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Abstract—We introduce a displacement-pressure (#/p) finite element formulation for the geometrically
and materially nonlinear analysis of compressible and almost incompressible solids. The u/p formulation
features the a priori replacement of the pressure computed from the displacement field by a separately
interpolated pressure; this replaccment is performed without reference to any specific material descrip-
tion. Considerations for incremental nonlinear analysis (including contact boundary conditions) are dis-
cussed and various u/p elements are studied. Numerical examples show the performance of the u/p
formulation for two- and three-dimensional problems involving isotropic, orthotropic, rubber-like and

elasto-plastic materials.

1. INTRODUCTION

A general numerical procedure for the analysis of
solids and structures should be as robust as possible.
The displacement-based finite element method is one
such numerical procedure. In part, the effectiveness
of the method is due to its conceptual simplicity.
Assuming that the nodal point displacements of the
finite element mesh completely specify the displace-
ments in the body, an application of the principle of
virtual work generates a set of simultaneous equa-
tions with the nodal point displacements as
unknowns. The displacements can then be used to
calculate strains, stresses and other quantities of
interest. This procedure can be used for incremental
nonlinear analysis, in which case the displacement
increments are the principal unknowns [1].

Almost incompressible materials are commonly
used in industry. Natural rubber is almost incom-
pressible; the ratio of the bulk modulus to the shear
modulus is typically several thousand [2]. Materials
that undergo plastic deformations may also be con-
sidered as almost incompressible, because a material
being plasticially deformed has an cffective shear
modulus that js much smaller than the buik
modulus.

The displacement-based finite element method can
provide accurate solutions to problems involving
almost incompressible materials; however, the
number of elements required to obtain a given solu-
tion accuracy is usually far greater than the number
of elements required in a comparable analysis
involving compressible materials. In this respect, the
displacement-based finite element method is not
robust. To study these difficulties, consider a com-
pressible linear isotropic material. Such a material
has a pressure—strain relationship of the following
form:

Pp=—Key

(1.1)

where p is the hydrostatic pressure, x is the bulk
modulus and

Ou, Ouy, Ou,
e = o, + o, + o, (1.2)
is the volumetric strain. If we gradually enforce
incompressibility, then k increases to infinity, e;
decreases to zero and p converges to some finite
number. It is seen that in the totally incompressible
case, eqn (1.1) cannot be used to calculate p. In fact,
for a totally incompressible material, p is decoupled
from the displacements and, in an analytical solu-
tion, must be calculated directly from the equi-
librium equations. Therefore it is unreasonable to
expect the displacement-based finite element method
to predict the stresses within a totally incompressible
material.

It is less obvious that the displacement-based finite
element method has difficulties in the analysis of
almost incompressible materials. These difficulties
have been known for at least twenty years [3-6].
Reported undesirable characteristics include ill-
conditioning of the stiffness matrix, spurious or
incorrect stresses (particularly pressures) and
‘locking’ (loss of accuracy in the computed response
as incompressibility is enforced). If the material is
elastic-perfectly plastic, no limit loads may be
obtained in limit load calculations [7].

As an example, we consider the linear analysis of
the pressure vessel shown in Fig. 1.1. The displace-
ment-based formulation is used with a mesh of 181
six- and eight-node eclements (Fig. 1.2) and all
stiffness matrices are integrated using 3 x 3 Gauss
integration. This analysis was considered in detail in
a previous paper [8]. First we consider v = 0.40 and
plot pressure and effective stress bands (Fig. 1.3). It is
seen that the mesh is fine enough for this problem.
However, if we consider v = 0.49, with the same
mesh, and plot pressure and effective stress bands
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Fig. 1.1. Axisymmetric pressure vessel geometry. (a) Schematic drawing. (b) Dimensions.

(Fig. 1.4), it is observed that the pressure predictions
have drastically deteriorated but that the effective
stress predictions are still quite good.

For the above reasons, a great deal of research
effort by engineers and mathematicians has been
devoted to the development of the finite element
method for the analysis of incompressible materials.
A complete bibliography of related papers is beyond
the scope of this paper, however one survey and dis-
cussion of recent work is given by Gadala [9]. We
will only briefly describe some of the recent results
that are most directly applicable to our paper.

All of the references cited below use the same basic
principle—the separate interpolation of a stress vari-
able that is related to the hydrostatic pressure. The
differences are in the details of the formulations (for
example, the elimination of the additional variables),
the types of elements employed and the types of
problems to which the formulations are applied.

Herrmann [3] presented a mixed variational for-
mulation for incompressible isotropic materials. This
formulation was one of the first to introduce a

separately interpolated ‘mean stress’ parameter.
Taylor et al. [10] and Key [5] presented different
generalizations of Herrmann’s formulation for
incompressible orthotropic materials. Key’s formula-
tion is also applicable to nonlinear analysis. Oden
and J. Key [4] presented a formulation for the nor-
linear analysis of axisymmetric rubber solids. Nagte-
gaal et al. [7] proposed a mixed formulation for the
analysis of elasto-plastic problems.

In the 1970s, many papers discussed some of the
difficulties encountered when applying mixed formu-
lations with various types of elements. It was quickly
recognized that elements with equal-order inter-
polations for displacements and pressures are ineffec-
tive {11]. The low-order elements also presented
difficulties. For example, it was recognized that the
constant strain triangle with a separately inter-
polated pressure cannot be employed in certain
analyses [6]. Also, the four-node isoparametric
clement with a constant pressure exhibits a spurious
‘checkerboard’ mode in certain problems when a
regular mesh is used.
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Fig. 1.2. One hundred and eighty-one eight-node element mesh for axisymmetric pressure vessel. (a)
Complete mesh. (b) Detail of mesh.

A systematic mathematical investigation of these
difficulties began with the derivation of the inf-sup
condition independently by Brezzi [12] and Babuska
[13,14] in the early 1970s. Fortin [15] recast the
Brezzi-Babugka condition into a more readily used
form. The inf-sup condition was used by these
researchers and Oden and Kikuchi [16] to analyze
different mixed clements. As a result of these and
other investigations, the nine-node isoparametric
clement with three pressure variables was shown to
be an effective clement for two-dimensional analysis
(see also [17]).

Another research area explored in the mid 1970s
was the replacement of mixed finite element formula-
tions, in which the contributions corresponding to
additional degrees of freedom are assembled into the
global stiffness matrix, with equivalent ‘displace-
ment-based’ finite element formulations. One
approach is based on the use of reduced/selective

integration: the volumetric terms in the stiffness
matrix are integrated using a lower order of Gauss
integration than is used to integrate the other terms.
Malkus and Hughes [18] showed that selective inte-
gration can be equivalent to a mixed formulation,
with the number of integration points used to evalu-
ate the volumetric contributions equal to the number
of pressure degrees of freedom used in the mixed for-
mulation. The mathematical implications were also
discussed by Oden and Kikuchi [16]. However, this
strict equivalence only holds for certain types of ele-
ments under certain conditions (for example, quadra-
tic isoparametric elements with straight sides)
[19,20]. The proper technique for eliminating the
separate degrees of freedom, known as the ‘consis-
tent penalty method’, is to introduce an artificial
compressibility and then, for each element, to use full
integration to form the (mixed formulation) element
stiffness matrix. Static condensation is used to elimi-
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Fig. 1.3. Stress band plots for 181 eight-node element
mesh, v =040, band width = 2.5 psi. (a) Pressure band
plot. (b) Effective stress band plot.

nate the pressure degrees of freedom at the element
level and therefore the global stiffness matrix con-
tains only displacement degrees of freedom. Berco-
vier [21] rigorously justified this procedure.

