =a (2.218)
that is, an inhomogeneous single point constraint in local coordinates is transformed
into an inhomogeneous multiple point constraint in global coordinates.

Multiple point constraints are formulated in local coordinates. The same procedure
applies as under item 1: a homogeneous multiple point constraint in local coordinates
is transformed in a (usually longer) homogeneous multiple point constraint in global
coordinates, an inhomogeneous multiple point constraint in local coordinates is
expanded into an inhomogeneous multiple point constraint in global coordinates.

Forces are given in local coordinates:

FK' = ¢ (2.219)
This transforms into
oK FLl = (2.220)
or
FL =1L, 7. (2.221)

Consequently, a force with one nonzero local component in direction K’ generally
results in three nonzero force components L in global coordinates.

The material orientation is given in local coordinates. The tangent stiffness matrix,
which is a generalization of the elasticity matrix, satisfies

dSKL = S KLMN qp, . (2.222)
Since
ds?'0 = dskL o 09 (2.223)
dEyy = dEgg 0%, 0%. (2.224)
Equation (2.222) can be transformed into
dsF'e = sKLMN oP 0@ OR 05\ dEgs. (2.225)
Hence,
P QRS _ s KLMN QPI’{ QQL’ QRz/vz Qs;\]. (2.226)

Similar relationships apply to other tensors such as the matrix of expansion coeffi-
cients.

In the CalculiX® code, (CalculiX 2003) all quantities expressed in local coordinates

are internally transformed into global coordinates using the previous relationships.
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2.8 Loading

The loading essentially consists of the terms in Equation (2.23). Here, we focus on cen-
trifugal loading and temperature loading.

2.8.1 Centrifugal loading

Centrifugal loading is a body force that is activated when a body rotates at an angular
speed w about an axis. The force in a point ¢ is proportional to the distance from the axis
and the square of the angular speed and is directed away from and orthogonal to the axis
(Figure 2.19).

Consider two points on the axis p; and p,. Let

_ 2= N
lp2 — p1ll

be a unit vector on the axis. Then, the point p obtained by dropping ¢ orthogonally on the
axis satisfies

(2.227)

p=p1+I(g—p1)-ele (2.228)

Accordingly, the centrifugal force in ¢ satisfies
f=@-po’ (2.229)
={(g — p1) — (g — p1) - ele} . (2.230)

Figure 2.19 Definition of the centrifugal axis
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The components of f in the reference configuration, satisfying
f=r"Gk. (2.231)

can be directly substituted in Equation (2.23).

2.8.2 Temperature loading

Temperature loading acts as residual stress and corresponds to the term BXL(9)T in
Equation (2.23). Indeed, imagine you heat a sphere while completely suppressing the expan-
sion: a compressive stress builds up, which will lead to the expansion of the sphere if you
relax the constraint. Accordingly, the residual stress —8X% ()T is related to the expansion
of the material. Indeed, for isotropic linear elastic materials, it was shown in Section 1.14.3
that (Equation (1.447))

BEL©O) = [BA() + 21(0)]x(9)GKE. (2.232)
More generally, defining the anisotropic expansion coefficient by
EKL ZO‘KL(G)T (2233)

the corresponding stress needed to avoid this expansion for a linear material yields
(Equation (1.420))

KL _ _EKLMN(Q)(XMN(Q)T (2.234)
leading to
BEE ) = ZKEMN 0)ann (6). (2.235)

In Equation (2.23), thermal loading is the integral of the negative thermal stress. Indeed,
an increase in temperature has the same effect as a pulling force (assuming that the body
expands as the temperature increases). Numerical integration requires the knowledge of
the temperature at the integration points. If the temperatures are given in the nodes, an
interpolation has to be performed to obtain the integration point values. Usually, the shape
functions that are used to interpolate the displacements are also used to interpolate the
temperature (Equation (2.11)):

N
T(X) =) ¢i&,n, 0T (X). (2.236)

i=1

Because of Equation (2.234), and assuming that the material properties do not vary wildly
within an element, the same interpolation is used for the thermal stresses too. However,
because of the fact that the strains are obtained through differentiation of the displacements
(Equation (2.4)), the degree of the mechanical stress interpolation pattern is one less than for
the thermal stress interpolation. This leads to numerical problems unless reduced integration
is used for the interpolation of the temperatures. Indeed, the number of reduced integration
points is such that interpolating polynomials have a degree that is one less than the degree
of the shape functions: linear for quadratic brick elements and constant for linear elements.
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Accordingly, the interpolated temperature and the thermal stress is at most trilinear in
quadratic elements with reduced integration and constant in linear elements with reduced
integration.

For fully integrated bricks, the temperature integration has to be reduced. This is now
illustrated for the 20-node brick.

First, the temperature is calculated at the reduced integration points:

20

TF=>"ofT, j=1....8 (2.237)
k=1

This temperature is linearly extrapolated to the nodes of the element:

8

T =) ayTf, i=1,...,20 (2.238)
j=1

and finally the linearly extrapolated temperature is interpolated at the full integration points:
20

T = euT*, 1=1,....21. (2.239)
i=1

Substituting Equation (2.237) and Equation (2.238) into Equation (2.239) yields a linear
relationship:

20
T =Y cuTe. I=1.....27 (2.240)
k=1
where
20 8
k=1,...,20
=YY e =1 . 27 (2.241)

i=1 j=1

@i and (plg. are the values of the shape functions for the 20-node brick element at the
full and reduced integration points, respectively, and a;; are the trilinear functions, which

are also used for the 8-node brick element ([A]_1 in Equation (2.121)). Equation (2.240)
replaces Equation (2.236) for the temperature interpolation in the 20-node brick element
with full integration. For the concrete coefficients, the reader is referred to the CalculiX®
code (CalculiX 2003).

For the fully integrated linear element, the reduced temperature interpolation leads to
a constant temperature at the full integration points, which is equal to the mean of the
temperature at the nodes. Thus, we get in this case for Equation (2.240)

8
==Y "T I=1,...8 (2.242)
k=1

The reduced integration for the temperature in fully integrated elements ensures that the
thermal stress and the mechanical stress are modeled with interpolation functions of the
same degree.



106 LINEAR MECHANICAL APPLICATIONS
2.9 Modal Analysis

Mechanical structures exhibit eigenmodes. These are oscillating homogeneous solutions of
the linear (or linearized) governing equations. Their amplitude can be freely scaled. The
corresponding frequency of the oscillation is called the eigenfrequency. Modal analysis,
that is, the determination of the eigenfrequencies and eigenmodes is important in structural
analysis since the eigenmodes are the preferred shapes a structure will assume when subject
to loading. Indeed, one way of calculating dynamic response is by assuming that it is a
linear combination of the lowest eigenfrequencies (Meirovitch 1967).

2.9.1 Frequency calculation

A frequency analysis starts from the governing equation (2.27) in homogeneous form

[M]{07} + [K]{U} = {o} .243)

with initial conditions
{U},_, = {Uo} (2.244)
{U}t:to = {Vo}. (2.245)

To obtain the eigenmodes, a solution in the form
U} ={Uu;}e“r (2.246)

is proposed (separation of the space and time variables). Consequently, Equation (2.243)
yields

[K1{U;} = o} [M]{U}}. (2.247)
This is a classical generalized eigenvalue problem with well-known properties. Since [K ]

is symmetric and [M ] is symmetric and positive-definite, the eigenvalues are real and the

eigenmodes are orthogonal with respect to [M ] Indeed, suppose that A ; := w? is complex

with eigenvector {U j}, then, taking the complex conjugate of Equation (2.247)
[K]{U;} =2, [M]{U;} (2.248)

reveals that E must also be an eigenvalue with eigenvector {U_J} Premultiplying
Equation (2.248) by {U; }T and Equation (2.247) by {U_J}T yields

(o) (k11T =75 (v} [m]{U;) (2.249)
(T [KHus} =2 (T3} [M]{u)) (2.250)

Taking the transpose of Equation (2.249) and subtracting the results from Equation (2.250)
leads to

0= 6y ~T) [T5)" (] {3} @25
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Since [M] is positive definite, we have (Greenberg 1978)
(T} M]{uj} > 0 iffu) #0. (2:25)
Accordingly,

Aj=%; (2.253)

and A; = w? is real, and so are the corresponding eigenmodes.

Now, let {U;} and {U;} be two different solutions:
[K]{Ui} =x [M]{U;} (2.254)
[KH{u;} =2 [M]{u;}- (2.255)

Multiplying Equation (2.254) by {U j}T and Equation (2.255) by {Ui}T, taking the trans-
pose of Equation (2.255), subtracting both and taking the symmetry of [K ] and [M ] into
account, one obtains

i —ap U} M) {ui) =o. (2.256)
For A; # A; one has
(U} (M]{ui} =0 (2:257)

which shows that the eigenmodes are orthogonal indeed. They are generally normed such
that

[y [m]{u;} =1. (2.258)
Premultiplying Equation (2.247) by {U j}T yields

(Ui} [K]{u;} = 2, {u;) [M]{U;} (2.259)
The matrix [M] is positive definite. If [K] is positive definite as well, A; = wf is not
only real but also strictly positive. This implies that for each eigenvalue A; there are two
real eigenfrequencies: w; and —w;. They correspond to the solutions {U (X )} e'®i’ and
{Uj (X)} e @it or, alternatively, to {Uj (X)} cos(w;t) and {Uj (X)} sin(w;t). Notice that
these homogeneous solutions are bounded by ||U;(X)]|.

If A; = 0, then w; = 0 is a double root. The solution of Equation (2.243) now amounts to
{Uj (X)} and {Uj (X)} t. For A; < O the eigenfrequencies are imaginary: w; = £i,/(—A)
leading to the solutions {U; (X)} e~V (=4 and {UjX)}ev (=% Accordingly, for 1 <0,
at least one of the solutions is not bounded.

Eigenvalue problems such as Equation (2.247) are usually solved with dedicated numer-
ical packages such as ARPACK (Lehoucq ef al. 1998). A continuous system has infinitely
many eigenmodes. Usually, only the lowest ones (10 up to maybe 100) are practically
important. In what follows, w; will be assumed to be positive.
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2.9.2 Linear dynamic analysis

A general linear dynamic analysis starts from Equation (2.27):
[M]{U}+[K]{U} = {F}. (2.260)
Frequently, a damping term linear in the velocity {U} is added
(M) {0} +[C] {0} + [K]{v} = {F}. 2261

If the damping is of the Rayleigh type, [C ] is defined as a linear combination of [M ] and

[K]:
[C]=a[M]+B[K]. (2.262)

The quintessence of modal dynamic analysis is the fact that the response {U }, solution
of Equation (2.261), can be written as a linear combination of the eigenmodes {Ui }, which
is the solution of Equation (2.247). This relates to the fact that the eigenmodes constitute
an orthogonal basis for the solution space of Equation (2.260). Accordingly,

v} Z bi() {U, (2.263)

Notice that only the coefficients b; (¢) are a function of time, the eigenmodes {U,-} are not. In
reality, only a finite number of eigenmodes is calculated and the series in Equation (2.263)
is truncated. The truncated series is an approximation of {U (t)}. The quality of the approx-
imation depends on the number of eigenmodes and the frequency content of the loading.
Substituting Equation (2.263) into Equation (2.261), one obtains

Z[ {U; b(t)+2 [U; b(z)+2 U bi) = {F().  (2.264)

Premultiplying by {U;} and using Equations (2.247) and (2.262) yields
S (v} M) {ui) [b (1) + (@ + BeP)bi (1) + w2b; (t)] ={U]"(F)} (2265

and because of the orthogonality condition, Equation (2.257), and norming condition,
Equation (2.258),

bj(1) + (a + Bo)bj(t) + b (1) = U F®)). (2.266)

Equation (2.266) is the central equation for modal dynamics. It can be written for each
mode and constitutes a linear inhomogeneous second-order ordinary differential equation
with constant coefficients. The key point is that due to the choice of [C ] the modes are
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independent of each other. The differential equations have to be complemented by the initial
conditions b;(0) and b;(0) obtained from {Up} := {U(t =0)} and {Vo} :={U(t = 0)}
(Equation (2.263))

Zbi(O) {Ui} = [Uo} = b;0) = {U;}" [M]{Uo) (2.267)

and

Zbi(O){Ui} =W} = b;0) = {U;}" [M]{v}. (2.268)

Equation (2.266) is frequently written as
. . 2 T
bj(t)—l-ZCja)jbj(t)—l-wjbj(t)={Uj} {F(t)} (2.269)
where ¢; is the friction coefficient defined by

701 * ﬂw? (2.270)
gj = . :
20)]'

Notice that because of Equation (2.270), the friction coefficient depends on the eigenvalues.
A large a-coefficient leads to low frequency damping and a large S-coefficient to high-
frequency damping.

The solution of Equation (2.269) basically depends on the character of the discriminant,
defined by

wjd = wj )1 — gj?. (2.271)

It arises in the solution of the quadratic equation obtained by substituting e*’ in the homo-
geneous differential equation. One obtains the following cases:

l. wjq € Rt

t
bj(t) = L/ U {F (@)} e 510 sin[wjq(1 — 1)]dx
wjd Jo

+ efcjwjt COS[CUjdt] —+ Cij Sin[wjdt] b/ (O)

[1-¢?

I wi :
4+ | —e %) sinfwjqt] | b;(0). (2.272)
Wijd



110 LINEAR MECHANICAL APPLICATIONS

To obtain Equation (2.272), formula 2.663.1 and 2.667.5 in (Gradshteyn and Ryzhik
1980) were used. The solution is called subcritical and consists of oscillatory functions.

2. Wijd =0

t
bj(t):[ {U,-}T{F(z)}e—ffwf@—f)(t—r)dr
0
+e 491 4 ¢jw;tlhj(0) + 1e~5®i"h;(0).  (2.273)

To obtain Equation (2.273), formula 2.322.1 in (Gradshteyn and Ryzhik 1980) was
used. The solution is called critical and exhibits an exponential nonoscillatory behavior.

it * +
3. wjy =iwj,, o}, eR

t
bj(t) = ! /{U,-}T{F(r)}e—ffwf“—f)sinh[aﬁfd(t—r)]dr
a)jd 0 J

4 e Siwjt cosh[a)jfdt] + iij sinh[w}k»dt] b;(0)

j—l

1 .
+ [w—*e—zjwﬂ sinh[wjdt]i| bj(0). (2.274)
id

The solution is supercritical and exhibits an exponential nonoscillatory behavior. It
can also be written as

t
N O T 0 (t-1) _ —wt(—1)
bj(t)_—zw,fdfo (U {Fo} e e | ar
J
| .
+§[ew t+e 0] t]b](o)
v =0+ L*b,-(O) [ew’f - e_“’+’] (2.275)
J
where

W = a);’fd —¢jw; (2.276)
ot =0l + ;. (2.277)

In Equations (2.272), (2.273) and (2.275), the right-hand side loading is written inside
an integral sign. For pointwise linear loading, the integral can be evaluated exactly. Indeed,
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let the interval [0, ¢] be split in subintervals [#;_1,#;] in which the loading is linear
in time

[UYF@) =aij +bijT for T € [ti-1,4] (2.278)
with fo = 0 and 1, = ¢, and let
o:=t—T1 (2.279)
then (use formulas 2.663.1 and 2.667.5 in (Gradshteyn and Ryzhik 1980))

t
/ U} {F@} e 5@ sinwjq (o) dr
0

1—ti—
- e 4?9 (—¢jw; sin[wjqo] — wjq cos[w;q0]) :

= E laij + bijt] 55 3
i1 joj+ @i

e siwjo (CPw? — a)z.d)
b | ——— || -tiwioc — 2LL 12 ) sin[w;q0]
’ L? witel \\ T @ejteip)

I—ti—1
2jwjwja
—|w; ) e ; 2.280
(w,do + 2 1 2 cos[w;qo] ( )

1—t;

1—t;

in Equation (2.272), (use formulas 2.322.1 and 2.322.2 in (Gradshteyn and Ryzhik 1980))

fl [U YT {F@)) e 41 (o) dr
0

n l t—t;
o
— E la;; + bijt] | e 5% | — -
i—1 Y Y |: Cja)j g'jzwz.

J t—ti_1

2 94 2 \]"
N emtiw g
b |:e jwj0 (_;w‘ - (2.281)
j@j oy §ioj

=t

in Equation (2.273) and (use formulas 2.311 and 2.322.1 in (Gradshteyn and Ryzhik 1980))
t
fo Uiy {F@) [e‘”") - e_‘”+(“)] dr
n e® o efcu*a 1=t
:Z laij + bijt] +

< ™ wt
i=1

b [ oo (i L ) feuto (i + #)] (2.282)
i€ o~ (0)? © ot (oh)? f—ti_1 '
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in Equation (2.275). Consequently, the solution for piecewise-linear loading can be written
down explicitly.
A special case of loading is the harmonic excitation satisfying

[F()} = {Fr +iF} . (2.283)

Fg and Fj are the in-phase and out-of-phase amplitude, respectively, and €2 is the frequency
of the excitation. Now, Equation (2.266) reads

bj(t) + (o + Bo)bj(t) + wibj(1) = {U,-}T {Fr+iF}e . (2.284)

Inspired by the form of the right-hand side, we assume a complex solution in the form

bj(t) = (bjr +ibj1) e (2.285)

the derivatives of which yield
bj(t) =iQ(bjg +ibj) e (2.286)
bi(1) = —Q*(bjg +ibjr) e (2.287)

Substitution into Equation (2.284) leads to

—Q*(bjr +ibj1) +ile + Bw}) Qbjr +ibj1) + @ (bjr +ibj1) = {UY {Fr+iF1).

(2.288)
Separating the real and imaginary parts of the equation yields two real equations:
~Q%;g — (o + po) Qbj; + wlbjr = {U;}) {Fr} (2259)
T .
—szﬂ + (¢ + ﬂw?) Qbjpg —i—a)?bﬂ = {Uj} {F[}
which is equivalent to
2 2 2 T
(a)j—% ) _(a;—lga)]z)ﬁ {b/R}z {Uj}T{FR} (2.290)
(a—i—ﬂa)j)Q (a)j_Q) bjr {Uj} {F[}
the solution of which reads
T 2 2 T 2
Ujj {Frj (07 — Q%)+ {Uj; {Fij(a+ pw;)Q
bij { J} { } J { J} { } J (2_291)

(@} — Q)2 + (@ + Bo?)? Q2

b — (Ui} {F1} @3 = 2% — (U} {Fr) @ + pod) (2.292)
= (@ — Q)2 + (o + fu) 2R ' ’

2.9.3 Buckling

Buckling calculations are a special case of frequency calculations with preload. In
Equation (2.243), it was emphasized that frequency calculations are essentially homoge-
neous. However, the eigenfrequencies of a structure do depend on the loading. For instance,



LINEAR MECHANICAL APPLICATIONS 113

a rotating blade has other eigenfrequencies in comparison to a static blade. This effect
manifests itself through a modified stiffness of the structure due to the stresses and dis-
placements. This is explained in Chapter 3 where the following modified stiffness matrix
is defined (Equation (3.17)):

[K]mod = [K]LE + [K]ST + [K]LD' (2.293)
Here, [K ]LE is the linear elastic stiffness matrix, [K ]ST is the stress stiffness contribution
and [K ]LD is the large deformation stiffness. By replacing [K ] in Equation (2.247) by

[K ]mo 4> the loading is taken into account in the frequency calculation. The buckling load
can be defined as the load for which the lowest eigenfrequency reaches zero. Then, a
small perturbation will lead to buckling. Indeed, in Section 2.9.1 it was shown that a zero
eigenvalue, or equivalently a zero eigenfrequency, leads to an unbounded homogeneous
solution: the system is unstable.

As an example, look at the beam in Figure 2.20, loaded by a point force at its end.
Figure 2.21 shows the lowest eigenfrequency w of the beam. It corresponds with a bending
mode with zero displacements at its fixed end. As the tensile force decreases, the lowest
eigenvalue w? decreases until it is zero and buckling occurs. Notice that as the eigen-
value w? becomes zero, the eigenfrequency w is zero too and the solution is unbounded
(Section 2.9.1).

Suppose that the structure is loaded by a static force system 1 and a buckling load
system 2. The static load system is defined as a system that is permanently acting and the
magnitude of which is not changing. The buckling load system varies in magnitude and the
basic question is at what value of the buckling load system will the collapse occur. To this
end, the buckling load system is scaled with a factor A and the problem is reduced to the
question: at what value of A is the lowest eigenvalue of the system zero? Equation (2.247)
is now equivalent to

[[K]LE + [K]STI + [K]LDI + [K]sm + [K]LDZA] {U} =0. (2.294)

Index 1 stands for load system 1, index 2\ for A times load system 2. {U } is only nonzero
if the total stiffness matrix is singular which also implies that the matrix is not positive-
definite. Equation (3.17) reveals that [K |¢; is linear in the load but [K ], is not (notice
the quadratic term in the displacement). Accordingly,

LD

[K]sm =2 [K]STZ (2.295)
[K]LDZA # A [K]LDZA : (2.296)
/]
7 F
2 —= h
/]
8 h 1.5h

Figure 2.20 Geometry of the beam
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Figure 2.21 Lowest eigenfrequency for a beam under tension

Therefore, for linear buckling calculations, [K ]LD2A will be neglected leading to the fol-
lowing eigenvalue problem:

[[K]LE + [K]STl + [K]LDI] {U} =2 [K]STZ {U} : (2297

This is again a generalized eigenvalue problem with symmetric matrices similar to
Equation (2.247) except that [K ]ST2 is not positive-definite. It is the governing buckling
equation and can be solved using the ARPACK package (Lehoucq ef al. 1998).

2.10 Cyclic Symmetry

Cyclic symmetry is an important issue in rotating structures such as disks (Ramamurti
and Seshu 1990). It basically enables you to calculate eigenmodes for a complete disk
by modeling a segment only. Look at the deformed disk in Figure 2.22. It exhibits an
eigenmode with a nodal diameter of two. This means that there are two diameters for which
the displacements are zero. This corresponds to four zero crossings or to two complete
waves along the circumference of the disk. In general, a nodal diameter N corresponds to
N waves along the circumference and 2N zero crossings. Suppose only a segment extending
over an angle ®g is modeled. For the disk in Figure 2.23, &g can take any value smaller
or equal to 2. For practical models, the value of ®g depends on the size of substructures
such as blades. In general, if there are M identical sectors along the circumference, ®g
must be a multiple of 27 /M. For instance, for the structure in Figure 2.24, there are four
identical sectors and ®5 must be a multiple of /2.
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Figure 2.23 Phase along the boundary of the disk and modeled segment

Figure 2.23 shows that for the mode shown in Figure 2.22, the displacements in cylin-
drical coordinates in any node B on the “clockwise” side are phase shifted with respect to
those of the corresponding node A on the “counter clockwise” side by 2&g. For a mode
with nodal diameter N, this shift takes the value N¢gs. Taking for @ the smallest possible
value &5 = 2w /M, one arrives at

:2n

(21N
{U)eip =10 ™ - (2.298)
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Figure 2.24 Structure consisting of four identical sectors

This is the central equation of cyclic symmetry. For modal analysis no other equation is
needed. This basically means the following:

1. The governing equations are not modified but only the boundary conditions are
changed.

2. Because of the complex nature of the boundary conditions, the resulting eigenvalue
problem is a generalized complex eigenvalue problem. It will be shown that it can
be reduced to a generalized real eigenvalue problem twice the size.

3. Because of the presence of N in Equation (2.298), the eigenvalue system is different
for a different nodal diameter. For a given nodal diameter N, the solution of the
eigenvalue system yields all modes having 2N zeros along the circumference. Since
cosine and sine are periodic functions with period 27, one can write

BN _ i IN+RM (2.299)

where k is an integer. This means that the application of Equation (2.298) will yield
all modes with nodal diameter N + kM. For other nodal diameters, Equation (2.298)
is different and another eigenvalue system results. Accordingly, a cyclic symmetry
calculation takes longer, but not as long as when the complete disk is modeled.

4. Equation (2.299) shows that it is sufficient to perform calculations for nodal diameters
0,1,...,M/2if M iseven and up to (M — 1)/2 for M odd. For instance, if M is odd,
calculations for N = (M — 1)/2 also yield the eigenmodes for N = |[(M — 1)/2 —
M|=M+1)/2.
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Using the cylindrical coordinate system in Figure 2.23, Equation (2.298) is equiva-
lent to

Ugr.p = Ug aelM®s
Up.p = Up eV ®s (2.300)
iN®s

Uz.p =Ugz ae

The cylindrical and rectangular coordinates in Figure 2.23 are related by

X = Rcos®
Y = Rsin® (2.301)
Z=2Z
or
R=+vVX2+7Y?
®=tan"! L (2.302)
Z=2

leading to (see Equation (2.212)),

Ur =Ux cos® + Uy sin ®
Up = —Uxsin® + Uy cos ® (2.303)
Uz =Uy,

since (Equation (1.7))

Gy =cos®I| +sindl,

Gy = —rsin®I; +rcos®I, (2.304)
Gy =13

and accordingly,
Gl/l/ = G3/3/ = 1’ Gz/z/ = r2_ (2305)

Inverting Equation (2.303) yields

Ux =Ugrcos® — Ugp sin ¢
Uy = Ugrsin® 4+ Ugp cos @ (2.306)
Uz =Ujy.

Now, Equations (2.300) lead in rectangular coordinates to the following linear complex
equations:

Ux pcos®p + Uy psin®Pp = [Ux,A cos®y + Uy a sindDA]eiNd’S
—Ux psin®p 4+ Uy pcos Pp = [_UX,A sin®4 + Uy, 4 cos CDA] elN ®s (2.307)

Uzp = Uz aelN®s.
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Solving for Ux g, Uy, p and Uz g, we get three linear multiple point constraints with Uy g,
Uy p and Uz p as dependent variables. Notice that Equation (2.300) and Equation (2.306)
lead to

Ux p =Ugpcos®p — Uy psinPp

= (UR,A Ccos (DB — Ucp,A sin CDB)equ)S

# Uy eV ®s, (2.308)

that is, Equations (2.300) do not apply in rectangular coordinates.
The resulting complex eigenvalue system

[Kr +iK1] {Ur +iUz} = o [M] {URr + iUz} (2.309)
where the index R denotes the real part and Z the imaginary part is equivalent to
Kr —Kz||Ur| _ 2|M O Ur
|:KI K”R]{UI =07 oy Ur |- (2.310)
Since the basic equilibrium equations lead to a real symmetric and consequently a Hermitian

stiffness matrix, and the treatment of the boundary conditions discussed in Section 2.6
conserves the Hermitian character, Kz + iK7 is Hermitian. Accordingly,

Kr +iKz = (KR +iKp)"
U

Kg — iK1 = K +iK7
U

Kr =KL
{_KI:K;% (2.311)
which shows that Equation (2.310) is a symmetric eigenvalue problem.

Solving Equation (2.310), we get each eigenvalue twice. Indeed, one can check that if

Ur
{ Uz } (2.312)
is a solution,
—Ur
{ UR} (2.313)

is a solution too with the same eigenfrequency. Recomposing the complex form, the
first solution corresponds to {U;} = {Ugr + iUz}, the second to {U>} = {-Uz + iUr} =
{UR + iUI} ¢'7/2 which shows that the difference between both is a phase shift of 90°.
The resulting solution amounts to (Equation (2.246))

U} = {Ug + iUz} e (2.314)
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{U} =[{Ur} coswt — {Uz}sinwt] +i[{Ur} sinwt + {Uz} cos wt]. (2.315)

Since the governing equation is linear, both the real and imaginary part are a solution.
Taking the real part, one arrives at

{U} ={Ur} coswt — {Uz} sinot. (2.316)
This is not a standing wave. However, if w is a solution, so is —w and accordingly
{U} = {Ur}coswt + {Uz} sinwt (2.317)

is a solution too and any linear combination of Equation (2.316) and Equation (2.317) as
well. Consequently, half the sum and half the difference, which are both standing waves,
are also solutions:

{U} = {Ur} coswt (2.318)
{U} = {Uz}sinor. (2.319)

How do we arrive at the solution in the other sectors? Let the solution in a point P
in the primary sector be U. The solution in a point Q exactly K sectors ahead satisfies
(Equation (2.300))

UR,Q — UR’PeiKNQDS
Usp.g = Ugp pekN®s (2.320)
UZ,Q — UZ,PeiKNCDS.

{Ur.p.Us p,Uz p} are related to {Ux, p,Uy,p,Uzp} through the relations in Equa-
tion (2.303). {Ux.p, Uy,p, Uz p} are generally complex and so are {Ug p, Us,p, Uz p}.
Because the Equations (2.303) are linear, they can be applied to the real and imaginary
parts of the solution separately. The first equality in Equation (2.320) now reads

(Ur.0)R +i(Ur,0)1 = [(Ur,p)R +i(Ug,p)z] KNS (2.321)
which leads to

(Ur,0)R = (Ug,p)R cOS(KN®s) — (Ug,p)z sin(KN Og)

. (2.322)
(Ur,0)z = (UR,p)R sSIN(KN®g) + (Ug, p)z cos(KN Pg).

The rectangular components of the solution in Q are obtained through Equation (2.306).
Accordingly, the solution in point Q is obtained by
1. converting the solution in P to cylindrical coordinates (Equation (2.303)),

2. applying the mapping in Equation (2.321) to each component to obtain the solution
in Q in cylindrical coordinates,

3. converting this solution into rectangular coordinates (Equation (2.300)).

This also applies to higher-order tensors such as stresses or strains.
Cyclic symmetry properties can also be used in static calculations by expanding the
circumferential loading in its Fourier components.
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2.11 Dynamics: The a-Method

Instead of using modal dynamics to solve Equation (2.27), a direct solution in the space—time
domain is also feasible. Usually, the space domain is meshed with finite elements, whereas
the time domain is discretized with finite differences. The o-method, which will be presented
here because of its excellent performance, is a further development of the Newmark algorithm
(Zienkiewicz and Taylor 1989). Major contributions to the a-method were made in Hilber’s
Ph.D. Thesis (Hilber 1976) and in (Hilber et al. 1977), (Hilber and Hughes 1978), (Hulbert
and Hughes 1987) and (Miranda ef al. 1989). Here, the «-method is introduced in its classical
form. For extensions of the ¢-method and other time-integration schemes see (Hughes 2000),
(Mugan and Hulbert 2001a), (Mugan and Hulbert 2001b) and (Chung et al. 2003).

Important criteria to evaluate a numerical procedure are accuracy, consistency, stabil-
ity and high-frequency dissipation. In general, second-order accuracy is strived at. This
means that the error in each iteration is O (Ar?) where At is the size of a time increment.
Accordingly, the error decreases as At — 0, which also implies consistency. The stability
issue is generally linked to the size of At. For some algorithms, the solution grows out of
bounds for large values of At. This is, especially in explicit codes, a matter of concern.
If the size of At does not matter, the algorithm is called unconditionally stable. Stability
and consistency together imply convergence. High-frequency dissipation is related to the
wish to attenuate high frequencies, which are generally less accurate due to the limited
resolution of the finite element mesh.

2.11.1 Implicit formulation
The equation to be solved is Equation (2.27):
[K]{Uu}+[M]{U} = {F}. (2.323)

Finite difference discretization in time means that the finite element variables are calculated
at discrete times, for example, t = 1y, t1, ... , ty, In+1, - - .. For simplicity, let us focus on
a material point with displacement u, velocity v and acceleration a. Integration of

a="1v (2.324)
yields
t
v(t) = v, —1—/ a(&)dé (2.325)
I
or, for t = t,41,
Iyl
R / a(&) d&. (2.326)
t

n

The integral on the right-hand side of Equation (2.326) cannot be solved since a is unknown
except at t =t, and ¢t = t,41. However, if we approximate a(§) by a linear combination
of a, and a,41,

at) ~ (1 =y)an +yant1, t€ltn, tnt1] (2.327)
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we can perform the integration leading to

Vpt1 = Uy + At[(1 — y)a, + yau+1]. (2.328)
Similarly for u
u=nv. (2.329)
Hence,
t
u(t) =uy, +f v(n) dn. (2.330)
tn

Substituting Equation (2.325) into Equation (2.330) yields

t
u(lt) =u, +v,(t — t) —l—f /"7 a(§¢)dé dn. (2.331)
ty Jty

Assuming a in the interval [#,,?,41] to be a linear combination of a, and a,4; (not
necessarily the same as in Equation (2.328), i.e. 28 # y in general),

a(t) = (1 —=2B)a, +2Bant1, 1€ [t tay1l (2.332)
one obtains
u(t) =uy + v, (t — ) + %(t — 0)’[(1 = 2B) @y + 2Ban 1] (2.333)
or, for t = t,41,
i1 =ty + Aty 3 AP = 26) @y + 2B (2334)

Notice that u, + Atv, is the displacement which applies if the acceleration is zero. Denot-
ing {V} = {U} and {A} = {U} and letting

(A}, = (4], + [24) (2.335)
Equations (2.328) and (2.334) can be written for the complete mesh in the form

(Vo = V], +ar[a = {a}, +v{a],,,] (2336)

1
(U, ={ul, + ar{v], + s@n?[a-2p) {4}, +28{4},,,]. @337

Equation (2.323) has to be satisfied at #,41. Hence,

ext
[M] (AL 1 +[C) VDo + KT (U0 = (LS, 2.33%)
Here, a friction term was inserted (cf Section 2.9.2), and the index “ext” stands for external
force. Substitution of Equations (2.336) and (2.337) into Equation (2.338) leads to the
Newmark algorithm. However, experience has shown that the high-frequency dissipation
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can be much improved if all terms in Equation (2.338) except the acceleration term are
evaluated at an intermediate position between ¢, and #,1:

[M]{A}, o + A [CH{V), —a[C]{V], + A+ [K{U},

—a[K|{U}, = +a) {F}73, —a{F}", —1<a=<0. (2339)

Since the stiffness term and friction term can also be considered as an internal force:
int
{FhLo =[CH{V}, . + [K]{U},0 (2.340)
Equation (2.339) amounts to

(M]{A},,, + A+ [FIN —a{FIM = A+ o) [F)Y, —a [FI. 234D

Substitution of Equations (2.336) and (2.337) into Equation (2.340) yields the a-method
(called after the parameter «). In the next sections, it will be proven that if 8 and y satisfy

B= %(1 —a)? (2.342)
y = % w (2.343)

the algorithm is second-order accurate and unconditionally stable for o € [—1/3, 0]. Max-
imum high-frequency dissipation is obtained for « = —1/3. For o = 0, there is no high-
frequency dissipation and the «-method reduces to a special case of the Newmark method
(also called the average acceleration method since y = 1/2 and = 1/4 corresponds to
taking the mean of {A}n and {A}n+1)' Defining

(Vi =V, +a—par{a}, (2.344)
- 1
{0}, = (U}, +ac{v}, + S@an?a -2p {4}, (2.345)
Equations (2.336) and (2.337) yield

Vi = }n+1

(V] +racfal,, (2.346)
(U}, =10}, +BAD* {4}, .. (2.347)

The quantities {0 }n 4 and { } , can be considered as predictor values and depend on
values at time 7, only. Substltutlon of Equations (2.346) and (2.347) into Equation (2.339)
yields

[M]+ (1 +w[C]Aary + (1 +a [K]A08] (4],

+(+a) [V, —e[C]{V], + (1 +a) [K]{T]),

~a[K]{U}, = (4o (FIS, —a [FI* 2349



LINEAR MECHANICAL APPLICATIONS 123

which is equivalent to

[m7]{A}, ., = {F) (2.349)
where
[M*] = [M]+ (1 +a)[ClyAt + (1 +a) [K] B(A1? (2.350)
(F} = A+ (FISS, —a{F)™ = (4o [} + o (F) (2.351)
(Y =[c]{v}, + [K]{u), (2.352)
(Fh = [CNPY,, + (K1), - (2.353)

After solving for {A} and {U}, | can be determined using Equations (2.346)

and (2.347).

n+l1° { }n+1

2.11.2 Extension to nonlinear applications

The procedure can also be extended to nonlinear problems, in which [C] and [K] are
nonlinear functions of {U} and {V}. Now, Equation (2.339) is replaced by

[M]{A},, + 0+ (€U}, i V1] Vi
—afedul, AVIDHVE + A+ o [K{UL, o V] UL,
—a[K{ul, AVIDI{UL, = A+ {FET —a {FI. 2354
Defining
[K], = [k (0}, . (v]) 2359)
(€], =[equl, . (v1)] 2356)

Equations (2.349) and (2.351) still apply but Equations (2.350) and (2.352) to Equa-
tion (2.353) now yield

[M*]=[M]+ (1 + ) [Cl,, var+ 0+ [K],,, B(AD? (2.357)
{(FIM =[], {v}, +[K],{v}, (2.358)
(FY =1 V) + (K] {0, - (2.359)

[K ] 41 and [C ]n 4 are, however, not a priori known. Therefore, they are calculated on the

basis of {U } ] and { \7}" +1 (the predictor values) and iterations are run till convergence.
Denoting the predictor values by

(VID = {7V}, = (v}, + A —par{a}, (2.360)

- 1
() = {0}, =1U}, +ac{v], + E(At)z(l -2p){A}, (2.361)
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the force in iteration 1 amounts to

(1)int int

(FIV =+ {FIy —a(F = a+a) [F) +a {F), (2.362)
where
{F1 =[c], v}, + k], {U}, (2.363)
(i (1 1) o) 1)
{F}'H-llm = [C]n—H {V}n+1 + [K]n—H {U}n—H ' (2364)
In Equation (2.364) use was made of the following abbreviations:
[l = [cdu)®, AviO)] (2.365)
and
(K1), = [k U}, (vi)] (2.366)
Equation (2.349) now amounts to
[m*] 0 {a}?) = {F}? (2.367)
where
[(M5]V = [M]+ A+ [C]), yar+ 1+ [K], Ban?. (2.368)
The corrected velocity and displacement satisfy
2 (1) 2)
Vo =V Trac{Al, (2.369)
(Ul = Ul +pan?{a)?). (2.370)

Now one can use the corrected displacements and velocities to calculate new values for
[M*] and {F} and iterate until {A}n .1 has converged. For iteration i, one obtains

(FIO =+ {FI, —a[FY = 0+ o) {FIO +a (PN 2.371)
{F}SJ):H = [C]fz?rl {V}i(zl-l)—l + [K];(zij—l {U}i(zl-l)—l (2.372)

(] = [M]+ 1+ [C]D yar+ (A + ) [K]D, Ban? (2.373)
[m]7{a) ) = {F) (2.374)

(VI = (v +yac{a)l) )l (2.375)

(Ul ={ul), +Ban {a}f). (2.376)

This scheme has the disadvantage that {V}illl and {U };21 have to be stored. This can
be avoided by writing Equations (2.375) and (2.376) for i and solving for {U }(1) and

(1 n+1
{ V}n+l :
M 5 5
(Vo = (Vo — Ay {A}, 2.377)
(Ul = (Ul —@n?s{a})),. (2.378)
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Substituting these equations into Equations (2.371) to (2.374) one obtains

(i+1)

[[M]+a+a[c]) yar+ a+a K]0, pan?| {a]},

n+l1

@]l yar+ v o (K19, pan2] (411,

=+ {FI —a{FI +a {FI"

—a+a [l (vhn, + KT ), ]

n+1 n+1 n+1 n+1
By defining
@) @i+1) @)
{AA} l = {A}nlil - {A}nl+1
(1)
{4}, =1{0}
and
@) @) @)
{RY"Y = {F}"" —[M]{A}],
where
[FI = v {FIL —a{F1 = 0+ {FL +a {F})

and

()i @) (@) (@) (@)
{F}nl-i—lilt* = [C]nl-H {V}nl+1 + [K]nl+1 {U}nl+1

Equation (2.379) can be reduced to
[M*](i) {AA}(I') _ {R}(i) )
Furthermore, Equations (2.375) to (2.378) yield

(VEL = {Vhi +rar{aa)?

(U = Ul + pan? {aa}?.

125

(2.379)

(2.380)

(2.381)

(2.382)

(2.383)

(2.384)

(2.385)

(2.386)

(2.387)

{R}(l) is the residual in iteration i and its size can be used as a criterion to exit the loop.

Summarizing,

1. Calculate the predictor values: Equations (2.360), (2.361)

2. Loop i, i =1,2,...: multicorrector step

(a) Calculate {F}®* (Equation (2.383)), [M*]” (Equation (2373)), {R}"

(Equation (2.382)). If | {R}"” || < e: exit.
(b) Calculate {AA}" (Equation (2.385).

(C) Update {U}n-i-l’ {V}n+1

and {A}n+l (Equations (2.386), (2.387), (2.380)).
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Those degrees of freedom for which boundary values are given are not a part of the
solution system. For these degrees of freedom, either {U}, ., {V},,, or {A},, is given.

The predictor step yields {U }’(114)_1 {V}lej_l and {A}fllil (Equations (2.360), (2.361) and

(2.381)) as usual. However, now only one corrector step is necessary. We set

hl =1{v}, (2.388)
or

VI =V (2.389)
or

{A)2 = (A}, (2.390)

Then, Equations (2.387), (2.386) and (2.380) yield for i = 1

1
(8} = o [0~ {U10)] 2.391)

(€] 1 1)
(8} =~ (V] — VI (2392)

or

{aa})V = {4} (2393)

n+1"

Substituting {AA}(I) into Equation (2.386) or Equation (2.387) yields the remaining
unknowns (displacement if the velocity is given, velocity if the displacement is given and
displacement and velocity if the acceleration is given).

The assumption that a in [#,, t,4+1] is a linear combination of a, and a,;; works
well unless a changes discontinuously. For instance, if the external force jumps at r = r,},
the acceleration a;F has to be adjusted accordingly to get accurate results. The correct
acceleration is obtained by using Equation (2.338):

[M]{A},, = {F} = {F}"
= {F" +{aF}— {F})" (2.394)

where {AF } is the force jump. Consequently, the acceleration jump amounts to
[M] ({4}, - {4},) = {aF). (2.395)

2.11.3 Consistency and accuracy of the implicit formulation

In order to examine the consistency, accuracy and stability of the implicit scheme,
Equation (2.349) together with Equations (2.344) to (2.345) and Equations (2.350) to
(2.353) are written for a homogeneous (no external force) single degree of freedom
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system:
m + (1 + a)ey At 4+ (1 + @)kB(AD)1an 11
= acv, + aku, — (1 + a)clv, + (1 — y)Atay]
— (1 + o)klu, + Atv, + %(At)z(l —2B)an]
or
[m + (1 +a)ey At + (1 +)kB(AD |ap 1
=—(1+a)c(l—y)At + %k(At)z(l —28)]ay
—[c+ (A +a)kAtlv, — ku,.
Defining the frequency €2 and the friction coefficient £ by
Q%= E(At)2
m

c

= At
§ 2me2

which is equivalent to
mQ?
T @2
2mQE
At
one can replace k and ¢ in Equation (2.397), yielding

[1+ (1 4+ @)2Q&y + (1 + 0)Q*Blay1 (A1)
= —(1+a)[(1 — ¥)2Q& + 3(1 — 2B)Q%a, (A1)
— 29 + (1 + &) Q% v, A1 — Q%u,,.
The one-dimensional equivalent of Equations (2.344) to (2.347) yields

Atviy = Atv, + (1 — p)(AD%a, + ¥ (A an 41

1
tn1 =ty + Arvy + (1 = 2B)(A)2ay + B(AL) apty.