In the 1980s, researchers have made an effort to
apply mixed formulations to the practical incremen-
tal nonlinear analysis of rubber components [22]. In
many cases variants of a formulation presented by
Bercovier et al. [19] were used [23-25). The formu-
lation of Zdunek and Bercovier [25] is particularly
interesting because it explicitly treats the penalty
parameter as a material property (the bulk modulus)
and the pressure computed from the displacement
field is removed completely from the stress calcu-
lations. One notable feature of the formulations dis-
cussed in [19, 22-25] is that the constraint equations
are algebraically solved for the total pressures and
this permits the element force vectors to be written
entirely in terms of displacements.

Our contribution in this paper is to synthesize the
concepts discussed over the last twenty years into a
general purpose formulation for the solution of
elastic and inelastic problems involving almost
incompressible materials. The formulation is based
on a mixed interpolation of the displacements u; and

Fig. 1.4. Stress band plots for 181 ecight-node eclement
mesh, v =049, band width = 2.5 psi. (a) Pressure band
plot. (b) Effective stress band plot.

pressure p; hence we call the formulation the u/p for-
mulation. The major conceptual difference between
our formulation and other formulations is that we
explicitly replace the pressure computed from the
displacement field by a separately interpolated pres-
sure using a general procedure; the u/p formulation
is therefore directly applicable to elastic and inelastic
analysis and also may be used to analyze orthotropic
and compressible materials. In incremental nonlinear
analysis, we do not entirely eliminate the pressure
variables from the incremental equations of motion.
Rather, we solve for displacement and pressure
increments during an equilibrium iteration, which
are used to update the total displacements and pres-
sures.

In the following sections of the paper we derive
the general nonlinear u/p formulation from a modi-
fied potential, first the total Lagrangian formulation
and then the updated Lagrangian formulation. Both
of these approaches produce the same incremental
equations of motion. We discuss the physical
meaning of these equations, with special emphasis on
a material restriction implicit in the u/p formulation,
and present simplifications for materially-nonlinear-
only analysis and linear analysis.
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We consider the implementation of the following
material descriptions: isotropic linear elasticity,
anisotropic linear elasticity, von Mises elasto-
plasticity, Mooney-Rivlin nonlinear elasticity and
Ogden nonlinear elasticity. Then we consider the so-
lution of the incremental finite element equations in
nonlinear analysis and discuss some considerations
involving contact boundary conditions. Next, a
numerical example is used to show the locking
behavior of several u/p elements. Finally, the two-
and three-dimensional example problems solved
show the generality and effectiveness of the solution
approach.

2. THEORETICAL DEVELOPMENTS

The name of our formulation, the u/p formulation,
reflects the use of separate interpolations for the dis-
placements and the (hydrostatic) pressure. Other for-
mulations based on separate interpolations of
displacements and pressures have been discussed in
the literature; our contribution is to derive the gov-
erning equations of motion in a general form that
can be applied to inelastic as well as elastic analyses.
Our formulation may also be applied to compress-
ible analyses.

In the following derivation, we consider a general
nonlinear analysis, in which material and/or geomet-
ric nonlinearities are included. The derivations
employ many of the concepts and notations used by
Bathe in nonlinear analysis [1]. First we use a total
Lagrangian (T.L.) formulation to derive the finite
element stiffness matrices and force vectors. Then we
discuss an updated Lagrangian (U.L.) formulation
and show that the two approaches give the same
governing equations. Finally we discuss simplifica-
tions of the general formulation for the special cases
of only material nonlinearities (materially-nonlinear-
only analysis) and then no nonlinearities (linear
analysis).

Two symbols that we use extensively in this paper
are ‘p and ‘p: 'p denotes the hydrostatic pressure
(positive in compression) as computed directly from
the displacements and ‘p denotes the hydrostatic
pressure as computed from the separately inter-
polated pressure variables.

2.1 Total Lagrangian formulation

In the following discussion, we make the funda-
mental assumption that the material description
used has an incremental potential; that is, there is a
number ‘W such that

d,W= :gu dgeyjs 2.1)
where !S;; are the components of the second Piola-

Kirchhof! stress tensor and j¢;; are the components
of the Green—Lagrange strain tensor. Note that the

+ Here and throughout this paper we use the summation
convention for repeated indices.

CAS 26:1/2+X
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left subscript ‘o’ denotes ‘referred to the original con-
figuration’; in particular (W represents energy per
unit original volume. Also notice that we are using
the overbar to emphasize that the quantities are
computed from the displacement field. This distinc-
tion will become important later and throughout this
paper an overbar denotes ‘computed from displace-
ments’,

Materials with an incremental potential include
elastic materials (sometimes called hyperelastic
materials) and also inelastic materials, provided that
the normality rule holds [26,27]. If the material is
clastic, the potential !W physically represents the
strain energy density per unit original volume. For
an inelastic material, the potential may not have
such an obvious physical interpretation, but for our
purpose, the numerical value of the potential is not
important; what is important is the manner in which
!W changes duec to an incremental change in the
strains.

A consequence of the material assumption (2.1) is
that the tensor

315, W

3%, diy0. @2

ocUn =

has the following symmetry property:
ocijn = acr.ll'j'

For this reason, the displacement-based finite
element method produces symmetric element
tangent stiffness matrices and so will a potential-
based u/p formulation. The u/p formulation equa-
tions of motion are specified totally by the form of
the potential; the element force vector and stiffness
matrix are derived by chain differentiation.

We can easily establish the equations of motion in
terms of the potential as follows. The principle of
virtual work is

J. :gu d6,°dV =R 2.3)
oy

where ‘R is the external virtual work at time ¢. Equa-
tion (2.3) can be written as

oW
L = 50V ='R

v Ooby

or

(24)

a(f :W"dV)='.9l.
oy

In words, the variation of the integrated ‘internal
stress’ potential (due to variations in the
displacements) must equal the variation in the ‘exter-
nal loading’ potential. The only admissible variations
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in displacement-based finite element analysis are dis-
placement variations. These are controlled by the
nodal point displacements, which we denote as ‘i, .
In the u/p formulation, the pressure variables, which
we denote as ‘p,, are also unknown and subject to
variation. As will be seen, the pressure variations are
used to generate constraint equations.

The key step in the construction of the u/p formu-
lation is to properly modify the potential to include
the pressure variables. We modify the potential W
by adding to it an unknown potential }Q, which is a
function of both the displacements and the separa-
tely interpolated pressure. The governing equation of
motion is then

6(-[ (W + !0)°d V) =R, 2.5)
47

where we now consider variations in the pressure
variables as well as in the displacement variables.

The modified potential ‘W + 'Q must fulfill three
basic physical requirements:

(1) The pressure computed from the modified poten-
tial must equal the separately interpolated pressure.
This must hold for the possibly inaccurate pressure
computed from displacements to be removed from
the stresses.

(2) Varying the modified potential with respect to a
pressure variable must generate a constraint equa-
tion relating the separately interpolated pressure to
the pressure computed from the displacements.
Otherwise the separately interpolated pressure will
not have the cdrrect physical meaning.

(3) If the pressure computed from the displacements
happens to equal the separately interpolated pres-
sure, the modified potential must equal the unmod-
ified potential. This ensures that the u/p formulation
solution includes, as a special case, the displacement-
based formulation.