127

(2.396)

(2.397)

(2.398)

(2.399)

(2.400)

(2.401)

(2.402)

(2.403)

(2.404)

After substitution of Equation (2.402) into the right-hand side of Equations (2.403) and
(2.404), these three equations form a system expressing u, 11, Atv,41 and (Ar)%a,,; in

terms of u,, Atv, and (At)2an:

Un+1 Un
(A)vpg = [A] (AHvy,
(A1) ap4 (At)’ay

(2.405)
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where
1+BP 14+B0Q S+B(R-1)
[A]=] vP 1+4+yQ I+y(R-1) (2.406)
P 0 R
and
P=-Q%/d (2.407)
0 = —[26Q+ (1 + 0)Q]/d (2.408)
R= -+l -2+ L1 -28Q%/d (2.409)
d=1+(+a)2Qy + (1 +a)Q8. (2.410)

Equation (2.405) is a set of three homogeneous finite difference equations of the first order
with constant coefficients. Solutions are obtained by setting

Up
(At)v, ¢ = A" {X} (2.411)
(At)zan
leading to
[A]{Xx} =2 {x} (2.412)

which is a classical eigenvalue problem. Solutions exist if the characteristic equation is
satisfied

ML+ bi—L=0 (2.413)

where 11, I and I3 are the invariants of A (the elements of A are denoted by Ay, ...) :

L=tr A=Ay + An+ A3 (2.414)
Ay A Al Az Al A

L = 2.415

27 Ay As Az Azz Ayl A ( )

I = det A. (2.416)

Equation (2.413) is also the characteristic equation of the following third-order equation:
D =uyy1 — hup + huy—1 — Buy—3 =0 2.417)

which is equivalent to Equation (2.405). After some algebra, one obtains the invariants of
Equation (2.406):

n=2-{rell+el -]+ [0+ +1) - pal] /d (2.418)
h=1- {2g9 [1 4201 — )] + Q2 [y — 1/2 + 2e(y — ﬂ)]} /d (2.419)

L=— [2§Qa(1 — )+ Qaly — B — %] /d. (2.420)
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To examine the consistency and accuracy, Equation (2.417) is expanded by Taylor series
about u,, = u:

A% L (A1)?

(An? | (AD
2! 3!

and similarly for u,_; and u,_j. Collecting terms, one obtains

Upt] = Uy +UAT + 1 + .- (2.421)

D=(0-L+L—-KBu+1—-1L+2L)uAt

+ (14 I — 413)ii (A2t)2 +(—5L+8L)i (A;f +o0 (2422
Defining .
Ii=Ld=1 (2.423)
one obtains after some algebra
1-T1+1,—13= (2.424)
1 — 1o+ 213 = 2[4 + (—1 + 20 +2y)Q] (2.425)

1+, —4Ty =1 {4 — A1+ 20(y — DIEQ + (1 — 4o — daf — 2y +4ay)£22}
(2.426)

1 —To+ 813 = —1Q{—4[1 + 6a(y — DIE +[1 —4a(2+ 38 —3y) —27IQ} (2.427)

and

l—h4+h—-hL=(0—-11+1,-13)/d (2.428)
1 — L4201 =(1—1,+2I3)/d (2.429)
14+ 15 —4L =[2(d — 1)+ 141, —4I3]/d (2.430)
1—5h+8K5=(1—1,+813)/d. (2.431)
Now, we will assume there is no friction: £ = 0. Defining w by
Q= wAt (2.432)
collecting terms in Equation (2.422) yields
D = (DX @ + i) + (AD* [ H(=1 4+ 20 + 2p)0%i | + O(an* (2.433)
or
it o= -2 A [(a ry— l)w2u] + 0(A> (2.434)
(A1)? 2

The left-hand side is the governing equation without friction, the first term on the right-
hand side is its approximation. For At — 0 both are identical. Consequently, the numerical
scheme is consistent. The accuracy is given by the power of the subsequent Af terms on
the right-hand side. In general, the scheme is first order. However, if

=1 _q (2.435)

the scheme is second order. This will be assumed to be the case in the following section.
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2.11.4 Stability of the implicit scheme

A numerical scheme is stable if its amplification matrix [A] Equation (2.406), has no
eigenvalues with size greater than one. Indeed, if |A| > 1, the homogeneous solution,
Equation (2.411) diverges. Since a particular solution (i.e. a solution of the inhomoge-
neous problem) augmented by a linear combination of the homogeneous solutions is a
particular solution as well, any instable homogeneous solution will lead to an instability
of the inhomogeneous scheme. Accordingly, we have to solve Equation (2.413) for A and
check that [A] < 1.

Since the coefficients I, I and I3 are a function of 2, Equations (2.418) to (2.420),
so is its solution A. Recall that the parameter y is defined by Equation (2.435), « and S
are still adjustable. The strategy that will be adopted here follows the treatise in (Hilber
1976): first, we check the value of |A| for = 0, then we examine 2 — oo and finally
look at the values in-between.

1. For @ =0 we have I} =2, I = 1 and I3 = 0. The roots are A =0 and A = 1, the
latter is a double root. The condition |A| < 1 is satisfied.

2. For Q — oo I1, I and I3 reduce to

(I+a)(y + 3) — Ba

I ~2— , Q2 — o0 (2.436)
(1+a)p
1 _
L1 YTat2w =P o (2.437)
1+ a)B
a1
=P g (2.438)
(I1+a)B

Notice that & drops out for € — oco. Substituting y = & —« and rearranging,
Equation (2.413) yields

ala + B) — 2o + B(1 + @) + 20B)A
+R2B0+a)+af—1+a? N2 =20 +a)B=0. (2.439)

Since the term (1 +«)/f that is multiplying A3 originates from the denominator
of Equations (2.436) to (2.438), « = —1 and B = 0 must be excluded. The solution
of Equation (2.439) is (by inspection or by using a symbolic mathematical pro-
gram)

o

A3 = 2.440
3 14+« ( )

l—«o 1
Aa=1-— 25 + ﬁ,/(l —a)? —48. (2.441)

Let us first have a closer look at Ay and X,, Figures 2.25 and 2.26.
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Figure 2.25 Evaluation of 1|

(a) For (1 —a)? < 4B, A1 and A, are complex and

o+
[A1] = 22| = —ﬁ (2.442)

B

[A1] = [X2] = 1 for o = 0, to the left of the B-axis we have |A1]| < 1, [A2] < 1,
to the right we obtain |A{]| > 1, |A2| > 1.

(b) On the parabola (1 — «)? = 48 and one finds

1
A=Ay = -t

(2.443)

leading to

a<0=-1<xr2<1

a=0=Ai1p=-1
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3 I I

>\ﬂ =(1—a)?/4
) i

[A2] =1 [A2] > 1
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Figure 2.26 Evaluation of A,

O<a<l=>xr.<-1
a>1=ir2>1 (2.444)

() If (1 —a)?> 48, A1 and A, are both real. Closer examination reveals

ME LA # 1 (2.445)
1 -2«

M=—lef=-""" «z0 (2.446)
1-2

=-lepf=— ¥ a<o. (2.447)

The straight line 8 = (1 — 2«r) /4 is tangent to the parabola at « = 0. For 8 — 0,
A1.2 is not properly defined by Equation (2.441) and an asymptotic expansion
must be developed

28 2P (I—a)?

l—a |1— 4
a1z el ) P
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l—a  |1—aq] 28 5
T + T P—————+Mﬁq,ﬁ+0

T—ap
l—a |1 —«f 1 — |
% T 28 T-a)

=1-

+0(p), B—0. (2.448)

This yields for A;

u~1—+mm,ﬂaaa<1

Al =

l—«a

) (2.449)
M:“ﬂ +0(), B—0,a>1

and for A,
1l—«a
Ay = — 5 +0(1), B—>0,a<l
(2.450)

| .
A2=1+—1+0(,3), B—0,a>1

a—
Summarizing, the straight line § = (1 — 2«)/4 divides the region under the parabola

into three zones. Only for « < 0 and 8 > (1 — 2a)/4 we have |[A1| < 1 and |Ao| < 1.
A1 and A, are sometimes called the principal roots.

For the third eigenvalue (sometimes called the spurious root), one obtains
1
|)»3|=1<=>)»3=—1<=>0[=—§. (2.451)
However (see Figure 2.27),
1
M <1l a> 3
(2.452)

1
|)L3|>1<:>oc<—§.

Accordingly, the implicit scheme is unconditionally stable (i.e. [A1]| <1, [Az2] <1
and |A3| < 1) at high frequencies only if

(2.453)

Now, for Q2 — oo, we would like to maximize the dissipation to get rid of spurious
high-frequency effects, that is, we seek to minimize max(|1;], |A2], |A3]). How does
B affect max(|r1], |A2], |A3])? Since A3z is not a function of 8, we focus on A; and
X2. One can prove that for fixed o > —%, max(|Aq], [A2]) attains a minimum for
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Figure 2.27 Evaluation of A3

B=(1-— a)2/4, that is, on the parabola, satisfying

1+«

MM = Ao =
Ml = ol = =

(2.454)

Indeed, for 8 > (1 —a)2/4 we deduced Equation (2.442) which is a monotonic
increasing function of 8 toward 1 for 8 — oo. The derivative of Equation (2.441)
with respect to B satisfies

oAl 2 1l -« 1 1
e rx—— /1 —-a)+4 . 2.455
= (R e Q)

For 8 = (1 — )?/4 one gets

1+«

A=A = I~

<0 fora> —1. (2.456)

Now, % > 0 (Equation (2.455)), hence, A, decreases with decreasing . Accord-

ingly, |X2| and max(|A1], |A2|) increase with decreasing B in a neighborhood of
B = (1 —«)?/4. This completes the proof.

Consequently, we maximize the high-frequency dissipation if we take

(1 —a)?

p 4

(2.457)
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and the only parameter left is «. Summarizing, for —% <a <0

il = ol = 2% <1 (2458)

l—«
= — <1 2.459
[A3] = T5a = (2.459)
A1 = [A2] = |A3] = % for o = —%. [X1] = |X2| is a monotonic decreasing function
of a and |A3]| is monotonic increasing. Consequently, max(|A1|, |A2], |A3]) has a min-
imum at A = —1/3. The complete range [—%, 0] for max(|A], |A2], |A3]) is covered

if one takes a € [—%, 0]. This concludes the treatment for 2 — oo.

3. To assure that max(|A1], [A2], |A3]) < 1 for 0 < Q < oo, the feasibility of |A| =1 as
solution of Equation (2.413) will be checked. In general, the solution can be complex.
Substituting A = ¢! in Equation (2.413) and separating the real and imaginary part
of the equation yields

cos3¢p — Iy cos2¢p + Ircosp — 13 =0 (2.460)
sin3¢ — Iy sin2¢ + I sing = 0. (2.461)

Both equations must be satisfied. Expanding sin2¢ = 2singcos¢ and sin3¢ =
—3cos ¢ + 4cos® ¢ in Equation (2.461) yields

singp(—1+ 4 cos® ¢ —2I1cosp+ 1) =0 (2.462)
which implies
sing =0 ¢=0,7 (2.463)
or
4cos’ ¢ — 2L cosp+ I = 1. (2.464)
(a) For ¢ = 0, Equation (2.460) yields
1-L1+5L—-13=0 (2.465)

(b) for ¢ = 7 one obtains

1+ +5L+1=0. (2.466)
(c) If we expand the terms cos2¢ = cos® ¢ — sin¢ and cos3p = —3cosg +
4 cos® ¢ in Equation (2.460), we get
cosp(—3 + 4 cos? o —2l1cosp+ L)+ 11 —13=0 (2.467)
and Equation (2.467) can finally be transformed into
LI — 13
cosp = 5 (2.468)

Substitution of Equation (2.468) into Equation (2.464) finally yields
Lz —h)+L—-1=0. (2.469)
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Equations (2.465), (2.466) and (2.469) cover all cases for which |A| = 1.
(a) Equation (2.465) leads to (Equation (2.428) and Equation (2.424))
Q=0 (2.470)

which yields a double root for 2 = 0. This was already covered previously.

(b) Substituting y = % —a and B=(1— a)2/4 in Equations (2.418) to (2.420)
and using these in Equation (2.466) yields

(14 20)92% — 8a(l +20)EQL+4 =0 (2.471)

o =Xy o 2472
by 48214 2a) | (2472)

For 452(1 + 2a) < 1, there are no real solutions, for 452(1 + 2a) > 1 the solu-
tions are both negative since o < 0 (for ¢ = 0, Equation (2.471) has no solution
either). Accordingly, there are no positive real solutions of Equation (2.471).

(c) Finally, Equation (2.469) yields

with roots

QI8E + 852Q + 26(1 + a2)Q? — (1 + a)?Q°1 = 0. (2.473)

Q2 =0 was already covered. For £ #0 and o # 0 all the coefficients in
Equation (2.473) are strictly positive (§ > 0, —% <a <0)and Q=0 is the
only solution. If one of them is zero but not both, the same reasoning applies
to the nonzero terms. If £ = o = 0 the equation is satisfied for all Q. This
corresponds to the classical Newmark algorithm.

Summarizing, for the parameter combinations y = % —a,B=0- a)2/4, o€ [—%, 0],
the implicit scheme is unconditionally stable and second-order accurate. The spectral radius
for different values of @ and & = 0 is shown in Figure 2.28, whereas the effect of £ for
o= —% is plotted in Figure 2.29. The figure shows that there is nearly no numerical dissi-
pation for small Q-values. For increasing values of €2 the dissipation gradually increases.
In the previous derivation, it was shown that the solutions of the characteristic equation can
be complex. This leads to oscillatory damping and a corresponding (small) period error of
the solution. For more information the reader is referred to (Miranda et al. 1989), (Hilber
and Hughes 1978) and (Bathe 1995).

2.11.5 Explicit formulation

The method in Section 2.11.1 is essentially implicit owing to the formulation of [M*] in
Equation (2.350) and Equation (2.357). If [M *] is diagonal, the method is explicit. The
mass matrix can be made diagonal by lumping. The problem is the damping matrix [C ] and
the stiffness matrix [K ], which are usually not diagonal. In the explicit predictor—corrector
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Figure 2.29 Spectral radius for o« = —0.3
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procedure introduced here (Miranda et al. 1989), the diagonalization of [M *] is achieved
by simply dropping the last two terms in Equation (2.350), that is, by setting

[M*] = [M] (2.474)

and lumping [M ] This really amounts to replacing Equation (2.339) by

[M]{A}, . + Ao [C]{V],,, —«[C]{V}, + O+ [K]{U],

—a[K{U}, =+ {F}75, —a{F}", —1<a=<0. (2475)
It can be shown that this iterative scheme is second-order accurate if Equation (2.342)
and Equation (2.343) are satisfied. Furthermore, high-frequency dissipation is achieved
for « < 0. However, the explicit scheme is not unconditionally stable. Indeed, the one-
dimensional equivalent of the explicit scheme corresponds to the equivalent model of
the implicit scheme in which the parameter d defined in Equation (2.410) is replaced
by 1. Equation (2.433) still applies and the explicit scheme is consistent and second-order
accurate for £ =0 if y = % — o. However, the explicit scheme is not stable for 2 — oo.
To check stability, Equation (2.465), (2.466) and (2.469), which still apply, are analyzed.
B =(1—a)?/4is assumed throughout. Equation (2.465) reduces to Q% = 0 and deserves
no further attention. Equation (2.466) now yields

Q—a—-202 - +4(0+a+222)EQ—-4=0 (2.476)
leading to
2(1 4+ o + 2a?) 1 —o—2a2—03
Qa= + [£2 —&. 2477
L2 e~ 22— 3 \/E + (1 4+ o +202)2 § ( )

Since | —a—202—a®>>0and 1 +a+2a% >0 for —1 < a <0, the positive root in
Equation (2.477) marks a relevant crossing of the || = 1 line. Figure 2.30 shows 2 as a
function of « for different £ values.

Equation (2.469) reduces to
Q(—8f — 8a(1 4+ 20)E°Q2 4+ 26[—a (1 4+ 20) + @ 12° + (1 + )?Q%} = 0. (2.478)

For & = 0 the only solution is €2 = 0. A numerical analysis shows that also for £ > 0
there are no positive real roots of Equation (2.478) smaller than €2 in Equation (2.477).
Summarizing, the stable regime is limited by a critical “frequency” value given by 2 in
Equation (2.477) and plotted in Figure 2.30.

2.11.6 The consistent mass matrix

The consistent mass matrix is obtained by evaluating Equation (2.24). This is usually per-
formed by one of the integration schemes from Section 2.3. In the previous sections, it was
explained that a force jump leads to a jump in the acceleration. To this end Equation (2.395)
has to be evaluated. This is a system of equations with the mass matrix on the left-hand side.



LINEAR MECHANICAL APPLICATIONS 139

2 T T T T T T
1.9} §=0.0 i
1.8} s

£=0.1
T 17F .
&

1.6 §=02 .
1.5+ £=03 =

1.4 | | | | | |
—03  -025 -02  —015 —0.1  —0.05 0

Figure 2.30 Critical frequency for the explicit scheme

Equation (2.395) cannot be solved if the mass matrix is singular. Physically, this situation
cannot arise since the mass matrix is positive-definite. Indeed, the kinetic energy satisfies

K=3{v) [M]{vl=0e{v]=o. (2.479)
Consequently,
M]{v}=0={Vv}=0 (2.480)

and [M] is regular. However, [M] can become singular because of the numerical integra-
tion. To realize this, consider just one finite element with constant initial density and recall
that the numerical integration of Equation (2.24) amounts to

N

Mij ~ po Y wegingjiJj (2.481)
k=1

where M;; denotes the entry in row i and column j of the matrix [M ], wy, are the weighting
functions, J,j is the Jacobian determinant of the global—local coordinate transformation
and the indices K and M in Equation (2.24) were dropped since the mass matrix does
not depend on them (the mass matrix really consists of three identical submatrices, one
for each coordinate direction). The size of the matrix in Equation (2.481) is equal to the
number of nodes in the element. A matrix [a] is singular if its determinant vanishes.

Suppose there is only one integration point. This is the case for the 8-node brick element
with reduced integration and the four-node tetrahedral element with standard integration.
Accordingly, Equation (2.481) reduces to

Mij ~ powigirpj1Jy - (2.482)
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Furthermore, the shape functions and the location of the integration point for these elements
are such that

Yil=g@j1 =191 Vi, j (2.483)
and we get

M;j =~ powipie1J} . (2.484)

All entries in the matrix are identical: the matrix is singular. Also, 20-node brick elements
with reduced integration frequently lead to badly conditioned mass matrices. Therefore, it
is advisable to use the higher-order schemes to integrate the mass matrix.

2.11.7 Lumped mass matrix

In the explicit formulation the mass matrix is reduced to a diagonal form. This can be
performed in several ways (Zienkiewicz and Taylor 1989). Here, only one method will be
discussed, which is used in the CalculiX® code (CalculiX 2003). In this method, the lumped
mass matrix is obtained by scaling the diagonal terms of the consistent mass matrix such
that the total mass is recovered. Denoting the consistent element mass matrix by [MCi j]
and the lumped element mass matrix by [ML;;] one finds

M,
n
> =1 Mcjj
where M, is the total mass of the matrix, that is,

Me=Y " Mcij (2.486)

i=1 j=1

Mpii = Mcii (2.485)

and n is the number of nodes in the element. This rule is applied to linear elements. For
quadratic elements, a distinction is made between vertex node contributions and midside
node contributions. Denoting the set of vertex nodes by VN and the set of midside nodes
by MN, we define

_ 2 ievN fvg 9"i2dV
ZjeMN fve ﬁ"iz dv

« is a measure for the mass concentrated in the vertex nodes relative to the mass in the
midside nodes. The integration in Equation (2.487) is performed in local coordinates. The
lumped mass entries are now obtained by

M
MLii:MCii< ¢ )( “ ) i e VN (2.488)

(2.487)

2 jevw Mcjj ) \1+«a
M, 1
Mpii = Mcii < ) , 1 €MN. (2.489)
ii ii (ZjEMNMij> 1+«

Summing the masses in Equation (2.488) and Equation (2.489) readily shows that the total
element mass is correctly reproduced. The factor « for some widely used quadratic elements
is listed in Table 2.4.
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Table 2.4 The lumping factor « for
several element types.

Element type o

20-node brick element 0.2917
10-node tetrahedral element  0.1203
15-node wedge element 0.2141

p = 10 MPa
E =210, 000 MPa
v=20.73

p = 7800 kg/m*

10 mm 30 mm
10 mm 10 mm

Figure 2.31 Geometry of the spherical shell and material data

2.11.8 Spherical shell subject to a suddenly applied uniform pressure

Consider the thick spherical shell in Figure 2.31 (only one-eighth is shown). At t =0, a
pressure p is applied and we are interested in the radial stresses as a function of time. It is
known that the ensuing pressure waves travel at a speed c; satisfying (Graff 1975)

[A+2
c] = +ou = 6.0202 x 10° mm/s (2.490)
0

where A and p are Lamé’s constants and p is the density of the material (A and p can
be calculated from Young’s modulus E and the Poisson coefficient v in Figure (2.31) by
use of Equations (1.450) and (1.451)). This means that they reach the outer surface of the
shell after 8.3 x 107® s. One-eighth of the shell is meshed by 10 rows of 20-node brick
elements with reduced integration across the thickness and 75 elements in circumferential
direction, resulting in 750 elements.

Figure 2.32 shows the radial stress in points A and B by using the implicit &-method
with o« = —0.05 and compares these results with the analytical solution (dashed lines,
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Figure 2.32 Radial stress after pressure surge

(Eringen 1980)). The analytical solution applies to a hole in infinite space, and therefore
no reflection takes place. Since the radial wave equation does not exhibit dispersion (Graff
1975) the signal form is kept during propagation, although its amplitude changes. The
numerical solution hits the extremal values of the analytical solution and the time at which
they occur well. The finite element results are nodal values and therefore they are smeared
out due to the extrapolation within the element (cf Section 2.4). For times exceeding the
transversal time of the wall thickness, the wave is reflected leading to maxima at t =
14x 107 sin B and t = 1.5 x 107> s in A. The subsequent maximum in A (after two
reflections) takes place at r = 1.82 x 107 s. The results also show that quadratic elements
tend to lead to oscillatory solutions for short-time calculations.
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Geometric Nonlinear Effects

3.1 General Equations

Nonlinearities are involved in a lot of applications. Either the strains and/or rotations are
large, such that the Lagrangian strain cannot be approximated by the infinitesimal strain,
or there are discontinuities such as in contact phenomena. Another frequent source of
nonlinearities is nonlinear material behavior. Although this chapter focuses on geometric
nonlinearities, the present section treats both geometric and material nonlinearities.
Nonlinear problems are usually broken down into a repetition of linear ones. This can
best be illustrated by a one-dimensional nonlinear problem. Consider the nonlinear equation

f(x) = F. 3.1)

Both the left-hand side and the right-hand side are plotted in Figure 3.1 as a function of
x. Suppose we know a starting value xg, which is reasonably close to the solution of our
equation (or close to “a” solution, since a nonlinear equation can have multiple solutions).

To find the solution, the function f(x) is locally linearized at x = x¢ by replacing it
by its tangent line. Accordingly, Equation (3.1) now reads

f(xo) + (x — x0) f'(x0) = F (3.2)

which can be solved using a linear equation solver. This yields a first approximation of the
solution, which we will call x;. Now the same procedure can be repeated until the relative
difference between two subsequent solutions is smaller than a specified value e:

Xi — Xi—1

<e. (3.3)

Xi—1

For solutions close to zero, one sometimes has to resort to the absolute difference. This is
called the Newton—Raphson method. If the true tangent is taken, it exhibits a quadratic rate
of convergence. However, whether it converges at all largely depends on the following:

The Finite Element Method for Three-dimensional Thermomechanical Applications Guido Dhondt
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-85752-8
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fO

X0 X1 X2 X

Figure 3.1 The Newton—Raphson method

1. How close the starting solution is to the final solution. The local maximum between
the starting guess and the true solution in Figure 3.2 leads to no convergence.

2. The smoothness of the nonlinear function. Because of the jump in Figure 3.3, the
Newton—Raphson procedure does not converge.

For our applications, the Newton—Raphson method will be used throughout. For other
solution methods, the reader is referred to (Zienkiewicz and Taylor 1989) and (Matthies
and Strang 1979). A nice treatise on the computability of nonlinear problems is given in
(Belytschko and Mish 2001).

How can the Newton—Raphson method be applied to the governing finite element
equations? The major equation for mechanical problems is Equation (2.1). The nonlinear-
ities arise twofold in the term SXLSE g on the left-hand side:

1. For materials of mechanical grade 1 and thermal grade 1, the second Piola—Kirchhoff
stress S is generally a nonlinear function of E and its time derivatives (Equa-
tion (1.382)).

2. The Lagrange strain E is a nonlinear function of U (Equation (1.84)), in rectangular
coordinates:

2Eg; =Ug, + ULk + UATIKUM,L (3.4)

For the material nonlinearity, the Newton—Raphson method is applied in a straightfor-
ward manner. Assume that we find an intermediate solution E° with corresponding stress
So(E®). Linearizing S at E° yields
KL

aS
SKL ~ gKL 4

M St S| (Emn = Ejpy)- (3.5)

MN |0
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Figure 3.3 Discontinuous function
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Denoting
asKL
o MN = —— (3.6)
Equation (3.5) yields
SKE ~ SEL 4+ S KEMN (B y — ES ). (3.7)

Differentiating Equation (3.4) yields an expression for the infinitesimal perturbation § Eg :
SExL = $(Uk L +8UL kx + UMc8Un 1 + Up,L8UMy). (3.8)

Accordingly,

SKLSEx L
= {S({(L + %Zé(LMN I:(UM'N +Un.m + UI?MUR,N) —(Vun+VNu+ VI?MVR,N)]}
2 (BUk,L +8ULk +UP8Up L +Up 18U ) (3.9)

where V is the displacement corresponding to E°. Defining the new displacement increment
W (to reduce the length of the equations V and W are used instead of the more intuitive
notation Uy and AU respectively)

W=U-V (3.10)
and replacing U in Equation (3.9) by V + W leads to
SKLSEx .
= [Sé“ + %E(fLMN(WM,N + Wn.m+ V]?MWR,N + WR:MVR,N + WR:MWR,N)]
3 [3Wir + WLk + (VI + WEOSWp L + (Ve + We)sWPi | G
In the above equations, V is the displacement calculated thus far and known. The
unknown is the incremental displacement W. In Equation (3.11), the terms linear in W

are force contributions, the quadratic terms contribute to the stiffness and the higher-order
terms are neglected. Consequently, Equation (3.11) yields

SKESEr ~ SSEE (8Wip + Wik + VoW + Ve 18W g )
+ LKL (W¥esWari + Wi L8W )
+ iz KLMN (WM,N + Wy + VR Wey + W’vaR,N)

: ((SWK,L + WLk + VP SWp L + VP,L(SWffK) . (3.12)
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Because of the symmetries in Sé“ and Eé“MN (Sé“‘ = Sé‘K and Eé“MN = EéKMN =
Eé( LNMy Equation (3.12) further reduces to

SKL§Eg, ~ SKE (SWK,L + V{’K(SWP,L) + SKEWP  5Wp 1

n Eé{LMN (WM,N + VI?MWR,N) . (SWK,L + V{)K(sWP,L) . (3.13)

This equation applies to linear as well as to nonlinear materials. The only difference is that
for linear materials Eé( LMN g constant, for nonlinear materials it is a function of EgJ.
By substituting Equation (3.13) into Equation (2.1), one obtains, instead of Equation (2.6),

WM,NE(fLMN(SWK,L dv +/ Sé(LW}?K(SWPyL dv

Vo Vo

+/ SN (VR Wi w6 Wi+ VI Wi nWe L+ VR VP Wi n6Wp,1) dV
Vo

:f Tgv)szdA—i-f pofKSWKdV~|—/ [BXEO)T — yXE18Uk 1 dV
Aor Vo Vo

D*v X
—/ S§L(5WK,L+VPK(SWP,L)dV—pO/ —Wx dV
Vo ’ v, Dt

0

2wk

— 00 SWg dV. (3.14)

Vo Dr?
The first term on the left-hand side is the traditional (linear) stiffness term, the second is the
stress stiffness and the third is the large deformation stiffness. The last term on the right-
hand side is the mass term. By renaming indices, one can also write for Equation (3.14),

f (Eé(LMN_‘_S(])VLGMK+E(I)'(LRNVA’/IR+E(.)S'LMNVI’(S
Vo
+EOSLRNVA?Rv’fS> W n6Wk 1 dV

=f T(’ﬁv)adeAJr/ pofKSWKdV—i-/ [BXL@O)T — yXL15UK 1 dV
Aot Vo

Vo
2y K

_[ <S§L+S(§4LVKM>5WK,LdV—pO/ 5—8Wg dV
Vo ’ Vo Dt

D?*wX
—,00/ SWg dV  (3.15)
Vo Dt?

which has a completely similar form to Equation (2.6). Accordingly, Equation (2.27)

[K]{w}+[M] 1%22 {w} ={F} (3.16)



148 GEOMETRIC NONLINEAR EFFECTS

also applies here together with Equations (2.28) to (2.30), where now

— , . KLMN NL ~MK
[Keixyiinny = /vo Pi.LPj.N (EO + 8y -G

+EXKLRNYM, | wSLUNyK | ESLRNV”?RV’fS) dve (3.17)

[M]e(iK)(jM) = po /Voe vipjdVe (3.18)

. DZvK
{F}e(iK) = {F}Z)((:K) - {F}:gm - /Voe DOW% dVe (3.19)

t —K
{F}Z)((iK) = / T(N)fﬂi dA. +/ ,OOfK(ﬂi dVe
Ar0e Voe

+ [ BXEO)T — y X g dVe.  (3.20)
Vo

c

int KL MLy, K
{F}e(iK) = /Ve <So + Sy "V ,M> @i,L dVe. (3.21)
0

Consequently, each iteration (Figure 3.1) in a nonlinear calculation leads to a linear set of
equations and the same solvers can be used as in the linear case.

3.2 Application to a Snapping-through Plate

Prediction and modeling of local instabilities is an important issue in engineering problems.
These phenomena are characterized by a local or temporal decrease of the load-carrying
capacity. This means that the load cannot be used as a time parameter since it is not
monotonically increasing. In general, powerful techniques such as the Riks method (Riks
1987) (Crisfield 1983), which use the path length as the time parameter, have to be followed.
However, in some applications, such as the one discussed in this section, other more simple
time parameters can be selected.

Consider the bent plate in Figure 3.4 loaded by a force in the center. As the force
increases, the plane bends until it snaps through. The snapping is an instability accompanied
by a complete loss of force-carrying capacity. Therefore, if the force is increased with time
(or pseudo-time), equilibrium is lost at the onset of instability. The time increments are
decreased, but the Newton—Raphson procedure fails to find a solution. This problem can
be solved by taking the displacement u of the loading point in the direction of the force
as a parameter since it is monotonically increasing with time. Figure 3.5 shows the force-
displacement curve for the loading point. Before the onset of instability, marked by the
force maximum, the force steadily increases. During snapping-through, the force crosses the
zero-axis (unstable equilibrium, characterized by a negative force-displacement slope) while
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Figure 3.5 Force-displacement curve for the bent plate

decreasing steadily, reaches a minimum and increases again until a new stable configuration
is found (stable equilibrium, characterized by a positive force-displacement slope). Notice
that at times an upward force must be exerted to keep the plate in its position. In the new
stable configuration, the force is zero. Increasing the force again now leads to a monotonic
force-displacement curve. This is an example of a strongly nonlinear behavior. It also shows
how a diligent choice of the loading parameter can lead to convergent solutions even in the
presence of instabilities. Other applications of the instability theory are treated in (Mang et
al. 2001) and (Kim et al. 2003).
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3.3 Solution-dependent Loading

In the previous section, the loading terms on the right-hand side of Equation (2.1) were
assumed to be independent of the displacements. This, however, is not necessarily the case.
The effect of the surface traction depends on the size and orientation of the surface it acts
on. Because of the deformation, both the size and the orientation can change. The body
force term too can depend on the displacements. For instance, the centrifugal force depends
on the distance from the rotation axis. This distance can change because of the deformation
of the structure.

3.3.1 Centrifugal forces

In general, the body forces f can be linearly approximated at U = V by

FX4V+W) = Fx+v+ 2L (3.22)
oUu Uu=v

The centrifugal body forces f take the form (Equation (2.230))
f=1g—p)—1g—p1)-ele}o’. (3.23)

Now, we assume that the location of the rotation axis does not change because of the
deformation, that is,

p=nr (3.24)
e=E (3.25)

whereas
g=0Q+U. (3.26)

Q is the original position of ¢g. Accordingly, Equation (3.22) now reads

fQ+V+W)={(Q@+V—-P)—[(Q+V - P1)-EE}o’ +[W — (W E)E]o’.

(3.27)
Notice that f is linear in W. By comparison with Equation (3.22), one observes
fQ+V)={Q@+V—-P)—[(Q+V — P E|E}o’ (3.28)
and
% oy W =[W— (W E)E" o

= [W — EXE" - W)]w?
=[W —(E*® E") - W]w?

=[I - E*®E"]-Wo’. (3.29)
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Consequently, the centrifugal term in Equation (3.15) amounts to

/ 00 fK8Wi dV = / po fKsWi dv +/ 00 [WK — (WLEL)EK] W?SWk dV
Vo Vo Yo
(3.30)
where
fE={Q+V—-P)—[(Q+V —P) ElE}o’ - G¥ 3.31)

does not depend on the deformation. The first term on the right-hand side of Equation (3.30)
is the instantaneous force contribution, which has already been taken into account in
Equation (3.15). The second term, however, is new and contributes to the stiffness matrix.
Indeed, writing

wk=>3"g;wk (3.32)
i

and similar for § W leads to

va po | D oW => oW ELEX (Zwiaw,-,(>w2dv (3.33)
e Oe j i i

J 1

or
3 ZZ/ pogie; AV (aLK - ELEK) WEsWik o, (3.34)
e i i Voe
J
The contribution to the stiffness matrix amounts to
K K\, 2
(Kl exrom = —/V povig; AV (8,5 = ELEK) o, (3.35)
Oe

The minus sign results from bringing the stiffness contribution to the left-hand side. Notice

that, because of the direction of the rotation axis, the contribution to the stiffness matrix is
anisotropic.

3.3.2 Traction forces

The traction term in Equation (3.15) amounts to

1:/ T (3,8 Wi dA. (3.36)
Aoy

Here, TSV) is a function of the deformation. Recall that it is defined by (Equation (1.263)):

= — da
T vy =tw <a> . (3.37)
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For a uniform pressure ¢ = —pg*, one arrives at
T da
=0o-'n R
e dA
da
=—pgt-n(—). 3.38
rg ( J A) (3.38)
Hence,

day,
Kk
=— — . 3.39
P8 ( J A) (3.39)
Recall that (Equation (1.66))
day = JX* dAL. (3.40)
Accordingly,
=K
Ty = —ngk(JXL,k)NL (3.41)
where
_ A (3.42)
ET A '
Consequently, Equation (3.36) now reads
I = —[ pg (X" )Wk dAL. (3.43)
Aoy

[XX,] is the inverse of [x";]. The inverse of a matrix is the transpose of the matrix of its
cofactors divided by its determinant:

1
XL’k = 57 Chm eLNMx"’Nx"'}V[. (3.44)

Assuming that p does not vary over the surface, substitution of Equation (3.44) into
Equation (3.43) yields

I = _gglfke,mm eLNM/ x"yx" 8Wi dAp. (3.45)
Ao ’ ’



GEOMETRIC NONLINEAR EFFECTS 153

Since
m __ XM m m
= g +U (3.46)
= xMgm + V™ W (3.47)
= X"+ W (3.48)

where Equation (3.48) defines X, and using the shape functions

=> ojW;" (3.49)
=D wisWix (3.50)

one obtains

J — _ggKkeknm oLNM (Zf yf’Nxf”Mq;i dAp Wik
- J Ay

—i—ZZfAO Qi NXy0i dALW; "Wk
i j v

+ ZZ/AO X'y AALW," Wi | + O(IWIP), W] — 0 (3.51)

i
~ —Z/ pe* o dars Wik
i Ao

— L Kk gm e“VM i — 9 NE ) 9 dALW, S Wik, (3.52)
2 A()r

The first term in Equation (3.52) is a force term already encountered in Section 3.1, the
second term yields a stiffness contribution:

P Kk _mM oLNP
[K](tK)(jM) 28 g""e /Ao, (X'v@j.p = 0jNX"p) @i dAL (3.53)
or, interchanging m, M with [, L,

P Kk _IL MNP
[Kluson = 5858 e & | Fyoir — i) eidan. 659

This stiffness contribution is not symmetric. To reduce the computational costs, a sym-
metrization can be performed by replacing [K] by % ([K ]+ [K ]T)
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Figure 3.7 Lowest eigenfrequency of the beam

3.3.3 Example: a beam subject to hydrostatic pressure

A slender beam (Figure 3.6) is dropped in the ocean. As it sinks, the pressure steadily
increases and the question arises whether the beam will buckle. Therefore, the eigenfre-
quencies are calculated (cf. Section 2.9.3) since buckling will occur at any zero-crossing
of the lowest eigenfrequency. Applying the stress stiffness and large deformation stiffness
leads to the solid curve in Figure 3.7. Buckling occurs for a large enough pressure. How-
ever, taking the traction stiffness also into account yields the dashed curve: no buckling
takes place! Intuitively, as soon as the beam tends to buckle, the deformation-induced trac-
tion forces along the sides of the beam stabilize its state. Other applications can be found
in (Rumpel and Schweizerhof 2003).

3.4 Nonlinear Multiple Point Constraints

Sometimes there are extra constraints that are not covered by the constitutive equations.
The simplest ones are single point constraints, expressing that a degree of freedom has
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to assume a specific value. These are simple boundary conditions. In other cases, a rela-
tionship is established among several degrees of freedom. These are called multiple point
constraints (MPC). They can be linear or nonlinear. Linear multiple point constraints were
encountered in Chapter 2, for instance, in Section 2.10 on cyclic symmetry. Examples of
nonlinear equations are given in the following sections and include rigid body motion,
incompressible behavior and others. In Section 2.6, it was shown that a linear multiple
point constraint can be taken care of right away at the creation time of the stiffness matrix
by expressing the dependent degree of freedom as a function of the independent degrees
of freedom. A nonlinear multiple point constraint can be treated in the same way after
linearization.
The linearization follows exactly the scheme sketched in Section 3.1. Let

U = {uiy, iy, .. ui, | (3.55)

be the degrees of freedom involved in the nonlinear multiple point constraint f(U) = F.
Then, a linearization at U = Uy yields

fWo)+V fuo)-(U—-Up) =F (3.56)
or
VfuUo) - AU = F — f(Uo) (3.57)
where
AU :=U —Uy. (3.58)

This equation is updated as soon as a new solution Uy is obtained. Notice that not only can
the coefficients of a linearized multiple point constraint change from iteration to iteration,
but also the degrees of freedom involved. This can lead to a change of the dependent
degrees of freedom as the calculation proceeds.

Accordingly, a stream chart of a nonlinear solution procedure that includes nonlinear
multiple point constraints looks like the one shown in Figure 3.8. The box “update MPC”
not only stands for the update of the multiple point constraints but also for the update of
any solution dependent boundary conditions such as contact areas or radiation heat flux
rates.

3.5 Rigid Body Motion

A first example of nonlinear multiple point constraints constitutes rigid body motion. Here,
nonlinearity arises because of large rotations. In what follows, rectangular coordinates are
assumed and the spatial frame coincides with the material frame.

3.5.1 Large rotations

Consider a vector # = 6n along an axis AB (Figure 3.9), and a vector ro. Now, the vector
ro is rotated about the axis AB until the new vector r includes an angle 6 = |0 with r¢.
We would like to find an expression for r as a function of r¢ and 6.
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< Start of increment )

Uy = WY
So= f(U)
F§t = f(So, Uo)

l

i=1

Determine F§*',

}

I++ K. AUind — Fext _ Fint
i—-1 = il i—1
l
Update MPC yind — yind | Apind
U = U
Si=fU)
F™ = f(8;,U))

”Fext _ Fint” < €?

< End of increment >

Figure 3.8 Stream chart of the nonlinear solution procedure
“dep” = dependent, “ind” = independent, “int” = internal, “ext” = external
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For an infinitesimal angle df, the change dr of r is perpendicular to r and satisfies

dr =df(n x r)

in component notation:

dr,' = dOeijknjrk.

Defining the matrix S by

Sik 1= eijkn
one finds

dr=d6S -r
or

dr S

—=S-r.

do

This is a linear homogeneous vector differential equation with the solution

r=e” -ro

satisfying the initial condition r(0) = ro. Equation (3.64) can be expanded into

r_<I+QS+EGS +§

Figure 3.9 Large rotation about the axis AB

9353+"'> ST

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)
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Since S -r =n x r (Equations (3.59) and (3.62)) and a x (b xc¢) = (a-¢)b — (a - b)c,
one finds

S2-r=S~(S-r)=n><(nxr):(n-r)n—r (3.66)
S r=8S(S*rn=nx[m-rm—rl=-nxr=-S-r (3.67)
from which one finds

$=-8. (3.68)

Accordingly, all powers of S exceeding 2 can be reduced to £S or £S5, Consequently,

1 1
s6 3 5
e —I—|—S<9 3!6 —|—5!9 )

1 1 1
+S2<592——94+—96—---)

41 6!
=1 +5infS + (1 —cos9)S>. (3.69)
Hence,
r= (1 +sin0S + (1 — cose)s2) - ro. (3.70)
Since
S’=n®n—1I (3.71)
this also reduces to
r =[cosOI +sinfS + (1 —cosO)n @ n] - rp. (3.72)
Defining
6 =0S (3.73)
finally yields
r=C-rg (3.74)
where
C= |:00591+g%96+(1—0059)0201| (3.75)

or in component notation,

sin @ 1 —cos®
Cij = dijcost + Te,'kjek + 7 0:0;. (3.76)
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Notice that this is a nonlinear relation in 6. Therefore, only a truly nonlinear calculation can
take large rotations into account. In simple linear calculations, Equation (3.59) is sometimes
used for finite rotations, yielding

r=ro+6(n xrop). (3.77)

Using this relation amounts to the motion in Figure 3.10 and is only feasible for a small
6. The true angle o satisfies

93
a:arctanQ%O—?—i—-n (3.78)

and ||r|| satisfies

92
7l = roV62 + 1 ~ 1o <1 + ?> . (3.79)

3.5.2 Rigid body formulation

Defining a set of nodes to behave like a rigid body means that all degrees of freedom of
the set are reduced to six degrees of freedom: three translations w of a point A and three
rotations @ about point A. Point A can be the center of gravity of the node set, but this
does not have to be. Any point will do. Usually, we take an existing node belonging to
the rigid node set to be point A. However, we can also generate an additional fictitious

node to be point A. Hence, the motion # of a node at location p can be described as
(Figure 3.11)

u=w+[C@O)-1I]-(p—q) (3.80)

6(n x ro)

Figure 3.10 Linearized rotation
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C€-n-(p—q

Figure 3.11 Rigid body motion of p about A

where w represents the motion of point A and ¢ its location. The first term on the right-hand
side represents the translation and the second represents the rotation. Equation (3.80) is a
nonlinear relationship since C(0) is nonlinear (Equation (3.75)). Linearizing at (wg, ),
as described in Section 3.4, yields

up+1-(w—up)=wo+1-(w—wo)+[C@O)—1I]1-(p—q) (3.81)
C
+[ﬁ(9o)’(0—90)]'(17—11)
or
C
(w—wup) =1 (w—wp) + [8_0(00) (0 — 00)} “(p—q) (3.82)
+wo+[COo) —I1-(p—q)— uo.

In component notation, this reads

oC
uj — ug;i = w; — wo; + (3—0(00))“ O —0o)(p—q);

ijl

+ wo; 4 [Cij(00) — 8] (p — @) —uoi  (3.83)
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where, differentiating Equation (3.76),

aC 9C;;
—(0 = 3.84
(80( 0)>iﬂ 20, ( )
8C0598 n 0 (sinf p
s [ ) s
a0, T \ e )T
sin 6 0 (1—-cosé
T )t ae \ T )0
1 —cos®
+ (T) (5,'19j + 91‘8]'1) . (3.85)

The first term in Equation (3.83) is linear in the translations w;, the second term is linear
in the rotations 6; and the third term is constant. The derivatives in Equation (3.85) are
easily determined

0 0 in 6
cosf _ _a sin (3.86)
00, 0
d (sin6 0; © P in6) (3.87)
— | —— ) = = (@ cosh —sin .
00 % 03
a (11— 0 0,
i (%) - 9—3(9 §inf — 2 +2cos0). (3.88)
For small values of 0, these expressions are undetermined and the limit must be taken
fim 09 _ (3.89)
im — = .
6—0 6
. 1 —cos@ 1 (3.90)
im-—— = - .
9—0 62 2
6 cos6 — sinf 1
Im ——— = —— 91
650 93 3 391)
fsinf —2 +2cosb 1
lim tocost L1 (3.92)
6—0 o4 12

Equations (3.83) are the linearized rigid body multiple point constraints at (wg, 6o).
Whereas the translational degrees of freedom can be associated with an existing node,
this is not the case for the rotational degrees of freedom. The easiest solution is to assign
them to a new fictitious node, that is, the translational degrees of freedom of the new node
are interpreted as the rotational degrees of freedom of the rigid body.

The above procedure assumes that there is a one-to-one relationship between the motion
of the body and the translation and rotation expression given by (w, #). If this is not the
case, additional measures must be taken. For instance, if the body consists of points lying
on a straight line, the rotation about this line is not uniquely determined. In that case, the
rotation about the line must be explicitly assigned. Assume that a is a unit vector along the
line, then, setting the rotation about the line to zero amounts to the linear multiple point
constraint a - 8 = 0.



162 GEOMETRIC NONLINEAR EFFECTS

3.5.3 Beam and shell elements

The present section looks into a three-dimensional expansion theory of beam and shell
elements. Beam and shell structures are characterized by small dimensions across their
thickness. Therefore, simplified assumptions can be applied in the thickness direction,
leading to different formulations. In the simplest forms, straight fibers orthogonal to the
midplane in plates and shells and to the midline in beams are assumed to stay straight
and orthogonal during deformation. This leads to the Kirchhoff theory for plates and the
Bernoulli—Euler theory for beams. If the fibers do remain straight during deformation but
not necessarily orthogonal to the midplane/midline, the formulation is called the Mindlin
theory for plates and the Timoshenko theory for beams, see also (Zienkiewicz and Taylor
1989), (Graff 1975) and (Meirovitch 1967). The assumptions regarding the displacement
field across the thickness have the advantage that only the middle plane (midline) needs
to be modeled, while the changes across the thickness are covered by the introduction of
additional rotational degrees of freedom in the nodes. Accordingly, modeling needs are
basically reduced to the creation of a two-dimensional mesh of the (curved) surface (for
shells/plates) or a one-dimensional mesh of the beam axis. The price to be paid is the need
for the derivation of the material stiffness matrix specifically for shell and/or beam elements,
due to the special formulation in terms of rotational degrees of freedom. Therefore, the idea
of hybrid shell-solid and even pure-solid formulations has come up in different forms in
recent years, (Bischoff and Ramm 1999), (Flores and Ofiate 2001), (Wriggers et al. 1996),
(Diister et al. 2001) and (Sze et al. 2002).

In the present derivation, a new, pure-solid way is selected. The ease of modeling
is kept by reducing the shells and beams to their midplane and centerline respectively.
However, instead of introducing rotational degrees of freedom, 8-node quadratic shell or
plate elements and 3-node quadratic beam elements are expanded into 1 layer of 20-node
brick elements (with full or reduced integration). Quadratic elements are chosen because
of their intrinsically good properties: they are known to behave well for slender structures
and rarely exhibit locking or hourglassing. The way of expansion is shown in Figures 3.12
and 3.13.

As long as the plate, shell or beam is smooth, the expansion results in a three-
dimensional connected continuum model. However, problems arise as soon as sharp kinks
need to be modeled, in areas where several shells and beams cross or the thickness of the
shells or beams changes discontinuously. At such locations, all nodes expanded from one
and the same node are considered to behave like a rigid body, and will be called a knot.
At a knot, the degrees of freedom are reduced to three translational and three rotational
degrees. All participating structures are expanded as stand-alone parts. Figure 3.14 shows
the expansion at a knot between shells and Figure 3.15 at a knot between beams. The
structures partially overlap.

A knot is also introduced between beams with a different offset and/or with dif-
ferent cross section (Figure 3.16) and in composed shells and beams. The I-cross
section in Figure 3.17 consists of three beam elements with exactly the same nodes,
but with different cross section and different offset. Since the cross section is defined
as a rigid body, it will remain plane and no warping will occur. However, shear
deformation is possible since the cross section does not have to remain orthogonal
to the central axis. The expanded structure is a volume model and has no rotational
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OZ Nodes of the 1-D element
.15 Nodes of the 3-D element

Thickness 2
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Thickness 1

Figure 3.12 Expansion of the one-dimensional element

.1 5 Nodes of the 3-D element

(Os  Nodes of the 2-D element

Thickness

Figure 3.13 Expansion of the two-dimensional element
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Figure 3.14 Knot between shells

Figure 3.15 Knot between beams
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Figure 3.16 Knot between beams with different offset and different cross section

Figure 3.17 I-cross section composed of three simple beam elements each with a different
offset
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Figure 3.18 Hemispherical shell loaded by concentrated forces

degrees of freedom. Therefore, knots are also introduced at nodes where the user has
defined rotations.

The foregoing expansion can also be applied to plane stress, plane strain and axisym-
metric elements. Any mixing of these element types among each other or with beams
and shells is also taken care of by the knots. However, in the case of plane stress, plane
strain or axisymmetric elements, the rigid body definition is restricted to the nodes in the
midplane or along the centerline. Indeed, the off-center nodes in plane stress, plane strain
and axisymmetric elements are subject to additional conditions due to the z-symmetry or
axisymmetry, which would collide with the rigid body definition.

As an example, consider the thin hemispherical shell with a hole at the top and loaded
by concentrated forces (Figure 3.18). The shell is meshed in three different ways:

1. As a three-dimensional structure using genuine 20-node brick elements with full
integration. The 8 x 10 element mesh contains one element over the thickness (1872
degrees of freedom in total). The length to the thickness ratio of the elements is
about 40. All nodes in the x — z plane are fixed in the y-direction, and the nodes in
the y — z plane are fixed in the x-direction. This description contains translational
degrees of freedom only.

2. As a three-dimensional structure using genuine 20-node brick elements with reduced
integration. The same comments as under 1 also apply here.

3. As a shell structure meshed by 8 x 10 quadratic shell elements with reduced inte-
gration. In the x — z plane, the translational degrees of freedom in the y-direction
and the rotational degrees of freedom about the x-axis and z-axis are fixed, in the
y — z plane the translational degrees of freedom in the x-direction and the rotational
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Table 3.1 Displacements of nodes A and B.

Load ABAQUS® 20-node brick 20-node brick 8-node shell
10° # 4-node shell full integration red. integration red. integration
1 1 1 1 1 1 1 1
Eux,A Euy,B Eux,A Euy,B Eux,A Euy,B Eux,A Euy,B
5.86 —-0.326  0.232 —-0.138 0.114 —0.329 0.227 —-0.324 0.222
8.79 —0434 0.282 —0.191 0.147 —0447 0277 —-0442 0.272

14.65 -0.590 0341 -0271 0.190 —-0.618 0.334 —-0.610 0.328

degrees of freedom about the y-axis and z-axis are fixed. The shell elements are
internally automatically expanded into 20-node brick elements with reduced integra-
tion. Along x = 0 and y = 0, rigid knots are introduced to take care of the rotational
degrees of freedom.

The displacements of nodes A and B in x- and y-direction respectively, are listed in
Table 3.1 and compared with ABAQUS® reference results. The 20-node brick elements
with full integration are clearly too stiff. However, the elements with reduced integration
show good agreement with the reference results even for highly nonlinear deformations.

3.6 Mean Rotation

Sometimes a rigid body motion is just too restrictive. Consider a beam with square cross
section, fixed at one end. The other end is twisted by an angle y. It is not known what
motion each node on the twisted surface makes, only the mean rotation y is known. Hence,
the twisted surface can expand, contract, warp, and so on, which violates a rigid surface
condition.

To formulate an appropriate multiple point constraint, consider the motion of the nodes
on the twisted surface as a translation of the center of gravity of this set of nodes, followed
by a motion about it. The location of the center of gravity p., of a set of N nodes at
locations p; satisfies

1
P =D P (3.93)
j=I
The relative location p! of node i is
N
Pi=pi— 5 P (3.94)
j=1

The translation of the center of gravity is given by the mean of the displacements u;:

1 N
eg = Zuj (3.95)
j=1
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and the relative displacement u; of each nodes i satisfies

N
1
ué:ui—NZuj. (3.96)
j=1

The rotation of each node i about the center of gravity is expressed by the angle «; in
Figure 3.19. This angle satisfies

|2} % (P} + u)ll

|sing| = ————————
Ip; Il - 1lp; + uill

(3.97)

(the underscore removes implicit summation). However, the plane defined by p’, u} in
Figure 3.19 will generally be different for each node i. Generally, we are interested in the
rotation about an axis. Let this axis be defined by a unit vector a. Then, the rotation y; of

node p; about this axis can be expressed as
a-[p; x (p;+up]
16}l 12} + u]

y; = arcsin (3.98)

and expressing that the mean angle amounts to y leads to

1
S Vi=V (3.99)

Because of Equation (3.98), this is a nonlinear equation in the displacements. To linearize
this equation, we first focus on Equation (3.98) and define

A = siny; (3.100)
and use component notation in a rectangular coordinate system yielding

. ) /
B = eknjakpin(l?y + MU) (3.101)

TARETA

Center of gravity

Figure 3.19 Rotation about the center of gravity



GEOMETRIC NONLINEAR EFFECTS 169

where p; ; and u; ; are the j components of p; and u;, respectively. The only terms in
Equation (3.101) depending on uy, k= 1,..., N are u;j and u; through Equation (3.96).
Because of the term || p} + || in the denominator of Equation (3.101), ; is nonlinear in
uy. To linearize A;(uy), we first focus on the derivative of some simpler expressions:

ou’. 1 Y
ij
=dipdjq — 5 2_ wdijq
it pg N l;
=8jgGip — ). (3.102)
Now,
1P} + uill* = pf;pi; + 2uf;py; + ujjul;. (3.103)
Hence,
ollp} +ul|?
— =28, — ) (P, + ujy) (3.104)
it pg - =
and

ol +ujl  Gip — )Pl +ujy)

(3.105)
It pq Ip; + ull

Using Equations (3.102) to (3.105), one obtains for the derivative of y;:

1
Y 1 eknjakp,/'n(aip - N) [ , /02 , , , ,
- L 814112} + w) I = (Pl + ui) (Pl + i) ]
Bupg Uz Wil g upl L Moy
(3.106)
Defining
(p; +up)
= (3.107)
2]+ ujl
and
P
ni == — (3.108)
A
Equation (3.106) can be transformed into
o)
Ay 1 ip ™ N
= [eknqakngn - )\ngq] (3.109)

dupg 152 I +ujl

Ai = €knjaiNinkij- (3.110)

where
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NN\
=

8h h

Figure 3.20 Cantilever beam with square cross section subject to torsion

The governing nonlinear equation, Equation (3.99), can finally be linearized at position O
yielding

XN:{VIIO"‘

i=1

(Upg — u,,q|0)} =Ny (3.111)

Upg lo

or

AP N
<Z e ' )(u,,q— Upgly) = Ny = vilo- (3.112)
Upg lo

i=1 i=1

This is a linear scalar equation in the unknowns u,,, p=1,... ,N,q =1, ..., 3. Notice
that the coefficients of the linear terms can at times be zero. Since the dependent term in
an equation must have a nonzero coefficient, the selection of the dependent variable may
have to change from one iteration to the next.

The mean-rotation concept only makes sense if more than one node is involved. If one
of the nodes k happens to coincide with the center of gravity of the node set, the angle

Yk is not determinate since p; = are left out in

the sums in Equation (3.112). Equation (3.112) is less restrictive than a rigid body motion.
Accordingly, less energy is needed for applying a mean rotation than for a rigid body
motion.

This can be nicely illustrated by the cantilever beam in Figure 3.20. A torque is applied
at the free end such that a rotation of 45° results. Three conditions are examined here:

1. The beam theory is applied and the torque is determined analytically by (Popov 1968)

_ 0.141¢(bc)’G

7 (3.113)

where, in the actual example, ¢ =nw/4,b=c=h and L = 8 h.
2. The cross section at the free end of the beam is considered as a rigid body.

3. The mean-rotation condition is applied.

The torque required for each of these conditions is listed in Table 3.2. The analytical result
is close to the rigid body condition. The mean-rotation condition requires a torque that is
10% less due to the relaxed constraints.
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Table 3.2 Torque needed
for a twist of 45°.

.. M
Condition —
Gh3
Beam theory 0.0138
Rigid body 0.0141

Mean rotation 0.0126

Figure 3.21 A straight-line kinematic constraint

3.7 Kinematic Constraints

As in the previous sections, rectangular coordinates are assumed throughout and the spatial
reference system coincides with the material reference system.

3.7.1 Points on a straight line

Occasionally, one comes across the condition that points must stay on a straight line. An
example of such a case is a hinge consisting of nodes on a line (Figure 3.21). The line
itself can move in space. A node p lies on the straight line defined by distinct nodes @ and
b if

p=a+ilb—a), reR (3.114)

which is equivalent to
Xp —Xa = A(Xp — Xq) (3.115)
Yp = Ya = *¥b = Ya) (3.116)

Zp — 2a = M2b — Za) (3.117)
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where (x, y, z) are coordinates in the deformed configuration. Since @ and b do not coincide,
at least one of the right-hand sides in Equations (3.115) to (3.117) is nonzero. Let x; # x,
and a and b be such that x, = x; is highly improbable throughout the complete deformation,
then, one obtains by solving for A in Equation (3.115) and substituting into Equation (3.116)
and (3.117),

p = Ya)(Xb — Xa) = (xp — xa)(¥b — Ya) (3.118)
(Zp — 2a)(Xp — Xa) = (Xp — Xa) (26 — Za)- (3.119)

Since
Xa = Xa +ua (3.120)

where X, is the x-coordinate of node a in the undeformed configuration and u, is its
displacement in x-direction and similarly for the other coordinates,

Yo =Ys+ v, (3.121)
Za = Zg + wy. (3.122)

Equations (3.118) and (3.119) are a set of two nonlinear equations in u,, Vg, Wa, Up, Vp, Wh
and u,, vy, wy. Denoting Equation (3.118) by

f(vps Up, Vg, Ug, Vp, up) =0 (3.123)
and since (Equation (3.120))
af _ af 0xg . af

= = (3.124)
oy 0x,4 Oy 0x,4
and similarly for the other variables, linearization of Equation (3.123) at (v?,, u([),, vg, ug,
vg, ug) yields
af af af
0.0 .0 .0 0 0 0 0 0
f(vpaupavavuavvb’ub)+ Eo(vp_vp)_'_ %O(up_up)‘l' 8Ua O(Ua_vp)

af 0 af 0 of 0
— — — —— — ~0 (3.125
+ B, O(ua up,) + ™ 0(vb v,) + ™ 0(ub up) ( )
where
d
of = x) —x? (3.126)
vp |y
af 0 0
— =— — 3.127
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af 0 .0
8va o = —(xb —_ _xp) (3128)
af 0 0
=— — 3.129
Butg |, p =) ( )
af 0 0
8vh . = —(xp — xa) (3130)
af 0 0
— = — 3.131
oy | Yp = Va ( )
and
x0 =X, +u (3.132)

(similarly for the other coordinates). An analogous procedure can be applied to
Equation (3.119). In the present case, v, and w, are suitable selections for the dependent
variables since xg #* xg is assumed. It is advantageous to select @ and b at an appreciable
distance from each other in order to improve the accuracy. Each node p constrained to lie
on the line defined by the nodes a@ and b will lead to two of the above equations.

3.7.2 Points in a plane

The treatment of points constrained to lie in a plane is somewhat similar to the derivation
in the previous section. Let the plane o be defined by three nodes a, b and ¢, which are
not colinear, that is,

m:=b-—-c)x(@—c)#0. (3.133)
A node p lies in the plane if
m-(p—c)=0. (3.134)
Introducing spatial coordinates (x, y, z), Equation (3.134) is equivalent to

Xp —Xc Yp = Ye Zp — Zc
f=\|Xa—%Xc Ya—Ye Za—2c|=0. (3.135)
Xb —Xe Yb — Ye b —Zc

The vertical lines denote the determinant of the 3 x 3 matrix. f is a nonlinear equation in
Ug, Vg, Wa, Up, Vp, Wh, Ue, Ve, We, Up, Vp and w), since

Xg = X4 +ug (3.136)

and similarly for the other coordinates. The derivatives of f at (ug, vg, wg, ug, R wg)

with respect to uq, Vg, Wa, Up, Vp, Wp, Up, Vp and w, are the corresponding cofactors,
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that is,
9 0_,0 ,0_ .0
fl__ Yp = Ye Zp 25‘ (3.137)
dug | Yp — Ve Zp T %6
since (Equation (3.136))
0 a
f = f (3.138)
8ua 0 8xa 0
and the derivatives with respect to u., v, and w. are sums of cofactors,
i _yz(l)_y? Z(a)_zg yg_y? Zg_Z?_y?)_yc(‘) ZO_Z? 3.139
= 0_ .0 _0__0 0_ .0 0_.0 0_06_0- (3.139)
due | Yp = Ve Zp — Z¢ Yp = Ve Zp —Z¢ Ya = Yo Za — %
Consequently, denoting the elements of the matrix at (ug, v2, e, wg) by a1, arn, ..., as3
and the corresponding cofactors by A1y, Aia, ..., A33, the linearization of Equation (3.135)
yields

o4 Ay —ud) + A(vp — v)) + Az(w, — w)
+ Ai (g — ud) 4+ A (vg — v)) + Axs(wg — w0) + Az (up — ud)
+ Az (vp — v)) + Azz(wp — w)) — (Ar1 + Axp + Azp)(ue — u?)
— (A2 + Ax + A3) (ve — v)) — (A3 + Azz + As3)(we — w)) ~ 0. (3.140)

Since m # 0, Aj1, Ay and A3 cannot all be zero. The variable with the largest coefficient
in size should be taken as the dependent degree of freedom. Accordingly, if

[Ar2| = |A13] = [Aqq] (3.141)

take v, as the dependent degree of freedom, unless it is already used in another multiple
point constraint. Notice that the nonlinearity only arises because of the fact that the plane
defined by a, b and c¢ is not fixed in space. If the plane is fixed, x4, V4, 24, Xb, - - - » Zc ar€
constants and Equation (3.135) reduces to a linear equation in x,, yp, and z.

3.8 Incompressibility Constraint

Many materials such as rubber or organic tissue are either incompressible or can be
viewed as such. In Chapter 1, it was shown that this condition is equivalent to J = 1.
Denoting the undeformed position of X by the rectangular coordinates (X, Y, Z), the
deformed position by (x, y, z) and the displacements by (u, v, w), this condition is equiv-
alent to

XX Xy Xz
J=lyx yy yz|=1 (3.142)
Z,X 2 %,Z
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or, using the local coordinates y (£, n, ¢),

xe xp X¢| |Ex &y &2z
J=\ye vy ye|-nx ny nzl =1 (3.143)
Zg 2y 2| |€x Sy ¢z

This is a function of the displacement components of all nodes belonging to the element
at stake. Indeed (cf Equation (2.9) and (2.10)),

N N
x=Y @i nOx =Y @i n O +u) (3.144)
i=1 i=1
N
Y=Y @i 0O +v) (3.145)
i=1
N
2= @i 0. O(Zi +w). (3.146)

i=1

Notice that Equations (3.144) to (3.146) only apply if the formulation is isoparametric,
that is, the undeformed position and the displacements are interpolated in the same way.
Accordingly, one finds

N

0¢;
Xg = Z %(S, n, ) (Xi + u;) (3.147)

i=1
and similarly for the other terms. If we write Equation (3.143) as

flui, v, wi,uz, v, wa, ... ,uy, vy, wy) =0 (3.148)

the linearization yields

f(u(])’ v?a w(])5u(2)7 v(z)a wga e 5u(])\/'7v?\/’wo]\/)
of 0, , 9of o, , Of N
+Z[£ O(u,- —u)+ 5 O(U,- — g O(w,- —wh)|[~0.  (3.149)

Substitution of Equations (3.147) into Equation (3.143) reveals that f is a linear function
of u; if all v; and w; are kept constant, that is, v; = v? and w; = w?, Vi. Accordingly,

0¢i dpi  dgi
af 3E oy 9C §x &y &z
B = |vE Y v |hx Ny Nz (3.150)
"olze oz ozl |6x Ly &z

Equation (3.149) can be applied at any internal point of the element and leads to one
equation in all the degrees of freedom belonging to the element (e.g. 60 degrees of freedom
for the 20-node brick element). If it is applied to the points on the border, the degrees of
freedom of the adjoining elements must be considered too. In that case, it sounds feasible
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to require that the mean of the Jacobian determined for each of the adjoining elements
separately, must be 1.

The question remains, at what points should Equation (3.142) be applied to yield valid
results. Application to too many points leads to volumetric locking of the element. Taking
hybrid elements as reference, where the pressure is usually interpolated with a lower degree
than the displacements, it is proposed to apply the incompressibility condition to the corner
nodes for quadratic elements, and to the center of the element for linear type elements.



4

Hyperelastic Materials

In this chapter, hyperelastic materials will be discussed. They are defined as materials for
which a free energy function

2(C,0,X) 4.1)

exists such that Equations (1.393) and (1.394) apply. The function X is sometimes called the
stored-energy function (Ciarlet 1993), (Simo and Hughes 1997). Because of the functional
dependence in Equation (4.1), hyperelastic materials have no memory (Figure 4.1). After
unloading, they return without time delay to their starting position. The determination of
the second Piola—Kirchhoff stress is straightforward through Equation (1.393):
§=2= 42
=23c" (4.2)
The question naturally arises whether the function X can be freely chosen or whether
physical considerations impose any restrictions. This is treated in the first section. Then,
a few popular isotropic models are discussed and applied to simulate a shear test and
the inflation of a balloon. Finally, the theory is extended to anisotropic materials such as
fiber-reinforced tissues. For further reading, the reader is particularly referred to (Holzapfel
2000) and (Bonet and Wood 1997).

4.1 Polyconvexity of the Stored-energy Function

4.1.1 Physical requirements

Basic physical considerations imply that extreme strains must lead to infinite stress (Antman
1983). The word “extreme” applies equally well to large compressions as well as to large
expansions. If the material is extremely compressed such that it is on the verge of being
annihilated, J — 0, large stresses should result. Large stresses should equally well be
required to expand a material beyond bounds (J — o0). The notion of “extreme strains”

The Finite Element Method for Three-dimensional Thermomechanical Applications Guido Dhondt
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-85752-8
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Figure 4.1 Force-stretch diagram for a hyperelastic material in a uniaxial test

can be further concretized by looking at the invariants of C in terms of the principal values
A1, Ay and A3 (cf Equations (1.121)—(1.123)):

I =A1+ A+ A3 4.3)
L =A1Ay+ A1A3 + AxAs (4.4)
I = A1 ArA3. 4.5)

Recall that the eigenvalues of C are the squares of the stretch in the principal direction.
Indeed, one finds, using Equation (1.132) and defining the norm for vectors and tensors of
rank two by ||N|| =+N - N and ||A| = v A : A respectively,

Ai=N; -F'.F.N; =|F-N,|* (4.6)

Consequently, A; > 0. Furthermore, the eigenvalues are the solution of the characteristic
equation

AN+ bA -5 =0. 4.7)
If at least one A; — 0, then I3 — 0 must apply in order to satisfy the above equation. The
other way around, if AjA2A3z — 0, then at least one A; — 0. Accordingly, a small value
of I3 is equivalent to small extreme strains. If at least one A; — oo, then /1 — 0o since
A; > 0. The inverse is also true: if /; — oo, at least one A; — 0o. Accordingly, a large
value of [; is equivalent to large extreme strains. If I — oo, then I} + I, + I3 — 00 since
I, I, >0, and I} + I> 4+ I3 cannot be large unless at least one A; — oo, which implies
that /1 — oo. Consequently,

I -0 <& L4+DL+13—> 0. 4.8)
Summarizing,
“small” extreme strains < Iz — 0 4.9)

“large” extreme strains < [y + I + I3 — oo. 4.10)
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In treatises on stored-energy functions, the invariants of C are frequently written as a
function of F. One has

|F|=~F:F=.\I 4.11)
|Cof F|| = v/tr[(Cof F)T - (CofF)]

= Jytuw(F~'. FT)
= Jytr(C™h

L
VAL A A3
I
I3
=/ (4.12)
detF = J = /L. (4.13)
Recall that
Cof F)T
-1 _ (CofF)” (4.14)
det F

which was used in the derivation of Equation (4.12). Equations (4.9) and (4.10) can now
be replaced by

“small” extreme strains < det F — 0 (4.15)

“large” extreme strains < || F| + ||CofF| + det F — +oo0. (4.16)

“Large” stresses basically mean
” ” > 40, @.17)

If £(C, X) is continuous on a closed interval [a, b] and differentiable within the open
interval (a, b), then the mean value theorem states that

(b)) - %
sup H =) - Z@)| 4.18)
Ce(a.b) b —al
This means that ¥ — 400 is sufficient for || || — +00. Summarizing, the requirements
for ¥ are
¥(C,X) > +oo if detF — 0" (4.19)

2(C,X) > +0o if (|F| + |[CofF|| 4 det F) — +oo0. (4.20)
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Figure 4.2 Gurtin’s experiment

For simplicity, the temperature dependence is dropped from X(C, 8, X). Recall that the
deformation gradient F' belongs to the set of 3 x 3 matrices with a positive determinant,
that is,

F eM:. 4.21)
Equation (4.20) is sometimes replaced by the coerciveness inequality, which reads
2(C, X) = a [|IF|IP 4 [|Cof F || + (det F)"] + B,
a,p,qg.r>0FeM XeV,. (4.22)

This condition plays a major role in proving the existence of a solution. The present
section essentially follows (Ciarlet 1993) and is based on the research by John Ball (see,
for instance, (Ball 1977)). Here, only the main results will be quoted. For proofs and further
reading, the reader is referred to (Ciarlet 1993).

The existence of a solution immediately calls into mind the uniqueness problem. Con-
trary to linear problems, nonlinear problems can have infinitely many solutions. Merely
one example is given here: a beam under torsion fixed at its ends and with stress-free sides
(Figure 4.2, Gurtin’s experiment). There are infinitely many solutions to this problem,
each differing by a torsion angle of a multiple of 27 from the others. Consequently, the
solution is physically not unique and accordingly a numerical uniqueness is not desirable
either.

4.1.2 Convexity

To proceed, some basic mathematical concepts of convexity have to be explained. Indeed,
convexity plays a major role in the derivation of stored-energy functions satisfying Equa-
tions (4.19) and (4.22).

Definition 4.1.1 A subset of a vector space is convex if, for any two elements a and b
belonging to the subset, the closed interval [a, b] also belongs to the subset.
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The interval [a, b] consists of all points a + A(b — a), where A € [0, 1]. For example,
consider the vector space over R of all 3 x 3 matrices M>. The matrices with positive
determinant (Mi) form a nonconvex subset. Indeed, A = Diag(—3, 2, —1) € Mi and B =
Diag(2, -3, —1) € M. but Diag(—1, —1, —2) = A + B ¢ M. Here, Diag(-3,2, —1) is
a diagonal 3 x 3 matrix with elements —3, 2 and —1.

Definition 4.1.2 The closed convex hull co U of a subset U of a vector space V is the
smallest closed convex subset of V that contains U.

One can prove (Ciarlet 1993),

co M3 = M? (4.23)
co{(F, CofF,det F) € M x M2 x Ry} =M x M? x (0, 00). (4.24)

Note that CofF € Mi since
det(Cof F) = (det F)? (4.25)

because of Equation (4.14) and the properties of determinants (Gradshteyn and Ryzhik
1980).

Definition 4.1.3 A function f : U C V — R defined on a convex subset U of a vector space
Vis convex on U if

Va,be U,A€[0,1]: flha+ (1 —1)b] < Af(a) + (1 —A)f(D). (4.26)

The following theorem, formulated here for the special case of an inner product space, can
be used to prove the convexity of a function:

Theorem 4.1.4 Let f : U — R be a function defined and twice differentiable over a convex
subset U of an inner product vector space. The function f is convex on U if and only if

') -b—a,b—a)>0, Va,belU. 4.27)
(Ciarlet 1993).

The second derivative is a bilinear mapping of its arguments, that is, it has two arguments
and is linear in each of them. In our applications, the bilinear mapping reduces to a classical
inner product. As an example, consider

f:AeM - |A)> (4.28)

Since |[A|2=A: A= A;jA;; (in rectangular coordinates), one finds

=A Ay =2A 4.29
3 A5 K+ Ak kI (4.29)

and for the second derivative

0Ay
0Amn

2

= 20kmdin- (4.30)
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Accordingly, VB,

I (A)ktmn Bt Bun = 2B Bu = 2|| B|>.

Since ||B|| = 0, f is convex.
On the other hand,

f:AeM — ||CofA|?
and
g:AeM? - detA = I34
are not convex. Indeed,
A :=Diag(3, 1, 1) e M?
B := Diag(1,3, 1) € M*
f(A)=19= f(B)
g(A) =3 =g(B)
C=)+(1-0MB
£(C) =19 + 161 — 3243 + 162*
g(C) =2+ 45 — 432
Accordingly,
Af(A) + (1 =) f(B) =19
rg(A) + (1 —1)g(B) =3
but
F(Olp=0.01 > 19
8(O)l=o.01 > 3.

This concludes the proof.
An important example of a convex function is

A%
x2/3 "

fi(x,A) eRT x M -

The proof given here goes back to (Hartmann and Neff 2003). First consider

g:(x, ) eRT xR — f(x)-g(y).

431

4.32)

(4.33)

(4.34)
(4.35)
(4.36)
4.37)
(4.38)
(4.39)
(4.40)

(4.41)
(4.42)

(4.43)
(4.44)

(4.45)

(4.46)

R* x R is a convex domain. According to Theorem 4.1.4, g is convex if and only if

v L) f)8" ()

{x}T[f”u)g(y) f/(X)g/(y)] {x} 20, iy
=0 va

(4.47)
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This implies that the 2 x 2 matrix in Equation (4.47) must be positive semidefinite. A matrix
is positive semidefinite if and only if all eigenvalues are not negative. The eigenvalues of
a 2 x 2 symmetric matrix

[““ ‘”2} (4.48)
ap axn
are

Ma=1 [(an +axn) \/(1111 + ax)? — 4(ayan — 6112)} (4.49)

which are positive if and only if

aplaxy — a122 >0 and (4.50)
a1 =0 (oraz = 0).
Accordingly, we require
1 > 0
f//(X)g(y) . " 1 1 2 (4'51)
FTgM f(x)g"(x) = [f'(x)g ()]
Let
= x >
fE)=x" @20 (4.52)
gy) =y’
then Equations (4.51) are equivalent to
1
L AN (4.53)
o p—1
For instance, for p =2 and o = 2/3,
y2
g:(x,y)eR+xR—>2— (4.54)
x2/3

is a convex function. Substituting ||A| for y, one obtains, using the Cauchy—Schwarz
condition,
1241 + (1 = A
Daxp 4+ (1 — A)x2]3/2
_ A+ d - Az |17
Doxp + (1 = 2)x]3/2

A1) | Az >
32 +({1-2x) 3
X X

S+ = Mx2, 241+ (1 - Az] =

<A (4.55)

The last step is a consequence of the convexity of g. This concludes the proof that the
function f in Equation (4.45) is convex. In a similar way, one can prove that
AP

fi(x,A) e RY x M® — >
X

(4.56)

is convex by choosing p = 3 and o = 2.
The convexity of a function can be extended to nonconvex subsets:
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Definition 4.1.5 A function f*:U — R is convex if there exists a convex function
f :coU — R such that f*(a) = f(a) Ya € U.

Accordingly,
f*iFeM — |F|*=1 (4.57)

is a convex function since f defined by Equation (4.28) is convex in M> = co Mi
A convex function f: Rt — R can be extended to a convex function
f iR — RU {400} by defining

fx)=f(x), xeR"
=400, xeR\RT. (4.58)

Convexity is a very nice property and it would be advantageous if we could take simple
functions such as in Equation (4.57) to be stored-energy functions. Unfortunately, this is
not possible (for a proof, see (Ciarlet 1993)):

Theorem 4.1.6 Let X € Vyand X : F € Mi — X (X, C) € R be convex. Then:
1. Equation (4.19) is not satisfied.

2. The eigenvalues o; of the resulting Cauchy stress satisfy o1 + o2 > 0, o1 + 03 > 0,
oy +03>0atany X € V.

Accordingly, for a convex function, there is no constraint to prevent the annihilation of
material, and some stress states, such as uniform hydrostatic pressure, cannot be simulated.
Therefore, convex functions are unsuitable as stored-energy functions.

4.1.3 Polyconvexity

To solve this problem, John Ball (Ball 1977) had the idea of relaxing the convexity require-
ment to polyconvexity, which is defined as follows:

Definition 4.1.7 A stored-energy function TV x Mi — R is polyconvex, if for each X €
Vo there exists a convex function

¥ Vo x M3 x MP x (0, +00) - R (4.59)
such that
(X, F)=X(X, F,CofF,detF) VF eM:. (4.60)

Using this definition, both ||CofF||?> and det F are polyconvex (the latter because
f :x € Rt — x is convex). On the basis of Equation (4.45), one also finds that

I|F|?

CFeM: —» 0
JrFeMy = o F

4.61)
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is polyconvex. Notice that the expression || F||>/(det F)?/3 is the first invariant of C satis-
fying

— C
C=—— 4.62
(det F)2/3 (+:62)

and
I3:=ILz=detC=1. (4.63)

Accordingly, C contains the isochoric motion of C. In hyperelastic applications and von
Mises plasticity, the total motion is frequently split into an isochoric part and a volumetric
part. Equation (4.61) is now equivalent to

f:FeM, > Ig¢ (4.64)

which is a polyconvex function.
Since f(I) = 3, the function

g:FeMl —>T7,-3 (4.65)

is a convex residual stress-free stored-energy potential. Furthermore, one can prove that
I1 — 3 > 0. Indeed (Schroder and Neff 2001)

3L —If = (A1A2 + A1As + A2A3) — (Ag + Az + A3)? (4.66)
= A1A2+ A1As + AgAs — A2 — A — A3 (4.67)
=3[ = 80P (M- AP+ (A - AP =0 @68)
Accordingly,
I} > 3b. (4.69)

Notice that this only applies if the eigenvalues are real, which is guaranteed since C is
symmetric. Equation (4.69) can also be obtained by requiring the solution of the charac-
teristic equation to be real (cf the explicit solution of a cubic equation in (Abramowitz and
Stegun 1972)).

Equation (4.69) also applies to the inverse of C unless detC = 0:

2
1c!
Recall that the eigenvalues of the inverse of a matrix are the inverse of the eigenvalues.
Accordingly,
I
Lo =2 4.71)
I3
I

Izc—l — (472)
I3
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and
1
I3c—] = —. (473)
I

Consequently, Equation (4.70) is equivalent to
13> 30 1. (4.74)

Equations (4.66) and (4.74), together with Equations (4.11) to (4.13), yield (recall that all
eigenvalues and invariants are strictly positive unless material annihilation is accepted)

I} > 2751 (4.75)
i)
IF|* > 3v/3||F||(det F) (4.76)
4
I = ﬂ >3 4.77)
(det F)2/3

which completes the proof. Accordingly, the function g = I — 3 is a positive, polyconvex,
residual stress-free stored-energy function.
Now, the following theorem will be used:

Theorem 4.1.8 If
fixeVy— f(x) eRY (4.78)
is convex and
g:y €RT - g(y) (4.79)
is monotonic increasing and convex, then
gofixeVy—(gof) (x) (4.80)
is convex.
Proof. f is convex means
flra+ (1 =2)b] = Af(a) + (1 = 1) f(D). (4.81)
Hence, since g is monotonic increasing,

giflra + (1 —1bl} < g[Af(a) + (1 — 1) f(D)] (4.82)
=2glf @]+ (1 = 21)glf®)] (4.83)

due to the convexity of g.
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Let us apply this theorem to f = I — 3. Choosing g(y) = y',i > 1 one finds that
h:FeM.— (I,-3), i>1 (4.84)

is polyconvex. This function is frequently used in stored-energy functions for rubber mate-
rials.
The second invariant of C satisfies

- [Cof F|?
Ih=——. 4.85
27 (det F)*/3 (4.85)
This function is not polyconvex. However,
[CofFI3  —32
FeM, » ——— = 4.86
! + 7 (detF)2 2 (4.86)
is polyconvex because of Equation (4.56). Equations (4.66) and (4.74) reveal that
Iy = 27L13 (4.87)
U
32
2 >33 (4.88)
I3
Using the same reasoning as for /1, one finds that
_ i
h:FeMie(I;/z—Sx@) i1 (4.89)

is polyconvex. Furthermore h(I) = 0, since I; = 3, and consequently the initial configu-
ration is stress-free. Terms of the kind in Equation (4.89) are only recently being used in
stored-energy functions (see (Hartmann and Neff 2003) and (Diister er al. 2003)).

Notice that the basic norm properties in conjunction with Theorem 4.1.8 can be used to
prove that f : A € M3 — ||A||? in Equation (4.28) is convex. Indeed, the norm properties
guarantee that

AA1 + (1 = DAzl < AAL]l + (1 = D[ Az]. (4.90)

Consequently, |[A] is convex and also positive. Application of Theorem4.1.8 with
g(y) =y',i > 1 shows that

f:AeM - A, i>1 (4.91)

is convex.
To prove that /5 is not polyconvex, the following definitions are introduced:

Definition 4.1.9 A twice differentiable function % (A), A € M leads to an elliptic system
if and only if

VAeM,VE,neR:2"(A)- @1, ERQ7) > 0. (4.92)
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Definition 4.1.10 A function ¥ (A), A € M? is rank-one convex if
fiteR—> ZA+tERD) (4.93)
is convex VA € M3, VE, n € R3.
One can prove (Dacorogna 1989),
Theorem 4.1.11 1. For sufficiently smooth functions X, one has

X leads to an elliptic system

¢

Y is rank-one convex

2. X is polyconvex = X is rank-one convex

Notice that for ellipticity, the direction the second derivative is projected on is a rank-one
matrix (§ ® 5), whereas for convexity, this direction can have an arbitrary rank (a general
matrix A, Theorem 4.1.4). Accordingly, convexity implies rank-one convexity. Recall that
the rank of a matrix is the dimension of its image. Since

E@m-t=80-8) (4.94)

the rank of & ® n is one. The concept of rank-one convexity is somewhat simpler than
convexity. Therefore, invoking Theorem 4.1.11(2), it is mainly used to prove that a function
is not polyconvex. Let us apply this to prove that 7, in Equation (4.85) is not polyconvex.
Rank-one convexity implies that

|Cof[A + £ (& ® ]|I?
det[A + 1(§ @ m)]*/3

is convex. The expression det[A + #(§ ® n)] is linear in 7. This can be seen by applying a
coordinate rotation (which leaves the determinant unchanged since it is an invariant of its
argument) such that & coincides with a basis vector. Then the term ¢ (§ ® n) leads to a linear
change of just one row in A. Since the cofactors of a matrix are the minor determinants,
the numerator is a sum of squares of linear relations. This leads to a quadratic relation with
positive coefficients for the quadratic term and the constant term:

f:teR— (4.95)

A3t2 4 Aot + 23

i L e M 4.96
(Mgt + A5)4/3 (+:36)

f@ =

The second derivative of a function g = a®b? has the form

g = a* 2P a(a — 1)(a)?b? + aad"b? + B(B — 1) (V) *a> + Bbb"a* + 2aad’ Bbb'].

(4.97)

Taking
a=1y/2 (4.98)
a =23+ dat + 23 (4.99)

b = Mgt + Xs (4.100)
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the term in the square brackets yields
MM+ ) = (B + 1)) (4.101)

This function is only convex for (8 + y)> — (8 4+ y) > 0, thatis, B +y <Oor 8 +y > 1.
Since for Equation (4.96), y =2 and B = —4/3, f in Equation (4.95) is not rank-one
convex and consequently not polyconvex (Theorem 4.1.11).

Finally, note that all convex functions are polyconvex, but not vice versa.

4.1.4 Suitable stored-energy functions

The polyconvexity concept plays an important role in the existence theorems. Indeed, John
Ball proved that a solution exists if

1. the stored-energy function is polyconvex
2. Equation (4.19) applies:

Iim X(C,X)=+o0 (4.102)
det F—0F

3. and the coerciveness inequality is satisfied, Equation (4.22).

For details, the reader is referred to (Ciarlet 1993). These are sufficient but not necessary
conditions.