Before deriving Q, let us define precisely what we
mean by ‘pressure computed from a potential’. First,
recall that the relationship between the Cauchy
stress tensor and the 2nd Piola-Kirchhoff stress
tensor is

_ 1

T = G oS m e eSes 26)

where the ,x; ; are the components of the deforma-
tion gradient tensor ;X (in Cartesian coordinates,
2%, = ¢Xi; = 8'x;/8°x)). Hence the hydrostatic pres-
sure contained in the 2nd Piola-Kirchhoff stress
tensor is just

l t t

= Taer X *Cmedme: @7

P= "i"?u =

THEODORE SUSSMAN and KLAUS-JURGEN BATHE

where (C,, = ix; mox; . is the right Cauchy-Green
deformation tensor. In terms of the potential, we
have

1 oW

t

T 3det X" 3l

= 2.8

Because we will be using this operation often, we
define the operator P as follows:

'p = PUW), 2.9
where
1 e

°P(')="3det;x' 3

(2.10)

t
osmn

Notice that ,P essentially represents a differentiation
with respect to the strains.}

With this notation, requirement (1) can be written
as

LCW +.0) =P, @.11)

or, equivalently,

W +.0 = ,P7(D) (2.12)
Now we apply requirement (2). Mathematically,
requirement (2) states that

a—a,— <.[ W+ ;Q)'dV)éﬁ,, =0 (2.13)
Px oy

represents a constraint equation. Equation (2.13)
may be rewritten as

JL —(?: (,:W + ,0)p°dV = 0. 2.14)
vy Op
By eqn (2.12), we have
2wr@=Zpm) @19
op ¢ op ’ )

or, since ‘W is a function only of the displacements
and P differentiates with respect to strains only,

(2.16)

+ In mathematical terminology, ,P is a linear operator;
that is, if ¢ is a constant

PleW) = ¢ PCW),
and for two potentials !W, and ‘W,
GP(:WX + :WZ) = OP(:WI) + oP(.‘Wz)-

Because P is a linear operator, we may apply the usual
rules of differentiation when manipulating ,P.
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and therefore the constraint eqn (2.14) must have the
form

J LN 1)8pedV = 0. 2.17)
oy

For this constraint equation to be physically rea-
listic, it must relate 'p to ‘p. The simplest constraint
equation that is reasonable is

J r(p — PWp°dV =0,

| 4

(2.18)

where r is some function of the displacements. Com-
paring eqns (2.17) and (2.18) gives

P\ =r(p—-"P (2.19)
or
1= PeXp—"P)+r P(p—"p)  (220)
Equation (2.20) is satisfied only if
r=1/,P(p) 2.21)
and simultaneously
Plr) = 222

Equations (2.21) and (2.22) may be combined to
obtain

P/ PCP) = (,P(' PO +PLP(P) =
or
P(p) =0, (2.23)
where P3(-) = ,P(,P(-)). Equation (2.23) is a

restriction on the material description used in the
analysis; that is, eqn (2.23) must be satisfied for any
material modeled with the u/p formulation. This
restriction is discussed further in Sec. 2.5, where we
note that a large number of material descriptions
used in engineering analysis satisfy this material
restriction.

Substituting eqn (2.21) into eqn (2.18) gives us the
constraint equation

(‘p — ‘pyopedV =0, (2.24)

P(')

and we can determine !Q by integration from egn
(2.16):

Q= , .P(") — 'pd'p
5 225
2,”('5)( ), (2.25)
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in which we have determined the constant of integra-
tion (in this case, a function of the displacements) so
that ]Q is zero whenever 'p equals ‘p. This selection
satisfies requirement (3). The modified potential is
therefore

W = = (= B

W+i0= 705

(2.26)

2.1.1 Derivation of finite element matrices. In
matrix form, the governing incremental equations of
motion for a finite element are [1]:

‘KUUKUP | @ r+ap ‘FU @.27)
KPU KPP {{ p 0 FP [
where **4R are the nodal point forces corresponding

to the external loading at time ¢ + At, @ and p are
vectors containing the increments in ‘i, and ‘p,, ‘FU

and 'FP contain the entries
d - .
FU; = — [ J. <;W 'p)’)"d V] (2.28)
o, oy
—— (l lﬁ)z)ody], (229)

Al ('W T

and '’KUU, '’KUP, 'KPU, ‘KPP contain the entries

(l

2,P(p)

‘FP; =

t
‘KUU, = a—a%j—‘ (2.30)
0'FU, a'FP
‘KUP,,=—6-—;£= ——L='KPU; (231)
i i
a'FP,
KPP, = ——. (2.32)
i ap,

Notice that the force vector is partitioned into two
parts, one part for displacement variations and the
other part for pressure variations. Similarly the
stiffness matrix is partitioned into four parts.

Using chain differentiation, we find that

‘FU, = '[,s.,a"’" dv 2.33)
. 0P
Fp,=| -, CPP(p~p)Lodv (234
oy op;
and
Ostu 08,
‘KUU, = Gebn g
; LCUU,‘,,, i
,s,, 3 "" ey 2.35)
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d'
KUP, = J' CUPy aaf“ a," AV (2.36)
‘KPP, = f crp 2P 8P . (2.37)
o) ap, 9p,
where we use the definitions
1
CPP = — —— 2.38)
LD (
a'p p 1 (- [+-3
oCUPy = — ,CPP — 3% CPP? (p—"0)
(]
. PP 239)
0 ot
3% 0'p
LUV, = Cur, + CPP a“’ 75
Ext rs
az:l-,

PP('_I'________
O D

+ ,CPPH('p — 'p)

y oP(p) 0'p + 9'p (,P('p))>
a;skl aolsr: a Ext azgn
(] !
+ nCPP3(|- (-)2 a( P( p)) a(oP( p))
0len Tdlk. aErs
¥ P(
PPy =t T 4
ao klao rs
= _ . 0'p
oS = oSu + ,CPP(p — 'P) ,p
ofxt
o(,P('p
+ 4 ,CPPY(p ~ 'B) ———‘5 D) a
okl

Note that, when ,P(‘p) is constant (as is the case for
common material descriptions), several of the terms
in the above equations are zero.

Equilibrium is satisfied when, for all degrees of
freedom i,

0="R, - J 1Sy aaf"‘ °av 2.42)
and
-
0= J CPP—5) Loy, (243)
oy ap.

2.1.2 Discretization. To evaluate eqns (2.33)+2.37),
we need to express the change in the Green-
Lagrange strain tensor ¢, and the interpolated pres-
sure ‘p in terms of the incremental solution variables
#1, and p;. Here we assume that continuum elements

THEODORE SussMaN and KLAUS-JORGEN BATHE

are used and write, for a material point within an
element,

’u,' = hL 'uL (244)

'.b =4 'ﬁia (245)
in which the h; are the interpolation functions for
the displacements and the g, are the interpolation
functions for the pressure. Also, ‘ul is the displace-
ment at node L in the ith direction; this variable can
be identified with the nodal point displacement
degree of freedom ‘@i, discussed earlier. For the pres-
sure, we simply obtain

‘=
9 _,. (2.46)
op;

Since

ok = 'i'(a'xb.k;xb.l ) (2.47)

where §,, is the Kronecker delta, we obtain for the
derivatives with respect to nodal point displacements

dl
auz' = %(;xl. k th. 1+ ;x‘- “’h’-v ") (248)

& s
W = *(nhL.kohM.l + th.lohM.k)éU' (249)

We note that the relations in eqns (2.48) and (2.49)
are equivalent to the quantities ,e;;, ,n,; used in [1].

2.2 Updated Lagrangian formulation

In the preceding derivation, we worked with the
original configuration as the reference configuration.
This generated the total Lagrangian form of the
finite element equations of motion. However, we can
also derive the updated Lagrangian form of the finite
element equations of motion by using the last com-
puted configuration as the reference configuration.
Symbolically, this is done by changing all left sub-
scripts from ‘o’ to ‘T". Configuration T is identical
to the configuration at time ¢; we introduce a differ-
ent symbol because configuration T is assumed to be
fixed and therefore constant when differentiations
are performed.