An important class of materials satisfying these conditions is evoked by the following
theorem:

Theorem 4.1.12 Let ¥ be a stored-energy function of the form
M N
F eV > S(F) = Y ailyenm + 2 bilyesn, + T (VEc) (4.103)
i=1 j=1

where a; > 0, y; > 1, b; > 0,8; > 1 and I" : (0, +00) — R is a convex function, then X
is polyconvex and satisfies

S(F) = a {|F|I? + |CofF |4} + T (,/Igc) (4.104)

VF € M3 witha > 0, p = max;(y;), ¢ = max;(3;).

If, in addition, lims_, o+ I'(§) = +0o (Equation (4.19)), the material is called an Ogden
material. An Ogden material satisfies the conditions in the existence theorem by Ball.
Accordingly, a solution exists. Notice that both ¢; > 0 and b; > 0 apply. Hence, both I1¢
and I>c must be present, together with I3¢ because of Equation (4.19). In Equation (4.103),

Il(cy,-/Z) and IZ(C‘S/'/Z) are defined by
i ]2
Icnry =y A/ (4.105)
j
Loy = D (ArA)2 (4.106)
k.l

k£l
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Notice that Theorem 4.1.12 only gives information on how to construct polyconvex func-
tions that have the desired property. This does not mean that any function not in the form of
Equation (4.103) is inappropriate. Yet, in most cases, no existence results will be available.

As an example of a well-known stored-energy function that is not polyconvex, consider
the St.Venant—Kirchhoff potential (Equation (1.440)):

2 = JA(E)? + putr(E?). (4.107)

For the proof, the reader is referred to (Ciarlet 1993). Using Equations (1.444) and (1.445)
together with

2l g = -3+ Iic (4.108)
4hg =3 —2I1c + Ixc (4.109)
8T = —1 4 Iic — I + Isc (4.110)

it is clear that ¥ does not depend on /3¢ and Equation (4.19) cannot be satisfied. Further-
more, the stress obtained by differentiating Equation (4.107)

S = AM(tE)G* + 21E @.111)

can be inverted to yield
1
E = E[—v(trS)G + (1 +v)S] (4.112)

which implies uniqueness. As explained previously, uniqueness is not desirable for large
strains. Although the use of Equation (4.107) will yield better results than the use of
infinitesimal strains, it should not be used for large strains. Its field of operation is often
called large deformation—small strains, which emphasizes the good performance for large
rotations (shell applications).

4.2 Isotropic Hyperelastic Materials

In this section, frequently used stored-energy potentials for hyperelastic materials are
treated. These include the Arruda—Boyce, the Mooney—Rivlin, the neo-Hooke, the polyno-
mial, the reduced polynomial, the Yeoh and the Ogden model. The preferred form involves
a split into an isochoric part and a volumetric part (ABAQUS 1997), (Kaliske and Rothert
1997), (Stordkers 1986). For a treatise on volumetric strain-energy functions, see (Doll
and Schweizerhof 2000). This implies that we will use the reduced invariants 1, and 1,
and the reduced principal stretches A1, Ao, and A3. Unfortunately, these forms do not fit
the generic form of Equation (4.103). However, in some cases we can prove explicitly
that John Ball’s conditions are satisfied. Notice that the use of the reduced quantities in
polynomial-type functions automatically implies that ¥ grows beyond bounds as J — 0
(Equation (4.19)).

The split of the stored-energy function in an isochoric part and a volumetric part finds
its origin in the near isochoric behavior of most rubber materials. The isochoric coeffi-
cients are usually determined by simple tests such as the uniaxial, equibiaxial or planar
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test (ABAQUS 1997). The compressibility coefficients are derived by volumetric com-
pression tests. Depending on the model, a linear or a nonlinear least-squares procedure is
used to find the coefficients (Hartmann 2001a), (Hartmann 2001b). In general, different
types of tests are needed for a good description of the material. Even then, extrapolation
to stretches significantly exceeding the range of the test data can lead to wildly erroneous
behavior. If only one test type is performed (nearly always a uniaxial test), the neo-Hooke
and the Arruda—Boyce models seem to perform well because of the physical foundations
of these models. More complex phenomenological models such as the Ogden model and
the polynomial model with many terms require the availability of different test type data
to perform well.

Another issue is the stability of the models. Several criteria exist, such as the Baker—Erick-
sen inequality and the incremental stability. The Baker—Ericksen inequality states that if a
Cauchy principal stress o; exceeds another Cauchy principal stress o, the corresponding
stretch A; should exceed A ; as well. The incremental stability requires that the incremental
power S:E be positive. For details, the reader is referred to (Hartmann 2003) and (Reese
1994). For most models, stability requirements imply limits on the coefficients.

Taking a stored-energy functional of the form X(C, 6, X), we are interested in the
stress (Equation (4.2))

E)>
) (4.113)
0CkL

and the tangent stiffness (Equation (3.6)):

KL 2
z
EKLMszas =4 9 . (4.114)
ACuN  9CkLOCuN

For_ iso_troBic materials, X will be of the form 2(71, 15, 7,0, X) or of the Ogden form
(A1, A2, A3, J, 6, X), where the dependence on 6 and X is hidden in the coefficients of
the models.

4.2.1 Polynomial form
The general polynomial stored-energy function takes the form

Y= i Bi; (1, —3)' T —3)f‘+§:i(fel—1)2" (4.115)

i+j=1 v ’ o Di '

where

Je (4.116)

:ﬁ

with J¢ the elastic Jacobian of the deformation, J the total Jacobian and J™ the thermal
Jacobian,

J =1 +4aT)? 4.117)
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cf Equation (1.449). Notice that the polynomial form is not polyconvex unless j = 0 (since
I is not polyconvex) and B;;, D; > 0. Special forms are the Mooney—Rivlin strain-energy
potential

- - 1
Y = Bio(I1 —3) + Bo1 (12 — 3) + D—(Jel — 1) (4.118)
1
the neo-Hooke strain potential

_ 1
Y = Bio(I; —3) + D—(Jel —1)2 (4.119)
1

the Yeoh form

% = Bio(I1 —3) + By (I —3)* + B3o(I} — 3)°
1 1 1

— 1) — - D — T = 1)® @120

~|—D1( ) +D2( ) ~I—D3( ) ( )

and the reduced polynomial form
N Ny
_ (T, 1 el 120
T = 2}310(11 3) + 21: 5 U =D i (4.121)
1= 1=

Only the neo-Hooke, the Yeoh and the reduced polynomial form are polyconvex because
of the absence of I,. Since I is difficult to determine experimentally and its inclusion in
the stored-energy function does not necessarily improve its predictive quality (Kaliske and
Rothert 1997), it is advisable to start off with a dependence only on I;. This especially
applies if only uniaxial data are available. Among the models that depend only on I, the
neo-Hooke type assumes a special position. Indeed, using Gaussian statistical thermody-
namics, its constant can be linked to the molecular chain density of the material (Treloar
1975).

Since X is linear in the coefficients B;;, a linear least-squares procedure suffices to deter-
mine them. The Baker—Ericksen inequality is assured if all B;; > O (sufficient condition)
SKL and KLMN take the form

ol : o7
SKE =20 5" By |i(h =37 T2 -3 -
itj=1 9Cu

- . 012
i(I; —3) (1, —3)/ 1 —=
+j ) (12 —3) BCH}

N .
2i . aJd
Syl L |0 4.122
+i§:1: 5 UM @122)
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Y al, 91,
ZKLMN=4 BT _3[—27 _3j—2 . _1 7 _32
Z (=320 =37 i = DT =3 5o
i+j=1
7] 8_2 .= — 2 827]
71 —-3)T, -3 T, —3)(Ty—32—2-"1
+ijI1 —3)U2 )8C1<L 3Corm +i(ly =3)1,—-3) e aCT
312 Al . - 2 al, 91,
11— 3T, -3 )T, -3 22
+ij(I1 —3)2 ) BT +j(—1DU;—3) 3Cxs 3o
- - 921,
i1, =32, —3) —————
+ )7 (12 )aCKLaCMN:|
21(Je1 )21 el ajel ' 82Je]
2i — 1 JO -1 .
+§ @ )3CKL 8CMN+( )8CKL8CMN

(4.123)

The derivatives of the invariants with respect to C are treated in Section 4.4.

4.2.2 Arruda-Boyce form

This potential function satisfies

— -2 —3
S=u|3T -3+ =T -+ —F (T, —27
u[z( 1= 3+ gz (1 =9+ g (11 =20
—4 519 -5
+——U; -8+ —————5 U
7000)\5;1( 18D 750)\51( !
1 (JH2-1
D 2
Notice that all terms are polyconvex and that
lim ¥ =400
Jel—0
lim ¥ =+o0
Jel 500
lim ¥ = +4o0.
I1—o00
J<M

where M is some positive real number. Accordingly, the

— 243):|

—1nJ°1>, w.D>0. (4.124)

(4.125)
(4.126)

4.127)

physical requirements in Sec-

tion 4.1.1 are fulfilled. The Arruda—Boyce model is based on an 8-chain representation of
the macromolecular network of rubber and is extensively described in (Arruda and Boyce
1993). For this model, the Baker—Ericksen inequality is satisfied. The determination of
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the coefficients requires a nonlinear least-squares procedure. The second Piola—Kirchhoff
stress and tangent stiffness satisfy

1 1 - 33— 76 - 2595 4\ oI
SKLzz[M<—+ T\ + T+ T+ 1‘1‘) 1

2 1012, 105014 ° 17 700046 "' T 67375008 1) aCk
1 1y aJ9
— (/- = 4.128
+D ( Jel) 3CKL:| ( )
1 66 - 228 10380 -3\ al; dI
SKLMN _ 4 H( " 7o+ i 13) I 1
1022, ' 105004 700045, 67375018, ') aCk1 9Cun
P ENE U 33 Py 76 Py 2595 4 %1,
2 1022 T 105022 71T 700018 T T 67375048 ') 9CKkLaCwN

PR AN A L (e 32Jel
D (JNH?) aCkr 0Cyn D Je ) 3CkLACunN |
(4.129)
4.2.3 The Ogden form

The Ogden form resembles the stored-energy function in Theorem 4.1.12; however, the
principal stretches are replaced by their reduced form:

s = Z 2Mi (xl S R Z (Jel 1% (4.130)
where N 2/3
3. . 1 _ . .
For «; = 2, one obtains 1, for o; = —2, the invariant 1) emerges. Since 1, is not poly-
convex, Equation (4.130) is not necessarily polyconvex. SXL and L XEMN gatisfy

N 3 - N . 1

21 —ai—1 OAg 2i aJ°
SKL — 2 Apl gy L 4.132
[Z o (Z k acKL) +Z Di( ) aCk1L ( )

i=1

N 3 -

2 — BN dA

wKLMN _ 4 Z l%z (@ — 1) P -2 OAk k
— 9Ckr ICynN

i=1 k=1
3 27
—i—1 A
Pyt
P 0CkLICyN
N .
Z 2Q2i= D e 22 , 9 9J° L2 e gy 9%7¢
— D; BCKL Cun D; 0CkLICynN '

(4.133)
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4.2.4 Elastomeric foam behavior

Whereas the potentials in the previous sections are frequently used for materials that are
nearly incompressible, such as rubber, elastomeric foams are very compressible. The general
form satisfies

i frap | rey | ta 1 1\ —a; B
2:2?{1‘;‘ 458 +x§’—3+E[(ﬁ)“ﬁ—1]} (4.134)
1

i=1
where

~ Ai
This form comes close to the Ogden form defined in Theorem 4.1.12 if «;, p; > 0. Indeed,
for a; > 0, the first three terms correspond to /; (ceil?)- For «; < 0, however, they corre-
spond to

I —;/2
2T (4.136)

13(C—a,-/2)

which is not compatible with the Ogden form. Since the second derivative of the volumetric
term satisfies

N
2(;01 = Z M Hi (Jel) —oifi— (4.137)
= Bi o?
convexity is guaranteed if
wioi(eifi +1) =0 (4.138)

(sufficient but not necessary condition). The derivatives yield

2,Ll e Ok el—ai g 0T
L=2 i Jeh—eibi—1 = 4.139

| =

EKLMN o
5

3 A A
rai—2) Ak Ak

=Dy A
[w, )kZ:j ¢ 3CT

Z)L(a,—l) 3%
0Ck1ICuN

) 3.]61 8Jel B (Je])—a,-ﬁ,-—l 82Jel

+ (i B + Db~ -
(@ fi + DU 0CkrL 0Cyn 0CkL0CynN

} . (4.140)
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4.3 Nonhomogeneous Shear Experiment

To illustrate the differences between the models, the nonhomogeneous shear experiment
investigated in (van den Bogert and de Borst 1994) is discussed. A rubber material is con-
sidered and described by the neo-Hooke, Mooney—Rivlin, Yeoh and Arruda—Boyce model.
The isochoric constants are taken from (Kaliske and Rothert 1997) and were obtained by
fitting tensile test results. The volumetric data are such that veq = 0.475 at zero deformation.
They satisfy (coefficients B;; and u in N/mm?, D; in mm?/N, A, is dimensionless)

1. neo-Hooke model

By = 0.525, D; = 0.0952 (4.141)

2. Mooney—Rivlin model

Bio = 0.1486, By; = 0.4849, D; = 0.0789 (4.142)

3. Yeoh model

Bio = 0.538, Byg = —0.0685, B3g = 0.0325,
D1 =0.0929, D, = 0.0086, D3 = 0.0008 (4.143)

4. Arruda—Boyce model
n=0.71, 1, = 1.7029, D = 0.1408. (4.144)

When applied to a 1 x 1 x 8 mm?> specimen, we get the force versus stretch curves in
Figure 4.3. According to (Kaliske and Rothert 1997), the experimental results are best fit
by the Yeoh curve exhibiting an S-shape. This typical shape originates from the negative
By coefficient. The neo-Hooke model and the Mooney—Rivlin model are not capable of
capturing this effect.

The shear experiment is schematically shown in Figure 4.4. The upper and lower sur-
faces are rigid. The lower surface cannot translate or rotate, all degrees of freedom are fixed.
The upper surface can only translate in x-direction and z-direction. A force is applied in
x-direction. A uniform 5 x 5 x 10 20-node brick element mesh was used with reduced
integration.

The displacements in x-direction (Figure 4.5) show similar tendencies as the uniaxial
test data. The Yeoh model predicts more hardening than the neo-Hooke and Mooney—Rivlin
model. However, up to moderate displacements, all models predict similar results closely
fitting the experimental data (overall behavior of the experimental data is symbolized by dis-
crete symbols). Because of the elongation in x-direction, the specimen shrinks in z-direction
(Figure 4.6). This is reasonably well modeled by the neo-Hooke, Yeoh and Arruda—Boyce
model. The Mooney—Rivlin model, however, shows a completely opposite tendency: the
specimen grows thicker. Notice that the Mooney—Rivlin model is the only model including
the second invariant. It seems that predictions of models that include the second invari-
ant are not very accurate if model-parameter characterization is based on uniaxial test
results only.
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4.4 Derivatives of Invariants and Principal Stretches

4.4.1 Derivatives of the invariants

In the previous section, the derivatives of the reduced invariants and (reduced) principal
stretches with respect to C were used. Recall the definitions of the reduced invariants:

Li=1;'"1 (4.145)
L=05"n (4.146)
I =17 gt (4.147)
Differentiation yields
I 1 ,—4/3, 003 13 94
— LRy B s 4.148
0CkL 373 13CKL th 0CkL ( )
I, 2,-5/3, 003 273 0Dy
— 2B B 92 4.149
T T TR o) (4.149)
are ;' an
=2 4.150
aCxr 2 Jh 3Ckr ( )
and for the second derivatives,
821, _ 47773 alz dl3
dCkr.Cun ° 3 13CKL 0Cun
L oap( L 3l A ol
A +
: 0Cyny 0Ckr  0Ckyp 0Cyp
_ 921 _ 921
Y Sy PR R (4.151)
- 8CKLCMN - 3CKLCMN
821, _ 10;-8/3 alz; 03
dCkr.Cuny 773 23CKL 0Cun
21_5/3 ol, 013 al, dI3
34 +
0Cyny 0Ckr  0Ckyp 0Cyp
_ 3215 _ 9D
N ) A B (4.152)
8CKLCMN 3CKLCMN
92Jel L% o a1 L' 9
— 13 3 34133 3 (4.153)

ICk Cyun 4 IV 0Ckr 0Cyy 2 J™ 9CkiCun
Equations (4.148) to (4.153) yield the derivatives of the reduced invariants as a function
of the derivatives of the invariants. The latter yields (Equations (1.507) to (1.509))

I
L _GKL (4.154)
9Cx1




200 HYPERELASTIC MATERIALS
a0l

= LGKE — CpoGTEGOF (4.155)
0CkL
ol
3~ pet*t (4.156)
Ckr
82]1
— =0 4.157)
0CkLCun
9%l _ ol GKL _ dCpo GPKGOL
0CkrCun 0Cun ICynN
= G"NGXE — L(GMKGVE + GMEGNE) (4.158)
3’1 (KL _,_|MN ac—1*"
S R N o T chn Ly Net— (4.159)
8CKLCMN aCMN
Since
et = 8K, (4.160)
differentiation yields
ac—1*F k19Cpa
—— Ca+C V=2 =0 (4.161)
aCun Cun

which leads to
_1KL
e Cra =57 (5,78, 48, 5,M)
=-1 (CKMsANJrcKNsAM). (4.162)
Multiplication of both sides with C~'** yields
_1KB
sc =~ (e MMy et ey (4.163)
ICunN
Accordingly, Equation (4.159) can be rewritten as

9215

_1KL ,_{MN _ _ _ _
2 — =i e L (kT v+ T v )| @64
ICkLCuN

4.4.2 Derivatives of the principal stretches

The derivatives of the reduced principal stretches can be obtained in a similar way (for an
alternative formulation see (Simo and Taylor 1991)). Starting from

=1 O = TPy (4.165)
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one obtains

oA _ ol _ oA;
i _%13 7/6)”_ 3 + 15 1/6 J (4.166)
0CkrL CkL 0CkL
9% 7 ,—136, 0I3 I3 1,-7/6 9% 903
=505 A — 5l
0Ck1ICynN o0 d0Ckr 0CynN - 0Cypy 0CkL
17-7/65 13 1,-7/6 0Ai 0D3
63 l T 63
BCKLBCMN 8CKL 8CMN
2
~1/6 d°A;
+1 LI 4.167
3 3CkLICuN ( )

To obtain the derivative of the principal stretches with respect to C, we start from the
characteristic equation

A — A+ A —n=0. (4.168)

Taking the first derivative with respect to C, one obtains

ar al oA ol oA ol
— 2 Ld—an’ + A2 20D — o =0 (4169)
0Ckr 0CkrL 0Ckxr 9CkpL 0Ckxr 0CkpL
yielding
A 4 0N ) 0D a13 5 3
=(A —A 6A° — 4L A 201 ). 4.170
3CxL < aCL " aCkL aCKL>/( e 2) @170
Taking the second derivative of Equation (4.168) yields
32 A
__rr (—30x4 F 12002 — 212) L2
aCKLaCMN 8CKL 8CMN
I, A I,  dA 821
+and (= + e
0CkrL 0Cyn  9Cyn dCkL 0Ck1.0CyN
2 GRY ) 0, 0 b 0
0CkL9CuN 0Ckr 0Cyny  3dCypy 0CkL
0’13 5 3
_ 607 — 4L A 201 ) . 4.171
acKLacMN] /( ) 7D

Equations (4.170) and (4.171) only apply on condition that the denominator is not zero.
The denominator is the derivative of the characteristic equation, which can also be written
as

L=0& (02 =2H>—2H* -2 =0 (4.172)

and a zero denominator for A; signifies

aL

- =0 4.173
o (4.173)
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which means that Al.z is at least a double root if we exclude A; = 0. To obtain the deriva-
tives for double and triple roots, a different approach has to be taken (Itskov 2001). The
eigenvalues of C and its invariants are related by

AM+MA+A3=1 4.174)
AAy+ A A3+ A A3 =1 4.175)
AN AyA3 = I5. 4.176)

Taking the derivative with respect to C, one obtains

1 1 1 Alc h.c
A+ A3 Ai+A3 AMi+Ax | (Mhocgp=1Dhcy- 4.177)
Ay A3 A1Aj3 AAr As ¢ I c

Three cases can be distinguished
1. If Ay # Ay # Az # Ay, then the solution of Equation (4.177) yields

A A?Lc—Aibc+ B
c=
’ 3A7 —2I1A; + I

(4.178)

which agrees with Equation (4.170) since A; c = 2A;A; c. Expanding the derivatives
of the invariants (Equations (1.507)—(1.509)),

ol
— =G* 4.179
5C ( )
a1
—~ =15LG*-G*.C-G* 4.180
3C 1 ( )
a1z 1
— =1IC 4.181
3C 3 ( )
and taking Equations (4.174) and (4.175) into account, Equation (4.178) can also be
written as
A,  Ai(A — NG +AG-C-G* + LC!
i_ l( i 1) + A + I3 (4.182)
aC (Ai — AN — Ag)
Since
G'=G*.Cc-c! (4.183)
G'.Cc-G'=G'-Cc* c! (4.184)
and

c'=6".G6.-c! (4.185)
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one finds by comparison with Equation (1.126),

0A;
aC

=AGH M. CcT (4.186)

Writing C~! in terms of the structural tensors

C'=) A;'N;®N, (4.187)
j

Equation (4.186) can be further simplified to
Aic=AiG* - (NN®@N')- Y AT'(N;®N))
j

=AiG") A;'(N'®@N,N'- N,

j
= AiG* AT (NT® Ny)
=N; ®N;
= M;. (4.188)

It is a remarkably simple expression: for three distinct eigenvalues, the deriva-
tives of the eigenvalues are the corresponding contravariant structural tensors. Using
Equation (4.188), one also obtains a very elegant expression for the principal stresses
in an Ogden material. Indeed,

S—282A< —282M» (4.189)
T A C T AT ‘
Accordingly (Equation (1.132)),
; 0
Ajs=8S M =2— (4.190)
A ;

or (Equation (1.428))

2 X 2 0% 1 0%
A —

—Aj—=— = — . 4.191)
J 3Aj J8lnAj 13111)\/'

Ao =

2. If two eigenvalues are equal, for example, A = A = A # A3z Equation (4.177)
reduces to

1 1 1 Al c Lic
A+ A3 A+ Az 2A Arct =11c (4.192)
AAs AN A | Asc Ic
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and column 1 and 2 are identical: the system is singular. It can be reduced to

1 1 Aic+Aye| _ e
[A+A3 ZA]{ N }_ {Iz‘c}. (4.193)

The solution satisfies

2AL,c — D¢
A Ape =" =% 4.194
1,c+ Ao c A A ( )

hcec—(A+ A3 c
A == — . 4.195
3,C A s ( )

It is not difficult to prove that

A])C+A2’C=Gt—M3=M1~I—M2 (4.196)
A3.c = M3 4.197)

where M| + M» and M3 satisfy Equation (1.129) and Equation (1.130).

3. For three equal eigenvalues A = A| = Ar = A3, Equation (4.193) reduces to one
single equation:

Alc+ Axc+Asc=hc =G (4.198)

Now let us take a look at the second derivatives of A;. Instead of using Equation (4.171),
one can also express it through the second derivative of A; = k?:

1 1
A; = ——A; — A c®A; 4.199
i,cc I, i,cC In TR i,C i,C ( )

obtained by differentiating

Aic = %x/A_iALC (4.200)
with respect to C. Again, three cases can be distinguished
1. For Ay # Az # A3 # A1 one obtains (Equation (4.188))
Aicc=M,;c. (4.201)

An expression for M ¢ is found by differentiating Equation (1.125) leading to (notice
that M; ¢ = G*- M, - G%)

1

11 17 [Mc
Ay Ay A3 | iM%} =

2 2 2 ;

A? A A2 M,

(4.202)

W o
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where
A=Cc-Y MM (4.203)
i
B=C% -2 AM; @M (4.204)
i
and
aC
Cc:=— 4.205
=50 ( )
and similar expressions for the other terms. Straightforward calculation yields for
C c and C,2C’
ICKL L sP P
3Crg = 16%e8% +876%) =1, (4.206)
and
dCk.CyuGEN
B T Letecl, +8%.chp + 1690 + 87,00, 4207

Notice the following shorthand notation:

(HI)IJKL — (]LS)IJKL — %(3IKSJL +81L81K) (4.208)
(TIc)rikL == %(GIKGJL +GrGyk) (4.209)
I /KL = %(G’KG“ + G'LG'K), (4.210)

and similarly for other tensor fields. The solution of Equation (4.202) amounts to

M= D%[B — (I — A A] (4.211)

where

Di=(Ai — AN —Ay), 1=1,2,3;j,k#1. 4.212)
2. For A = A1 = A # A3z, Equation (4.202) reduces to
1 1] |M+ M 0
|:A A3i| { M3C 1A (4.213)
leading to

M+ M =—A/(A3— A) (4.214)
M. = A/(A3— A). (4.215)
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A=A =

C

Figure 4.7 Tangent ambiguity for identical eigenvalues

3. For A = A1 = Ay = A3, one obtains in a similar way

M.+ M+ M, =0. (4.216)

Notice that for double or triple roots, the derivatives of A; (Equation (4.196) and
Equation (4.198)) and M i (Equation (4.214) and Equation (4.216)) are not known sep-
arately: only the sum is known. This is not surprising, since double roots cannot be
distinguished, and consequently it is not clear whether tangent 1 or tangent 2 applies
(Figure 4.7).

4.4.3 Expressions for the stress and stiffness for three equal
eigenvalues

In the previous section, it was found that for three equal eigenvalues the derivatives of A;
are not known separately, only their sum can be calculated. In the present section, it will
be shown that this suffices to determine the stress and the stiffness. For A; = Ay = A3 = A,
Equation (4.132) and Equation (4.133) reduce to

S=2|:Z 2(51 i Zkkc+2—(J°1 )%= 1161} (4.217)

i=1

and

3 3
2ui w2 e - il e
=4{§ ' |:(a,~ Rt (Zxkﬁ@xhc) + 2 lzlk,cc:|
k=1

(07
i=1 ! k=1

N
2i(2i . 2i i
n Z |: l( 1 — Je] _ 1)2172.],5(]: ® J’e(]: + Fl.(‘]el _ 1)211J’%C:|} . (4218)
i=1 '
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Furthermore, Equation (4.166) and Equation (4.167) now lead to

3
- ~7/6 ~1/6
Z?»k,c = —%13 / rMa e+ 1 / Zkk,c (4.219)
k=1 k=1
3 3
- - ~7/3 ~1/3
Zkk,c Qe =15l WP ®bo+ 1 Zkk,c ® Ak,c
k=1 k=1
4/3 : 403,
PR ® ) e — 3P e ®Be (4220)
k=1 k=1
3 3
T —13/6 —7/6
Zkk,cc = 1 i ® e — &1 / 213,0 ® Ak,c
k=1 k=1
3 3
~7/6 ~7/6 ~1/6
35 Bcc = LY e @ e + 150 e
k=1 k=1
(4.221)

In this way, the sums of the derivatives of the reduced stretches are written in terms of
the derivatives of the unreduced stretches. Now, Equations (4.198), (4.199), (4.200) and
(4.216) show that

3 3
Y M =13 Akc = 5 G (4.222)
k=1 k=1
3 3 3
Y hce=—p5 Y Ac®Ae=—p5 Y M ® M;. (4.223)
k=1 k=1 k=1

For A = A1 = Ay = X3, Equation (4.202) reduces to rank one and, consequently, A = 0

3
Y MeoM =Cc (4.224)
k=1

which is equivalent to

3
> M @M, =(G'®GY: Cc. (4.225)
k=1

Accordingly,

3
Y e =—75(GT®GY 1 1. (4.226)
k=1
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In a similar way, one arrives at

3 3
Z)»k,c ® Ak,c = 4)\2 ZAkC ® Arc
k=1 k=1

= L @eaeh:1,. (4.227)

Hence, Equations (4.219) to (4.221) yield

3
- _ 16 1
Y ke =—31 00 4 0 56 (4.228)
k=1
3
T T 1 171352 | )
Y e ®he =1 2 9 v 51 Pl
k=1 127 4r?
L —1/3 1 L i3 .
-5, 7T @G - b G'®C (4.229)
3
- 1 _
Yee =55 e - —1;°Cc @ GF
P 1223
— Ve e e ¢ Ly Vot
1 71/6 g 1 71/6
— . 42
12)\ GeC T 13 Go- (4.230)

In a similar way, the expressions for the stress and stiffness for an elastomeric foam
for ) = M = kz = k3 reduce to

3
2 [ s
Hi [Q Sk — (I~ “zﬁtlﬁl} (4.231)

N

L

N 3 3

Z ':— |:(05i = DAY ke ® ke + 457 e

k=1 k=1

+ (@i + DI P2yl @ I - (Jel)_“’ﬁ’_lj’%ci| . (4.232)

Since J" depends on the temperature only, Equations (4.222) and (4.227) also apply
to A.
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4.5 Tangent Stiffness Matrix at Zero Deformation

The tangent stiffness matrix at zero deformation can be obtained by substituting F = I in
the expression for ZXEMN  The expressions in the previous section take the form

I =3= 71 (4.233)
L=3=T, (4.234)
L=1 (4.235)
)"l :)\'2:)\,3:X1 :X2:X3:l. (4236)
The derivatives of the invariants take the value
al
9T _ GKL (4.237)
0Ck1,
ol
2 _GKL (4.238)
0CkL
al
9B _ GKL (4.239)
dCkL
921
L (4.240)
0CkdCyN
921
0CkrICyuN
3213 9D
_ (4.242)
0Ck0Cyy  0CkOCyn
ol
L (4.243)
0Ck1,
al,
=0 (4.244)
0Ckr
a]ﬁ]
= LGkt (4.245)
0Ck1
91, L ~KL,~MN | 1,~KM~LN KN ~LM
-  _ _lgKLg (GG G*"G 4.246
321 921
z ! (4.247)
0CkLICyN 0Ck1.0CyN
82Jel

| AKLAMN _ 1 KMALN | KN LM
— =3G""G - 2(G™M G GG . 4.248
9Cx0Cn a( + ) ( )
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Finally, the derivatives of the principal stretches satisfy for F = I:

> hjc = 3G (4.249)
j=1
3
> hice = g (4.250)
j=1
3
Y he®rjc =g (4.251)
j=1
3
ZX,,C =0 (4.252)
j=l1
3
Y Ticc = -6 ® G + g (4.253)
j=1
3
Y Rie®hjc=—16"® G + {1 (4.254)

Comparison with Equation (1.436) reveals that, in the initial configuration, an equivalent A
and y can be defined as the coefficient of the terms GKLGMN and GEMGLN  GENGIM
respectively.

4.5.1 Polynomial form

Substitution of the above expressions into Equation (4.123) yields

2
R KEMN [—%(310 + Bo1) + —} GXLEGMN +2(Byg + By )(GEMGEN + GEN GEM),

D
(4.255)
Hence,
. 2
Aeq = —5(310 + Bo1) + D_l (4.256)
Meq = 2(B1o + Bo1). (4.257)

Frequently, an equivalent bulk modulus Kq is defined, satisfying (cf Equation (1.454))
Keq = heq + 3 heg- (4.258)

Hence,

Keqg = —. (4.259)
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4.5.2 Arruda-Boyce form
Equation (4.129) yields

KLy _ |4 | 3297 2052 210195 \ 27 Ly ww
1022, " 105024 " 700015, 67375048,

3 D
o <1+ N 297 N 2052 N 210195)
wis .
271022, 105024 700015, 67375018,
(GEMGEN | GENGLM) (4.260)
Hence,
o (1s 3 N 297 N 2052 N 210195 @.261)
Hea =M\ 27 7022 T 105024 T 700046 6737508, '
2
Keg= 7. (4.262)
4.5.3 Ogden form
Substitution into Equation (4.218) leads to
N8 1 1 2
¥ = o [-—GP @ GF + =1 —G'®G* 4.263
l;ai[“’<12 ®G + 1l | |+ -G ® (4.263)
from which
N
Jeq = ) Mi (4.264)
i=1
Ko = 2 (4.265)
4= )

4.5.4 Elastomeric foam behavior
Equation (4.232) yields

N
i 1 1 (i fi + 1) 1 1
T=8)" a_,l |:(oci = Dlg: — 7le: + %Gt ® G* — ZGﬁ ® G* + Sl
i=1

N
= Z i (2Ig: +26;G* ® G*). (4.266)
i=1
This leads to the following expressions for the equivalent constants:

N
Heg = D i (4.267)
i=1
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N
heg =2 Bitki (4.268)
i=1
N
Keg= 2 ( : l) 42
eq — i ,Bz+3- (4.269)
i=1

4.5.5 Closure

For the polynomial model, the Arruda—Boyce model and the Ogden model, the equivalent
bulk modulus is related to the coefficient D; (polynomial model, Ogden model) or D
(Arruda—Boyce model). Incompressible behavior corresponds to D1 = D = 0. To avoid
the resulting singularities in the material law, the CalculiX® code (CalculiX 2003) replaces
this behavior by a nearly incompressible behavior corresponding to an equivalent Poisson
coefficient peq = 0.475 at zero deformation. One finds (Equation (1.455)),

_ 2Meq(1 + Veq)

Keq = . 4.270
T 3(1 - 2ueq) ( )
Accordingly, for a polynomial material,
3(1 -2 0.1017
U G . 4.271)

B Meq(l + Veq) B Meq

If N > 1 in the polynomial model, the following numerical relationship (disregarding the

dimensions) is proposed:
31-2 L0017\
D; = [w} = ( ) . (4.272)
teq(1 + veq) Meq

4.6 Inflation of a Balloon

This is a classical example discussed in different places in the literature (see e.g. (Holzapfel
2000), (Beatty 1987) and (Verron et al. 2001)). The geometry is depicted in Figure 4.8.
The undeformed radius and thickness are 10 m and 0.1 m respectively.

Assume that we select a St Venant—Kirchhoff material, that is, a linear elastic isotropic
material, satisfying

E = % [—v(rS)G + (1 +v)S]. (4.273)

Consider a material particle of the balloon on the X-axis. Because of symmetry conditions,
we have S1p = S»3 = S13 = 0 and Sy = S33 = S. Furthermore, the balloon is assumed to
be in plane stress, S;; = 0. Accordingly, Equation (4.273) leads to the following strains:

1 _
Ey = Ey3 = < — ”) s (4.274)
2
Ej =——28 (4.275)
E

Ep =Ej;3=Ex=0. (4.276)
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Figure 4.8 Geometry of the balloon

The stretch can be obtained from Equation (1.45):

Ay =vQEgr + )NENL (4.277)

yielding for the circumferential stretch (take N in Y-direction)

1 —
A= 2( U>S+l (4.278)
E
and for the thickness stretch
4y
A= (1 — ES). (4.279)

Taking A = r/R as the independent variable during the inflation of the balloon, the Piola—
Kirchhoff stress of the second kind can be obtained from Equation (4.278):

EQr—1)
=, (4.280)
2(1 —v)
Expressing the equilibrium of a hemisphere, one obtains
prr? = SQaR)t (4.281)

from which the pressure p results:

(2R1) Et 1
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This is a monotonic increasing function of A. Substituting Equation (4.278) into Equa-
tion (4.279), one obtains an expression for the thickness stretch of the balloon:

w2

Surprisingly enough, A, is zero for

1—v
2v

A=

+ 1. (4.284)

If v = 0.5, the thickness of the balloon is reduced to zero for A = /3/2. This corresponds
to an infinite circumferential Cauchy stress. It is well known that the circumferential stretch
during inflation can reach values up to 10 and higher. Accordingly, the St Venant—Kirchhoff
material is not suited to model balloon behavior.

In Chapter 1, it was emphasized that v = 0.5 represents isochoric deformation for
infinitesimal strains only. The real isochoric condition is J = 1. This can be illustrated
by noticing that for the balloon

2
J=i22=22]1- % (4.285)

Substituting v = 0.5, one obtains

Jo—os = A2V/3 — 222, (4.286)

The plot of this function in Figure 4.9 shows that v = 0.5 is indeed a bad approximation
for isochoric behavior as soon as the stretch deviates markedly from A = 1.

To model true balloon behavior, recourse must be taken to hyperelastic laws such as
the Neo-Hooke or Mooney—Rivlin law. The following constants are taken

neo-Hooke: Bjg = 211250. Pa, D; = 0.2367 x 107° Pa~! (4.287)

Mooney—Rivlin: Bjg = 184 843.75 Pa, Bo; = 26406.25 Pa,
D; =0.2367 x 107° Pa~!. (4.288)

The isochoric constants are taken from (Holzapfel 2000), the volumetric constants are such
that the equivalent Poisson coefficient amounts to v = 0.475. Only one-eighth of the balloon
was modeled using seventy-five 20-node brick elements with reduced integration (one layer
across the thickness). The pressure as a function of the circumferential stretch is plotted
in Figure 4.10 and agrees well overall with the analytical predictions for incompressible
material in (Holzapfel 2000). The neo-Hooke curve is about 6% lower than the analytical
prediction. This also applies to the Mooney—Rivlin model for small stretches up to the
local maximum at a stretch of approximately 1.5. For higher stretch, the present curve does
not show the local minimum with the renewed pressure increase obtained in (Holzapfel
2000). This is attributed to the volumetric term. Notice that both models predict a local
pressure maximum. This phenomenon, which was not predicted by the St Venant—Kirchhoff
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Figure 4.10 Pressure in the balloon
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material description, is well known: inflating a party balloon, the initial pressure is quite
high, but decreases significantly after some stretching takes place. Because its behavior is
not monotonic, the pressure cannot be taken as an independent variable during the finite
element calculation. The radial forces in the nodes of the mesh are taken instead since they
continuously increase.

4.7 Anisotropic Hyperelasticity

Recently developed materials are frequently anisotropic, such as fabrics embedded in a
matrix material (Reese er al. 2001). For these applications, the theory of the previous
section has to be extended. Anisotropic materials are characterized by the fact that

S(F - Q) =X(F) (4.289)
does not apply for arbitrary rotation tensors Q € SO(3) (the group of all rotations without

reflection in three-dimensional space). The group G for which Equation (4.289) applies, if
any, is called the material symmetry group and characterizes the material:

G={QIZ(F-Q)=%(F)} CcS00). (4.290)

For instance, transverse isotropic materials are characterized by a preferred unit direction
A about which the material is isotropic, that is,

G={0(, A)|0 <a <27} (4.291)

where Q(a, A) denotes a rotation about A covering an angle «. Anisotropic materials are
frequently characterized by so-called structural tensors M, which are invariant under the
material symmetry group:

O M=M, VvVQEeg. (4.292)
For transversely isotropic materials, there is one structural tensor defined by
M =AQ®A, |A|=1 (4.293)
Indeed,
Q- M=0 - (ARA)=(Q-A)®A
—ARA=M. (4.294)

The behavior of anisotropic materials is not invariant under the proper orthogonal group
of transformations SO(3). However, if the structural tensors are also transformed, that is,
the preferred material directions undergo the same rotation, one obtains

S(F,M)=%(F-0,0"-M- Q) (4.295)
and taking objectivity into account,
X(C.M)=%(Q"-C-0.0"- M- Q). (4.296)

Consequently, ¥ is an isotropic function of C and M. Here, M stands for all structural
matrices appropriate for the material. An application of the above concept to anisotropic
viscoplasticity can be found in (Schroder et al. 2002). In what follows, we will concentrate
on transversely isotropic materials and deal with only one structural tensor. For further
details, the reader is referred to (Schroder and Neff 2001).
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4.7.1 Transversely isotropic materials

To proceed, we will express X as a function of a polynomial basis. For isotropic scalar
functions of two symmetric tensors, such a basis consists of the following terms (Spencer
1971):

Ji = tC (4.297)

Jp = trC? (4.298)

Jz = trC? (4.299)

Jy =t (C - M) (4.300)
Js :=tr(C? - M) (4.301)
Jo :=tr(C - M?) (4.302)
J; = tr(C? - M?). (4.303)

Since M? = M, we have Jg = J4 and J; = Js. One recognizes Ji, J» and J3 as invariants
of C, although more frequently I, I> and /3 are used, defined by

L =Ji=|F|? (4.304)
L = tr(CofC) = 1(J} — J») = |CofF||? (4.305)
I =detC = L(2J3+ J] —3J1/2) = (det F)*. (4.306)

In previous sections, it was shown that /1, I and I3 are polyconvex functions. The invariant
J4 can be expressed as

Ji=tu(FT.-F.(A®A))
—AT.FT. F. A
=|F- Al (4.307)

This is a convex function of F due to the norm properties and the convex monotonic
increasing behavior of x2 for x > 0. Accordingly, J4 is convex.

It can be proved that Js is not polyconvex (Schroder and Neff 2001). However, it is
clear that

K| := ||CofF - A|? (4.308)
is polyconvex. K| can also be written as
K = AT . (CofF)T - (CofF) - A
= AT . Cof(FT-F)- A
= tr[(CofC) - (A ® A)]
= tr[(CofC) - M]. (4.309)



218 HYPERELASTIC MATERIALS

The tensor C satisfies its characteristic equation, accordingly,

CP—NLC*+1LC-1=0

¢
C> M—1,C-M+hLM—-5LKC"-M=0
)
tr(C> - M) — Iitr(C - M) + I = tr(CofC - M)
¢
Js—IJs+ DL =K (4.310)

which shows that K can be written as a function of Js. Notice the nice analogy between
Js and K1, and I7 and I, respectively (Equations (4.304), (4.305), (4.307) and (4.308)).
The physical significance of J4 and K is also noteworthy: Equation (1.30) reveals that Jy4
is a measure of the change of length of a unit vector along the structural axis, whereas
Equation (1.65) shows that K can be interpreted as the area change of a unit area perpen-
dicular to the structural axis. On the basis of these physical observations, sometimes the
change in length of vectors perpendicular to the material axis, and the change in area of
area elements whose normal is perpendicular to the material axis are considered. They are
defined by

Ky:=t(C-D)=1,— Js = |F||> — |F - A|)? (4.311)
K3 := tr[(CofC) - D] = I J4 — J5 = ||CofF||* — ||(CofF) - A|? (4.312)

where
D :=G" - M. (4.313)

It can be proved that K, and K3 are polyconvex (Schroder and Neff 2001). Indeed,

K, =tu[FT-F-(G* — M)]

=||F-(G* - M)|? (4.314)
since
G —M) - (G'-—M)=G*' - M (4.315)
and
(G* —M)" = (G* — M). (4.316)

Similarly, one finds

K3 = ||CofF - (G* — M)|*. (4.317)
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Analogous to the proof leading to Equation (4.64), one can prove that

Jy
QPP (4.318)
and
3/2
/4 (4.319)
(det F)? '

are polyconvex as well as the same terms with J4 replaced by K1, K> or K3. In particular,

_ Ja

3/2
=3/2 Ky
K, = [W} (4.321)
— K>
Ky := VIR (4.322)
and
3/2
—=3/2 K3
Ky = [W} (4.323)

are polyconvex and consequently, also 72, ??n/Z’ ?; and fﬁ"/ 2 (Theorem 4.1.8) (notice
that J4, K1, K>, K3 > 0). For C = G, one obtains

Jy=T4= (4.324)
Ki=K = (4.325)
Ky=K,=2 (4.326)
K3y=K3;=2 (4.327)

but J4 > 1 is not guaranteed, hence we cannot argue that terms of the form (J4 — 1)¥ are
polyconvex. On the other hand, terms such as
3/2

T (=) (Ra-2) (&Y -2v2) (4.328)

are polyconvex, since e* is a convex, monotonic increasing function in R.

4.7.2 Fiber-reinforced material

In this section, an anisotropic hyperelastic model for fiber-reinforced materials will be
discussed. It is a model that was developed for arteries by Holzapfel (Holzapfel et al.
2000) but which seems promising for other applications as well. It consists of an isotropic
neo-Hooke part superimposed by strengthening terms in the fiber direction (the volumetric
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Figure 4.11 Generic form of the anisotropic term

term is not a part of the original Holzapfel model):

N
7 1 Kii [ kyi<Ty—152
L =B -3+ — -1+ —[e 2<ta=1> —1] (4.329)
D ; 2k»;
where
<x>=x forx>0
4.330
=0 forx <O. ( )
and

ko > 0. (4.331)

Notice that the anisotropic term applies only if the fibers are extended. Under compression
the fibers do not contribute any strength. Under tension, however, the strengthening is
exponential. There are as many terms as there are fiber directions, each with its own
constants ki; and kp;. Notice that e*<* | (@ > 0) is a C' monotonically increasing
convex function (Figure 4.11). Accordingly, the anisotropic terms in Equation (4.329) are
polyconvex.

Differentiation of Equation (4.329) leads to SXL and ZKLMN

_ N _
al 1 —1j2, 03 — o (Fu—12] 0J4i

SKL:B +—1_I — + ki:i(Ja; — 1 [621(-]41 )]
Crapm D1( 3 )3C1<L ; 1i(Jai — 1) 3CxL

(4.332)
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SKLMN _ U Big 31, L 3p 0l 0
0CkLCunN dCk1dCuyn 2Dy 3 3CkL dCumy
N
1 L1, 9 koi (T4i—1)2
S S L E—. k1~[62’(4l )].
D 3 dCkLCuN ; '

3Jai 0Ju
0Ck1L.Cun

- - 8% J 4;
1+ 2ky; (Ja; — 1)? Ja — H——— 4.333
se g (14 2K (T = 17) + (T = 1) ] (4.333)

and the derivatives of Jy; and Ja; yield

Jy =M Cyy (4.334)
0J4;
Y _ yKL (4.335)
0CkL
82 Jyi
_ 9 (4.336)
0Ck1.0CyN
Ta=1" 0y (4.337)
3J i 1| ,—4/3 I3 —1/3 9Jy4
L e B e VE S 4.338
0CkL 373 4 0CkL th 0CkrL ( )
Iy 4,-7/3, 03 0l3
3CkLICun 23 "Y3Ck. 0Cun
B 11—4/3< 0Jy 0L 0Jsi I3 )
373 dCynN 0CkL d0CkrL 0CuynN
2 2
1 ,—4/3 0713 —1y3 07 Jy
a9 __ g 4.339
373 418CKL3CMN 3 aCKLaCMN ( )

To investigate the effect of the anisotropic terms on the initial stiffness, the limit C — G
is taken

Jaile=g =1 (4.340)
3 Ju;
a = MKL (4.341)
8CKL C=G
32 Ju;
e =0 (4.342)
0CkLICMUN |c=¢
Jaile_g =1 (4.343)
8J 4
! = MKt — {1G*F (4.344)
0CKL|._g
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0CkdCypN C—G

— LMPNGKL + MFEGMNY . (4.345)

Substitution in Equation (4.333) yields for the anisotropic terms

N
mKLN| = D kL = GBI - L6 @346
i=l1

C=G anisotropic

For a fiber aligned with the 1-direction (M!! = 1, all other MXZ = 0) one obtains

4/9 —2/9 —2/9
-2/9 1/9 1/9 | [0]
EKLMN’ = 33 | o 1347
C=G anisotropic -2/9 1/9 1/9 [] 1i ( )
0

[0]3x3 3x3

Accordingly, the initial stiffness in fiber direction is increased by %lq,-. The parameter ki;
has the unit of stress, k»; is dimensionless and governs the strength increase at increasing
deformation.

Consider the cantilever beam in Figure 4.12 subject to a force F' evenly distributed
at its end. The force keeps its magnitude and direction during deformation. The material
consists of an isotropic neo-Hooke substrate strengthened by fibers. It is assumed to satisfy
Equation (4.329) with constants:

Bioh®/F = 0.192505 (4.348)
D\ F/h* =0.26 (4.349)
N=1 (4.350)
ki1h?/F = 0.23632 (4.351)
ka1 = 0.8393. (4.352)

There is only one layer of fibers making an angle o with the axis of the beam. The
relative axial displacement u,/h and transversal displacement 100u,/h at the end of the
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Figure 4.13 Longitudinal and transversal displacement of the end of the beam
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beam are shown in Figure 4.13. If the fibers are parallel to the axis of the beam, the
transversal displacement is zero and the axial displacement exhibits a minimum because of
the strengthening effect of the fibers. As the angle with the axis increases, the strengthening
effect decreases steadily. The transversal displacement exhibits a maximum at about 27°

because of the asymmetry induced by the fibers.
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Infinitesimal Strain Plasticity

5.1 Introduction

The materials treated so far had no memory. The instantaneous deformation for such mate-
rials is a function of the instantaneous loading only. The previous loading history is of no
importance. However, for a lot of practical materials this assumption does not hold. A piece
of metal that has been forged into a car component will react differently on loading because
of the forging process: the component remembers it has been forged. Furthermore, the acti-
vation of memory allows for the simulation of another new phenomenon: irreversibility
of deformation. Without this feature, it would be impossible to deform a body into a new
form without continuously applying loads: on releasing pressure, a car would return into
ore!

Memory and irreversibility of deformation are two important characteristics of plastic-
ity. Although the term is most often applied to metals, it is also used to describe irreversible
behavior in soils, biological tissue, and so on. Here, we treat metals only. Furthermore,
attention is focused on the infinitesimal theory, that is, strains and rotations are assumed
to be so small that material and spatial quantities coincide. First, the general framework
is derived using the one-dimensional example as a guide. Then, the isotropic viscoplastic
theory is deduced. Finally, a detailed analysis is presented of single-crystal viscoplasticity
and von Mises plasticity of elastically anisotropic materials. The treatment of other vis-
coplastic formulations, such as Drucker—Prager or Gurson, runs along the same lines. For
fundamental reference works on plasticity, see ((Kachanov 1971); (Lemaitre and Chaboche
1990); and (Save and Massonnet 1972)).

5.2 The General Framework of Plasticity

5.2.1 Theoretical derivation

Throughout the present chapter, it will be assumed that the strains and rotations are
small, such that the infinitesimal quantities ex; and Eg; can be used. One recalls

The Finite Element Method for Three-dimensional Thermomechanical Applications Guido Dhondt
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-85752-8
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(Section (1.14.4)),
(5.1)

(5.2)

s skl
Exp ~ ex1 0]

SKL ~ (Tkl(SkK(Sl L.

Furthermore, it will be assumed that a rectangular spatial coordinate system and a rectan-
gular material coordinate system are used and that both coincide. To emphasize this, the
infinitesimal strain tensor will be represented by the new symbol ;.

How can we characterize a viscoplastic material? A simple stress—strain test on steel
yields Figure 5.1. One notices that the material is elastic for small stresses. For growing
stress (o > 04), the curve deviates from the elastic straight line by an amount that will be
called the plastic strain €P. It is this amount that is not recovered after unloading (point
C). When loading again, the material remains elastic up to o = op before accumulating
further plastic strain. Accordingly, the elastic range depends on the previous plastic flow.

From these considerations, the following assumptions (some of which are valid for the

infinitesimal range only) seem plausible:

1. The total strain can be decomposed in an additive way into an elastic part and a

plastic part:
€ =¢®+€P. (5.3)

2. Plastic flow starts as soon as the stress (axial stress in a tensile specimen, an appro-
priate stress invariant in the two- and three-dimensional case) reaches a specific
value, which can change as a function of the previous amount of plastic deformation.
Accordingly, this value is a function and will be denoted —¢g. The amount of plastic
flow is represented by «. Hence,

q=q). (5.4)

Figure 5.1 FElastoplastic stress—strain curve
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q is an internal dynamic variable (comparable to a stress), « is the kinematic coun-
terpart (comparable to a strain). The material remains elastic if

o<—q&o+q<0. (5.5)
The function

flo,q9)=04+g=0 (5.6)
represents the boundary of the elastic range and is called the yield surface.

In theory, plastic deformation takes place if the yield surface is exceeded. However,
because of the plastic flow, the yield surface is expanded such that the stress stays on the
yield surface (in the absence of viscosity). This can be made obvious by simply performing
an unloading—loading experiment, as shown in Figure 5.1. Consequently, the increasing
stress drags the yield surface along, and Equation (5.6) keeps its validity during the plastic
flow. The reverse statement is not true: Equation (5.6) does not necessarily imply plastic
deformation. Imagine we load until ¢ = —¢q and freeze the loading at that point: this is a
purely elastic process. Summarizing, during plastic deformation, one has

oc=E(—¢€P) (5.7)
g =q(a) (5.8)
o+q=0. (5.9)

Assume that we know the total strain and want to know the stress. Equations (5.7) to
(5.9) yield three equations in the four unknowns o, €P, ¢ and «: one equation is lacking.
Physically, we do not know at what rate the plastic flow is accumulated: an evolution
equation for €P (and actually, also for «) is lacking. This equation will be obtained by
maximizing the plastic dissipation.

Recall from Chapter 1 that the entropy rate was obtained by substituting an expression
for the free energy, Equation (1.390), into the entropy inequality, yielding Equation (1.392)
and subsequently Equation (1.396). For our infinitesimal (one-dimensional) considerations,
Equation (1.411) reduces to

Y =1v(e,0,V0, X). (5.10)

In the previous analysis, it was shown that the total strain of the elastic theory should
be replaced by €®. Furthermore, a dependence of ¥ on the internal kinematic variable is
assumed. Hence,

U =v(—¢€ a0,V X). (5.11)

Note that the time derivative of the internal kinematic variable « is not necessarily contin-
uous: at unloading, the time rate of « discontinuously drops to zero. This also applies to
€P. Taking the time derivative yields

oY oy, Y Y . Y —

P+ 6+ —0 + ——V0. (5.12)

V= ¢
d(e — €P) d(e — €P) o 00 A
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Substituting this expression into Equation (1.389) yields (pop =~ p)

1 oY poY ., pIY . p (OY . p Oy 1,
dd POV LY ) e - L2V Fg - _4've =0
9<pae+ >6+eaee oY a\ae T 0 3V g2d V7=
(5.13)

where ¢? stands for the heat conduction (the superscript 6 is introduced in this chapter to
avoid confusion between the heat conduction ¢® and the internal dynamic variable ¢). This
inequality is satisfied if

oy
— L, 5.14
0 =Pas (5.14)
oy
. 5.15
n 30 (5.15)
9
M ) (5.16)
avo
and
9 1
oer — p Wy Loveso (5.17)
o 6

The first two terms do not vanish because of the time history of plastic deformation. As in
Equation (5.14), g is now defined by

d
q= _pa_Vf (5.18)
o

(or, the other way around, Equation (5.18) can be viewed as the definition of ¥ («) through
Equation (5.4)). Inequality (5.17) is satisfied if

0P +qa >0 (5.19)
and

1
_quw > 0. (5.20)

Now, the evolution equations for €P and ¢ are obtained by postulating that for a given éP
and «, the state (o, g) will prevail, which maximizes (Simo and Hughes 1997) (Halphen
and Nguyen Quoc Son 1975)

d? = oéP 4 ga (5.21)
subject to
flo,q) =0. (5.22)

This postulate is accepted to hold for metals, but does not necessarily hold for all kinds of
material. This also amounts to minimizing

IP:=—0é? —qga+yf(oq) (5.23)
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with respect to o and g where
y >0 (5.24)
and subject to
yflo.q) =0 (5.25)

(Luenberger 1989). By taking the derivative of [P with respect to o and ¢, one obtains the
evolution equations

&P = y% (5.26)
@ = yaf(a%;’@. (5.27)

Equations (5.22), (5.24) and (5.25) are called the Kuhn—Tucker conditions. Although there
are two new equations, Equations (5.26) and (5.27), there is also a new unknown y, called
the consistency parameter (sometimes called the plastic rate parameter). By Equation
(5.24), y cannot be negative, and by Equation (5.25), it can be strictly positive only if
yielding takes place. The notation y was chosen because it is easiest to consider it as a
rate of accumulated plastic flow. To emphasize that, for plastic deformation to occur, the
stress state has to persist on the yield surface the following equation is added

vfo.q) =0. (5.28)
This is also called the consistency condition. Summarizing, the following equations apply:

1. Elastic stress—strain relations

oc=E(—¢€P) (5.29)
2. Internal variable relationship
q = —h(x) (5.30)
3. Yield surface
flo.q) =0 (5.31)
4. Evolution equations
P = yw (5.32)
a= y%’q"’) (5.33)

5. Kuhn-Tucker equations

y =0, f(0,9)=0, yflo,q9)=0 (5.34)
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6. Consistency condition

yf(o.q)=0. (5.35)

The evolution equations are also called the flow rule (Equation (5.32)) and the hardening
law (Equation (5.33)). Equations (5.29) to (5.35) are quite general and are easy to extend
to higher dimensions. Notice particularly that the maximum-dissipation principle implies
that the evolution equations can be derived from the yield surface. This kind of model is
called associative.

Returning to our basic yield surface, Equation (5.9), extending it to negative stresses
in the form

o] +g <0 (5.36)

and substituting this equation into (5.32) and (5.33) yields
€P = ysgn(o) (5.37)
a=y. (5.38)

Equations (5.37) and (5.38) reveal that, for our simple example, y and « are the magnitude
of the plastic strain rate:

y = |eP|. (5.39)

Hence, since 0 = h(a) and o = €P for monotonic loading (¢ = éP and let @ = 0 for P =
0), one can derive h(a) from Figure 5.1 by subtracting the elastic strain at a given stress
level (Figure 5.2).

The type of hardening considered so far is called isotropic hardening, since it equally
applies to positive and negative stresses (Figure 5.3). In practice, the Bauschinger effect
is frequently observed: after plastic deformation in the tensile range, plastic deformation
in the compressive range takes place at higher stress levels than expected. Pure kinematic
hardening implies that the size of the elastic range has not changed, just its origin: BD =
2 O A in Figure 5.3. Introducing an internal variable —g» for the center of the elastic range,
this amounts to a yield surface of the form

lo+ g2l +¢c =<0 (5.40)

h(a)

P o

Figure 5.2 Isotropic hardening curve
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o B

o) E

D Kinematic hardening

G Combined isotropic/Kinematic hardening

F TIsotropic hardening

Figure 5.3 Types of hardening

where c is a constant. If BF = 2 BE, pure isotropic hardening applies. Point G symbolizes
a state in between, that is, combined hardening. For this general case, the yield surface
looks like

lo +g21+q1 <0 (5.41)
leading to the flow rule
P = ysgn(o + q2) (5.42)
and the evolution equations
o=y (5.43)
ap = ysgn(o + q2). (5.44)

From Equation (5.42), one again notices that y is the rate of the accumulated plastic
strain (in absolute value). The only functions left to be determined are g (o) and g2 (c2),
both of which are material characteristics to be obtained by experiments. Notice that the
inclusion of kinematic hardening does not substantially change the governing relations
(Equations (5.29)—(5.35)): instead of ¢, one now deals with g; and ¢, or, equivalently, a
two component vector ¢.

The theory derived so far can also be extended to include viscous effects. For many
materials, one observes that during loading the stress state exceeds the yield surface and
slowly creeps back with time until the yield surface is reached from above. In Figure 5.4,
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t=0

Figure 5.4 Viscoplasticity concept

the external loading (forces, temperature etc.) is frozen at ¢ = ¢;. Because of the rate
at which the loading was applied, the material did not have time to accumulate enough

plastic deformation to attain equilibrium conditions. Physically, this means that since plastic
flow is largely equivalent to dislocation motion, the dislocations did not have enough
time to redistribute in accordance with the applied load. As time goes by, an equilibrium

configuration is reached. This phenomenon is also called creep and is usually modeled by

a creep law of the form

& =g"'(c"

(5.45)

where o is the overload. This is the stress amount by which the yield surface is exceeded

and which constitutes the driving force for the creep process. Consequently, if plastic
deformation occurs, Equation (5.31) has to be replaced by

f(o,q) = g(eM).

An example of a creep law is the Norton law, which is of the form
P = A",

(5.46)

(5.47)

The parameter A is usually a small number (depending on the unit of ¢°), and n > 1, for

example, n = 5. Both A and n are material parameters.

5.2.2 Numerical implementation

Ultimately, Equations (5.29) to (5.35) have to be solved; for viscous problems, Equa-
tion (5.31) is to be replaced by Equation (5.46). Notice that Equations (5.34) and (5.35)

have a kind of regulating character: they characterize the discrete split into elastic defor-

mation and plastic deformation.
The usual finite-element procedure consists of the creation of a tangent-stiffness matrix
at an instantaneous deformation field and solving the resulting linear equations to obtain
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a new deformation field, after which the procedure can be repeated until convergence.
Thus, two major tasks ensue: the calculation of a consistent tangent-stiffness matrix and
the calculation of the stress corresponding to a given deformation field in order to check
convergence (satisfaction of the equilibrium conditions). In both cases, the deformation field
is given. Consequently, the total strain is known. This is an extremely important fact and
the starting point of most numerical algorithms in present finite-element implementations.
Accordingly, €,41 is known, where t = t,, is the new time step and all quantities at t = 1,
are known. Further strategy consists of trial and error. One first assumes that no plasticity
occurs in the present step, that is,

P — P (5.48)
a1 = dn (5:49)
i = Y. (5.50)
Hence (Equation (5.29)),
o8 = E(ent1 — €h). (5.51)

If the new stress state lies within the elastic range, that is, if

flor g <0 (5.52)
then the solution is found
D, = e 559
Gn1 =g (5.54)
Yat1 = ¥ (5.55)
Ont1 = o4 (5.56)

and the tangent modulus is the elastic one. If this is not the case, plasticity takes place and
the following equations must be satisfied at t = t,,41:

f(o.q) =g —E'6) (5.57)

¢ plg =0 (5.58)
do

n1(—q) = yw (5.59)
q

These are (for the one-dimensional case) three equations in the three unknowns o, ¢ and
y. Now, a backward Euler scheme is applied to turn the differential equations (5.57) to
(5.59) into difference equations. To this end, the equations are evaluated at t = #,4.; and
the first derivative € is replaced by

. €nyl — €

="+ 0(An) (5.60)
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and similarly for the other first derivatives. One can prove that the backward Euler scheme
is first-order accurate and unconditionally stable. Applying this to Equations (5.57) to (5.59)
leads to

F©@ni1. qni1) = glAens1 — E~ (ony1 — 0n)] (5.61)
Aenii — E" Onp1 — 00) = Amlw (5.62)
B guin) = () = Ay LT drt) ("”glq’ Gn) (5.63)
where
Ae€pt1 =€yl — € (5.64)
AYnt1 = V41 — Vn- (5.65)

Equations (5.61) to (5.63) are three nonlinear equations in three unknowns o,41, gn+1
and Ay,4+1. They can be solved using the customary mathematical techniques to solve
sets of nonlinear equations. To concretize the further derivation, the yield surface of
Equation (5.36) is taken, no creep is assumed and a linear isotropic hardening law is
chosen of the form

4= 00— Ka (5.66)

where og and K are constants. Consequently,

lont1l + gni1 =0 (5.67)
Aénst — E~ (0ns1 — 0n) = Ayur1sgn(0ns1) (5.68)
(=00 = gn+1) = (=00 — qn) = KAyny1. (5.69)

The sign of 0,41 is the same as that of a,tliall (Figure 5.5).
sgn(oy11) = sgn(oy ). (5.70)

Accordingly (Equations (5.68) and (5.69)),

oni1 = EA€yy1 — EAy,q15gn(of ) + on (5.71)
Gn+1 = qn — KAYni1 (5.72)

yielding (Equation (5.67))

Aypst = [EAenH sen(o) + o, sgn(o) + q,,] . (5.73)

E+K

Substitution of Ay, into Equations (5.71) and (5.72) yields 0,41 and g, +1. In particular
(Equation (5.71)),

EXeny1 —€)  Eoy  Equsgn(o,}|

)
_ 574
E+K E+K Exk o G

ont+1 = E(engy1 — €n) —
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Figure 5.5 Trial-and-error method

from which the plastic tangent is obtained:
d0n+1 _ EK
de,y1 E+K°

Because of the particular choice of ¢ and f, the resulting equation, Equation (5.73), was
linear and easy to solve.

(5.75)

5.3 Three-dimensional Single Surface Viscoplasticity

5.3.1 Theoretical derivation

The governing equations for three-dimensional applications are the same as for one-
dimensional applications and their derivation is similar (cf Equations (5.29)-(5.35)):

1. Elastic stress—strain relations

o= oz (5.76)
oe®
2. Internal variable relationships
q=—h(a) (5.77)
3. Yield surface
flo.9)=0 (5.78)
4. Evolution equations
P ACA ) (;; ?) (5.79)
PR ACAL ) (5.80)

aq
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5. Kuhn-Tucker equations
y=0, flo,9) =<0, yflo,9)=0 (5.81)
6. Consistency condition
yf(o.q)=0. (5.82)
If viscous effects are to be taken into account, Equation (5.78) is replaced by

flo.q) =g (5.83)

and f > O is feasible. Although the form of the equations is similar, due to the tensorial
character of the quantities involved, one arrives at a much larger set of nonlinear equations
than in the one-dimensional case. Indeed, Equations (5.78) to (5.80) lead to a set of nonlin-
ear equations the size of which is the sum of the number of independent stress components
and the number of internal variables plus one. Here, an example covering the usual isotropic
metal plasticity will be given.

To fully determine the plasticity model defined by Equations (5.76) to (5.83), one has
to define the yield surface, choose the internal variables and possibly define a creep law.

In three dimensions, the yield surface is not so trivial as in the one-dimensional case.
Indeed, one has to find one scalar equation connecting the tensorial quantities o and q.
Furthermore, for isotropic materials, the yield surface should contain invariants only, that
is, 11, Ios and I3,. Practical observations have shown that the hydrostatic pressure p does
not significantly lead to plasticity in metals (does not apply to soils!). Since

p=—1l, (5.84)

the first invariant does not enter the yield condition explicitly. Therefore, a new stress
tensor, the deviatoric stress s is defined by

s:=deveo:=0+ pl. (5.85)

On the basis of the deviatoric stress, a new invariant is defined called the von Mises stress
Oym by

ovm = /315112 = /3 ldev o2 (5.86)
Since
Isl* = llol* — +(I15)?
= 3(Io)* —2hy (5.87)
one finds

Oym = V (110)2 —3Iy. (5.88)
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The von Mises stress is a measure of the shear energy. The factor +/2/3 is introduced such
that the von Mises stress in a tensile test coincides with the applied tensile stress. Including
isotropic and kinematic hardening (internal variables g; and g, respectively), the following
yield surface is proposed (Huber—von Mises yield surface):

ldev (@) + 451 + /21 = 0. (5.89)

In deviatoric space (axes s1, 52 and s3), Equation (5.89) is a sphere with radius +/2/3 ¢; and
center —q, (Figure 5.6). The inside of the sphere is the elastic range. During plasticity, the
sphere can both expand (isotropic hardening) and move (kinematic hardening). The internal
variable g is a scalar, whereas ¢, is a tensor. Since only the deviatoric part of the stress
is relevant in Equation (5.89), the hydrostatic part of g, remains arbitrary throughout the
analysis.

Defining

& :=dev (0)+q, (5.90)

and since
g, =dev (q,) (5.91)
%IISII = ﬁ (5.92)
%(dev (@)=1-3111 (5.93)

where

MY, == 1687, + 68,87 (5.94)

is the fourth-order identity tensor and I is the second-order identity tensor, straightforward
application of Equations (5.79) and (5.80) yields
. . &
=y (5.95)
&1

S3

52

S1

Figure 5.6 Yield surface in deviatoric stress space
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Gy = y\/g (5.96)
a) = )'/i. (5.97)
&1
Similar to the von Mises stress, an equivalent plastic strain is defined by
€Ped . — \/g ll€P]]. (5.98)

The factor \/2/3 is introduced such that in a tensile test, the equivalent plastic strain is
equal to the plastic strain in the tensile direction. Indeed, since a hydrostatic pressure does
not lead to plasticity, the plastic deformation is volume preserving, and hence,

€l +eb +€by =0. (5.99)
Consequently, for uniaxial plastic strain, one has
), = €hy = — 1€l (5.100)

and

Ped — @J(ei)z + (€024 ()2 =€) (5.101)

From Equations (5.95) and (5.98), it is apparent that the physical meaning of /2/3 y is
the equivalent plastic strain rate.

Finally, the relationships gi(c1) and g,(a2) are left to be defined. The variable —gq
means the von Mises stress with respect to the reference stress ¢, at yield (cf Equation (5.89)),
a1 is the accumulated plastic strain. This relationship must be obtained from experiments
and will be written as

q1 = —hi(ap). (5.102)

The second set of internal variables g, is tensorial and the relationship

4, = —ha(az) (5.103)
is more difficult to obtain. Time differentiation of Equation (5.103) yields
' Ok s (5.104)
=——a .
q2 It 2

which implies that the tensor ¢, is not necessarily parallel to a». This complicates the sub-
sequent analysis. Since the material is isotropic, it seems convenient to assume that the kine-
matic hardening is also isotropic, that is, we write the relationships for Equations (5.103)
and (5.104) for the equivalent properties:

a5 = hles? (5.105)
leading to
anst
4yt = —%a5! (5.106)

da,
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or
dh1
314 2 AT
\/;”qZH = eq\/;HOCZH'
da,

Equation (5.107) suggests the following isotropic tensorial relationship:

Comparison with Equation (5.104) leads to

ohy ahgq]l
dory 9oy r

One finally obtains

§1=—h
€q
LD S 3
39yt & 372 €

since

eq 2.
@, —\/;V

and Equation (5.96). From Equations (5.95) to (5.97), it is obvious that

P =gy = a;q.

5.3.2 Numerical procedure

239

(5.107)

(5.108)

(5.109)

(5.110)

(5.111)

(5.112)

(5.113)

Just as in the one-dimensional case, the total strain is assumed to be given, all quantities are
known at t = t,,, they are to be determined at ¢ = #,,41. Again the trial-and-error procedure

is used. At first, it is assumed that no plasticity occurs:

p _ b
n+l = €n

€
qin+1 ={q1,n
92.n+1 =928

Yn+l = Vn
X

T T fee

n+1

It

ldev @) + @2 pstll +y/ 2q1as <0

(5.114)
(5.115)
(5.116)
(5.117)

(5.118)

(5.119)
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the solution is found. Else, the following equations have to be solved at ¢ = #,11:

ox .
o0 = — (6 equations) (5.120)
de®
dev + ¢, + @ql = 2g(€™9) (1 equation) (5.121)
e = )}ﬁ (5 equations) (5.122)
g1 = —h; (1 equation) (5.123)
4, =— %fz;q”g—” (5 equations). (5.124)

These are 18 equations in 18 unknowns: o (6), €P (5), g1 (1), g, (5), y (1) (recall that €P
and g, are deviatoric in nature). If we assume that the material is isotropic in the elastic
regime, the equations can be further simplified. Indeed, the elastic stress—strain relationship
for a linear elastic isotropic material satisfies

o = Mr(e) I + 2ues. (5.125)
Hence,
s =dev o = 2udev €°. (5.126)

Equation (5.122) shows that €P is deviatoric, consequently,

€? = dev (€P) = dev (€ — €°) = dev (&) — dev (€°) (5.127)
and
2udev (€) — s = ZM)'/%. (5.128)

Replacing the time derivatives by backward Euler differences and defining
A€pt] = €41 — €p (5.129)

and similarly for the other expressions, one obtains

21V (A€ns1) — Swst +5n = 1Ay I (5.130)
1§41l
Now, si{iﬂl is obtained from s, by assuming that Ae is purely elastic, that is,
sl — 5, + 2udev (A€py1) (5.131)
which leads to
S = Snp1 = 20 AVt St (5.132)

||£n+l ”
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for Equation (5.130). Backward Euler for Equation (5.124) yields

€1
Qoni1 — don = —f[ S1E) — (e )] ﬁ (5.133)
n+
Subtracting Equation (5.132) from Equation (5.133), one gets
i 3
£n+l - S;rfll = [ 2uAYnt1 — fA 2n+1i| ntl (5.134)
1€+l
where
) = s+ (5.135)

Equation (5.134) shows that the vectors §,,, | and & “al are parallel (therefore, the algorithm
is sometimes called the radial return method). This result is crucial in the present derivation.
If the kinematic hardening had not been isotropic, this simplification would not apply! Since
all terms in Equation (5.134) are parallel, the equation applies to their size equally well:

1€ptl — 1SS = —2uAy,is — /2ARS . (5.136)
There is only one equation left to be satisfied: the yield condition, which reads
1Enstll 4y 201001 = 2e(aem). (5.137)
One finds
hinst =hi(en + Aepld) = hy (e}Zeq + \/gAVnH) : (5.138)

Finally, one gets for the yield condition
&1l — {ZMAVnH + ﬂ [hzq (efieq + @ Aml) N h‘;"(e}ieq)“
~ o (eﬁe‘* 4 \/gAVnH) = /2% (@Aml) . (5.139)

Consequently, we finally arrive at one nonlinear equation in Ay,y. This equation can be
solved using a Newton—Raphson technique. Denoting the initial value for the unknown
Ayny1 by Ayn(:)_)l and writing
k41 k k
Ayt = ,f+)1 +AAyY, (5.140)

linearization of Equation (5.139) about Ay ylelds
k k
g | - {mmy” ﬂ/%[hi"( g 2ay® ) —h;q@f;eq)“
k k
o (e o) s (Vaan)

5 (R + h5Y
3 Hepeq

ag
&
pcq+[A *) 3A6p d

Ynt1

AAy® =0, (5.141)

) n+1 —
\/>A n+l
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Once Ayy+1 is known, one finds for the other variables

e =€ +\f N7 (5.142)
qin+1 = —hi(el) (5.143)
Strlal1
(S e C
D241 =920 — \ﬁ[ Sens) = h5ier™)] :lrf;l (5.144)
€,55 1
tn'al1
€, =€+ Ayup ||§nm+al (5.145)
n+1
ED
Ont1 = —| - (5.146)
e’ n+1

5.3.3 Determination of the consistent elastoplastic tangent matrix

The consistent elastoplastic tangent matrix is the instantaneous slope of the stress—total
strain relationship. The term “consistent” points to the fact that the slope has to be deter-
mined for the actual numerical scheme used, that is, it depends on the numerical procedure
(using another scheme, e.g. the midpoint rule instead of backward Euler, will lead to
another slope). It is well known (Simo and Hughes 1997) that the slope derived for the
present numerical scheme deviates from the continuum tangent. Consistency of the slope
is a prerequisite for the quadratic convergence of the Newton—Raphson scheme.

For materials that are linear in the elastic range, Equation (5.146) reduces to

on1=C:€, =C:(€nr1—€ ) (5.147)
where
EED
_ ] (5.148)
0ec0e®

Substituting Equation (5.145), one now arrives at the following stress—strain relationship:

Ont1 = C: (€1 — € — AYpiilint1) (5.149)
where
trial
pgy = L E"m;l : (5.150)
I€npnll (&5

Thus, the tangent relation at r = #,,1 takes the form
doji1 = C: (depp1 — dAYpp1fp 1 — AYngr dnpyg). (5.151)
For an isotropic elastic material, C amounts to

C=2ul+r®1I (5.152)
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where A, u are Lamé’s constants. Since n is deviatoric I : n = 0, one can write

C:n=2un (5.153)
and Equation (5.151) reduces to
doy+1 = C :dept1 — 2u(dAYyr10p 41 + AYytr1 drygr) (5.154)
or
donyr = |:C M (nn+1 g AVt A 8""“)} S denyr. (5.155)
0€n+1 0€nt1

The consistent elastoplastic tangent is the expression in square braces. To determine
0AYn+1/0€,41, Equation (5.139) is differentiated with respect to €,41:

AlE (2 429 pea b 4 28 pea by + 29, _pe )M—o (5.156)
denis KT 300 My 7 T 300 1 T 30PN 8 dent: :
Since
A T 5.157)
3€n+1 aEtrml 3€n+1 :
and (combining Equation (5.135) with Equation (5.131))
EMA =5, +2udev (€441 — €1) + 42, (5.158)
one obtains (Equations (5.92) and (5.93))
allg |
=S =i (]1 Y 1) — 2. (5.159)
n+1
Consequently,
A Ynt1 -1
ey = (24 B0 S+ Foagms) 2umanr. (160
The derivative in the last term of Equation (5.155) yields
onnt1 _ on, . 88:{:2_111
Jent1  JETD T D€ny
1 1 trial Eglfll . 1
= (” trial ||}1 o ” trial ”2 n+1 ® ” trial ” : ZM (]I - EI ® I)
n+1 n+1 n+1
2u
||§ma] —Ru4+1 ®nn+1) : (]I — %I ® I)
n+1
2
o ( ~H @I —n @), (5.161)

t 1
||£,f$1
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Substituting Equations (5.160) and (5.161) into Equation (5.155) finally yields

Cepzc_m

trial (]I o %I L —npy1 ® n"+l)
1€, 1

—1
Q) gt ® g (2u + 30 h51+ 30,0 by + 300 g) . (5.162)

It can be shown that for Ay, 1 = 0, the continuum elastoplastic tangent is obtained (Simo
and Hughes 1997). Accordingly, because of the finite size of the increments, the consistent
numerical tangent deviates from the continuum tangent.

5.4 Three-dimensional Multisurface Viscoplasticity: the
Cailletaud Single Crystal Model

Single crystals are advanced metallic materials consisting of just one crystal. Substantial
progress made in the last two decades in casting technology enables the manufacturers to
control crystal growth in the liquid metal by carefully monitoring the cooling conditions.
Thus, a highly anisotropic material ensues, in contrast with the usual metallic materials
(polycrystals), in which the different orientations of the many crystals assure the isotropic
properties. In this section, the focus will be on nickel-base alloys, exhibiting a face cube
centered (FCC) crystal structure. A good reference on crystalline plasticity is (Havner
1992).

5.4.1 Theoretical considerations

In single crystals, viscoplasticity is mainly due to a crystallographic dislocation slip. Other
mechanisms will not be considered here. The crystallographic slip planes and directions
for nickel-base superalloys at high temperature are known (Méric et al. 1991) and can
be divided into octahedral slip systems (12 systems consisting of 4 {111} planes with 3
< 011 > directions per plane, Figure 5.7) and cubic slip systems (6 systems consisting of
3 {001} planes with 2 < 011 > directions per plane, Figure 5.8).

Accordingly, the slip planes and directions are explicitly known and are generally
denoted by their normal n? and unit vector [ p respectively. Here, 8 stands for any of the
18 slip systems. For each slip system, an orientation tensor m? is defined by

mP .= Lnf @1F +1° @ nf). (5.163)

Whether dislocations move along a slip system basically depends on the shear stress com-
ponent 7# in the slip direction:

tﬂzmﬁ:a:(n’3®lﬁ):6:nﬂT-or~l‘3. (5.164)

This is really a one-dimensional system and we can fall back on yield-surface formulations
such as in Equation (5.41):

e, =1"+d1+4 <o (5.165)
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Figure 5.7 Octahedral slip systems

Figure 5.8 Cubic slip systems
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However, now we are dealing with 18 yield surfaces at the same time, which may intersect
each other at so-called corner points. This is an example of multisurface viscoplasticity.
The underlying theory has been developed in the 1950s and 1960s (Koiter 1960), and is a
straightforward extension of the one-dimensional derivation in Section 5.2. The governing
equations for m slip systems are

1. Elastic stress—strain relations
ox

= — 5.166
o= ( )
2. Internal variable relationships
q=—h(x) (5.167)
3. Yield surfaces
fPe.q)=0 (5.168)
4. Evolution equations
m
aff (o,
P — Z yﬁw (5.169)
do
B=1
m
. 5P (0. q)
= po 2 5.170
a=) V= (5.170)
B=1
5. Kuhn-Tucker conditions
y# >0, fPo.q9) <0, yPfle.q)=0 (5.171)
6. Consistency conditions
v fPe.q)=0. (5.172)

q is a vector of internal variables with a size that is usually a multiple of the number
of slip systems. In Equations (5.169) and (5.170), y# is only nonzero for the active slip
systems. In what follows, we will concentrate on a particular single crystal viscoplastic
model developed by Georges Cailletaud and coworkers, (Méric et al. 1991), (Méric and
Cailletaud 1991). For other single crystal models, see (Fedelich 2002) and (Meissonnier
et al. 2001). The Cailletaud model does not completely fit into the theory described by
Equations (5.166) to (5.171) because of the following two aspects:

1. The model is not associative, which means that the evolution equations are derived
from a function that differs from the yield surface.

2. The evolution equation, Equation (5.170), is modified by a term depending on the
total accumulated plasticity.
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Denoting the yield surfaces by /# (not to confuse with % in Equation (5.167)), the extra
term for & by w and the creep term (viscous term) by g?(y#), one obtains

1. Elastic stress—strain relations

= o= (5.173)
oe°
2. Internal variable relationships
q = —h(a) (5.174)
3. Yield surfaces
Wo.q) =g () (5.175)
4. Evolution equations
& = Z ﬁafﬁ(“ 9 (5.176)
iyﬁ [8fﬂ(“ D |y (/t P dt>:| (5.177)
p=1 0
5. Kuhn-Tucker conditions
yP >0, nf@.q) <0, yrP@.q) =0 (5.178)
6. Consistency conditions
yPhP (o, q) = 0. (5.179)
Specifically, in the Cailletaud model, there are 2m internal dynamic variables, which
will be denoted by q{g , qf B =1,...,m. The internal variable relationships take the form
¢’ = —bPPal (5.180)
gb = —cPaf (5.181)
where bf, Q/3 and ¢f, B =1,...,m are constants. Consequently, Equations (5.180) and

(5.181) are linear. The yield surfaces are defined by
W(o,q) = (fﬁ —|—q2’—r0 +ZHﬂaql (5.182)

The parameters rg are the initial yield values and Hg, are the interaction coefficients

between the slip systems. Equation (5.182) is a slightly more complicated form than
Equation (5.165). The potential function for the evolution equations reads

Pioa =+ af| v af + Lpa sl (5189

20
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This is the yield function in Equation (5.165), augmented by quadratic terms in q{g and qf .
The parameters d?, 8 = 1, ..., m are constants, ¢f and Qf already appeared in the internal
variable relationships. The only functions left are g# and w?. They will be specified in the
next section.

5.4.2 Numerical aspects

The numerical procedure to solve Equations (5.173) to (5.179) is totally similar to the
methods treated in the previous sections. The two basic considerations in the analysis are

1. The procedure is strain-driven, that is, we start from a given increment A€, 1 =
€n+1 — €, and look for the corresponding stress and tangent-stiffness matrix.

2. A trial-and-error procedure is used, starting from the assumption that the step is
purely elastic. A verification of the yield condition tells us whether this assumption
is right.

Consequently, we assume in step n + 1

O] =y (5.184)
€, =€ (5.185)
yio=vE B=1,....m (5.186)

The stress is obtained from Equation (5.173). Now, the yield surfaces are verified. If
hﬂ(a,q)go, vVBell,...,m} (5.187)

then the step is elastic and the solution is found. Equation (5.173) yields the stress, the
tangent-stiffness matrix is the elasticity tensor. If

BY .= (BIhf (o, q) > 0} £ 0 (5.188)

act *

0

plastic flow takes place. B,

(5.174) lead to

is the initial set of active slip planes. Equations (5.173) and

0=C:(ec—¢€P (5.189)
. oh . .
g=——:a=:—D:a. (5.190)
Jo

For the Cailletaud model, D is a constant matrix. Using a backward Euler scheme, Equa-
tions (5.189) and (5.190) and Equations (5.175) to (5.177) can be rewritten as

A6 =Cpy1: (A€yuy1 — A€l ) (5.191)
Ag,i1 = —Dut1 Ay (5.192)

W @ne1. 403 =8P (AYL . B eBR (5.193)
Aeh =Y Ay e PO ntt €ust) (5.194)

peB

act
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Awpii= Y AyP 0 P @1, 400 (5.195)
BEB
The abbreviations
aff
9 fP = ar (5.196)
do

and likewise for the derivative with respect to ¢ were used, and the functions w” were
dropped for now. Notice that only the active slip planes are considered in Equations (5.193)
to (5.195)! Substituting Equations (5.191) and (5.192) into Equations (5.193) to (5.195) one
finally obtains

W (@i a,) = 828y, BeBR (5.197)
Newi1 = Coly i Aaui= Y Ay o (0011, g0r) (5.198)
peBy
“D A = Y AL PO g (5.199)
peBy!

If mye is the number of active slip planes, Equation (5.197) represents m, equations,
Equation (5.198) represents 6 equations and Equation (5.199) represents 2 X m ¢ equations
in the unknowns 0,41 (6), ¢, (2 X myet) and Ayﬁrl (myct). Hence, we obtain 3 X mye +
6 equations in 3 X mgec + 6 unknowns. For the inactive slip planes, Equations (5.184) to
(5.186) apply. Equations (5.197) to (5.199) are the basis for our further consideration.