The primary advantage of the updated Lagrang-
ian form of the equations of motion is that the equa-
tions can be written in terms of the Cauchy stresses
and infinitesimal strains rather than in terms of the
2nd Piola-Kirchhofl stresses and Green-Lagrange
strains. This is because, at time t = T, £§;; = ‘7;; and

d fe,; = d e;; where
é du; ‘
d'x;

dey= ["a?“‘ + (2.50)
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Now we follow the steps used in the derivation of
the total Lagrangian formulation to produce the
updated Lagrangian formulation. The material
incremental potential is, for time 1 = T,

d;WﬁtiUd'e“j, (2.51)
where /W represents energy per unit of volume at

time T The relationship between W and (W is
given by

AWTAV = 'WedV. (2.52)
Using
TdY = det TX°dV, {2.53)
eqn {2.52) can be solved for W to give
- W
t e L
W= (2.54)

The governing equation of motion for the displace-
ment-based formulation is

5( j ;wrdv)='a
Tv

and for the u/p formulation is

(2.55)

JU (W + £0) ”dv) =R, (2.56)
Ty

where ;Q is derived below. In deriving the updated
Lagrangian formulation, the operator P is defined
to give

rP(iW) = 257
and this may also be written as
- 1~ )
PO= T X O, @5
or,whent =T,
1 3
0= -3 T
Requirement (1) gives
W+ 40 = P7(P) (2.59)
or
Qe o
% ) (2.60)
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and the constraint equation becomes

J P H(1)8pTdV = 0. (2.61)
Ty

Choosing as a constraint equation (requirement (2))

J. r(p—P)opTdV =0, (2.62)
Ty

where r may again be a function of the displace-
ments, gives

P ) =r(p—"p) (2.63)
and eqn (2.63) implies
r=1/rP('p) (2.64)
and
Pr) = (2.65)

Equations (2.64) and (2.65) may be combined to give
the material restriction

P(p) = (2.66)
The constraint equation becomes
— ('p — 'p)6p TdV = 0; 2.67
LTP(,)(p 'P)op (2.67)
the unknown potential /Q becomes
1) o - - (l‘ B £ 2; 2.68
@ 7.7 P P (2.68)

and the equation of motion becomes
G[J (T'W— 'p— ‘ﬁ)’) 7‘dV] = '
124

(2.69)
Differentiating eqn (2.69) and choosing time T =t
gives

1
2P(p)

‘FU, = J‘ oy %‘—“— v (2.70)
Y

)
'FP, = f ~CPPG - LAy @
iy P;

and
0 O d

VTC U Uklrs a Py

[ 62
+ T T
y O

le" 'dV

' 1y -
KUU,; = J W

Sl ‘dV 2.72)
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3,00 '
'KUP, = j 2CUP, M 2P gy
W i,

%, %, (2.73)

‘KPP, = J LCPP—=22 (2.74)
‘v

where

+CPP = —1/.P('p) 2.75)
0'p 1

CUP, = — CPP —— — ———

TR T T ey +CPP?

ArP(p))

(2.76)
0en

x(p—"'p)
= é'p 0'p
CUU,,, = 1C CPP — —
1 wrs = 1Cuns 1 e de,

62 rl-)
CPP('p -~ 'p

i T (p p) 6!ekl aters
s 5
+ +CPP¥('p — '5)[___6(7” (p) 0%
€ 0.,

L 0B AP
arekl axers

rP(D) &P(P)

+ tCPP3(p — 'p)?
T (p p) alekl aren

t3)? &*(P(p)

+% CPPY(*p —
br P 06u 0.,

@.77)

9%
den
&(rP('D)

+4 .CPP*(*p — *p)* ——.
fr (‘p—'p) 3 en

'1g =Ty + tCPP('p — 'P)

(2.78)

2.2.1 Discretization. To discretize the updated
Lagrangian form of the equations of motion, we
need to express the change in the infinitesimal strain
tensor ,¢,; and the interpolated pressure ‘p in terms
of the incremental solution variables &, and p,. The
pressure variable is treated in exactly the same
manner as in the total Lagrangian formulation. For
the strain tensor, we use the relationship

780 = HrXp,x 7%p,1 — i) 2.79)
and we therefore obtain
0 réu
P =¥oxi erhe + fxrhy) (2.80)
and
3 ey

W =Hrhy kthu, o+ the itha, 8, (2.81)
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Since at time t = T, 4x; ; = §;;, We see that

d.eu

i Ourhe, i + Surh. ) (2.82)

and

A2
d €t

B oul Hrho s tha, + thy itk 08, (283)

The relations in eqns (2.82) and (2.83) are equivalent
to the quantities ,¢,;and »n;; used in [1].

2.3 Comparison of the T.L. and U L. formulations

The u/p formulations using the total Lagrangian
approach and the updated Lagrangian approach
give exactly the same finite element equations. The
reason for this is that we have made the same
assumptions and followed the same procedures in
both derivations.

The displacement-based finite element equations
of motion are identical because of eqn (2.52). The
equations of the u/p formulations are also identical
because, in addition,

i0dV = jQTdv. (2.84)
To prove this equality, we show that
1 1
——dV = ——TdV, 2.85
P PR @5

This is true because
LPEW) ='p = (P(W) = (P(W/det TX)

1 -
= g% W) (2.86)

so that (since !W is arbitrarily chosen in eqn (2.86))

1 det TX 1
°dV = gy =
rP(D)

= Tdv.
L(P) rP(P)

From eqn (2.85) we also note that the constraint
equation, when written in the updated Lagrangian
form, is identical to the constraint equation when
written in the total Lagrangian form.

The other point of interest in the comparison of
the two formulations lies in the nature of the
material restriction. In the total Lagrangian formula-
tion, we require that ,P('p) = 0 and in the updated
Lagrangian formulation, we require that -P(*p) = 0.
These conditions are indeed equivalent since

{H (1 __i__ t=
on( p) = oP(oP( p)) = oP(det 1;x TP( p))

1 2
= [m] rP(p). (2.87)
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Here, as before, T, and therefore det 7X, are
assumed to be fixed during the differentiation
process.

Because the potentials generated by both
approaches agree, the force vectors and stiffness
matrices generated by the differentiations also agree.
The choice of which set of expressions to use is
determined entirely by numerical considerations. For
cxample, if the stresses are most naturally derived in
terms of 2nd Piola-KirchhofT stresses, then the total
Lagrangian expressions are usually preferable.

2.4 Reduction to small strain, small displacement
conditions

The preceding formulations make no assumptions
regarding the magnitude of the displacements or
strains (provided, of course, that an appropriate
material description is used). However, if the dis-
placements and strains are always small, it is more
effective to use a materially-nonlinear-only (M.N.O))
formulation. The corresponding equations are
obtained from the total Lagrangian form of the
general equations by replacing [S,, by "1y, Jey by ey
{where ‘e, is the infinitesimal strain tensor) and
det XX by 1.0. Also it is assumed that |F,| <
’ cklrs l 3 where

(2.88)

With the above simplications,

d'e,

'FU, = J' Ty — dV (2.89)
y X o0,

-
‘FP, = J' —crpip-pLlav  (290)
v 2p;
and
KUU, = cvv,‘,,, aaf"‘ aaf" av (291
f
'KUP, = cupk, aaf“ a—’f v (29
o ‘- t~
‘KPP, = | CPP 989% 4y, 2.93)
W op, op;
where now
1
CPP= - o (2.94)
a' 5 — 15 ‘B)
CUP, = —CPP —L a," =551 (=D 5 a(P( o
(2.95)
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0'p d'p
a €ut a €5

YH

o*'p
d'e,, d'e,,

CUUHI: - cﬂn + CPP o
+ CPP(p —'p)
+ CPP¥(p —'p)

[3(1’(’1*)) d'p

d'ey d'e,

‘P 3(1"(‘1"))]

m d'e,,

= _ sz XP(D) KP(P)
+ CPP'p — 'p)* ——— o, B‘e
3*(P(‘P))

2o
+4CPP?('p e o',

‘P> (2.96)

5 ey
gy APCP) 3(P('P))

Ty = Ty + CPP(p ~ p)
+4CPPY(p — . (297)

in which the pressure operator is
P()=

3
): aﬂ— (2.98)

uh—a

Again, we are restricted to using material descrip-
tions for which

P¥p) =0 (2.99)
If we further assume that the material law is linear,

then an incremental solution procedure is no longer
required and we can directly obtain the total solu-

tion using
KUU KUPJ4%] [R
[KUPT KPP][';‘:] - [o ] (2.100)

where the stiffness matrix is formed as in M.N.O.
analysis. Since the material law is completely speci-
fied in terms of the constitutive constants tensor
Ciurs» WE can write

'p= —*cuu ‘e (2.101)
so that
P(p) = C"‘"" (2.102)
CPP = —9/C..s (2.103)
CUUy,, = Cyys - ‘_—C"CH C”"- (2.105)
aabdb
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Since P%('p) is always zero in this case, we need not
make any material restriction.

2.5 Some observations regarding the governing
equations

Equations (2.42) and (2.43) give the governing
equations for the u/p formulation. The first equation
represents the principle of virtual work. However, we
notice that the stress tensor computed from displace-
ments, /S, has been replaced by a new stress tensor,
1S, which is given in eqn (2.41). This new stress
tensor has the property that the pressure corre-
sponding to the new stresses is equal to the separ-
ately interpolated pressure—the pressure computed
from the displacements has been subtracted out.

The second equation is the constraint equation
relating the separately interpolated pressure to the
pressure computed from the displacements. Mathe-
matically, this equation sets ‘p to the projection of 'p
onto the space of functions spanned by 'p. Physi-
cally, this equation may be explained as follows. The
quantity ‘p contains some useful information and
this information can be transferred to ‘p. For
example, the average of ‘p over a finite element may
be much more accurate than the value of ‘p at spe-
cific points. Therefore we may wish to set the
average of 'p equal to the average of 'p over the finite
element. The amount of information to be trans-
ferred from ‘p to 'p is governed by the order of the
interpolation functions used for ‘p (the choice of
interpolation functions will be discussed in greater
detail below).

We may also interpret eqn (2.43) as a weakening
of the material relationship between the pressure ('p)
and the strains (represented by ‘p). The amount of
weakening is governed by the order of the inter-
polation functions for ‘p. Hence, even in linear elastic
analysis, the stress—strain relationship is not satisfied
at every point when the u/p formulation is employed.
However the constraint equation ensures that the
stress—strain relationship is satisfied on average
within each element as described above.

The operation ,P(:W) can also be written as

diw

19 = PlW_____—_
P = P(CW) ddet )"

(2.106)

in which d(det }X) is an independent infinitesimal
quantity. Consider the following increment in the
Cauchy-Green deformation tensor:

diC,; = (CiNda) (2.107)

where

da d(det ;X). (2.108)

_ 2
T 3 det XX
This change in the Cauchy—Green deformation

tensor causes a corresponding change in the poten-
tial;
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aWw . 1AW

10!W

=-227 s qd

205, ° ifd2)
1, W

= —— !C;; — d(det X .
TR X Ci 7, ddet X) 2109)
and eqn (2.106) follows.

The reason we use d(det ‘X) to control the magni-
tude of the change in ;C; given in eqn (2.107) is that
the corresponding change in det X is simply

(1 + day>*(det (C)}/? — (det C)V?

ju— 2 2 1 t
= [1 +3 ( TIn ;x)d(det X) 1] det X

= d(det ;X). (2.110)

This procedure can be applied to any function
JGCij) to determine P(f). Simply choose d(det ;X),
compute the corresponding change in the Cauchy-
Green deformation tensor, d ;C;;, compute the corre-
sponding change in the function, df, and divide --df
by d(det ;X) to obtain ,P(f). The procedure may be
used to determine whether ,P(f) is zero; if df is zero,
L(f) is also zero. We call a function for which ,P(f)
is zero a function that is insensitive to the magnitude
of the volume ratio det ;/X. These functions are
useful when constructing material descriptions, as we
discuss in Sec. 3.

To study the meaning of ,P('p), assume that the
material law used is that of linear isotropic elasticity
and that small strains are considered. Then

1b= —K

e, (2.111)
where « is the bulk modulus. From this

P13 2
p= 3,51 Oey

AT

=K. (2.112)

Also P¥('p) is zero, so that the material restriction is
satisfied. Now suppose that the material is nonlinear
elastic, with the pressure a function only of det ;X
Then

d'p
'p) = — ————— 2.11
L('D) ddet %) 2.113)
and the material restriction is
213
P =P, 2.114)

didet 'X)*
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We can integrate the last equation to give, assuming
that the pressure is zero for zero deformations,
= —x(det X — 1), (2.115)
in which k = ,P('p) is the bulk modulus. From these
examples, we see that, in an isotropic material, ,P(‘p)
physically represents a bulk modulus and that the
material restriction is that the bulk modulus be
insensitive to changes in the volume ratio det ;X.
Finally we mention that the final constraint eqn
(2.43) depends upon our initial choice for the form of
the constraint equation (eqn (2.18)). As was seen, the
material restriction (2.23) is a direct consequence of
this choice. If we wanted to consider materials that
do not satisfy eqn (2.23), we would have to revise our
initial choice of constraint equation. For our pur-
poses, the material restriction (2.23) is not overly
restrictive, so we do not discuss other constraint
equations in this paper. Indeed, in the following dis-
cussions we assume that ,P('p) is constant.

3. IMPLEMENTATION OF SOME MATERIAL
DESCRIPTIONS

In this section, we summarize the material descrip-
tions used in the example problems. The emphasis of
this section is on the calculation of the additional

quantities needed in the u/p formulation. For the
general nonlinear formulation, these quantities are

at,—, az '1_7
6;8“’ 6;8“ 6;&:,,

‘% oP(P)

using the total Lagrangian expressions or

9%
d.en

az II',

'-’ P 'p 2
P T (p) alehl aler:

’

using the updated Lagrangian expressions. For the
small strain formulations, these reduce to

t= 215
5 pep), 2P, P
d'e, 0'eyd'e,

A material law subroutine in a finite element
program must return these quantities as well as the

quantities required in displacement-based finite
element analysis.

3.1 Isotropic linear elasticity (small strains, small
displacements)

The simplest material description is that of iso-
tropic linear elasticity, in which

Cuirs = A0y 6, + 10y, 0, + 64,0,,) (3.1)
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where 4 and p are the Lamé constants
Ev
fo= ————— 2
PO TN —29) (3.22)
= E 3.2b
=i+ (3.25)
We obtain
'P=—K'epm (3.3a)
P(p) = x (3.3b)
o'p
2P o by (3.3¢)
Oey,
ahﬁ
=0, .
Oey Oe,, (34
where « is the bulk modulus
E
31— 2 G4
and we see that
CPP = —1/x (3.5)
CUPU = —6“ (36)
CUU,,s = C',,,, — K0y, 0,,. 3.7
As a consequence
Ty = 'S — 0Py (3.8)

where 's,, is the deviatoric stress tensor. Here we can
directly see that the pressure computed from dis-
placements has been eliminated from the stress
tensor.

3.2 Anisotropic linear elasticity (small strains, small
displacements)

The most general form of small strain, small dis-

placement linear elasticity consistent with the
assumption of a potential is
T = Cutrs"€rs3 Cutes = Craa- 3.9)

The formation of CPP, CUP,, and CUU,,,, was dis-
cussed in Sec. 2.4. Here we want to compare the
equations corresponding to the anisotropic material
to those of the isotropic material.

For the anisotropic material description

: é
"1y = Ty + CPP(p — 'p) P

Oey,
= (Cklu - g‘_‘é_‘.%?_’i)le" - (ECCL“)TL (3-10)
aal aabb
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We see that, compared with the isotropic descrip-
tion,

=] C ki Cbbrs)
Gy — —2aki Zbrs Ny
( “ Caabb *

is analogous to the deviatoric stresses and

3 C_aakl
Caabb

is analogous to the Kronecker delta. Also the term
C.a/9 is equivalent to the isotropic bulk modulus
and when it becomes infinite, 'p is decoupled from
the strains.