5.4.3 Stress update algorithm

The stress can be determined by solving Equations (5.197) to (5.199) for Ao ,41. Since
these equations are nonlinear, a Newton—Raphson iterative technique is used for their solu-
tion (cf Section 3.1). Assume that we have an intermediate solution denoted by a superscript
(k). To obtain a better approximation, the Equations (5.197) to (5.199) are linearized at the
solution (k) and solved. Denoting

thr] = hﬁ(o'n-i-l» qn+1) (5.200)
and similarly for f and g, linearization yields
k k k k k k k k
[hgil) ;(le] + aﬂhfil) A“( )1 + 3qh£§rl) Aqiil - 3Ayg5i1)AAVﬁ+(1) =0 (5.201)
(k)

p p B B 1(k) . (k)
€11 +€n + Z Ayrz+18‘7fn+l + Cn+l : Aan«H

peBel
k k
peBel
Pl T2 1P ® _
+ Z AVupr |95 A6n+1+8aqfn+1 Ag,p| =0 (5.202)

peB®

act
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(k)

B B —1(k) . (k)
—pt1 o+ Z Ayn-i—laqfn+l + Dn+l : Aqn—i—l

peB)
+ Y aayf P 5, 174
BeB,
ﬁ(k) 2 *®
+ 2 A [0t Ao+ 00 Sl A ] =0 (5.203)
peB
where
® . gD _ )
Ao, =0, Ot (5.204)
® D) ()
AGu = Dt (5.205)
AAyPE = AyPETD Ay, (5.206)

Notice that in the above derivation, A€, as well as all quantities with the superscript (k)
are assumed to be given (the process is strain-driven). The first terms in square brackets
in each equation are the function values of Equations (5.193) to (5.195), equivalent to
f(x0) — F in Equation (3.2). If the equations are satisfied, these function values should be
zero. Therefore, they are also called the residual. The other terms in the equations are the

gradients. Equations (5.201) to (5.203) are linear in AAyﬁ f(l) Aag:)_l and Aq M + |- Defining
(k)
(k) Oy f
o 1._ 1T €n Bk) n+1
{R } — { €+ } 3 Ay { } (5.207)
+1 n+
n —Opyl oy pesd aqan
which is the residual of Equations (5.202) to (5.203),
-1
(k)
[A11+1]
B o2 B ®
1 + Zlg B(k) A)/n+1 aaf ZﬁeBgc{[) Ayn+18aqfn+1 (5.208)
B a2 B )
ZﬂEB;]&) AJ/n-i-l qo fn+1 Dn+1 + ZﬂeBsg AVn—Hqu n+1
and finally
(k)
3 f)
B(k) n+l1
{FI®] = (5.209)
fn+1
g0
Ogh
Bk n+1
(i) =y " (5210)
8qhn+1
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then Equations (5.202) and (5.203) can be written as

(9]
—1 Ao
(k) (k) . n+l BK) | k)| _
{RnJrl} + [AnJrl] : (k) + Z AAyn-H {Fn+l } =0 G.21D
AMuir) pes®
which is equivalent to
Aoy Bk
® .| pk n (ORI (9 G
[A11+1] ! HRn—H] + (k) + Z AA)/n+1 I:An+l:| . HFn+l ] =0. (5.212)
Mun ] pesy
From Equation (5.201), one gets
(k)
T |Ao
Bk) B (k) (9] n+1 B (k) Bk) _
(hn+1 - gn+1) + {Hfﬂ : w [~ Iy 8yy1 BBV, = 0. (5.:213)
Aqn+1
a(k)

Premultiplying Equation (5.212) by {Hn e

T
@1 | 4® ] p® a(k) a(k) a (k) a (k)
{H:+1 } : I:An+l:| : {Rn+1} + 08y 8, 11 AAY41 — (hn+1 - gn-H)

k T k k
+ Y aayfl [Hffi)] :[Afl"jl] : {F}f‘if =0, aeBlY. (5214
peB
Defining
T
k k
(Gap) ™| = {H;‘i’?} : [Affjl] : {Fﬂ’?} +3ay 8l g (5.215)

Equation (5.214) can be rewritten as

T
(k) Bk)y __ [ ak) o (k) k1" . k) |. (k) (k)
E : (Gap)y1 DAY, = <hn+1 - gn+l) - {H:Jrl } : [An+l] : {Rn+1 s & € By
peBy

(5.216)
These are mgéz linear equations in mgg unknowns. Their solution yields AAynﬂ ﬁ), B e Bélc? .
Substituting into Equation (5.212) yields an expression for Ao 51121 and Aq,(ﬁ1 and iteration

(k) seems to be finished. However, there is one further consideration to be taken into
account. Equation (5.188), which defines the active slip systems, is not completely correct
in the sense that it constitutes a necessary condition to be an active system but not a
sufficient one. Indeed, because of the presence of corner points in the yield surface, the
consistency parameter after iteration k + 1 (Equation (5.206)),

SO A ) ®)
A7ERD = Ay + aay®), (5.217)

is not necessarily positive. For details the reader is referred to (Simo and Hughes 1997). All

active planes for which AVSZ:U < 0 have to be removed from Bélc? and Equation (5.216)

has to be solved again until for all active slip systems AV(kH)

nt1 > 0. Accordingly, the
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number of active slip systems can decrease from iteration to iteration, which is symbolized
by th i ®
y the superscript (k) on B, .
What form do the above equations take in the Cailletaud model? Recall that the potential
for the evolution equations is defined by

df 1
fPo.q) =0 :mf +q§| + qf + ﬁ(qf)z + @(qf)z. (5.218)
Consequently,
00 fF,) = mPsgn(zl | +qb 5.219
"fn+1 =m Sgn(""n+l + q2,n+l) G. )
0
0
4+
p 1+ Q—lﬂ <~ row(28 — 1)
U fup1 = , . (5.220)
sen(t? +g)) + Lqf | < row2p)
0
0 <« row(2m)

In Equation (5.177), 9y f, f 1 Was modified by a function w? taking the total plasticity into
account. In the Cailletaud model, w” is defined by

0

0
wh := 1 (@f — Dsan(x? +¢f) } < row(2B) (5.221)
0

where
of = P 4 (1 —pPred" fov"ar, (5.222)

The parameters ¢ and 87 are material constants. In the numerical procedure, the accumu-
lated plasticity in step n + 1 can be approximated by

t n
. k
/ pPdr~ > Ayl + ayfl. (5.223)
0 :
i=1
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In our derivation, the effect of w? will be incorporated into a modified 9, f, A

n+l:
0
0
qﬁ
B 1+ Q_lﬂ <~ row(28 —1)
O for1 = . . (5.224)

pPsen(t? +q)) + Ypah | < row(2p)
0
0 <~ row(2m)

This modified value will be used instead of the original value in all previously derived
formulas. Notice that theoretically we now have

0g 11 @it @ngrs AV D (5.225)

that is, 9, fn’3 41 1s not only a function of 6,1 and g,,,, but also of A)/,i3 1+ Accordingly,

the linearization of Equation (5.199) is not completely correct any more. This effect will
be neglected. It will at most slow down convergence. The second derivatives yield

02,5, =0 (6 x 6 matrix) (5.226)
02, =0 (6 x 2m matrix) (5.227)
02, £, =0 (2m x 6 matrix) (5.228)
0 0 0
.............. g
02, fF, = 0 Qo s 0 (2m x 2m matrix) (5.229)
' ko .
0 0 0

where the submatrix in Equation (5.229) occupies rows and columns (28 — 1) and 28.
From Equations (5.180), (5.181) and (5.190) one finds

D = Diag(b' 0", ¢', b*Q?%, ..., b™Q™, ™). (5.230)
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Consequently (Equation (5.173)),
(k)

mﬂSgn(ffH + qzﬂ,n+1)
0
0
ﬁ(k)}
F p (5.231)
{ m 14 Dl — row(28 +5)
B
oPsancl  +d8, D+ 5dh | < owep+6)
0
0
and (Equation (5.209))
w1 L 1o Ldb 1 ©
[An+1] = Diag { C, 1y lel +AVn+1a’ Tt AT 002 +AVn+1@~-~
(5.232)

The sum over Bact in Equation (5.208) was replaced by a sum over all slip systems since
Ayp+1 = 0 for an inactive slip system. Combining Equations (5.231) and (5.232), one

obtains
(k)
Cuyr: mﬁsgn(rf+1 + q5n+l)

0
0
k k Piql
(a8, ] {0} = L <row@p+5) . (5233)
P T2Vt

pPefsaneh +al  D+dPa,
1+Ayn+ldﬂ

0

<~ row(2B8 + 6)

0
Now recall the expression for the yield surface in the Cailletaud model:

m
W@.q) =0 :mP +q)| 1§+ Hpagy. (5.234)

a=1
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Differentiation yields

B B B
dohy g =m Sgn(fnﬂ + a5, ,41)
Oy = Z Hpubas = Hps

B _ B
aqghn+1 - Sgn(z—n—ﬁ—l + q2,n+l) : 8.35'
In matrix form,

(k)
mPsgn(z, +1 +4; n+1)

Hg,
0
Hg)
0
(2} -
%ﬁ

%wm

Hgy,
0

Hence (Equation (5.215)),
B(k)
[Qﬂ T4 n+1]
Bk)
[bﬁ T AV ]

Bk Bk Bk
[(,oﬂc‘3 —l—dﬂq (nilsgn(r J(rl) +4q, ;J)rl

(Gﬁﬂ)(Jrl =m’ . Cui1: mP + Hgg

+

[1+ayffar]

B (k) B (k)

k k k
(Gaﬁ);(wll =m":Cyy1: Sgn(TnJrl +4; n+1)5gn(frﬁ1) + ‘Ig,(nil

k
07 +4%,

255

(5.235)

(5.236)

(5.237)

(5.238)

(5.239)

(5.240)
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For the right-hand side of Equation (5.216), the following term is needed:

k
Cug1 : m¥sgn(r®,, +q%,.)] "

Hy Q'
(1/bY)+Ay,)
0

Hap Q2
(/6244

0
<{H:J(rk1)}T : [Ailil])T = . (5.241)

HO{(X Qu
76 +Av,

(T}

Cu Sgn(r:+l +qg.n+l)
1+Ay, d*

HOHTI Qm
(176" +Ay,"

0

The only function left to be specified is the creep function g. In the Cailletaud model,
the relationship between the viscous shear strain rate and the shear stress in a slip plane is
defined by

I‘lﬁ

p
= < ¢ > (5.242)

ebF

KP
where < x >=x for x > 0 and < x >= 0 for x < 0. K? and n? are material constants.
The total viscous strain rate is related to the slip plane shear strain rates by (Koiter 1960)

m
=3 mh. (5.243)
B=1
Now, combining Equations (5.169) and (5.219) yields
m
€ = Z Vﬁmﬂsgn(fﬂl + q£n+1)- (5.244)
=1

Comparison of Equations (5.243) and (5.244) yields
7P =[] (5.245)

since the applied shear stress and resulting shear strain rate have the same sign. Hence,
Equation (5.242) can be written as

g\
B = (5.246)
v =g )
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In the viscoplastic theory, the stress g# by which the yield surface is exceeded is to be
relaxed by creep, that is,

<P >= gﬂ. (5.247)
Consequently,
. . B
PPy = KP(yF)yt/m (5.248)
I
PINULS)
= kP (L> (5.249)
At
and
L1
B A Bk) P
gy _ K Vat1
d =—|— . 5.250
Av8ntl = B AL ( At ( )

The last expression is used in Equation (5.239).
Summarizing, one arrives at the following algorithm to obtain ¢, from a,:

1. Compute the elastic predictor and the value of the yield surfaces

P = € (5.251)
Ot = 4 (5.252)
Ay =0 (5.253)
o = Cp : (en1 — 41 (5.254)
m
W = P c o g | = Y Hpaa . (5.255)
a=1

Notice that gﬂ(AJ/,?fll) =0.

2. Check for plasticity.
If hfflial <0, VpB:stepn+ 1 is elastic, that is,

Onp1 =0 (5.256)

the values at t = ¢,,41 are the trial values: the solution is found.

else
BY = {,3 e(l, ..., mnf > o} (5.257)
O = (5.258)
¥ =a, (5.259)
AyPQ =0, p=1,2,....m. (5.260)

endif
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3. Start of the outer loop

(k p(k) ()

calculate ‘7521 and qnil from €, and e,/ and check if the flow rule and the

evolution equations are satisfied.

k k
0',(14),1 = Cn+l : (€n+l - 655&) (5261)
k k
q") =Dy e (5.262)
(k)
p p
® 1 _ | "€ TEn BK)
peBel

m
Bk) Bk)y _ . (k) Bk) B a(k)
byt — 8pi = ‘mﬁ S0, +‘12,n+1‘ —ryt Z Hpaqy
a=1

1
BU)\ 77
A n
_Kﬂ( Vn+_1) (5.264)
At

if hffl) — gffl) < TOL and H R,(fgl H < TOL, leave the outer loop.
4. Start of the inner loop

determine AAyf ﬁ) by Equation (5.216) without creep effects.

—Bk+1 k k k
If Ayf(ﬁ = A%ﬁ(-l) + AAynﬂ—i(-l) >0, VB e By then
recalculate AA)/,;S ﬁ) by Equation (5.216) with creep effects and exit inner

loop.

else

remove the inactive slip planes from B;]c‘[) and reiterate the inner loop.

endif
End of the inner loop
5. Update the internal variables

. ‘7;]21 .
Determine from Equation (5.212).

Aqflk—&)-l
{AGEﬂ }(k) - |:C;+11 0 ]<k> | {Aafﬁl} 5265
Aat] Lo b ] T |agd '
i) = ) + Ak (5.266)
) =)+ Ae) (5.267)
AyPETD = Ayl + aayf (5.268)

set k <— k 4 1 and reiterate the outer loop.
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6. End of outer loop. Now, the determination of the plastic tangent modulus can start.
Finally, two more remarks:

(a) It is advantageous to substitute Equation (5.265) directly into Equation (5.212)
yielding

L p® BI| Ay PO
RO + Spepn {FED ) anrfR] 5269

_ (k)
0 D—l : n+1
n+1

(k)

1 1 1

_Dlag( ; , N T 3 ,) . (5.270)
1+b A)/Jrl l+d' Ay, 1+b°Ay, .,

(b) The inner loop is necessary to determine the active slip planes (cf (Simo and Hughes
1997) for more details). In the determination process, the viscous terms are dropped
to make sure that the viscous procedure converges in the limit to the same point on
the yield surface as the inviscid formulation.

5.4.4 Determination of the consistent elastoplastic tangent matrix

The determination of the consistent elastoplastic moduli also starts from Equations (5.197)
to (5.199). We have attained equilibrium for ¢ = ¢,11, that is, Equations (5.197) to (5.199)
are identically satisfied and we would like to know how o changes if € is perturbed.
Therefore, we differentiate these equations:

0h? ot +0ghl | dgusr — daygl,, -dAyf, =0 (5.271)

— d€n+l + C;il : dO'n-H + Z dAynﬁ+1adff+1
,BEB(k)

act

+ 3 AynH( £y dow + 02,0 dqn+1>_0 (5.272)
peBy)

. B B
Dn+1 . dqn+l + Z dAyn+1aqfn+l
ﬁeB(k>

act

2 Ay (03 £ dows + 0 11 da) = 0. (5.273)
ﬂeB(k)

act
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These equations are very similar to Equations (5.201) to (5.203). In fact, by replacing

*) dept1| ot g ®
{Rn+l} by - { 0 }’ hl’l+1 n+1

are identical. Hence, by comparing with Equation (5.216), one arrives at the following set
of equations:

by 0, A by d and dropping the superindex (k), they

de
T n+1
Y (Gaphrrdyfy = {17} :{ } o € B (5.274)
ﬂEBacl 0
yielding
B —1Ba a T den1
Ay = | 2 G (T} [0 e B € B (5.275)
Q€ Byt

The equivalent equation of Equation (5.212) reads

Ligesn = Lo {17 = D 2o
=[Ant1]: [ -2 2@ ma)”“{ } (T} }:{de"“}. (5.276)

BEByct € Bact 0

Only the relationship between do ;| and de, | is needed, hence (Equations (5.231),
(5.232) and (5.241)),

{dopi1} =[Chy1 — Z Z Chy1:m sgn(r 4 +Q2 w)(GTPN, L ®

BEBact €€ Byt
@m® : Cpyisgn(tyy +¢5 )] {dentr}. (5277)
Hence, the consistent elastoplastic stiffness matrix C Z]?H satisfies
Cly=Cori— D > (G P, MP o M7 (5.278)
BEBact € Bact

where
M® :=Cpyy - m*sgn(ty | + 45 ,,0)- (5.279)

Equation (5.278) shows that each active slip plane modifies the stiffness matrix (without
plastic flow, the consistent elastoplastic stiffness matrix reduces to the elasticity matrix).
Since [G] is not necessarily symmetric (cf Equation (5.240)), C®P is not necessarily sym-
metric either. In practice, the matrix is often symmetrized by adding the transpose and
dividing by two.

5.4.5 Tensile test on an anisotropic material

Consider the tensile specimen in Figure 5.9. The axis of the specimen coincides with the
z-axis. The orientation of the anisotropic material is defined by the x’-y’-z’ axis system.
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Figure 5.10 Accumulated plastic slip

The y- and y’-axes coincide, whereas the z- and z’-axis include an angle 6. A constant force
F is applied at the end of the specimen in the z-direction. Now we look at what happens
if we vary the angle 6 from 0° to 90°. In particular, we investigate the accumulated plastic
slip in two different slip systems: the first slip system is octahedral and is characterized
by n=(1,1,1) and I = (1,0, —1), the second is a cubic slip system and is defined by
n=(0,0,1) and I = (1, —1, 0). The slip systems are defined in the local x’-y’-z’ system.

Figure 5.10 shows that the octahedral slip system is activated if the global axes and
the material axes are aligned. Then, the slip direction that is considered includes an angle
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of 45° with the loading axis, leading to a large slip. The cubic slip system is activated
especially for angles close to 8 = 45°. Here again, the angle between the slip direction and
the loading direction is maximized.

5.5 Anisotropic Elasticity with a von Mises—type
Yield Surface

In the previous section, we introduced the Cailletaud model for single crystals. In order to
use the model, 21 parameters must be determined (3 elastic constants and 9 viscoplastic
constants for each slip system) for the relevant temperature range. This is a huge and
expensive task. Therefore, one frequently resorts to the following approximation: the elastic
range is properly described by the anisotropic elasticity tensor. The yield surface, however,
is assumed to be isotropic of the von Mises form. In this respect, the equations are similar to
the ones in Section 5.3.1. However, because of the anisotropic elastic behavior, the solution
method is more complex and closely linked to the solution procedure in the Cailletaud
model.

5.5.1 Basic equations
The governing equations are merely a concretization of Equations (5.76) to (5.83):
1. Elastic stress—strain relation
o0 =C: (e —¢€P). (5.280)

2. Internal variable relationships

Two internal variables are used: an isotropic scalar variable ¢; denoting the radius
of the elastic domain in deviatoric stress space and a kinematic tensor variable ¢,
denoting its center. The relationship between the internal variables in stress space
{g1, g,} and the corresponding ones in strain space {o1, a2} is assumed to be linear.
A generalization to other functional relationships is no problem.

q1 = —dio (5.281)
q; = —3dar. (5.282)

The factor % is introduced such that the equivalent quantities satisfy (cf Equation
(5.10))

451 = droy’. (5.283)
3. Yield surface (Equation (5.89))
ldev (@) + a1l + /2 (@1 —ro) = 0. (5.284)

The parameter ry is the yield stress at zero-equivalent plastic strain.
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4. Evolution equations

263

In the associative theory, they are derived from the yield surface in the form of
Equations (5.79) and (5.80) and, for a von Mises type surface, Equations (5.95) to

(5.97):
e =yn
@) = J'/\/g
o) = yn
where
Vo £
&l
and

& :=dev (0) + ¢q5.

5. Kuhn-Tucker equations

VEO, f(o—,fZl,qz)fO, Vf(o',CIlaqz):O-

6. Consistency condition
yf(@.q1.42) =0.
Viscous effects are taken into account by a Norton-type law
€’ = A(oym)"

or

epeq (1/m)
Oym = g(épeq) = ( a )

and Equation (5.284) is replaced by

ldev (@) + aall + /2 [a1 = ro — 8] =0.

Finally, recall that (Equations (5.112) and (5.113))
o = O[;q = Gpeq = \/g)/

5.5.2 Numerical procedure

(5.285)

(5.286)
(5.287)

(5.288)

(5.289)

(5.290)

(5.291)

(5.292)

(5.293)

(5.294)

(5.295)

Starting from known quantities at time 7 =1¢,, the solution at r =1t,y; is what
is being looked for. Using the trial-and-error procedure explained in previous
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sections, we first assume that no plasticity takes place in [t t,+1]. Consequently
(Equations (5.114)—(5.118)),

€, =€ (5.296)
91in+1 =q1,n (5.297)
92n+1 =920 (5.298)
Yol = Ya (5.299)
Ont1 =C: (€np1 —€). (5.300)
If
dev @) + o ps1ll + /3 @1nsr —r0) 0 (5.301)

the assumption was right and the solution at t = 7,41 is found. If Equation (5.301) is not
satisfied, the following set of 24 equations in 24 unknowns, obtained by backward Euler
discretization of Equations (5.279) to (5.282), (5.285) to (5.287) and (5.294) has to be
solved:

Aoy = Chit : (A€pyr — AGE_H) (6 equations) (5.302)
AqGpt1 = —d1Aay p+1 (1 equation) (5.303)
AGypy = —%donez,,,H (5 equations) (5.304)
ldev (n+1) + g2 i1l + \/g |:C]1,n+1 —r0—g <\/§Ayn+l>i| =0 (1 equation)
(5.305)
AGEH = Ayp+18,41 (5 equations) (5.306)
Adi i1 = Aynﬂ\/g (1 equation) (5.307)
Aa2 41 = Aypsinny1 (5 equations) (5.308)

in the unknowns A6 11 (6), Agias1 (1), Aga,yy (5). Ayart (1), A€, (5), Aarag
(1) and Aay ;41 (5). Because of the anisotropic character of Equation (5.302), the solution
method of Section 5.3 cannot be used. However, notice the similarity of Equations (5.302)
to (5.308) to Equations (5.191) to (5.195). Indeed, since

1 = g f(Opy1, qd1,n+1, q2,n+l) (5.309)

the present set of equations can be considered as a special case of Equations (5.191) to
(5.195) for h = f, q :={q1, q,}, g replaced by /2/3 g and just 1 slip system. Focusing
on the solution method starting at Equation (5.207), one obtains the following residual:

(k)

RN Moo
®) nl © ) 7
{R,,H} =\ Q1 +Ap + Ay, % . (5.310)

—02 41 T 025 Ml
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-1
For the determination of [A;(ﬁl] , the second derivatives of f with respect to o and ¢
are needed. Using Equations (5.90) to (5.93) one arrives at

a & 1
2o f=—r o Lo Lo g
i do lE &l 90 IIEII2 do
1 &
=—(I-Y1®@I)- —¢® (5.311)
&l ( 3 ) IISII2 [HI]
1 1
= (1-{1@I-nan) (5.312)
&l < 3
and in a similar way,
2 2 2 2 . X
ququ 8aq2f = quaf =05, f = m (5.313)
where
x=1-I®I-n®n. (5.314)
Let B be a fourth-order tensor of the form
B =al+bIQI+cn®n (5.315)
with a, b, ¢ € R,
In|| =1 (5.316)
and n is deviatoric:
n:I=0. (5.317)

Since fourth-order tensors in three-dimensional space can be viewed as 9 x 9 matrices,
we know that tensor contraction (A : B) is associative and that there is a neutral element
I. However, for tensors of the form in Equation (5.315), contraction is also commutative.
Indeed,

@l4+hIQI+cin®n): (al+byI ®I + cryn®n)
=ajal + (a1by + biay +3b1b2)I @ I + (ajcr + craz +cic2)n @n (5.318)

which is symmetric in the indices 1 and 2. Straightforward calculation shows that

pi=t(1- " 191- S e (5.319)
=—(I- - n®en .
a a—+3b a+c

and

A:x=x:A=ayx. (5.320)
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Now, Equation (5.208) reduces to the following form:

—1 AYnti P Ay X )
n
LT E 1€, ol
® -1 1
[a9] = 0 - 0 . 6320
1
AYni1 3 AYni1
X 0 —I+ X
1€, 17! 2y €, Il
Defining
3
a:=— (5.322)
2d>
(k)
A
b= —Vntl (5.323)
&1l

(notice that b is a function of n and k, although not explicitly indicated!) and dropping the
indices n 4+ 1 and (k) for simplicity, one arrives at

Cl'4+bxy 0 by
[A]' = o 4" o |. (5.324)
by 0 al+by

In the further derivation, [A] will be needed and it is clearly numerically advantageous if
this inversion can be performed in a largely analytical way. Denoting

P O R
[A]:=]0 & 0], (5.325)
Q0 S

the submatrices P, @, R and S satisfy

C'+bx by 1.[PR] _[IO
[ bx  al+bx||o s|T o1l (5.326)
To solve this system, the block in the first row and second column of the left matrix will

be reduced by premultiplying the first block equation by (al + by), the second by bx and
subtracting the second from the first. This results in

[(a]l+bx):(Cl—i—bx)—(bx):(bx) 0 ][P R}z[aﬂ—l—bx —bx]'

by al+bx| |Q S 0 I
(5.327)
Notice that the block in the first row and second column actually reads
(al+bx) - [(by) : @] —(bx) : [(al+bx): Q] =0 (5.328)

which is only true by virtue of the associativity and above all the commutativity of the
tensor-contraction operation for this kind of tensors.
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P can be obtained from Equation (5.327) by solving the following equation:

[(al[—i—bx) o —i—abx] - P =all +by. (5.329)
In order to find AAyn(lj_)l, the equivalent of Equation (5.216) has to be solved. Since
Ryt ®
{Fn(’;)] = {Hﬁl} = \/g (5.330)
Rp+1

itis clear that P :n, Q :n, R :n and S : n are needed, and not P, Q, R and S. This is
an easier task to accomplish. Since (Equation (5.327))

[al +bx]: Q = —[byx : P] (5.331)
[(al+byx): C™' +abx): R = —byx (5.332)
[al+bx]:S=[I—>byx : R] (5.333)
and
x:n=x:1=0 (5.334)
1 b b
[al+bx] ' = — |:]I+—I®I—I——n®ni| (5.335)
a+b 3a a
one arrives at
[(al+bx):C ' +abx]: (P:n)=an (5.336)
b
n=——x:(P: 5.337
Q:n PR (P :n) ( )
R:n=0 (5.338)
1
S:n=—-n. (5.339)
a

Consequently, only one 6 x 6 set of equations must be solved (Equation (5.336), because
of symmetry conditions, the nine equations reduce to six), the other equations are explicit.
The equivalent of Equation (5.216) now reads

) 3T (k)
Ryt Mt
NVCRE 295,80 ®

@) )

nn+1 n"+1
®
nnJrl

(0 _ [0 —{R(k) T.[AUc) ]T- 2 b (5340
n+l 38041 ntlf | Patl] 3 '

a®



268 INFINITESIMAL STRAIN PLASTICITY

Since
”321 : ®
® 7. —
(A0 2 =1 (5.341)
”:(1]21 Q:n+S:nj |
and
[Afl"_gl] [Afjigl] (5.342)

-1
([Ar(lk_zl] is symmetric, Equation (5.324), and the inverse of a symmetric matrix is also

symmetric), one obtains

k k
|:(n P:m® +2d+ 2+ \/gaAyg;jl} Any®),
®)

P:n
T
(k) 2 (k) k .
(fm NER n+1> (RO} (5.343)

O:n+S:n et

where

N A)/(k)
gy = f T (5.344)

and

~1
®) 2 1 2 Ay
Ay 8pi1 = \/;AnAt (\/; AAJ;l (5.345)

represent the viscous effects. Equation (5.343) is a linear equation in AA)/ + . Once the
correction to the consistency parameter is known, the corrections to the internal variables
can be calculated using the following equivalent of Equation (5.269) (again dropping the
indices n 4 1 and (k) for simplicity):

AeP ¢! 0 o P O R R.
Aapt =1 0 d" 0]:[0 di Of:{R, (5.346)
Aotz L 0 0 al Q 0 S Ra2

12 (P:R.+R:Ry)
- Ra, (5.347)
a(Q: R+ S:Ry,)
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where
n
€
Rey |t = {R} + AAY \/g (5.348)
Ro, .

is the update of the residual. Substitution of Equations (5.329) and (5.332) into the first
block equation of Equation (5.347) yields

[(@l+bx): C™' +abx]:[C: {Ae?}] = [(@l+bx): Re —bx : Ro,].  (5.349)

Notice that the left-hand matrix of Equation (5.349) is the same as in Equation (5.336)
and consequently the LU decomposition (in an upper and lower matrix (Zienkiewicz
and Taylor 1989)) can be reused. Furthermore, C *1, needed to obtain {Aep} from C :
{Aep}, was already computed to obtain the left-hand side in Equation (5.336). Substituting
Equations (5.331) and (5.333) into the lower block equation leads to

{Aao} =alal + bx1™" : [{Re,} —bx : (P: {Re}+ R : {Ra,})]. (5.350)

Using the first block equation of Equation (5.347), this is equivalent to

{Aas} = alal + bx1™" : [{Ra,} — bx : {C : A€P}] (5.351)
or
{Aar} = a% [H %I@I + gn ®n] Ry} — a”fbx {C:Ae?).  (5352)

Accordingly, reintroducing the indices (C is no function of n), one finds for the corrections
of the internal variables

[t o € an ] [e (a0 )]

=@+ RS = bx ) R}y (5353)

and
Al® — 4 i b e b, ® ® |. (g 1®
{ a2}n+l_a+b +§ ® +E”n+l®nn+l { az}nH
ab ) (k)
- sl ] e

Recall that b is also a function of k and n. As soon as all the corrections are determined,
the satisfaction of the flow rule

(k+1) 2 (k+1)
fn+l _\/;gnJrl

< TOL (5.355)
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can be checked. If satisfied, convergence is reached and the loop can be left. If not, a
new correction must be determined. Notice that this loop corresponds to the outer loop
in Section 5.4. There is no inner loop since we deal with single surface plasticity. Once
convergence is reached, the consistent elastoplastic tangent matrix can be determined. This
is obtained from the equations equivalent to Equations (5.276) and (5.278):

{dowi1) = Poyi (11 — G a1 ® P :nn+1]) : {denti} (5.356)
and
Cl o =Puy1— G (Pug1 i 1yy) ® (Pt t ). (5.357)

Here, P : n and P are both needed. For the calculation of P, Equation (5.329) can be used.
Notice that P is needed only after convergence is reached. The quantity G, is defined
by (Equation (5.343)):

Guit = (03 Pmyyt + 2y + 2do +/20ay 0. (5.358)

Notice that in the absence of kinematic hardening, d, can be zero. In that case, a is unde-
termined (Equation (5.322)). Hence, care must be taken in the implementation to express
the equations in terms of a~!. For instance, Equation (5.336) then reads

[(H Ybhaly)Cc + bx] (P :n)=n. (5.359)
Summarizing, the algorithm runs as follows:

1. Compute the elastic predictor and the value of the yield surface (Equations (5.296)—
(5.300))

2. Check for plasticity (Equation (5.301)). If satisfied, the solution is found. Else, go
to (3).

3. Loop construct

(a) Calculate the residuals of the flow rule, Equation (5.305), and evolution laws,
Equation (5.310). If small enough, exit.

(b) Calculate a correction to the consistency parameter, Equation (5.343).

(c) Calculate a correction to the internal variables, Equations (5.353) and (5.354);
go to 3a.

4. Determine the consistent elastoplastic tangent matrix, Equation (5.357).

5.5.3 Special case: isotropic elasticity

For isotropic materials, the above equations can be substantially simplified. Indeed,

C=MI+2ul (5.360)
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where u and A are Lamé’s constants. Using Equation (5.319), one obtains

1 1 1
Cl=(——-—)IQI+—I (5.361)
9K 6u 2u
where
K:=x1+2p (5.362)
Defining
1
o= — (5.363)
2p
o= L1 (5.364)
" 9K 6u ’
one obtains
Cl'=al+BI®I. (5.365)

From Equation (5.329), the following expression for P results:

P= [(a]l+bx) ¢! +abx]7l - [al + by]. (5.366)

Substitution of Equation (5.365) into (5.366) and taking into account the laws applicable
to tensors of the type at stake (such as Equation (5.319)), one arrives after some algebra at

p_; ( b)I WI@I % ® (5.367)
“at@atron YT 3wt tgnen '
and
P:n=1ln=2un (5.368)

Accordingly, the coefficient of AAVrle in Equation (5.343) reduces to

Gt = 20+ 2dy + 2o + [0, 8%, (5.369)

which is identical to the corresponding coefficient in Equation (5.141) since

k k
day sl =\ Zomarag),. (5.370)
The equivalent consistent elastoplastic tangent matrix takes the form (Equation (5.357)

4M2nn+l ® ny11

CP =P, — .
21+ 3dy + 3d2 + 39pergnt

n+l =

(5.371)
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To check whether Equation (5.371) coincides with Equation (5.162), « and 8 are substituted
into P,41 (the index n + 1 is dropped for simplicity):

P puI+MRI
T on rapl el

2ub

-1 -1
M T4 K(-3Ba Y @I +2 5372
+1—|—(2,u+a—1)b[a +K( =3 DI QT +2m@n] (5372)

which is equivalent to

(2um)?b

P=Qui+rl@l)— — M2
@ul+Are D =

M-1I1®I-n®nl (5.373)

Recall thata = %dz and b = Ay/||&||. Notice that b contains || ||, whereas Equation (5.162)

contains ||§mal||: The connection between both is given by Equation (5.134), in which the
term Ah;q takes the form

AR = dy A€ = dy\[2Ay (5.374)

in the present context of linear hardening laws. Consequently, Equation (5.134) leads to

€T = &[T+ bQ2u +a™ 1] (5.375)
and Equation (5.373) yields
Qw*Ay 1
P:(2;1,H+)J®I)—W(H—§I®I—n®n>. (5.376)

Equations (5.371) and (5.376) reproduce Equation (5.162). The isotropic case is recovered
as a special case of the anisotropic formulation.
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Finite Strain Elastoplasticity

Finite strain plasticity implies the existence of large strains or rotations. Therefore, the
concept of objectivity (Section 1.6) plays a major role in the development of a finite strain
elastoplasticity theory. There are two major classes of models. The first class extends the
additive strain concept of the infinitesimal theory to the deformation rate tensor d, that
is, d = d® + dP. This, however, leads to a hypoelastic formulation, which means that the
elastic stress—strain relations cannot be derived from a stored energy function. For a dis-
cussion of this type of models the reader is referred to (Simo and Hughes 1997). The
second class of models involves a multiplicative decomposition of the deformation gra-
dient into a plastic and an elastic part and goes back to the work by Lee and Liu (Lee
and Liu 1967), (Lee 1969), see also (Simo 1988a), (Simo 1988b) and (Simo and Miehe
1992). Thereby, the elastoplastic motion is viewed as a composition of stress-free plastic
flow and stress-inducing elastic deformation. Because of its physical relevance and hyper-
elastic description of the elastic deformation, this type of model has grown very popular.
The theory has been extended to anisotropic viscoplasticity (Miehe 1996a), (Miehe 1996b),
(Reese and Svendsen 2003) and nonlocal gradient-enhanced elastoplasticity (Geers et al.
2003). The multiplicative concept is also applicable to the inelastic deformation of non-
metallic materials such as rubber (Lubliner 1985), (Reese 2003b) and is micromechanically
motivated (Reese 2001).

6.1 Multiplicative Decomposition of the Deformation
Gradient

The multiplicative decomposition states that the deformation in an elastoplastic material
consists of a purely plastic part due to dislocation motion, leading to an intermediate
stress-free configuration, followed by a purely elastic deformation rotating and distorting
the crystal lattice (Figures 6.1 and 6.2).

F = F¢. FP. 6.1)

The Finite Element Method for Three-dimensional Thermomechanical Applications Guido Dhondt
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-85752-8
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Vo \%
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Figure 6.1 Multiplicative decomposition of the deformation gradient
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Figure 6.2 Deformation of the crystal lattice

The total left and right Cauchy—Green tensors satisfy (Chapter 1)
b=F.-FT (6.2)
C=F'.F (6.3)

whereas the elastic left Cauchy—Green tensor b° and the plastic right Cauchy—Green tensor
CP are defined as follows:

b = F¢. F°T (6.4)
CP — FPT . P, (6.5)

The inverse left elastic Cauchy—Green tensor or elastic Finger tensor 5°~!' and the right
plastic Cauchy—Green tensor CP are a push-forward/pull-back pair:

CP=FPT . pp = FT . FeT. -l . F = FT .p* ' . F. (6.6)
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Accordingly, C? is the pull-back of b°~! and 6! is the push-forward of CP. Recall that
C and the spatial metric tensor g are push-forward/pull-back pairs, as well as C~! and
g~ !. From Figure 6.1, the following relationships prevail:

dx = F -dX (6.7)
dx* = FP.dX = F¢! . dx (6.8)

and consequently,
ds? = Cgp dxX dx*t 6.9)
ds*? = Ch, dxXdxt = ¢! dxk dx'. (6.10)

Hence, the plastic right Cauchy—Green tensor plays the role of a metric tensor in the
intermediate configuration with respect to the material frame of reference.

6.2 Deriving the Flow Rule

6.2.1 Arguments of the free-energy function and yield condition

Concentrating on mechanical applications, we start from a general energy function of
mechanical grade 1(cf Equation (1.377))

¥ = X(F, F?, X). (6.11)
Objectivity in the spatial configuration requires (cf Chapter 1)
¥ =3X(C, F?, X). (6.12)

Now, in addition, invariance under arbitrary rigid motions in the intermediate configuration
is postulated. This is only satisfied if X is a function of the inner product of any two vectors
in the intermediate configuration:

¥ = 3(C, FPT. FP X) (6.13)
=X(C,C? X) (6.14)

or, dropping X for convenience,
¥ =3(C,CP. (6.15)

In the theory of plasticity, additional internal variables are frequently defined, which we
will denote by A in their kinematic form. Accordingly,

¥ =3(C,CP A) (6.16)

and

Y . 9% ., 9% .
C+—C°P+ = A, 6.17)

r=—: :
aC ICP IA
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In Equation (6.16), CP and A represent the time—history dependence of plastic deformation.
Substitution of Equation (6.17) into the Clausius—Duhem inequality yields

1/ 0% 1.\ . 1/0% ., 9% .\ po. 1
(i ls) e - (2P 22 A) - P - 0% V=0 (6.18
9( ac+2> 9<acp *5a ) @ Vb 20 (618

where Q7 is the heat flux. Assuming similar relationships as in Equation (6.16) for 5 and
0, Equation (6.18) is satisfied if

E)

§=2-——(C,CP, A 6.19
aC( ) (6.19)
n=0 (6.20)
0°=0 6.21)

3T .p 9% .

———.C"-Z=.A>0. 6.22

aCP 9A T~ 6.22)

Equation (6.19) is the classical expression for the second Piola—Kirchhoff stress S. Equa-
tions (6.20) and (6.21) result from the fact that no temperature dependence is assumed.
The crucial equation left to be satisfied is the dissipation inequality (Equation (6.22)). It
suggests the definition of the dynamic form @ of the internal variables by

X
=——:1=—-h(A 6.23
0 9A (A) (6.23)
reducing Equation (6.22) to
% Py QiAz0 6.24)
5CP :A>0. .

The main goal is to derive expressions for the evolution of CP and A, that is, expressions
for C* and A.

From the previous chapter, we know that an additional equation in the form of a yield
condition is required to describe plasticity. The yield condition is usually written in terms
of the stress S and the dynamic internal variables Q:

d(S, Q) <0. (6.25)
Because of Equations (6.19) and (6.23), this is equivalent to

o(C,CP, Q) <0. (6.26)

6.2.2 Principle of maximum plastic dissipation

The previous section has shown that the thermodynamic state is characterized by the vari-
ables {C, CP, A}. Now, an uncoupled free energy in the internal state variables A is assumed
of the form

T = X(C, CP) + E(A). 6.27)
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The plastic dissipation DP amounts to Equation (6.24):

in x g
DP(C, CP, A; € A) = ——— . C" —

( ) aCP 0A

To derive the flow rule, the principle of maximum dissipation is invoked. It states that, for

fixed {CP, A}, the field C will take such a value that for all other fields C satisfying the

yield condition, the plastic dissipation is smaller. Hence, defining the cone

Ky = {C € RS|®(C, CP, Q) < 0} (6.29)

A, (6.28)

of all the states satisfying the yield condition, we have
DP(C, CP, A; C*, A) > DP(C, CP, A; C°, A) VC €Ky (6.30)

or, by use of Equation (6.28),
_IE(C.CY) p_ IT(C.CP) :

: C’, VC eKy. 6.31
aCP =" acP €% (031
Accordingly, C satisfies
IT(C,CP) .
C = arg { max —% - CP (6.32)
é€K¢ 8C
or
IT(C,CP) .
C = arg { min (7;;) :CP (6.33)
CEK(p aC

where “arg” denotes the argument of the function. This is a constrained minimization
problem amenable to mathematical analysis. Indeed, one can prove (Luenberger 1989) that
the solution of Equation (6.33) is equivalent to the minimization of the functional

AT(C,CP) . ,
L= 22ECD vy e cr, 0) (6.34)
aCP
subject to
v >0 (6.35)
y®(C,CP, Q) =0. (6.36)
The minimization of ILP is equivalent to
aLP
=0 (6.37)

Fln
or
3*T(C, CP) b, 09(C.CP Q)
scoce "~ T VT 0

Equation (6.38) is the flow rule! The principle of maximum plastic dissipation leads to a
flow rule, which is a function of the hyperelastic free-energy potential and the yield surface
only. Accordingly, as soon as the hyperelastic free energy and yield surface are known, the
flow rule is uniquely defined.

(6.38)
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6.2.3 Uncoupled volumetric/deviatoric response

The elastoplastic theory can be further simplified if one assumes a completely uncoupled
volumetric/deviatoric response throughout the entire range of deformation. It is obtained
through a multiplicative decomposition of the deformation gradient:

F=J'"F (6.39)
and accordingly
det(F) = 1. (6.40)
The associated right Cauchy—Green tensor takes the form
C=F .F=J72C, (6.41)

By using the chain rule and taking into account that

0J T

—==C 6.42
aCc 2 (642)
one obtains
9C _ 7-2/3 1 —1
o=/ (1-4cec) (6.43)
and in general
00 o [00)
aC oC (049
where
DEV[-]:= () — 3[C: ()]C! (6.45)

is the pull-back of the deviator in spatial coordinates. For example, we know that CP “lig
the pull-back of b°:

cP'=F'.pe.F T (6.46)
Accordingly,
DEVCP~! = F~! .devb® - FT, (6.47)
which leads to
DEVCP ™ = F [b = Lot )] P
= Lt gc!
=cr ' - Lo (6.48)

For metals, the plastic deformation is considered to be isochoric, and consequently the
volumetric response is purely elastic. Hence,

J=J¢, JP=1. (6.49)
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6.3 Isotropic Hyperelasticity with a von Mises—type Yield
Surface
6.3.1 Uncoupled isotropic hyperelastic model
Next, the attention is focused on an isotropic hyperelastic model of the form (Simo 1988a)
2(g. b F) = g0 e = 3) + U (6.50)

where I is the first invariant of the elastic left Cauchy—Green tensor. The first term on
the right-hand side of Equation (6.50) is isochoric, the second is volumetric. The choice of
U (J) is not unique. Here, we will take

U =1k [ =1 =InJ] (6.51)

which satisfies the asymptotic requirements

lim U(J) =+ (6.52)
J—400
lim U(J) = 400 (6.53)
J—0

discussed in Chapter 4. The parameter K is the bulk modulus.