However

- Coa: C
(Cklrs - “g' hb”)len # 'skl
aabb

and

3 Caakl
—_—% 0
Caabb * .

in general. Trying to use the decomposition

" = "8y~ 0u'P (3.1
as the basis of the anisotropic u/p formulation is not
desirable because the relationship between 's,; and
‘e,s is not in general symmetric:

t PO -3 s
Sk =Ty + 0P

= (C—klrs s %6kl énnn) ‘ers . (312)
Also note that as C,,,/9 increases to infinity ‘p does
not necessarily become decoupled from the volu-
metric strain. Rather ‘p becomes decoupled from the
weighted sum of strains

3caars ,e
Cuabb "

which in isotropic analysis reduces to the volumetric
strain.

A new term is needed to describe materials for
which

3C_aan t

Cubb b

is always zero. We propose the term ‘semi-
deformable’ materials—incompressible materials are
then a special case of semideformable materials. It is
this more general class of semideformable materials
which requires the use of the u/p formulation for
effective finite element analysis.
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3.3 Elasto-plasticity (small strains, small
displacements)

An often-used elasto-plastic material description
incorporates a von Mises yield condition and iso-
tropic hardening (no hardening can also be obtained
as a special case). This material description is dis-
cussed in [1] and in particular the incremental elas-
tic-plastic stress-strain matrix CZ* is derived. In this
section, we discuss only how this material descrip-
tion is incorporated into the u/p formulation.

There are two important facts that simplify the
process of installing this material description into the
u/p formulation:

(1) The yield surface does not depend on the hydro-
static pressure.
(2) The relationship between the pressure and the
volumetric strain is simple,

d'p = — x d’e,,, (3.13)
in which « is the bulk modulus defined above and

this relationship is valid for elastic or plastic condi-
tions.

Because of the simple pressure-strain relationship,
we can directly write

P(p) = x (3.14a)
a'p
Pyl K6, (3.14b)
az :’-,
e, de, =0, (3.14c)

Given the stress at time t, the stress computed
from displacements at time ¢ + At is calculated by
evaluating

1+ Aty

Cur. de,, (3.15)

t+ At PR §
T = Ty +I

€rs

using, for example, the effective-stress-function algo-
rithm [28]. The corresponding pressure computed
from displacements is then calculated using '*4p =
—4t+87,. and the stress at time ¢ + At is simply
Pl =T 4 S (TP = "TYE). (3.16)
We note that the entire integration from time ¢ to
time ¢ + At can be performed without knowledge of
the interpolated pressure '*4'p because the contents
of C,,,, are pressure-independent. For more compli-
cated material descriptions (e.g. the Drucker-Prager

models), the interpolated pressure might have to be
introduced into the calculation of C,,,,.
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3.4 Mooney-Rivlin material description
The Mooney-Rivlin material description is used
to characterize rubber-like materials undergoing
large strains. The conventional Mooney-Rivlin
material is {29, 30]
W=C(L-N+CCIL-3); Q=1
317

where C,, C, are material constants and

oy =Cu (3.18a)
oda =HCLY ~ CiyaCi) (3.18b)
of 3 = det;C. (3.18¢)

A neo-Hookean material description is a Mooney-
Riviin material description with C, = 0. Note that,
for small strains, 2C,; + C,) represents the shear
modulus and 6(C, + C,) represents the Young’s
modulus.

This material description assumes that rubber is
totally incompressible. A better assumption is that
the bulk modulus of rubber is several thousand times
as large as the shear modulus [2, 31, 32]. Therefore it
is reasonable to assume that rubber is almost incom-
pressible. This is accomplished by dropping the
restriction /1, = 1 and including a hydrostatic work
term in the strain energy function. We obtain

W= C (= N+ CyT, = 3) + Wyl
(3.19)

However, we cannot directly use this description
because all three terms contribute to the pressure:

B=C, PCL) + Cy PGl + PW(LL) (3.20)

and in particular ,P3(,P(!l,)) and ,P*(,P(I;) are
nonzero. To see that ,P(!1,) and ,P(}I,) contribute to
the pressure, notice that I, and !I, are sensitive to
the magnitude of the volume ratio, therefore ;I, and
i1, change as the perturbation (2.107) is applied. To
circumvent this problem, we use the reduced
invariants [31]

Uy =, 05 (3.21a)

Hy=, U538, (3.21b)
These are insensitive to the magnitude of the volume
ratio, therefore ,P(!J,) and ,P(;J,) are zero. We find
it easier to work with det )X rather than det [C so we
define

(3.22)

-

n

With these substitutions, the strain energy density
becomes

W =Ci(J, = 3+ CoiTy = 3) + Wy(J ).
(3.23)
Now we choose W, to satisfy the material

restriction ,P*('p) = 0. Since ‘p depends only on iJ;,
we can use the results of Sec. 2.5 to obtain

P=~x(3J3 - 1) (3.24a)
LUP) =« (3.24b)
Wy = éx(:Ja - 12 (3.25)

Here x is an additional material constant represent-
ing the bulk modulus.

The stresses (computed from displacements) corre-
sponding to the strain energy density are computed

using
1/a!W o'W
A Yy [t SR AAA
TR (é ofut * d ;Eu) 29
and the constitutive tensor is computed using
1(a!5, 8§
c == oMkt okl ) )
oLhirs =3 ("‘““a i + 30 . (3.27)

The details of these calculations are given in
Appendix A. The calculation of the pressure deriv-
atives needed for the u/p formulation is performed
using chain differentiation:

%P (e
e, ==K J37Cy {(3.28)
%k
az rb .
Frer Kol3 1CuiCy
- K:‘J; l(ébc él:{ + éhc éirf} ;Cc ’ (329}

where & is the permutation tensor and $C,; is the
inverse of the Cauchy-Green deformation tensor.

3.5 Ogden material description

The Ogden material description is used to charac-
terize rubber-like materials undergoing large strains.
It is often used in the three-term form [33]

3
W= Y B arras -3 Ak =1,

=] Vn

(3.30)

where the A, are the principal stretches of the stretch
tensor ;U = ({C)'/? and the u, and a; are material
constants determined from experimental data. We
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note that the sum 4 Y3, a,u, is the small-strain
shear modulus. The Mooney-Rivlin material
description can be obtained from the Ogden descrip-
tion by using

Hy = 2C1y

uy = —2C,, u3 =0

o, =2, oy = —2, a; =0

We prefer to work with the principal values of )C,
which we denote as L,, L,, L;, rather than with the
principal values of jU. Using the L,, the Ogden

description becomes

3
W= ¥ Bt Ly 4 Ly -3

n=1 “n

LiL,Ly=1. (3.31)
As in the case of the Mooney-Rivlin material, we
assume that rubber is almost incompressible; there-
fore we drop the condition L,L, L, = ! and include
a hydrostatic work term W, in the strain energy
density function. Now we notice that

3

- 1
FEW) =2 (L5271 P(Ly)
n=1

+ L7 P(Ly) + L3271 P(Ly)]

+ P(W), (3.32)
where ,P(L;) # O because L, is sensitive to the magni-
tude of the volume ratio. Therefore we replace the L,
with the terms L{L,L, L;)~'/3, which are unaffected
by the magnitude of the volume ratio. The modified
Ogden material description is

3
% Hn
W= Fn
’ ngl {an
x [(LT" + L3 + L§NL Ly Ly) ™™ — 3]}

+ Wy(sJ3), (3.33)

where !J, is defined in eqn (3.22).

As with the Mooney-Rivlin description, we use
eqn (3.25) to define Wj,. The stresses (as computed
from displacements) are calculated from (3.26) and
the constitutive tensor is calculated from (3.27). The
results for two-dimensional analysis are given in
Appendix B. Finally the pressure derivatives needed
for the u/p formulation are identical to those used in
the Mooney-Rivlin material description (eqns (3.28)
and (3.29)).

4. SOLUTION OF EQUATIONS IN INCREMENTAL
NONLINEAR ANALYSIS

For incremental nonlinear analysis, the equations
have the form given in egn (2.27). The goal of the
equation solution procedure is to obtain displace-
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ments and pressures so that the right-hand-side of
(2.27) 1s identically zero. Equation (2.27) gives
increments to the displacements and pressures that
will (hopefully) reduce the magnitude of the right-
hand-side entries.

In theory, we could solve the equations in the
form of (2.27). However, because we use pressure dis-
cretizations that are discontinuous between elements,
it is more efficient to statically condense out the
pressure degrees of freedom at the element level. In
other words, for a finite element, we have

KUUid + KUPp=R —FU 4.1

KUP"d + KPPp =0 - FP 4.2)

(omitting left superscripts for brevity). We solve for p
using the second equation (note that i is unknown at
this point)

p = KPP~ }(—FP — KUPT) 4.3)
and substitute eqn (4.3) into eqn (4.1) to obtain
Ki=R-F, 4.4)
where
K = KUU — KUP KPP~ ! KUP’ (4.5)
F = FU ~ KUP KPP~ FP. (4.6)

In practice, the calculation of K and F is performed
using Gauss elimination. The element stiffness
matrix K and force vector F are then assembled into
the global stiffness matrix and force vector in the
usual way. Once the global set of equations has been
solved, @ is known and the pressure increments are
recovered at the element level using eqn (4.3).

An important point is that, within each iteration,
we are solving for the increments in ‘p and ‘d. The
total pressures are obtained by summing increments
in a manner analogous to that used in calculating
the total displacements. We are only using the static
condensation procedure to speed up the equation
solution procedure; we would obtain the same
numerical results had we used the original egns
(2.27).

In contact analysis, we use the following pro-
cedure when the out-of-balance load vector is
employed to calculate reactions. First the true out-
of-balance load vector R — FU is used to calculate
reactions. Then R —FU is updated by
KUP KPP~ ! FP to produce R — F. This procedure
ensures that the additional vector KUP KPP~ FP
is not included in the contact reaction calculations,
because this vector is only a mathematical entity
used in the static condensation procedure.

The equation solution procedure outlined in eqns
(4.1) through (4.6) may be contrasted with the
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approach used by Bercovier et al. [19], Higgblad
and Sundberg [23], Zdunek and Bercovier [25] and
Higgblad and Bathe [22]. In these formulations ‘p is
written in terms of the total displacements. The
resulting expressions are used to replace the separ-
ately interpolated pressures in the out-of-balance
force vector, which is therefore written entirely in
terms of displacements. The corresponding tangent
stiffness matrix is derived by linearization. Hence the
constraint equation is always satisfied and the pres-
sure variables are removed from the incremental
equations of motion. This approach can result in
convergence difficulties when using the full Newton
iteration procedure.

5. SELECTION OF EFFECTIVE ELEMENTS

In this section, we compare the solution behavior
of different two-dimensional u/p elements. The dis-
placement interpolations considered are standard
isoparametric interpolations that are at most para-
bolic. For the pressures, we assume a polynomial
expansion of the form

B="pr+'pyr +'pss+'pers+ -0, (51)

Table 5.1. Polynomial expansions for separately inter-
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At point P,

f 9

u, I h lr,,5 00
L=l

-
PrZ g ir,s) P
L=t

where g, <1, g2*7,g32 8.

Fig. 5.1. Nine/three displacement—pressure element.

where ‘p,, 'p,, ... are internal element variables and
r, s are the element isoparametric coordinates (Table
5.1). The variables ‘p,, 'p,, ... may be associated with
the pressure degrees of freedom ‘p; introduced
carlier. Notice that the pressure may be discontin-
uous between elements; therefore static condensation

polated pressure is employed at the element level as described in
Sec. 4. Figure 5.1 shows a typical u/p element with
Number of : ine nodes and th iables. We call thi
pressure Pressure interpolation functions nine nodes and three pressure variabies. Ve 18
degrees a 9/3 element and the same nomenclature is used for
offreedom ¢, g, g3 g 9s 96 47 9s 9o  other u/p elements. (If the number of pressure vari-
1 1 ables is not given for an element, the clement is dis-
3 1 r s placement-based.)
4 1 r s rs s One characteristic of the u/p elements is that the
6 Lr s s ros patch test [1] is always satisfied. Another character-
8 1 r s rs r* s ris rs . . . h ber of [
9 I r s rs 12 s ris rs? pi2 istic is that as the number of pressure degrees o
- freedom is increased (holding the number of nodes
P=2a'n fixed), a u/p element behaves more and more like a
Table 5.2. Eigenvalues of the nine-node element shown in Fig. 5.2
Number of pressure degrees of freedom
Mode
number 1 3 4 6 8 9 Disp.-based
1 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0
4 5452 x 10! 1.019 x 102 1.027 x 10? 1.984 x 102 2171 x 102 3.119 x 102 3.119 x 10?
5 8.744 x 10* 1.711 x 10? 1.961 x 10° 2487 x 10? 3131 x 10? 4.234 x 10? 4.234 x 10°
6 2,023 x 10? 2.779 x 102 3958 x 10? 4.161 x 102 5.263 x 10? $.861 x 102 5.861 x 10?
7 2.388 x 10? 4,173 x 10? 4969 x 102 5123 x 10? 5.893 x 10? 6.398 x 10? 6.398 x 10?
8 4.170 x 10? 5.068 x 10% 5.069 x 10? 6.188 x 102 6.529 x 10? 7.531 x 10? 7.531 x 10?
9 4.832 x 102 6.570 x 10* 6.944 x 10? 7.260 x 102 9.489 x 10? 1.058 x 10° 1.058 x 10°
10 7.185 x 102 7.811 x 10? 8.036 x 102 8225 x 10? 1.096 x 10° 2.160 x 103 2.160 x 10°
11 7.866 x 10* 8.412 x 10? 9.258 x 10? 1.059 x 103 2.057 x 10* 2,162 x 10* 2.162 x 10*
12 8.162 x 10? 9.671 x 10? 1.044 x 103 1.167 x 10% 1.081 x 10% 1.086 x 10% 1.086 x 10°
13 1.052 x 10° 1.140 x 103 1.204 x 10° 7.330 x 10* 1.448 x 10° 1.499 x 10° 1499 x 10°
14 1.132 x 10° 1.211 x 10° 1.722 x 10° 1.563 x 10° 2.154 x 10° 2373 x 10% 2373 x 10°
15 1.221 x 10° 1.734 x 103 3.493 x 10% 3.550 x 10° 3.689 x 10* 3.757 x 10° 3.757 x 10°
16 2.722 x 10® 3.493 x 10° 3.653 x 10° 3728 x 10° 4.027 x 10% 4.048 x 10° 4.048 x 10°
17 3.005 x 10° 6.353 x 10° 6.356 x 10° 6.442 x 10° 6.717 x 10% 6.808 x 10% 6.808 x 10°
18 3.696 x 10% 7.776 x 10° 8.530 x 10° 8.676 x 10° 9.396 x 10% 9423 x 10° 9.423 x 10*
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Fig. 5.2. Distorted 9/3 element used in eigenvalue calcu-
lations.