For C = G, Equation (6.50) leads to the classical isotropic Hooke law. To prove this,
the derivative with respect to C is taken. Using relationships derived in Section 4.4 and
noting that Iy, = I1¢ = I, one obtains

aaci = 4 2P (dne ™ 4 6RE)  hk (2= 1) et (6.54)
and
0’ _ 1, y=2/3~—1MN (kL 1, ~—1KL
0CxLoCun M ¢ (G 1€ )
+ %MJ_2/3 I:_%GMNC—lKL n %I}(C_lKMC_lLN n C_]KNC_lLM)]
+ ik MV et K g m e M et g o tF Y e (655

For C = G, the first and last term drop out and one obtains

REDY

7= | = (K — %u) GKLGMN 4 (GKMGLN 1 GENGLM)  (6.56)
9CxkLIChN ~

C=G

where K — %u = ). This is the classical Hooke law for linear isotropic materials.
Using the appropriate push-forward/pull-back pairs, Equation (6.50) can be reformu-
lated as

2(C, CP) = Lu(I7ATRCP™! = 3) + U () (6.57)
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where
TR[[]=[]:C (6.58)
is the pull-back of the trace operator in spatial coordinates:
tr(6) = b°: g = C? : C =: TR(CP V). (6.59)
Equation (6.57) can also be written as
B(C,CP) =L@ P =3+ UW). (6.60)

Applying Equations (6.19),(6.42) and (6.44), one obtains for the second Piola—Kirchhoff
stress

S=pJC~' + uDEV(C" ) 6.61)
where
v, [J2-1
_W_ g 6.62
p aJ p) |: J :| ( )
and
= et (6.63)

Accordingly (Equation (6.38)),

—p—1
?x(C.C? 13§ aC’
. 195 hppy (6.64)
aCaCP 29C? 2 aCP
and
?E(C,CP) . s acr!
———— 7. C"=—uJ?’DEV : 6.65
9CaCP # o1 (6.65)
6.3.2 Yield surface and derivation of the flow rule
One of the frequently used forms of the yield surface is due to von Mises:

(S, C, 0) = |DEVS| +/2q1 (6.66)
where ¢ is a scalar internal plastic variable satisfying g; = —h1(«1). The variables ¢; and
o are spatial quantities. Since C~! is a symmetric matrix, one finds

DEV(C Hh=c"'-1c:cHhc =0 (6.67)

leading to (Equation (6.61))

DEVS = uDEV(C’ ). (6.68)
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Hence, Equation (6.66) can be rewritten as
—p—1
&(C. C?, @) = HIDEVE ) — /2 (. (6.69)

The unit of ® is stress, and in the present chapter we will assume that this is the Kirchhoff
stress. Since (S, t) and (C, g) are push-forward/pull-back pairs, one can write

IDEVS| = v/(DEVS)!/ (DEVS)XLCxCy 1. (6.70)

= \/(devr)ij (devt)klgixg . (6.71)

For the flow rule (Equation (6.38)), we need the derivative of @ with respect to C. One
can write

3d  3|DEVS|

o (6.72)
= MEHDEVSH . (6.73)
Furthermore (Equation (6.44)),
9 2 -2/3 9 2
— |IDEVS|> = 7 **DEV ( — |IDEVS|? ) . (6.74)
aC aC
Now (Equation (6.68)),
0 2 2 0 —p—1 7
EHDEVSH -1 ﬁ||DEVC I (6.75)
3 _
- ,ﬁﬁ [(DEVCP*)”(DEVCP*I)KLC,KC,L] (6.76)
3 _
=2u? [ﬁ(DEVCP—l)”} (DEVCP HYKLC 4Ty
+2u>(DEVCPH! (DEVCPHKLT,, . (6.77)
Since
0 p—1 O [ p—1 1 p—1y -1
S PEVeTh = [ = dcerhe] (6.78)
3 _ __
= [ i@ ] (6.79)
=—la:cr e+ 4 CP ) (6.80)
—1 _ _ —
=—1C @C '+ 4 O (6.81)
where

(1) =t @ R Y @yt (652)
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and
I.=1; (6.83)

one obtains

9 AB
|:—_||DEVS||2i|
aC
@) (i)
— 7 N
= 321 Ol - T @ P ABDEVCPTHRLC £ Ty,

+ 2u2(DEVCP HAY (DEVCP HELEC,, . (6.84)
Gii)

Substituting Equation (6.84) into

9D J23

0 2
— = ———DEV | —||DEVS 6.85
aC ~ 2JDEVS| <aC IPEVSI ) (059

one notices that 9®/9dC consists of three additive terms, each of which will be treated
separately:

1.

[ J23,2

3|[DEVS|| G 6)HI€J?B€’K€’L(DEVCPI)KL}

J 4832 1.~ —1
:DEV[M%(CP : C) (8% 88, + 88,8, )(DEVCP )KL} (6.86)
J7Bu |
=DEV|——— _TRCP (DEVS)A8 6.87
[3IIDEVS|| ( ) (057)
=uN (6.88)
where
7= fpus 2PTRCP! (6.89)
N DEVS (6.90)
" |IDEVS|’ ’
2.
J2/3 . 1JAB - —
—DEV|—02,2(C cr! DEVCP HKLC, kT
|:2||DEVS|| 3H ( ® ) ( )" CikCyL
urJ =43 NI 1\AB I\KL
= -DEV|=———(C™ P HABC, xC . (DEVCP™ 6.91
|:||DEVS||( ) ( ) 1kCyL( ) ] (6.91)
u?J =43 1\AB WKL
= -DEV|——— (P HYABCk (DEVCP™ =0 6.92
[”DEVS”( ) KL( ) } (6.92)
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since

C : (DEVCP™! =o. (6.93)

To obtain Equation (6.93), recall that C~! : C = 3 since C is symmetric.

3.
v ﬂMZ(DEVCP*‘)AJ(DEVCP*‘)BLE]L
IDEVS]|
\ “72(DEV?‘H)AJ(DEVE"_I)BLCJL (6.94)
IDEVS]|| '
DEVS)4/(DEVS)BLC
_pEv| ¢ )"« ) CuL (6.95)
[DEVS]|
= |DEVS|DEV(N?). (6.96)
Accordingly, Equation (6.38) yields
I o IDEVS|| )
—y— =—yu|N + ———DEV(N?) |. (6.97)
aC o
Equating Equations (6.65) and (6.97) yields the flow rule:
acr~! DEVS
—J*3DEV ( r ) =291 |:N + uDEV(Nz)} . (6.98)

The second term on the right-hand side is much smaller than the first one and is usually
dropped.

For infinitesimal strains and rotations, Equation (6.98) reduces to Equation (5.95). Indeed,
substituting 7z yields (neglecting the term with N?)

DEV(C" ™) = —%TR(CP_I)N. (6.99)
In the infinitesimal theory, one can write
CP ~ I 4 2¢P (6.100)
CP AT —2e° (6.101)
" x 26, (6.102)
The field €P is deviatoric, hence,
DEV(C" ') ~ —2¢P (6.103)
TR(CP ) ~ 3 (6.104)
and Equation (6.99) reduces to
e’ =yn (6.105)

which coincides with Equation (5.95).
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6.4 Extensions

6.4.1 Kinematic hardening

Frequently, a more generalized form of the yield surface is used, in which the center of
the yield surface can move. This is accomplished by replacing Equation (6.69) by

(C, CP, ) = [DEV(C® ' + 0l — /2hi (). (6.106)

Here, — @, represents the moving yield-surface center. Equation (6.68) still applies. Replac-

— —p—1 —p—1 —
ing DEV(S) by DEV(S + @,) and " by CT o+ 0, /u in the previous section, one
obtains for the flow rule

acr! _ DEV(S + 0
—J 2B uDEV ( r ) =2y (N + %;MDEV(NZ)) (6.107)
where

7= LU2PTR(uCP™ + @y) (6.108)
=+ %J72/3TRQ2 (6.109)
DEV(uC" ' +0,) _ DEV(S+ 0y 6.110)

IDEV(LC* ' + 0, IDEV(S+ Q)
0,=J"230,. (6.111)

The left-hand side of Equation (6.98) is not changed since it derives from the potential
function. Equation (6.107) is an evolution equation for CP~!. The field 0, is called the
back stress and represents an internal plastic variable for which an evolution equation
is needed as well. Since the fields @, and ,uCp_1 are related, an equation similar to
Equation (6.107) seems plausible:

eq’ -
_J23DEV (8_Q2) - (}i> 29Tk [N + ”ma\](i—+Q2)”DEV(N2):| . (6.112)
at 3u w

The factor

1
3p

eq
eq . 1 adh,

= ——= 6.113
2 = 3 0 119

was introduced to assure that Equation (6.112) reduces to its infinitesimal equivalent,
Equation (5.111). Indeed (g, is deviatoric, )

DEV(Q,) ~ dev(§,) ~ ¢, (6.114)

J =~ 1 (6.115)

WA U+ Strgy ~ p (6.116)
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yielding
. 20hy
—q3 = 3 I eq )/ (6.117)
Here too, one defines
hSY = \/guhzn (6.118)
asd = \/gnazn. (6.119)
In the previous chapter, we derived for the infinitesimal theory
ar = a5yt = P (6.120)
and
éped — \/gy. (6.121)
These equations will also be used for the finite theory. Accordingly,
.oy
eq . _ 2
hy' = ered” (6.122)

The only curves to be provided by the user are /1 (¢P°%) for isotropic hardening and h;q (eP°9)
for kinematic hardening.

Equation (6.121) can be interpreted as the definition of €P®d for finite strains. Combin-
ing Equation (6.121) with the flow rule, Equation (6.99), yields the following kinematic
relationship for éP®4:

1
DEV(C’™ )
_\/;” RO iy (6.123)

Notice that Equations (6.107) and (6.112) determine only the deviatoric part of c’ !

and Qz. To guarantee a unique definition of C >~ and QZ, the following additional con-
straints can be defined:

TR = 0. (6.124)
TR(Q,) = 0. (6.125)

6.4.2 Viscoplastic behavior

For plastic behavior, it is assumed that the stress tensor cannot exceed the yield surface.

To illustrate this, the yield surface, as given by Equation (6.106), is shown in Figure 6.3

in deviatoric principal stress space (assuming that Q, and S have the same eigenvectors).
The yield surface can also be written as (cf Equation (6.106))

IDEV(S + @)l = /2 (@) (6.126)
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(devt)s

\/ (deve:

Figure 6.3 von Mises yield surface in deviatoric principal Kirchhoff stress space

(devt)q

which shows that the von Mises surface is indeed a sphere with its center at —Q, and
radius \/gql. In the classical plasticity theory, any physical stress state must lie on or

within the yield surface. However, both ¢; and Q, can change because of isotropic and
kinematic hardening respectively. In the viscoplastic theory, the stress state can momentarily
lie outside the yield surface; however, it tends asymptotically to the yield surface as time
goes by. The way in which the yield surface is approached is generally given by a creep
law of the form

Tym = f(€P°Y). (6.127)
The quantity tyy, is the von Mises equivalent stress of the Kirchhoff tensor satisfying
Tym 1= \/g Idev| = \/gx/dth “devr. (6.128)

Accordingly, the plastic equality in Equation (6.126) is replaced in the viscoplastic case by
IDEV(S + @)l — /2129 = /2 £ ep) (6.129)

if |[DEV (S + Ez)” - \/ghl (eP®%) > 0, else the material remains elastic. A typical example
of a creep law in the infinitesimal theory is the Norton law

P = Arl (6.130)

which can also be written as

epeq (1/m)
Tym = < y > . (6.131)
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6.5 Summary of the Equations
The following equations result:

1. Hyperelasticity equation

S = pJC~' + uDEV(C" ).

2. von Mises yield condition

(a) For plastic materials:

121 = 3hier) <.

(b) For viscoplastic materials:

12— 2@ = 3@ for 2] 2 3h ()

where
= := DEV(S + 0,).
3. Flow rule
—J2BuDEV(C") = 29N
R=m+1J7?PTRQ,
= L 2PTRCP!

DEVE
N:=———
IDEVE|

=

TR(C*) = 0.
4. Kinematic hardening law
eq’ _peq
—J_2/3DEV(Q2) — (M) 2y N
3u
TR(Q,) = 0.
6.6 Stress Update Algorithm

6.6.1 Derivation

287

(6.132)

(6.133)

(6.134)

(6.135)

(6.136)
(6.137)
(6.138)

(6.139)

(6.140)

(6.141)

(6.142)

The equations describing viscoplasticity were summarized in the previous section. Ulti-
mately, we would like to transform these equations into a numerical algorithm yielding the
solution at time-step n + 1 if the solution at r = ¢, is known. To this end, the backward
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Euler rule will be applied to the time derivatives. It is an implicit unconditionally stable
scheme expressing the time derivative at t = t,,;1 in terms of the function values at t = ¢,

and t = t41:

fn-i—l fn
(f)n+ ~ At

Applying this to the flow rule, Equation (6.136), yields
wd, PDEV, 1 (€7 = €Y = —2(yust — v w1 Natt
where
DEV, 1A :=A—1(A:Cpy)C,
Henceforth, the following definition will be used:
AYnt1 = Vn+1 — Y-

The hyperelasticity equation, Equation (6.132), yields

DEV,, 11811 = pud, " DEV,11(CP, 1)),
Consequently, the flow rule, Equation (6.144), can be written as

DEV,41Su+1 = wJ, " DEV,41CP ! = 28y, 41Ty N1

Equations (6.138) and (6.137) yield

i1 = § o TR 1 €Ly 4+ 30, 2P TR @
The auxiliary equations, Equations (6.140) and (6.142), lead to
CPrl i Cupr = CP;1 : Cpi
Qo1 :Cnv1 = Qi Cpy.

Hence, Equation (6.149) can be transformed into

= 1 2/3
Hn+1 = Jn+l/ TR”JFICP + 3Jn+l/ TR 41 Q2,n-

In a similar way, Equation (6.141) is transformed into
eq’
2/3
3 PDEV,11(Qy i) = 4, 2’ DEV,11(Q5,) — 3;

Defining

*DEV,4,CP>!

trial .__
T T ‘]n+1

n+l1

-2/3
Aﬁfﬂ — Jn+1/ DEV,+1(Q7.,)

mtrial | trial trial
“n+1 - Tn+1 An—H

Tyi1 :=DEV,118,41

2/3
An+1 Jn+l/ DEVn+1(Q2,n+1)

Enr1 :=Th1 — A

AVn+1ﬁn+l Npt1.

(6.143)

(6.144)

(6.145)

(6.146)

(6.147)

(6.148)

(6.149)

(6.150)
(6.151)

(6.152)

(6.153)

(6.154)
(6.155)
(6.156)
(6.157)
(6.158)
(6.159)
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the evolution equations, Equations (6.148) and (6.153), can be rewritten as

Tuit = T08 = 2AY4 17,1 N1 (6.160)
25
Anyr = AU 4 3; AYnt1 B4 1 Nut1- (6.161)

Notice that as soon as the displacement field at t = t,,41 is known, the trial functions can
be calculated. They represent the stress state at t = f,41 in the assumption that step n + 1
is purely elastic. Next, the yield-surface condition is checked (Equation (6.133)). Using
Equations (6.157), (6.158) and (6.159), the yield condition at t = #,,+1 can be expressed as

IZ il < 200, (6.162)
Assuming at first that there is no plastic flow, or
B4l = BN (6.163)
e =ent (6.164)
Equation (6.162) reduces to
IZE ) < 2 (e, (6.165)

If this equation is satisfied, the state is purely elastic and the trial functions are the solu-
tion. Furthermore, the plastic internal variables do not change. If, on the other hand,
Equation (6.165) is not satisfied, plastic deformation occurs and Equation (6.134) applies,
where f = 0 for nonviscous deformation. At t = f,,41, this equation reads

1Zall = 2@ + 2 (). (6.166)
Now E, 4 satisfies
Enst = Tni1 — At (6.167)
Sy

=T — A 2 (1 - ﬁ) AYu+1 Nt (6.168)
=gl o7 |1+ @ AVnsl E i (6.169)

= ] :

AR 3u [E

trial

Equation (6.169) reveals that &, and &%

are parallel, and accordingly,

= trial
“n+l1
Nu+1 = —ia (6.170)
B

which means that N, can be calculated using the trial state. Substituting Equation (6.170)
into Equation (6.169) and taking the norm, one finds that

i _ hed
IE il = IE5 | - 27,4, (1 + ﬁ) AYni1 (6.171)
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and the yield condition, Equation (6.166) leads to
eq (P

- _ )
IESD N = 2781 <1+ M“ )Am—f M) +2F@). 6172)

peq

: : Htrlal
In this equation, | £, || and 1 , 41 are known, €,

Equation (6.121) , or equ1valently,

e =+ f AYni1. 6.173)

Accordingly, Equation (6.172) yields

5 (1 o)

and Ay,41 are unknowns, related by

IESS ) — 22, | 1+ AV

R CLY CARSYEYy ) RAVEVS (EVemt) BCHE

This is a nonlinear equation in Ay,4+, which can be solved by the Newton—Raphson
technique. Once Ay, is known, all other quantities can be calculated using the equations
in this section. Indeed, the definition of DEV leads to

DEV,41CP, [, = P}, — Ll Coi)C (6.175)
DEV,11CP, " = €' — kP, € C Y (6.176)
and consequently, since
TR, 41CP, L = TR, 41CP;, (6.177)
we find
DEV,(CP,}, —DEV,.C?,' = CP !, —CP,". (6.178)
Equation (6.144) can be transformed into
— — ﬁ —-2/3
DEV,CP,}| —DEV,1C?, ' = —2Ay,4 ’I’L“ I N (6.179)
Hence,
crl = = 2Ay, P I N (6.180)
"
Similarly, Equation (6.153) yields
2K —
Qrn41= 02y — 3 AJ/n+1Mn+1Jn+1 N1 (6.181)

Finally, the second Piola—Kirchhoff stress follows from Equations (6.148) and (6.132):

— K
Suet = Tt = 28y Ty N + 5 = DC,L. (6.182)
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6.6.2 Summary
Given: CP; !, Q5.s Vus €h L, Unpr.

1. Step 1: Geometric update

-1
Covis Jny1, €y

2. Step 2: Elastic prediction

TR, 11CP ' =P Copy (6.183)
DEV,1CP, " = €' — L(TR,41 €7 C (6.184)
TR,+1(Q2,) = Q2 ¢ Cuti (6.185)
DEV,11(Q3,) = Qs — TRn+1(Q2 n)C,,+1 (6.186)
T = 1J 2PDEV,. CP, " (6.187)
-2/3
AT = —J"*PDEV,41(Q,,) (6.188)
=i =Tah — A (6.189)
3. Step 3: Check for yielding
If
1= - fhl(e,‘ieq) <0 (6.190)
(n+1 = () and EXIT.
4. Step 4: Radial return scheme
Tt = S0 [ TR (7)) + TR0, ] (6.191)
-;-trial
Ny = —itd (6.192)
| “n+1 ”

(& o)

IS | — 2%, | 1+ AYnt1

:\/2;”( Pe‘*+fAyn+1>+ff (fAynH) (6.193)

from which Ay, can be determined.
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5. Update of the plastic state variables

=+ f AVt (6.194)
crl =Cr, - Ayn+1ﬂ’l’jl I N (6.195)
24 _
Q1= Qp — ﬁAVn—Q—lﬁnJ,_l-]nJ/ran-q-l- (6.196)
6. Update of the stress
St = T3 — 2800 T Mot + 5 U~ DCL (6.197)

Sometimes, Equation (6.193) is written in a different way. Defining

it = 1 - B ) (6.9

one gets

fral — f|: ( Pt \/>A7/n+l) - hl(éseq)}
B (Eneq + fAVn+1>
+ \/gf (@Ayn+l) + 2ﬁn+l 1+

For linear hardening and creep laws of the form

Aynsi1. (6.199)

hi (eneq + [Ayn+1) = hi(eh) + I} A)’n+1\/g (6.200)
h§q< peq+fAyn+l) = B + AVn+1[ (6.201)

f (@Ayml) = n\/gAynH (6.202)

where h/l, h;q/ and n are constants. Equation (6.199) further reduces to
i trial
A A Y1 = ntl . (6.203)

e
14 32u + I+3u

For nonlinear laws, Equation (6.199) is first written as
S(Ayuen) = £ — 2 [hl (e}ieq + @Aml) - h1<e£eq>] -2y (\@Aml)
— ﬁn+1 {ZA)/,,+1 + \/g |:th (6’1661 + fAyn+1> —h q(ePe‘I)i| } (6.204)
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since (backward Euler)

hs! (
’ 2
i (3o ) »

For a Newton—Raphson type solution of Equation (6.204), the derivative of g is also
needed:

d / peq 2 g 2
d(AVn+1) h ( +[Ayn+l> 5/ (\/;AVnJrl)
1 e &
— 241 [1+<3 ) q(”+fAyn+1)} (6.200)

where h/, h;q/ and f’ denote derivatives with respect to their arguments. Since 7, h;q
and f are user-defined functions, the derivatives can be determined too (analytically or
numerically). The Newton—Raphson scheme can be started with Ay(i)] = 0. Subsequent
iterations yield

(6.205)

ApED Z Ay ®) 8871 y”( ) (6.207)
g'(Ay, 1)

until Ay( "D s small enough. Occasionally, depending on the form of the creep and
hardening functions, the Newton—Raphson procedure does not converge (cf Chapter 3).
Then, other techniques such as bisection (Press et al. 1990) (Liihrs et al. 1997) can be used.

6.6.3 Expansion of a thick-walled cylinder

Consider the expansion of a long, thick-walled cylinder with inner radius »; of 10 mm
and an outer radius r, of 20 mm, subject to internal pressure p. The material constants
are E=11050 MPa, v = 0.454 and oy, = 0.5 MPa at zero equivalent plastic strain. In the
plastic range, the material does not harden (perfect plastic behavior). Consequently, the
von Mises stress at the zero equivalent plastic strain applies to the complete plastic range.

A quarter of the cylinder is modeled with three 20-node brick elements in the radial
direction and 5 in the circumferential direction. In the axial direction, only one element
layer is modeled, with its upper and lower layers of nodes fixed in the axial direction (plane
strain assumption). Reduced integration is used throughout. Instead of applying an internal
pressure, the nodes at the inner radius are moved in the radial direction in a uniform way.
The reason for this is shown in Figure 6.4: as soon as the cylinder is fully in the plastic
regime, the internal pressure steadily decreases. Therefore, it cannot be used as the loading
parameter. Also shown is the thickness of the cylinder.

Figure 6.5 shows the change in volume. Notice that during plastic deformation, the
volume decreases slightly. Accordingly, the plastic flow is not completely isochoric. This
is discussed in more detail in Section 6.8.

Comparison with the results published by Simo (Simo 1988b) shows good agreement.
Accordingly, 20-node brick elements with reduced integration can be used for large strain
plasticity. The use of fully integrated 20-node brick elements leads to divergence.
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0.9 o (Simo 1988b)
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Figure 6.5 Variation of the volume

6.7 Derivation of Consistent Elastoplastic Moduli

For finite element calculations, we also need to determine the consistent elastoplastic moduli
at t = t,+1. These moduli are the derivatives of the second Piola—Kirchhoff stress with
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respect to the Lagrange strain:
S S
By = ontl _p Zonl (6.208)
0E ;1 0C 41

Recall that S, takes the form (Equation (6.197)

_ —2/3 — —
Sn-i—l = Jn+1U/(Jn+1)CnJi1 + l/LJ,H,l/ DEVn+len - 2Ayn+1ﬂn+1Nn+l~ (6209)

The first term on the right-hand side of Equation (6.209) is the volumetric part, the second
is the deviatoric trial stress and the third is the plastic correction.

6.7.1 The volumetric stress

Taking into account that

aJ J

— ==c! 6.210
aCc ~ 2 ( )
aC!

—c = ., 6.211)

with I--1 defined in Equation (6.82), one gets

9
2%[JU’(J)C_1] =JU'NHC'@C 42U (HCT @ CT = 20U (Do

(6.212)

=JU'nctec ! +upcTt @ CcT = 210). (6.213)

The index n + 1 was dropped for convenience. For U(J) defined in Equation (6.51),
Equation (6.213) takes the form

3
2%[JU/(J)C—1] =KJ’C'@Cc' —KU? = DI (6.214)

6.7.2 Trial stress

Since
9J 7,
=—17723c! 6.215
9C 3 ( )
and
DEV() = () — 3[() : €1C™! (6.216)
one gets
aTtrial . .
2= = —2uJPDEV(CP Y@ T - 2us e e (P i)

+2pd 7 P I (6.217)
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= -3 ecT - ke e e e
— 2B e P 4 2y TR P DI (6.218)
=22 e [Ien + deT @ 071
— 2y [CP*1 @C ! +c! ®CP*1] (6.219)
= 2R e [Ten - deT o 07
2723 {[CP*1 - L CP’I)C’l] ®C
1C® [CP*1 - L CP*I)C*I]} (6.220)

= 3R e [Ien - deT o 07

— 2y [DEV(CP_l) ®C'+C'® DEV(CP_l)] . (6.221)
Accordingly,
8Ttrf]1 2 2/3 1 1
u _ _ B
23Cn+1 sy (Cogr 2 CP0) [chjr’ Cn+1 ® Cn+1:|

= 3us P [DEVEr @ Cyly + € @ DEVER, | = B (6222)

6.7.3 Plastic correction

This is the most difficult part. One obtains

= = IAYn+1
SrTo (=2A%a+1Hn 1 Nut1) = =471 Nog1 @ 3Cnn+1
i N1
—4AYp 1Ny ® 2L AA Y Tl . (6.223)

aC ICnr1

Concentrating on the last term,

= trial
8]Vn+l _ d "‘nrfl
ICnt1  AC,q |EDA |

1 -:tria]1 a| '—trlall I
= n+ “n+
= - - N & ——1]. 6.224
IEra| <8Cn+1 SR Tom ) (229
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In complete analogy to Equation (6.222), one finds

trial
A 2 Con 0 ) (1, -6 @ crly)
AC 11 n+1 n Ci n+1 n+1

+ 34,27 [DEV(Q,,) 8 €, + €l ®DEV(Q,,)]  (6225)

and accordingly,

= trial
_Tntl = 11 -1
28C:+1 = 2H’n+1 (HC + Cn+1 ® CnJrl)
-3 (535-’11 ®C, |, +C, ® ..,m) HY . (6.226)
Furthermore,
9B —trlal ” 9 . .
8C | =3C 1\/EiiimlE,Il{ffmalcn,nﬂCKL,n+1 (6.227)
n+ n+
= 1HY Ny + | ES N2 (6.228)
and
HY 2 Nyt =20, Noy1 — SIESSIC, (6.229)

Equations (6.224), (6.226), (6.227) and (6.229) yield

N1 1 . _
L o [ Nat © B i N + 1B IDEV, (V2,0 |} 6230)
ICui1 — IZ]

since
DEV(N) =N? - I(N-N:O)C'=N*-1c™". (6.231)

For the second term, one starts from the expression for i, |:

T = 51, € Cu (6.232)
[l
Mn1 YU
acZH = — 3Tt Copy + 310, CP (6.233)
and
1 = Tpi1 + 3Jn+21/3(Q2,n :Cuy1) (6.234)
4
T, R
9P+l 9Mn+1 + 3JrH_Zl/3DEVn+1(Qz’n)' (6235)

3Cnr1 0Cny
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Note the following interesting expression:

9 -2/3 g3
0Ch+1 [J"“ TR”“()] Jyy1 DEVig1(). (6.236)

The first term is obtained by taking the derivative of Equation (6.193):

8” :trldl ” a: heq’ _ h IA
ntll 5 Hn+1 1422 AVit — 2y 1+22 OAYni1

0C 11 0C 41 3u 3u 0C 41
A oA
_% /1 Vn+1 _% ’ Vn+1 —0 (6237)
0C 41 0Cn11
(h;q, is assumed to be constant) from which
= 0AYn+1 1
2M"+1 3C +1 - heq/ n f '
n 2 1 !
<1 tact Fnt1 + 3Mn+1>

a” —'trlal ” h 8/1«
—2A 1 “Entl 0 (6.238
|: 3Cn+1 Vn+1 + 5 30 ) 9C, ( )

Collecting terms, the derivative of the plastic correction yields
9 — -1

2 (_ZAVn+lﬁn+1sz+l) = o :
0C 41 1+ K LML
3u 3ﬁn+l 3ﬁn+l
o=y nst o
AN p il 5.2 L YN 1+ =2 |N gkl
|: ntl ® 3C0 11 Y+l + 3 ntl ® 9C,. 1
— — = trial
o +1 2A7/n+1/"n+1 trial 8” trla ”
—2AYppINpp1 @ 22 — H"™ — N, 1 ®2—"—
n+ n+ acn+l ” ::ln_ﬁll ” n+1 n+ aCn+l
(6.239)
——(L-p)N Il
= B 0 n+1 3Cn+1
h3l oL
2 Llir+2)-1|N pntl g ppirial 6.240
+ 2Yn+1 |: % ( + 3M> :| n+1 ® 9Ci1 JoH, [ ( )
where
. zﬁnJrlAylH»l
fo = NELTE (6.241)
“n+l
heq/ h/ /
So =1+ +—=——+ f (6.242)

3“’ 3ﬁn—ﬁ—l 3ﬁn+l
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Substituting Equations (6.228), (6.229), (6.231) and (6.235) into Equation (6.240) yields

2 —2AYui1 By N
8Cn+l( Vnt+1Mp+1 n+1)
= —f1 [2R1 N4t ® Nyt + 2 E52 | N1t ® DEV,i1 (V) |
nd . .
+ 2% |5 ( 1+ i — 1 3IESS N1 ® Nug1 — foHIS  (6.243)
where
fri=g5—fo (6.244)
or
2 —2AYni1lpn1 N
3Cn+1( Vn+1Mpn41 n+1)
= —81Nnt1 ® Nut1 — 53Nyt ® DEV, 1 (N2, 1) — foH"  (6.245)
where ,
_ S W PR
S= fiZlingn — | g | L+ 50 ) = 1 Srn I E (6.246)
and '
8 =2 EMA || £1. (6.247)
Summarizing,

Bri = KJ2, €l ©1Coly = K2y = et + B

~ 81Np41 ® Nyt — 8N,p1 ® DEV, 1 (N2, ) — foHT™  (6.248)

where
Btrial — 21 I . lc—l ® C—l 2 Ttrial ® C—l + C—l ® Ttrial (6 249)
ntl = 2t (Be = 30,0 @0, 0 ) =3 (L @6, 76, 8110 '

trial _ A7~ 1~-1 =1\ _ 2 ( mtrial -1 -1 w trial
H,\ = 20,1 (chj, =36, ® Cn+1> 3 (-—-n+1 ®C,11+C, 0 ® ~n+1>

(6.250)
2ﬁn+l AYn+1
=n+l1
fi=5—fo (6.252)
heq’ h/ /
So=1+—2 4+ =+ f (6.253)

3“’ 3ﬁn+l 3ﬁn+1 .
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_ st .
81 = f12l, 41 — [% (1 + ﬁ) - 1} A I ERA (6.254)
8 = 2| EMa || fi. (6.255)

This concludes a long and tedious calculation. Notice that the tangent modulus is usually
not isotropic, although the material is isotropic in the elastic range. Plasticity induces
anisotropy.

The expression for B,| is not symmetric because of the N,;; ® DEV, (N
term. In practice, this term is often symmetrized:

2
n+1)
5 S
[Nn+1 & DEVn-H (Nn+1)]
=1 [N,,H ® DEV,.41(N2, )+ DEV,;1(N2, ) ® N,,+1] . (6.256)

This does not lead to wrong solutions, but may decrease the rate of convergence of the
scheme. However, the effect is deemed to be small.

6.8 Isochoric Plastic Deformation

In the previous derivation, the volume-preserving aspect of plastic deformation (Equa-
tion (6.49)) has not been taken into account (Simo and Miehe 1992). Indeed, JP = 1 implies

detCc?' =1 (6.257)
and accordingly,
detcP T =0 (6.258)
or
ad%pcpl—l el =0, (6.259)

Using Equation (1.509) for the derivative of the third invariant of a matrix, this yields
P =0 (6.260)
which does not agree with the assumption in Equation (6.124):
TR(CP )= P~ . C =0. (6.261)

Accordingly, it looks as if Equation (6.177) does not hold and Equation (6.179) yields
DEV,,HCP,;Irl and not CP;Jlrl. However, we know that (Equation (6.48))

c*~' =DEVCP ! + ITR(CP ! (6.262)
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which implies that the knowledge of TR, 41(CP il) suffices to determine CP ;i

. . 1
the invariants of CP "/, by

Jyep1 = CP71 € = ub®
Jyep-t = (CP71.C-CP7Y) 1 € = ub®?
Jiept = (CP7oCc-cP7oC P € = ub®?

one arrives at, Equations (4.304) to (4.306)

Lico-1t = Jyco1 = Lupe
Lyep-1 = %(lecp,l — Jyep-1) = Dope
Iyp-1 = DETCP™' = {QU3cp-1 + I} oyt = 3Ty ot Fyep1) = Tape.
Since
Pl — -l pe  FT
one finds

detC? ' =1 <« deth® =DETCP™! = J2.
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|- Defining

(6.263)
(6.264)
(6.265)

(6.266)
(6.267)

(6.268)

(6.269)

(6.270)

Let us, for the simplicity of notation, denote cr! by A in what follows. The eigenvalues

satisfy the characteristic equation:
A} — [aAL + haha — a = 0.
The same applies to the eigenvalues and invariants of DEV A:
A%EV 4+ bpeEvaApeEva — I3pEva =0

since

I14 = TR(DEVA) = 0.
The eigenvalues of A and DEV A are related by

Appva = A4 — %11,4-
Accordingly, Equation (6.272) reduces to

(Aa—3114)° + Loeva(Aa — $11a) — 134 = 0.

Expanding Equation (6.275) and substituting Equation (6.272) yields

o — Dhala+ 3Aa18, — 314 + DoevaAa — (3114) oeva — Bpeva

(6.271)

(6.272)

(6.273)

(6.274)

(6.275)

=0.
(6.276)
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This equation contains the unknowns I14, >4, I34 and A4 and the known quantities
Ipeva and I3pgva. Ultimately, we are looking for 71 4. From Equation (6.270), we know
that I3 = J 2 To eliminate I»4, the following equation is used:

TR[(DEVA)*] = TR(A?) — [TR(4)]? (6.277)
which can be obtained by simple expansion. Accordingly,
JopEva = Joa — %112,4 (6.278)
or, using Equations (6.266) to (6.268),
ha = I}, + hLpeva. (6.279)
Substitution of Equation (6.279) into Equation (6.276) yields
(3114)* + G 1A boeva + (Ispeva — J2) = 0. (6.280)

This is a cubic equation in 14 = TRCP~!, which can be solved explicitly (Abramowitz
and Stegun 1972).

The condition in Equation (6.261) was actually also used to determine ﬁn 11 (see
Equations (6.149)—(6.152)). Since at this point TRCP s not necessarily constant in time,
the result of Equation (6.280) allows for an update of 7z, +1 and an iterative procedure
ensues.

6.9 Burst Calculation of a Compressor

Plasticity is an important phenomenon in the deformation of metallic materials. Because
of plasticity, high linear elastic stresses at notches and other geometric discontinuities
are relaxed and redistributed. In the present application, the rotational speed of a radial
compressor is increased till burst. The compressor is made of an aluminum alloy with
Young’s modulus E = 75000 MPa and a Poisson coefficient v = 0.3. The isotropic hard-
ening curve is bilinear and described in Table 6.1. The geometry of the compressor can
be downloaded from the CalculiX® Homepage (CalculiX GraphiX examples, (CalculiX
2003)).

Figure 6.6 shows the equivalent plastic strain at a location at the bore (inner radius) and
the rim (outer radius) of the disk. It is well known from the theory of elasticity (Timoshenko
and Goodier 1970) that the stresses are highest in the bore region and that is where plastic
flow starts from. At a rotational speed of about 170000 cycles/min, the disk collapses. This

Table 6.1 Isotropic hardening curve.

von Mises stress  Equivalent plastic strain

(MPa) (%)
290 0
347

6
347 100
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Figure 6.6 Equivalent plastic strain in the disk
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Figure 6.7 Radial displacements in the disk

is clear from the asymptotic increase of the plastic flow in the bore region. At the same
time, the inner and outer radii also increase significantly (Figure 6.7). The bore radius at
rest is about 3.5 mm, the rim radius is 43.5 mm. The calculation allows us to determine

the burst margin for a given operation point.



7

Heat Transfer

7.1 Introduction

So far, the temperature has been considered as known. This is generally not the case. Usu-
ally, one knows thermal boundary conditions such as the environmental temperature or the
value of a heat source, but not the temperature field in the entire body. This is the subject
of heat-transfer calculations. Often, heat-transfer calculations are performed independently
of stress calculations: they yield the temperature field, which serves as an input to the stress
calculations through the force term in Equation (2.23). Also, material properties such as
Young’s modulus and other stress—strain curve characteristics change with temperature.
Nonuniform temperature fields, especially, often induce considerable stress. In a few cases,
the converse also applies: deformations lead to a temperature rise, for example, in forg-
ing operations. Then, there is a true mutual interaction between stress/deformation and
temperature, resulting in coupled calculations.

7.2 The Governing Equations

In the present derivation we will allow for plastic processes, but we assume small strains,
that is, we start from a free energy potential of the form in Equation (5.11):

T = S(e — €, a, 0, VO, X). (7.1)

Furthermore, rectangular coordinates are assumed throughout. Of course, the conservation
laws still apply. In particular, the Clausius—Duhem inequality leads to (cf Chapter 5)

p 0X
o= (1.2)
£0
1 9%
n= T 90 (7.3)

The Finite Element Method for Three-dimensional Thermomechanical Applications Guido Dhondt
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-85752-8
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X
Jo

i

q:

E) —o
ave

(7.4)
(7.5)

where ¢’ stands for the internal dynamic variables. The index ‘i’ was introduced to avoid
confusion with the heat flux ¢. Introducing a reference temperature 6..r, we define the
relative temperature

T =0 — Oper. (7.6)

T is assumed to be small compared to 6. We now expand X as a function of T as follows
(X does not depend on V6 because of Equation (7.5)):

z(eev o, 97 X) = pO(X)I/fO(Ee’ o, X) - pO(X)nO(fe, X)T - [M} Tz'

20ret
(1.7)

This is an equality, not an approximation: notice that c is a function of the temperature 6. It
is assumed that the dependence on & does not depend on the temperature (only 1 contains
o). Applying Equations (7.2) to (7.4) and keeping the linear terms only (7 is assumed to
be small) leads to

0o ano 2

= —p—T+ O(T 7.8
Poee PHee + O(T") (7.8)

cT
n=no+ = (7.9

ref

. 9

¢ = —py 0 (7.10)

Jo

where po(X), ¥o(€®, a, X), no(e, X) and c(e, 0, X), as in Equation (7.7). Equation (7.8)
splits the stresses into a mechanical part and a thermal part.
The internal energy satisfies (cf Equation (1.387):

b
e =" 40 (7.11)
0

Substitution of Equations (7.7) and (7.9) into Equation (7.11) yields

cT
e =0 —noT + 6o+ 2—0 + o(T% (7.12)
ref

which can be further simplified to
£ = Yo(€®, at, X) + 1o(€°, X)brer + (€%, 6, X)T + O(T?). (7.13)
The conservation of energy requires (Equation (1.355), spatial form)

pé=¢é:0—q* + ph (7.14)
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which yields after the use of Equation (7.13)

0o .. o . oo .. dc .
—/— € /i a — 1 €%, — : €°T
'086‘* T oo +p8€e ref—i_'oé)e‘3

dac . . . .
+pﬁTT+ch—(ee+eP):a+q’ik—ph=o. (7.15)

The first term in Equation (7.15) i_s a linear approximation to o : €® (cf Equation (7.8)),
the second term corresponds to —q' : & (cf Equation (7.10)) and the fourth and fifth terms
are quadratic (T and €°® are both small). Accordingly, Equation (7.15) reduces to

pcT =—q"; +ph+0:é°+q" 16— B0 (7.16)
where
dno
= p— 7.17
B Poee (7.17)

is the stress reduction per temperature increase (cf Equations (7.8) and (1.413)). Equa-
tion (7.16) expresses that a temperature increase can result from heat flux, heat sources,
plastic dissipation, internal-variable dissipation and the work rate of the thermal stresses or
any combination. The last three terms depend on the deformation and embody the influence
of the deformation (mechanical action) on the temperature. The conservation of energy in
the form of Equation (7.16) is the governing equation in heat-transfer calculations.

7.3 Weak Form of the Energy Equation

To obtain the weak form of Equation (7.16), we proceed as explained in Section 1.12.
Multiplying by an infinitesimal perturbation of the temperature 7 and integrating over V
yields

f pcTST dv = —f q" (8T dv +/ (ph +0:éP+q a—B: e'eeref) 8T dv. (7.18)
v 14 v
Integrating the first term on the right-hand side by parts, one obtains

—/ qkkSTdvz—/ qkaTdak+/ q*8T; dv (7.19)
v A v

leading to

f pcT8T dv —/ qkST,kdv
v v
= —/ qk(ST day, —l—/ (,oh +0:€P +qi o —f: éeéref> 8T dv. (7.20)
A v
The entropy inequality, Equation (5.17), requires that

q-VT >0 (7.21)
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which implies that ¢ must be at least a linear function of VT
g" = =M1, 1 (7.22)

that is, for a zero-temperature gradient, there is no heat flux. In Equation (7.22), the coef-
ficients kX! are generally a function of the temperature. It is a nonlinear equation of the
temperature.

The flux in the first term on the right-hand side of Equation (7.20) is the heat flux
entering the body through its surface. It consists of three parts:

1. a convective part, which is more or less linear in T:

gy = H(D)(T — Ton* (7.23)

where T, is the environmental temperature, h(7T) is the convective coefficient and n
is the normal to the surface.

2. a radiation part, which is highly nonlinear (Incropera and DeWitt 2002)
gkq = AT)(6* — 03" (7.24)

where 6 is the absolute environmental temperature (in Kelvin) and A(T) is the
product of the Stefan—Boltzmann constant o with the emissivity €(7'):

A(T) =o0e(T). (7.25)

The emissivity is a property of the surface and takes values between zero and one.
It is a measure of how well the surface emits radiation. For a perfect black body,
€e=1.

3. any other known flux

g~ = gn*. (7.26)

Summarizing, the heat equation for small strains and small temperature deviations from a
reference temperature yields

fpc(T)T'aTdv+f «MT 8T dv
|4 |4
= —/ h(TY(T — Te)8Tn* day — / A(T) (0% — 0$)8Tn* day
A A

- f GoTnk day +/ (ph to:éPtqga—f: éeQ) ST dv. (7.27)
A 1%
In the last term, 6;.r was replaced by 6, which also corresponds to a second-order correction.
Indeed,
B €0 =B:0s+ BT (7.28)

where B : €T = O(||€||T). Equation (7.27) is highly nonlinear because of the radiation
term. Furthermore, the temperature dependence of the materials constants in Equation (7.27)
cannot be neglected and must be taken into account through an iterative procedure.
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7.4 Finite Element Procedure

Similar to the discretization procedure for the displacements in Section 2.1, the temperatures
are interpolated within an element between the nodal values by shape functions

N
TG n¢0=Y ¢ nOT0). (7.29)
i=1
The time derivative yields
N
TEn.e0=) @i 00T (7:30)
i=1
and similarly
N
STE n, ¢, 1) =) ¢i5, 1, 0STi(0). (7.31)

i=1
Substituting these expressions into Equation (7.27) and breaking down the volume integra-
tion on the element level yields

N N
ZZZU pc(T)w,-goidve] T;STi+ZZZU k’(T)go,zgolkdve]TsT

e i=l1 j=1

N
Yy [/ WINT - Top: dae} -3 [/ A" — 6, dae:| 5T,
e =] tVAe

e =l

SR [[ s DX (he et ampeco)nanin

e =1 e =1
(7.32)
Defining for each element a vector containing the nodal temperatures
T
p)
{T}e =1 . (7.33)
In
Equation (7.32) can be written as
T T
Soriel g (T4 DT KL T = X (il (o). @39
€ €
where
[Cl.; = /V pc(T)gip; dve (7.35)

[Klay = [ &0y dve (736)
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{0}, =- / h(T)(T — Te)g; da — / A(T)(0* — 62)¢i da — f g9 da.
Ae

Ae e
—i—/ (,oh +0:’+q a—p: éee) pidve. (7.37)
Ve

[C ]e is the element capacity matrix and [K ]e is the element conduction matrix. Both are
symmetric matrices («* is a symmetric tensor). Defining the localization matrix [L]e that
localizes element “e” within the structure by

{7} =[£I {7} (7.38)

where {T} contains the temperatures of all nodes, Equation (7.34) now reads
D
s{T) [C] 5 AT} +8 {7} [K] (T} =8 {1} {0} (7.39)

where

[c]=>"[L]c [€].[2]. (7.40)
[K]=>"[L]: [K]. [L]. (7.41)
{o}=>"[Ll {2}, (7.42)

Since Equation (7.39) must apply for any & {T}T, one finally arrives at the following
governing set of finite element equations:
D
(€] 5, (T} + KT} = {2} (7:43)

Although Equation (7.43) looks linear in the temperature, it is not linear at all. Indeed,
both [C ] and [K ] are a function of the temperature, since the capacity and conduction
coefficients are temperature-dependent. Furthermore, the driving flux {Q} (units of power)
is highly nonlinear because of the radiation terms.

7.5 Time Discretization and Linearization of the
Governing Equation

Equation (7.43) is an ordinary differential equation in . For the time discretization, a

backward Euler scheme is taken. Accordingly,

D 1
AT}~ [(Th =T (7.44)
Evaluating Equation (7.43) at t = t,,4+1 leads to

L (Ths = (71,) + (K] 7] = (2] (7.45)
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This nonlinear equation will be solved in an iterative way. Assume {T}n is known and we

want to determine {T}n 4o In the iteration k + 1, we have an approximation {T}flk_zl for

{T},, > and we seek a better approximation {T}i]fll) that satisfies
(k+1) (k) (k)
(T ={rh + el (7.46)
Substitution of the approximation {T}flk_zl into [C ] will be denoted [C ]521 Linearization
of the improved value [C ]g:rll) leads to
(k)
*+1) w | 2[c] ®)
(€l =€l + [m {AT},), - (7.47)
n+1

(k+1) and {F}(k+1)

Similar expressions apply to [K ]n 41 ntl

iteration k + 1 yields

. Evaluation of Equation (5.42) in the

n+1

(k)
L ([c],i’il + [%} {AT}L’%) (174, + (AT}, ~ (71,)

+ ([K]gzl + [%]m {AT}L’iil) ({71, + (1))

n+1
*)
910
={Q};’21+[%] {AT},(ZZ:I. (7.48)

Collecting terms and neglecting quadratic contributions yields

(k) 7]
{ L {[c]ffii] ] - m)

(k) r (k)
+[[K];’21+[Lﬂ} {T};’il}— 2al| ]{Ar}fj‘ll

n+1

(=5

1
=~ [l (171~ 7)) ~ (KIS AT + el a49)

The right-hand side is the residual {R },(1]21 of Equation (7.45) in iteration (k). The depen-
dence of the capacity and conduction terms on the temperature is usually benign, and the
corresponding temperature-derivative terms in Equation (7.49) are often neglected. In this
way, Equation (7.49) reduces to

(é (€)%, + K1Y, - [%H(m ) (AT}, = (RIS, @50

n+1
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The only term that needs further analysis is the derivative of the driving flux with respect
to the temperature. Equations (7.38) and (7.42) yield

], -] me ] e oo

n+l € n+l n+l1

The derivative of {Q}e with respect to the temperature reduces to the derivative of any
of its entries in Equation (7.37). Concentrating on the first term on the right-hand side of
Equation (7.37),

Tl ]

n+1

LN R ®
_ fA e [ﬁ}“ 1O, — Togie; da - /A e dac. (752

In a similar way, one finds for the second term on the right-hand side of Equation (7.37),

k) 4 (k)

[ L) (e ) e

n+1
YRIL) © A
= — — (% T -0 d
/Ae |:8Ti|n+1 [( ref + 1) ]‘/’z(/)j de
- / ATBDAGer + TH ) 0ig; dac. (7.53)
A

€

The dependence of & and A on T is usually benign, such that the first terms in Equations (7.52)
and (7.53) are frequently dropped. The dependence on T of the third and fourth terms in
Equation (7.37) is usually also small. If not, their derivative must also be included. Summa-
rizing, one obtains

[a{Q}ei

o {7}

(k)
k k)
] =- / h(TS)gip; dae — [ AT )46t + TN 0ig; dac. (1.54)
ef Ae Ae
n+1
This yields a contribution of the convection and radiation fluxes to the “stiffness” matrix
in Equation (7.50), comparable to the stiffness contribution of the centrifugal forces and
traction forces in Section 3.3. Notice that the resulting equation, Equation (7.50), does not
contain any explicit reference to 6.r. Consequently, we can freely choose Gf, for example,
as absolute zero.

7.6 Forced Fluid Convection

In most cases, the flux boundary conditions are made up of the terms in Equations (7.23)
and (7.24). Equation (7.23) can also be written as

= h(0)(0 — O)n* (7.55)

qconv
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Figure 7.1 Heat fluxes from and toward location i

where 6, is the absolute temperature of the surrounding fluid. In some applications, such
as in tubes with internal flow, this temperature is itself also an unknown, depending on
the fluid temperature at the entry of the tube. In such cases, the fluid temperature can be
calculated using a simple network. For applications in which the fluid is meshed with finite
elements, see (Reddy and Gartling 2001).
Consider the part of the tube wall shown in Figure 7.1. The relative material temperature
T interacts through convection with the gas temperature 7; at location i. At that location,
mass flow arrives from location j, whose temperature is 7T, and the mass flow leaves to
locations k and /, which are at temperature 7; and 7; respectively. The energy equation for
gases is (Equation (1.554)),
1y . Oy
P9 502 T 0500
where ¥ (p~!, ). Similar to Equation (7.7), we expand ¥ as a function of the temperature
T:

d:1-V.-q+ph=0 (7.56)

_ - _ ey, 0)
v~ 0) =vopH) —mo(p”HT — = ——T7 (7.57)
20ret
where
de
= — 7.58
Cv 30 ( )
is the specific heat at constant volume for an ideal gas (Anderson 1989). Hence,
oY T 2
—=—-n—-c—+0T°), T—0 7.59
30 10 CV@ref+ (T7) - (7.59)
9? 3
vV _ 9 oy, Too (7.60)
909p—! dp~1
82
V& Lomy. T—o (7.61)

962 Oref
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Substituting into Equation (7.56) leads to (keeping only first-order terms)

ano

peyT + erefF

d:I1=-V-q+ ph. (7.62)

The function ng can be further specified if we take the gas equation of state into account.
For an ideal gas, we have as the equation of state

P =RpOret+T) (7.63)

where R is the specific gas constant, and

oy do  dmo

== == T. 7.64
D oy ap1 + oy (7.64)
Accordingly,
3o
F = —Rpbret = Yo = ROerlnp + Cy (7.65)
a
% =Rp = no=-Rlnp+C,. (7.66)

The heat equation, Equation (7.60), now yields
peyT + Rpbrerd - I = —V - q + ph. (7.67)
Using Equation (1.517), this can also be written as
pevT = =V - q + ph + Rbrerp (7.68)
or, since p = 1/v and G ~ 0,
peyT = —V - q + ph — ppo. (7.69)

Accordingly, a temperature increase can be obtained through heat influx or through mechan-
ical work (Anderson 1991). If we assume that the pressure p is constant, we have

Rp6H = constant (7.70)
or
Rpb + Rpf = 0. (7.71)
This can be transformed into
ROetp ~ ROp = —RpO = —RpT (7.72)

and

peyT — Rbrerp ~ pT (cy + R) = pT'cp (7.73)
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since the specific heat at constant pressure, cp, satisfies
R =cp—cy. (7.74)

Consequently, the energy equation for a gas reduces to
pepT = —q*; + ph. (7.75)

The derivative of the temperature on the left-hand side is the total derivative consisting of
the local variation and the change due to convection:
. DT 9T
T=—= ¢ (7.76)
Dt ot

So far, we dealt with solids, for which the convective term can be neglected. This is not
so for fluids and gases. Accordingly,

aT
P <¥ + T,kvk) = —q*  + ph. (7.77)

The conservation of mass requires (Equation (1.223))

ap
ot

Combining Equations (7.77) and (7.78) yields

+ (pvf) = 0. (7.78)

apT
ep=— + e (Tpv) k= —q" , + ph. (7.79)

The gas nodes i, j, k,[,--- stand for a given control volume that is fixed in space and
assigned to them. Integrating Equation (7.79) for node i yields

9T 4 Tpv¥)  dv = k d hd 7.80
CPT v+ cp(Tpv™) dv = — q" pdv+ phdv. (7.80)
Vi Vi Vi Vi

Transforming the volume integrals for the divergence terms to surface integrals (assuming
cp to be constant over the volume),

IpT k k
cp——dv+ cpTpv day = — q" day + phdv. (7.81)
Vi at A Aj Vi
We assume that the integrands of the volume integrals are constant across the volume:
apT dp(T)T;
—dv = ¢, (T}) ———V; 7.82
/Vicpalv () LUy, (7.82)
| ohds = oty (7.83)
v;

The area of the convective term is split into areas with inflow and areas with outflow.
For both types, ¢, and T are assumed to be constant across the area. For inflow, T is the
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temperature of the neighboring node providing the flow; for outflow it is the temperature
of node i. Hence,

f epTpvk day = ZCP(T,)T,f pvk day + Z CP(T,-)T,'/ vk day. (7.84)
Ai jein Aij jeout ij
The mass flow between node i and node j is defined by
mij = :l:/ vk day. (7.85)
Ajj
The plus sign applies to the outflow and the minus sign to the inflow. Accordingly,
/ cpTpv* day = = cp(T)Tjrij + Y cp(T)) Tirij. (7.86)
Ai Jj€in Jj€out

The first term on the right-hand side of Equation (7.81) relates to the convection from
the wall (surface A;y) and the conduction in the fluid (surface A;r, A; = A;jr U Ajyp):

/ g* day = / gk o dax + f q* day. (7.87)
Aj Aiw Aif
The conduction in the fluid is neglected. Hence,

/ g* day = —[h(T;, TY(T — T})1Ajw. (7.88)
AA

i

Summarizing, one obtains the following equation:

cpm)wvi = _Zcp<T,->T,-mi,- — cp(T)T; Z i
jein jeout
+ (T, TY(T — T;) + mih; (7.89)
where
m; = p(T;)V; (7.90)
is the mass in the control volume and
h(T;, T) = h(T;, T)Aiy (7.91)
A(T;, T) = A(T;, T)Aj. (7.92)

Equation (7.89) expresses that the change of heat energy at node i is caused by influx from
the other nodes, plus convection from the wall, minus outflux to the other nodes. In reality,
the inertia of the gas is small compared to the inertia of the wall. Consequently, the term
on the left-hand side of Equation (7.89) is usually neglected leading to

0= cp(TNTjrivij — cp(THT; Y rivij + h(T;, TNT — T;) + mihi. (7.93)

Jj€in jeout
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This is a weakly nonlinear equation in the temperature:

R(Ti, T) +cp(To) Y i | T = Y [ep(Tpmii] Tj = h(T;, T)T = mihi. (1.94)

jeout Jj€in
Equation (7.94) can be considered as a nonlinear multiple-point constraint in the temper-
ature, analogous to the nonlinear displacement multiple-point constraints in Chapter 3. It

allows for the calculation of the gas temperatures as soon as the structural temperatures are
known.

7.7 Cavity Radiation

In the present section, we examine what happens if radiation is exchanged among several
surfaces. Radiation is a rather complicated subject meriting a much more extensive treatise.
For more details, the reader is referred to (Incropera and DeWitt 2002).

7.7.1 Governing equations

Consider a differential surface dA| emitting radiation toward a differential surface dA; at
a distance r (Figure 7.2). The surface dA; is perpendicular to the line connecting dA; with
dA, and covers a spatial angle dw satisfying

. dA,

do = —". (7.95)
r

dA;

X

Figure 7.2 Radiation of surface dA; onto dA;
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Figure 7.3 Infinitesimal surface element

The spectral intensity /g in a certain direction (¢, ¥) is defined as the radiation power
per unit solid angle dw about this direction, per unit wavelength dX, per unit emitting area
perpendicular to this direction:

dPg

== 7.96
dwdAdAq cos yr ( )

Ig

Accordingly, for the radiation power between two infinitesimal areas dA; and dA;, the
area dA| enters in g in the form of the projected area dA; cos ¢, whereas dA, enters in
the form of the spatial angle dw. Furthermore, Ig depends on the wavelength of emission.
The spectral, hemispherical emissive power E;, is defined as the radiation power in all
directions of a hemisphere per unit wavelength dA per unit emitting area (not projected!).
Hence,

E, = / Ig cos ¥ dw. (7.97)
hemisphere

An infinitesimal solid angle can be written as (Figure 7.3)
dw = sinyr dp dyr (7.98)

leading to

2 pm/2
E, = f / Ig cos ¥ sin ¥ dyr do. (7.99)
0 0
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If the emission does not depend on the direction (¢, V), it is called diffuse emission. Here
and in the section that follows, we assume that we deal with diffuse emitters. In that case,
Ig is no function of ¢ and v, and Equation (7.99) reads

2 pm/2
E, = IE/ / cosysinyy dyy dp = wIg. (7.100)
0 0
A special kind of diffuse emitter is a blackbody. Its properties are as follows:

1. It emits diffuse, that is, the spectral intensity only depends on the wavelength and
temperature, not on the emission angle.

2. No body can emit more energy than a blackbody for a given wavelength and tem-
perature.

3. All incident radiation is completely absorbed, no reflection takes place.

A blackbody is classically symbolized by a cavity at a uniform temperature with a small
aperture. The spectral intensity of blackbody radiation was first determined by Planck, and
satisfies
2hc%

= Mlexp(hco/ k) — 1]

where h = 6.6256 x 1073* Js is the Planck constant, k = 1.3805 x 10~2* J/K is the Boltz-
mann constant, ¢p = 2.998 x 10% m/s is the speed of light in vacuum and 6 is the temper-
ature of the blackbody in Kelvin. Since a blackbody is a diffuse emitter, one obtains for
the spectral emissive power

IEp (7.101)

Eyp=mlgyp. (7.102)

The total emissive power is the power emitted per unit of emitting area and satisfies
o
Ey =/ Ej pdh. (7.103)
0

Substituting Equations (7.101) and (7.102) into Equation (7.103) and performing the inte-
gration, one obtains the Stefan—Boltzmann law

E, =o6* (7.104)

where o = 5.67 x 1078 W/m?K* is the Stefan—Boltzmann constant.
The blackbody is an ideal emitter. Real bodies will emit less. The spectral, directional
emissivity is defined as the ratio of the real spectral, directional radiation intensity to the
spectral blackbody intensity at the same temperature:
Ie

o - (7.105)

Igy
Here, we will assume to deal with diffuse emitters and work with averages over all wave-
lengths. Therefore, we define the total hemispherical emissivity as the ratio of the total
emissive power to the emissive power of a blackbody at the same temperature:

€(0) := Eﬂb (7.106)



320 HEAT TRANSFER

The total emissive power is a function of the radiating surface and the temperature. Using
Equations (7.96), (7.97), (7.103) and (7.106), one can write the radiation power as

dP = eEpdA; (7.107)
and since radiation power and flux are related by
dP = g dA, (7.108)

the flux satisfies
g = €(0)Ep = €(9)o6™. (7.109)

Comparing Equation (7.109) with Equation (7.24) for 6. = 0 (no irradiation) reveals that
A(0) = €(H)o. (7.110)

In reality, we not only have radiation leaving the body but also irradiation entering the
body. The spectral, directional irradiation intensity 7 in a certain direction (¢, ¥) is defined
as the irradiation power per unit solid angle dw about this direction, per unit wavelength
dA, per unit receiving area perpendicular to this direction:

dpPy

= (7.111)
dwdr dAjcosy

I;

Likewise, the total hemispherical irradiation power G is defined as the irradiation power

per unit receiving area: o
G:f / I; cos ¥ dwda. (7.112)
0 hemisphere

A part of the irradiation power is absorbed (¢G), a part of it is reflected (pG) and a part
of it is transmitted (tG) (Figure 7.4).

oG

oG

G

Figure 7.4 Absorption, reflection and transmission of irradiation
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Energy conservation requires that & 4+ p + v = 1. We assume that we are dealing with
opaque materials, that is, materials for which there is no transmission. Accordingly, T = 0
and T = 0. Accordingly,

a+p=1. (7.113)

« is the total hemispherical absorptivity and p is the total hemispherical reflectivity. In
reality, o and p are dependent on the irradiation angle and its spectrum. Therefore, o and
p are averaged values in the same sense as € is an averaged value of € .

Here and in the section that follows, we assume that we deal with

1. diffuse surfaces, that is, € and « are independent of the radiation and irradiation
direction;

2. gray surfaces, that is, € and « are independent of the wavelength for the actual range
of interest.

Under these conditions, the important relationship
a=¢ (7.114)

applies (Incropera and DeWitt 2002), that is, the absorptivity equals the emissivity. Looking
at Figure 7.4, the total radiation leaving the surface is the sum of the total emissive power
E and the reflected total irradiation power. This is called the total radiosity J:

J =E +pG. (7.115)

Now we arrive at the view-factor concept. The view factor F;; is defined as the fraction
of the radiation power leaving surface i that is intercepted by surface j. It is assumed that
the surface A; is characterized by a uniform radiosity J;. The total radiation leaving the
surface A; amounts to

R = JiA;. (7.116)
Since the radiosity is assumed to be uniform, the directional radiosity J,, ; satisfies
Ji
Joi=— (7.117)
b4
and the radiosity leaving dA; and reaching surface dA; yields (Figure 7.5)
dR,‘j = Jw,,‘ dA,‘ COoS W,'a),'j (7.1 18)
where w;; is the view angle covered by dA; seen by dA;:
dA;jcosy
wij = fRZ J (7.119)

Accordingly,

dA; dA;

Ju,i cos 1/[, cos '(//j
A

_ _f / w dA; dA;. (7.120)
A,‘ A JA; ]TR2
ivAj
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X

Figure 7.5 Geometry for the view-factor calculation

Important relations are the reciprocity relation
AiFjj = AjFj; (7.121)
and the summation rule for enclosures
N
> Fj=1 (7.122)
Jj=1

Now consider N surfaces A; interacting with each other. From Figure 7.4, we obtain the
relationships

qi = Ei — Oél'Gi = El' — EiGi (7.123)
Ji=Ei+piGi = Ei + (1 —€)G;. (7.124)
Hence, eliminating G; from Equations (7.123) and (7.124),

Ei —€J;i  €(Ep — Ji)
1—6[ I—Ei

qi = (7.125)

where Ey; stands for the blackbody radiation of surface i. Eliminating E; from Equa-
tions (7.123) and (7.124) leads to

qi = Ji — G;. (7.126)
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G; is the irradiation from all other bodies. Conservation of energy requires

N
AiGi =Y FjiAjl;. (7.127)
j=l

J#i
Using the reciprocity rule, Equation (7.127) can be rewritten as
N
Gi =Y Fjlj. (7.128)
j=1
J#i

Accordingly, Equation (7.126) now reads

N
ai=Ji— ) FijJj. (7.129)
j=1
J#i
Equating Equations (7.125) and (7.129) yields
N
Ji—(l—e) Y FyjlJ; = €iEyi. (7.130)
j=1
J#i

If the temperatures of all the participating surfaces are known, Equation (7.130) constitutes
a set of N linear equations in the N unknowns J;. This set is not necessarily symmetric.
After solving for J;, the fluxes ¢; can be obtained through Equations (7.125) or (7.129).
From g;, an equivalent environmental temperature can be derived for each surface A; using
Equation (7.24):

0. = |04 — v (7.131)
ST A ‘

where 6; is the mean temperature of surface i. Sometimes a cavity is not completely closed
and part of the radiation escapes to the environment. Considering this environment to
behave as a blackbody and attributing it to the surface k, one obtains

€k =1=> Jy=Ex = Eb,environmem (7.132)

and Equation (7.130) now yields

N
Ji—(l—e) Y FijJj — (1 — &) Fix Evi = €; Ey,; (7.133)
j/;,lk
or, since
N
Fi=1- ) F; (7.134)
j=1

ik
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Triangle j
Triangle i

D2;

D3; s

Figure 7.6 Local coordinate system in triangle i

one obtains

N N
Ji—(l—e) Y FijJj=€Ep+ (1 =)0 = Y Fi)Epenvionment  (7.135)
=1 =1
j/;ﬁi,k jjaéi,k

7.7.2 Numerical aspects

The time-consuming part in generating Equation (7.130) is the calculation of the view
factors. The method proposed here consists of the following steps:

1. Triangulate the free surface of the structure by defining linear triangles within the
element faces without generating any new nodes. For instance, a face of a 20-node
brick element is divided in six triangles, a face of an 8-node brick element in two
triangles and a face of a 10-node tetrahedral element in four triangles. Number the
nodes within each triangle in counterclockwise direction when viewed from outside
the body.

2. For each triangle i, determine the following:

(a) The center of gravity c;.

(b) The normal n;, pointing away from the body (Figure 7.6):

__(p2; — p1j) x (p3; — P2i)
P — .
I(p2; — p1;) % (p3; — p2,)l

(7.136)

(c) The area A;.
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(d) The unit vector eg; satisfying

_ (p2i — p1)

€1, =
Il p2; — p1;l

(7.137)

(e) The unit vector ez; = n; x e1;. The basis (ey;, ez;, n) defines a right-handed
rectangular coordinate system.

(f) The scalar

di = —p1; - n;. (7.138)

A point p lies in the plane of triangle i if

p-n+d =0. (7.139)

It is visible from triangle i if and only if (assuming no other triangles block the
view)

p-ni+d =0. (7.140)
3. For each triangle i:

(a) Perform a loop over all triangles j 7% i with the following actions:
(i) Check whether ¢; is visible from triangle i. If it is not, that is, if

Cj-n,'-l—d,' <0 (7.141)
cycle
(i) Check whether ¢; is visible from triangle j. If it is not, that is, if
c,-~nj+dj <0 (7.142)

cycle. Only those triangles j remain from which triangle i can be seen and

which are visible from triangle i (assuming no other triangles block the

view). In the remainder of the text, they will be called visible triangles.
(iii) Calculate the distance

Rij =llcj — ¢l (7.143)

and the unit vector

&= (cj —ci)/Rij. (7.144)
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Ag

]
{
I
|
|
|
|
|
|
|

Pmin Pmid Pmax ®

Figure 7.7 ¢ — ¢ grid

(b) Generate a rectangular grid with ¢ on the x-axis and ¥ on the y-axis. A
(¢, ¥) pair uniquely defines a direction in the local (ey;, e2;, n) system, where
0<¢<2m,0<y¥ <m/2 (cf Figure 7.6). The (¢, ¥)-range is meshed with
an N x M rectangular grid (Figure 7.7). Let k and / be functions such that
k(p) and I(y) denote the discrete grid element to which (¢, ¥) belongs. If
Ag =2n/N and Ay = /(2M), then the functions satisfy

k(p) = int(p/Ap) + 1 (7.145)
I(Y) =int(y/Ay) + 1 (7.146)

where int(x) is the largest integer smaller than or equal to x. Initialize by
assuming that all grid elements are uncovered.

(c) For all visible triangles, order R;; in ascending order.

(d) Perform a loop over all visible triangles j # i in ascending R;;-order with the
following actions:

(i) Calculate the coordinates of §;; in the local (e1;, e2;, n) system and deter-
mine the angles ¢;; and ;; by inverting the relations

§;j - e1; = siny;j cos gjj (7.147)

§;j - e2; = siny;j sing;; (7.148)

§;j-ni =cosyij. (7.149)
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(ii) Determine the grid element k(g;;), [(;;) and check whether it was already
covered. If so, cycle.

(iii) Calculate the view factor

CosVYj Cos Y Aj
ij = — (7.150)
ij
where

cos Y j; Z_Eij‘"j- (7.151)

(iv) Determine which grid elements are covered by triangle j. To that end,
calculate the unit vectors gg; j connecting ¢; with pg j» k=1,2,3:

Qiij = 7;1’:; :Zﬁ (7.152)
If
n31;ij = 4q3;; X q1;;j (7.153)
n12ij = q1;; X q2;;j (7.154)
n23;; = q2i; X 43;j (7.155)
then the equations of the planes connecting the edges of triangle j with ¢;
satisfy
p-n3;j=0 (7.156)
p-ni; =0 (7.157)
p-ny3;; =0, (7.158)

(see Figure 7.8). A unit vector p with coordinates (sin ¥ cos ¢, sin v sin ¢,
cos ) lies in the plane defined by p3;, p1; and ¢; if

(n31;5 - ni)
(n31;5 - €1;) cos @ + (n31;; - €2;) sing

Y =—tan"! [ } =: f371(@)

(7.159)

and likewise for the other planes. The spatial angle covered by triangle j
corresponds to a triangle with curved sides in the ¢, ¥ plane (Figure 7.7).

Its vertices are made up of (¢(p1,). Vi(p1;)). (¢(p2;). ¥i(p2;)) and
(#(p3), ¥i(p3;)). Now determine g;min and @imax defined by
¢min = min{e(p1;), ¢(p2;), ¢(p3;)} (7.160)

¢max = max{e(p1;), ¢(p2;), ¢(p3;)}. (7.161)



328 HEAT TRANSFER

P

P2
Triangle j

Ci

p3;

Figure 7.8 Spatial angle covered by triangle j

The one that is left is called ¢mig. Let Y¥min be the yr-value correspond-
ing to @min and Ymax the Y¥-value corresponding to @max. First, the grid
elements (k(¢min), {(¥min)) and (k(¢max), [ (¥max)) are marked as covered.
Then, for k(¢min) < m < k(¢mia) and @min < (M — )A@ < Pmax, those
grid elements are marked as covered for which

min [l{fmin/max[(m — %)A(ﬂ]}, I{ fmin/mia[(m — %)AQD]}} <n<

max {l{fmm/max[(m — DAL}, I fminsmial(m — %)Ago]}} (7.162)

and for k(gmia) <m < k(¢max) and @min < (M — )A@ < Pmax the ele-
ments for which

min {l{fmin/max[(m - %)A(P]L H fmid/max[(m — %)qu]}} =n=
max {{ fuimax[0m = $) A@1). W fmiamax (m = DAL} (7.163)

This corresponds to the crossed elements in Figure 7.8.
(v) If less than €% of the grid elements are marked as uncovered, exit the loop.

4. Solve Equations (7.135) to obtain J;, or, equivalently, g;. The corresponding tem-
peratures 6.; (Equation (7.131)), can be used as the thermal boundary condition in
the next iteration. Since the structure deforms, the view factor has to be recalculated
in each iteration. However, the changes are usually small and the algorithm can be
accelerated by making diligent use of the visible triangles from the last iteration.
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8-node brick element, 68, 87, 324

20-node brick element, 69, 70, 90, 141,
167, 324

4-node tetrahedral element, 71

10-node tetrahedral element, 72-74, 141,
324

6-node wedge element, 73

15-node wedge element, 73, 141

absolute temperature, 37, 313
acceleration, 20, 24, 120-122, 126, 138
accuracy, 76, 120, 126, 129, 173
active slip planes, 249, 258, 259
additive decomposition, 226
alternating symbols, 15, 32, 55
angular momentum, 26, 31, 37
angular velocity, 27, 103
anisotropic material, 216, 225, 244, 260
annihilation of material, 184
area change, 8, 218
Arruda—Boyce model, 193, 212
arteries, 219
associative, 230, 246, 263, 265
asymptotic expansion, 132
automatic meshing routines, 73
axiom of

material invariance, 46

objectivity, 46
axisymmetric elements, 166

backward Euler, 240, 248, 293
Baker—Ericksen inequality, 191
Bauschinger effect, 230

beam elements, 162, 165

beam subject to hydrostatic pressure, 154

bilinear mapping, 181

biological tissue, 225

blackbody, 319, 322, 323

Boltzmann constant, 319

boundary conditions, 38, 39, 41-43, 91,
97, 101, 116, 118, 155, 305,

312
brick elements, 64, 70, 75, 90, 104, 162,
167, 293

buckling, 113, 114, 154
bulk modulus, 54, 279

Cailletaud model, 246-248, 252, 256, 262
cantilever beam subject to torsion, 170
Cauchy stress tensor, 32
Cauchy’s theorem, 30, 40
Cauchy—Green tensor, 6, 7, 18
centrifugal loading, 103, 150, 312
characteristic equation, 128, 178, 185, 201,
218, 301
Christoffel symbols, 11, 35
Clausius—Duhem inequality, 27, 227, 276,
305

coerciveness inequality, 180, 189
cofactor, 8, 36, 58, 152, 173, 174, 188
commutative, 265
complex conjugate, 14, 93, 106
compressive stress, 50, 104
conduction coefficient, 50, 53, 310
conjugate pairs, 37
conservation of

angular momentum, 26

energy, 26, 306

mass, 25, 315

momentum, 25, 29
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consistency, 120, 126, 129, 229, 251, 268,
270

consistent mass matrix, 78, 138, 140

consistent tangent stiffness matrix, 233

constitutive equations, 28, 37, 38, 4346,
154

constitutive theory, 44

constrained minimization problem, 277

continuum tangent, 242, 244

contravariant tensor, 3

convective coefficient, 308

convergence, 120, 123, 143, 144, 242,
253, 270, 300

convex hull, 181

convexity, 180

Coriolis force, 24

couple, 26

covariant derivative, 10, 35

covariant tensor, 3

creep, 232, 234, 236, 247, 256-258, 286,
292

critical solution, 110

cross section, 162

cyclic symmetry, 91, 93, 116

deformation gradient, 5, 7, 59, 180, 273,

274, 278
deformation rate tensor, 21, 24, 273
density, 25
deviatoric stress, 236, 237, 262, 278, 284—
286, 295

diffuse emitter, 319

dihedral angle, 73

displacement vector, 67

displacements, 1, 11, 38, 64, 67, 68, 176,
309

dissipative stress, 61, 62

dot product, 3, 8

double contraction, 17, 265

double roots, 206

driving flux, 310, 312

dual basis, 15

dyadic product, 4

eigenvalue problem, 14, 18, 33, 106, 114,
116, 118, 128
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eigenvalues of
the Cauchy stress tensor, 33
the Lagrangian strain tensor, 14

eigenvectors, 14-16, 18, 19, 33, 59

elastic materials, 47, 49, 51, 58, 59

elastic predictor, 257, 270

elasticity tensor, 248, 262

elastomeric foam, 195, 208

element capacity matrix, 310

element conduction matrix, 310

element force vector, 67

element mass matrix, 67, 140

element stiffness matrix, 67

elliptic system, 187, 188

emissivity, 308, 319, 321

energy density, 27

entropy, 27, 34, 37, 38, 44, 48-50, 60,
227, 307

entropy density, 27

environmental temperature, 308

equivalent bulk modulus, 210, 212

equivalent environmental temperature, 323

equivalent Poisson coefficient, 212

Eulerian strain tensor, 10

evolution equations, 228-230, 246, 252,
258, 289

existence theorems, 189

expansion coefficient, 50, 53, 102, 104

extreme strains, 177-179

fiber-reinforced material, 219

finite difference equations, 128

finite elements, 120

first law of thermodynamics, 27

flow rule, 230, 231, 258, 269, 270, 277,
280, 281, 284, 288

fluid temperature, 313

force jump, 126, 138

forging process, 225

Fourier components, 119

free energy, 48, 53, 177, 227, 275-277,
305

frequency calculations, 112

friction coefficient, 109, 127

full integration, 76, 87, 89, 105, 166, 167

functional analysis density theorem, 41
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gas equation of state, 314

gas temperature, 313

Gauss integration schemes, 76

generalized complex eigenvalue problem,
116

generalized eigenvalue problem, 106, 114

geometric boundary conditions, 39, 41,
91

global coordinates, 64, 81, 87, 102

global mass matrix, 67

global stiffness matrix, 67, 92, 93

gradient, 36

gray surfaces, 321

Gurtin’s experiment, 180

harmonic excitation, 112

heat equation, 51, 308, 314

heat flux, 27, 50, 91, 155, 276, 306-308
heat sources, 27

heat transfer, 305

hemispherical shell, 166

Hermitian matrix, 93, 96
high-frequency dissipation, 120, 122, 134
hinge, 171

hourglassing, 69, 78, 87, 90, 162
Hu—Washizu weak form, 90

hybrid elements, 90, 176

hyperelastic materials, 59, 177, 190
hypoelastic formulation, 273

I-cross section, 162

ideal gas, 313, 314

implicit summation, 16, 168

in-phase amplitude, 112

incompressibility constraint, 174

incremental stability, 191

infinitesimal rotation, 11, 54, 55

infinitesimal strain, 12, 13, 54, 58, 143,
190, 214, 226, 283

inhomogeneous multiple point constraint,
102

initial conditions, 109

initial tangent stiffness, 209

inner product, 2, 181, 275

instability, 130, 148

integral equation, 67
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integration schemes, 76, 78, 138

interaction coefficients, 247

intermediate configuration, 275

internal dynamic variable, 227, 228

internal energy, 26, 27, 31

internal kinematic variable, 227

invariants, 15, 58, 128

isochoric motion, 8

isochoric term, 185, 190

isoparametric formulation, 64

isotropic hardening, 230, 231, 234, 237,
285

isotropic linear elastic materials, 52

Jacobian determinant, 6, 36, 47, 65, 75,
215
Jacobian matrix, 5

kinematic constraints, 171

kinematic hardening, 237, 238, 241, 270,
285, 286

kinetic energy, 26, 139

Kirchhoff stress, 34, 281

knot, 162, 167

Lagrangian multiplier, 13, 91
Lagrangian strain tensor, 10, 13
Lamé’s constants, 53
large deformation stiffness, 113, 147, 154
large rotations, 159, 190
left Cauchy—Green tensor, 7, 18, 274
length change, 6, 10, 13, 21, 218
linear constraints, 96
linear dynamic analysis, 108
linear elastic materials, 51, 104
local coordinates, 64, 69, 71, 73, 76, 78,
81, 102, 140, 175
local cylindrical coordinate system, 99
local rectangular coordinate system, 98
localization matrix, 67
localization of
the conservation of angular mass, 31
the conservation of energy, 31
the conservation of mass, 28
the conservation of momentum, 29
the entropy inequality, 31
localization principle, 28
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lowest eigenfrequency, 113, 154
lumped mass matrix, 140

material coordinate system, 226
material form of
the conservation of angular
momentum, 37
the conservation of energy, 37
the conservation of mass, 35
the conservation of momentum, 35
the entropy inequality, 37
material orientation, 101, 102
material symmetry, 45, 216
maximum plastic dissipation, 276
mean rotation, 167, 170
mean value theorem, 29, 179
mechanical grade, 46, 47, 59, 144, 275
mechanical work, 314
memory, 45, 47, 177, 225
metals, 225
metric tensor, 2—4, 14-16, 18, 33, 275
minor determinant, 8
modal analysis, 116
modal dynamics, 108, 120
Mooney—Rivlin model, 58, 192
multicorrector step, 125
multiple point constraint, 91-94, 96, 97,
102, 118, 155, 161, 174, 317
multiplicative decomposition, 273
multisurface viscoplasticity, 246

natural boundary conditions, 91

neo-Hooke model, 58, 192

network, 313

Newmark algorithm, 120, 121

Newton’s second law, 25

Newton’s third law, 29, 39

Newton—Raphson method, 143, 144, 241,
242,249, 290, 293

nodal diameter, 114-116

nodal temperature, 309

nonlocal effects, 45

nonpolar theories, 26

Norton law, 232, 263, 286

numerical integration, 75, 82,
139

INDEX

objectivity, 22

observable quantities, 44

Ogden model, 58, 191, 194, 195, 211

one-form, 3-5, 8, 15, 16, 20, 30, 33, 39,
82

opaque materials, 321

orientation tensor, 244

orthogonal basis, 108

orthogonal matrix, 18, 23, 101

orthogonal vectors, 18

orthogonality of eigenvectors, 14

orthotropy, 45

out-of-phase amplitude, 112

overdetermined system, 84, 96

path length, 148

permutation symbols, 36

perturbation of

the displacement field, 39
the temperature field, 307

piecewise-linear loading, 112

Piola—Kirchhoff stress tensor of the first
kind, 33

Piola—Kirchhoff stress tensor of the sec-
ond kind, 34

Planck constant, 319

plane strain elements, 166

plane stress elements, 166

plane surface condition, 173

plastic correction, 295, 298

plastic deformation, 226, 227, 229, 230,
232, 238, 278, 289, 293

Poisson coefficient, 54

polar decomposition, 18

polyconvexity, 184, 189

polynomial form, 192

polynomials, 68, 69

positive definiteness, 6, 14

potential function, 193, 247, 284

predictor values, 122, 123, 125

pressure, 33, 54, 57, 59, 61, 81, 90, 152,
176, 213, 214, 236, 238, 293,
294, 314

pressure waves, 141

principal directions, 15, 18, 19

principal strains, 13, 15
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principal stresses, 52, 203
principle of

objectivity, 45, 47, 60, 62

virtual power, 38

virtual work, 38, 40, 42
proper transformations, 47
pull-back, 7, 22, 37, 274
push-forward, 6, 7, 22, 37, 274

radial return method, 241, 291

radiation power, 318, 320, 321

radiosity, 321

raising the index, 15

reciprocity rule, 322, 323

rectangular grid, 326

reduced integration, 76, 78, 85, 87, 90,
104, 105, 166, 167, 293

reduced invariants, 199

reduced polynomial model, 192

reference state, 1, 4, 6

reference temperature, 306, 308

reflections, 23

residual stress, 50, 57, 104

right Cauchy—Green tensor, 6, 274

rigid body motion, 13, 23, 24, 45, 91,
155, 167, 170

Riks method, 148

rotating blade, 113

rotating rod, 12

rotation, 22, 45

rotational degrees of freedom, 161, 162,

166, 167
rubber, 58, 76, 174, 187, 190, 193, 195,
273

second law of thermodynamics, 27, 50

second Piola—Kirchhoff stress, 37, 59

shape functions, 64, 68, 69, 72, 83, 84,
86, 104, 153, 309

shear deformation, 162

shear experiment, 196

shear locking, 69, 87, 88, 90

shear modulus, 54

shear stress, 256

shell elements, 162, 166, 167

shifters, 39
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single crystals, 45, 244

single degree of freedom system, 127

slip direction, 244

slip plane, 244, 248, 256, 260

slip system, 244, 246, 251, 261, 262

snapping-through plate, 148

soils, 225, 236

solid angle, 318

spatial state, 4-6, 32

specific gas constant, 314

specific heat, 51, 53, 313

spectral intensity, 318, 319

spectral radius, 136

spectral, directional emissivity, 319

spectral, directional irradiation intensity,
320

spectral, hemispherical emissive power,
318

speed of light in vacuum, 319

spin tensor, 21

St Venant—Kirchhoff material, 53, 190,
212, 214, 216

stability, 120, 126, 130, 138, 191, 192

Stefan—Boltzmann constant, 308

Stefan—Boltzmann law, 319

Stokesian fluids, 62

stored-energy function, 49, 179, 180, 184,
186, 189-191, 194

straight-line condition, 171

strain measures, 9

stress power, 31

stress stiffness, 147

stress tensor, 31, 32, 34, 236, 285

stretch, 6, 19

strong form, 38, 39, 41-43

structural tensor, 17, 203, 216

subcritical solution, 110

summation rule for enclosures, 322

supercritical solution, 110

symmetric entry, 96

symmetric matrix, 183, 268, 280

Taylor series, 46, 129
temperature gradient, 50, 308
temperature loading, 103
tensorial basis, 15
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theory of invariants, 47

thermal grade, 47, 59, 144

thermal stress, 50, 53, 64, 104, 105, 307

thermomechanical processes, 27, 38

time derivative of the Jacobian determi-
nant, 22

time shift, 23, 45

total derivative, 19, 21

total emissive power, 319-321

total hemispherical irradiation power, 320

total viscous strain rate, 256

total, hemispherical absorptivity, 321

total, hemispherical reflectivity, 321

trace, 15, 17, 53, 280

traction continuity condition, 39

traction forces, 151, 154, 312

transformations, 46, 47, 216

translation, 22, 45

transversely isotropic materials, 216

trial and error, 233

trial state, 289

trial stress, 295

triple roots, 202, 206

true stress, 32, 52

tubes with internal flow, 313

twisted surface, 167

two-point tensor, 5, 18, 34, 36

underscore, 16, 168
uniqueness, 180
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vector product, 26, 81, 82, 99

velocity, 19, 20, 22, 24-26, 42, 108, 120,
124, 126

velocity gradient, 21

view factor, 322, 328

virtual displacement, 67

viscous shear strain rate, 256

visible triangles, 325, 326, 328

volume change, 8

volumetric locking, 69, 76, 78, 87,
176

volumetric stress, 295

volumetric term, 185, 190, 295

von Mises stress, 236-238, 293

von Mises yield surface, 286

warping, 162
weak form, 38, 39, 41, 43,
307
weak form of
the balance of momentum, 38,
63
the energy balance, 42
weight, 76, 139
work rate, 26

Yeoh model, 192

yield condition, 236, 241, 248, 275-277,
287, 289, 290

Young’s modulus, 54