displacement-based element. This behavior can be
seen in linear analysis by computing the eigenvalues
of the element stifiness matrix for different pressure
interpolations. As an example, in Table 5.2 we tabu-
late the eigenvalues of the nine-node element shown
in Fig. 5.2 in which we use 1, 3, 4, 6, 8 and 9 pressure
degrees of freedom. Three by three Gauss integration
is employed to integrate the element stiffness matrix
and static condensation is employed. It is seen that
the element stiffens as the number of pressure
degrees of freedom is increased and that the element
always contains the correct number of rigid-body
modes. An interesting observation is that when the
number of pressure degrees of freedom equals the
number of integration points, the stiffness matrix of
the displacement-based element is recovered (the
eigenvalues of the 9/9 element equal the eigenvalues
of the displacement-based element). This always
happens if the number of pressure degrees of
freedom equals the number of integration points
because, in this case, the only way in which the con-
straint equations can be satisfied is to select the coef-
ficients of 'p so that 'p = 'p at each integration point.
Evidently we must use fewer pressure degrees of
freedom than integration points in an effective u/p
element. However, if we do not use enough pressure
degrees of freedom, then the element will be unable
to model complex pressure variations. Therefore we
would like to use as many pressure degrees of
freedom as possible. On the other hand, if the
element has too many pressure degrees of freedom,
the solution accuracy of an assemblage of elements
may degrade as the bulk modulus (or Poisson’s ratio
in isotropic linear elastic analysis) increases. This
‘locking’ behavior can have a disastrous effect in the
response prediction. Therefore the best pressure
approximation corresponding to a given displace-
ment interpolation is the one of highest order for
which assemblages of elements do not lock [34].
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As an example, we consider the analysis of a
square block subjected to concentrated loads
(Fig. 5.3). We perform a linear analysis assuming an
isotropic material. The mesh used to test the eight-
and nine-node elements is shown in Fig. 5.3; the
mesh used to test the four-node elements is obtained
by subdividing each element into four smaller ele-

|
iR

|

| _
L ‘ /, discretized

E =1000

Plane strain,
unit thickness considered

R =002

— 1.0 —|

{a)

[/

9

VAN
VAN

‘R/Z

{b)

T

Ot

o

¥rr2

(c)

Fig. 5.3. Square block subjected to concentrated loads. (a)
Dimensions. (b) Mesh layout. (c) Detail of mesh at loading
point.
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ments. Three by three Gauss integration is employed
for the ecight- and nine-node eclements and 2 x 2
Gauss integration is employed for the four-node ele-
ments. We note that a 1/r stress singularity is present
and expect that the finite elements will not be able to
give accurate stresses near the point of load applica-
tion. However, for the purpose of this study, we are
not primarily interested in obtaining an accurate so-
lution, but are only interested in comparing the rela-
tive effectiveness of different elements in almost
incompressible analysis.
We use the total strain energy,

Uy = J. i"‘fu'eu dv, (5.2)
v

375
volumetric strain energy,
lpz
Yo = J E dv, (5.3)
v K
and root-mean-square pressure,
lp = IV lpl dV = 2Kl?lvol (54)
e fvav fydv’

to evaluate the degree of locking of each solution. In
the calculation of these quantities, we do not include
the elements closest to the point of load application
because of the singularity at that point (Fig. 5.3). For
the eight- and nine-node element meshes, the first

Table 5.3. Total strain energy, volumetric strain energy and root-mean-square pressure for
square block analyses (results given to three significant digits)

Element Total strain Volumetric strain Root-mean-square
type v energy energy pressure
Four-node 0.0 281 x 1077 7.76 x 10~ 0.00719
04 2.63 x 1077 3.60 x 10”8 0.0110
0.49 228 x 1077 390 x 10°° 0.0361
0.499 138 x 1077 411 x 10" 0.117
0.4999 8.50 x 10”8 933 x 10°° 0.176
049999 761 x 10”8 1.07 x 10°° 0.189
0.499999 7.51 x 10~° 1.09 x 10°1° 0.190
0.4999999 7.50 x 10~ 109 x 101! 0.191
0.49999999 7.50 x 108 1.09 x 10712 0.191
4/1
0.0 2.81 x 1077 773 x 1078 0.00718
04 2.65 x 10”7 3.06 x 1078 0.0101
0.49 252 x 1077 348 x 107° 0.0108
0.49999999 251 x 10”7 353 x 10718 0.0109
Eight-node
0.0 2.87 x 10~7 796 x 10°° 0.00728
04 268x 1077 324 x10°° 0.0104
0.49 255 x 1077 1.19 x 10-® 0.0199
0.49999999 827 x 10°%  4.46 x 107? 8.62
8/4
0.0 2.87 x 10”7 796 x 1078 0.00728
04 268 x 10”7 313 x 10" 0.0102
0.49 2.57 x 10~7 467 x 1077 0.0125
0.49999999 277 x 1077 290 x 10°13 0.0984
8/3
0.0 2.87 x 10”7 796 x 10-8 0.00728
04 268 x 1077 312 x 1078 0.0102
0.49 2.54 x 10”7 358 x 10°° 0.0109
0.49999999 253 x 10°7 3.69 x 1071¢ 0.0111
Nine-node
0.0 2.86 x 10~7 796 x 107 0.00728
04 2.68 x 10~7 322 x 10" 0.0104
0.49 253 x 1077 9.71 x 10~° 0.0180
0.49999999 1.57 x 10”7 1.06 x 10~ 0.595
9/4
0.0 2.86 x 10°7 796 x 10°% 0.00728
04 2.68 x 10”7 312 x 108 0.0102
049 2.54 x 10”7 354 x 10" 0.0109
0.49999999 252 x 10”7 3.60 x 1071 0.0110
9/3
0.0 2.86 x 10~7 795 x 10~ 0.00728
04 2.68 x 10~7 312x10"% 0.0102
049 2.54 x 10”7 353 x10°° 0.0108
0.49999999 252 x 1077 358 x 10°1% 0.0109
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ring of elements is not included. For the four-node
element meshes, the first and second rings of ele-
ments are not included because two rings of four-
node elements are used to model the same region as
one ring of eight- or nine-node elements.

Some numerical results are given in Table 5.3,
First we consider the four-node element and the 4/1
element. Of particular interest is the behavior of the
root-mean-square pressure from the displacement-
based element results; as v is increased, the root-
mean-square pressure increases by a factor of 25 and
then levels off. This behavior is physically unrealistic
and is characteristic of locking. The 4/1 element also
locks, but the degree of locking is small; the pressure
increases by only a factor of 1.52. Here the locking is
more readily observed using pressure band plots for
v equals 0.4 and 0.4999 (Fig. 5.4).

Next we consider eight-node elements. The eight-
node displacement-based element locks with a pres-

(a)

(b)
Fig. 5.4. Pressure band plots for 256 4/1 element mesh of

block, band width =0.001. (a)
v = 0.4999.

square v=04, (b)
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(b)
Fig. 5.5. Pressure band plots for 64 8/3 element mesh of

square block, band width = 0.001. (a)
v = 0.4999,

v=04. (b)

sure increase of a factor of 1200. The 8/4 element
also locks with a pressure increase of a factor of 14.
The 8/3 element also locks; the pressure increase is
very slight (a factor of 1.52) but pressure band plots
(Fig. 5.5) show the locking. We do not consider the
8/1 element because the constant pressure assump-
tion implies that the element is unlikely to be effec-
tive.

Now we consider nine-node elements. The nine-
node displacement-based element locks with a pres-
sure increase of a factor of 80. The 9/4 element also
locks; the pressure increases by only a factor of 1.51,
but pressure band plots (Fig. 5.6) show the locking.
The 9/3 element exhibits a pressure increase of a
factor of 1.5 and the pressure band plots (Fig 5.7)
show that there is no locking. (Note that the analyti-
cal solution has a pressure increase of a factor of 1.5

The above results are supported by theoretical
a priori analyses. Briefly, the pertinent theoretical
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(b)
Fig. 5.6. Pressure band plots for 64 9/4 element mesh of

band width = 0.001. (a)
v = 0.4999.

square block, v=04. (b)

criterion used to determine element locking is the
inf-sup condition of Brezzi and Babuska [12-14]

fag div v, dQ
fvall gl

inf sup
qe Dy vaeV,

2p>0, (5.5)

where V, is the space of all displacement approx-
imations, D, is the space of all pressure approx-
imations and B is a constant independent of the
characteristic element size in the mesh. If this condi-
tion is satisfied, the element assemblage will not lock.
The criterion (5.5) is equivalent to (and more easily
used as)

VueV, 3u,el,
such that

fdiv(u -u)gdQ=0, VgqeD,,
0

CAS 26:1/2-Y

3N

where: V is the space of all displacement fields, u is
the exact displacement solution and u, is an inter-
polant. A more complete discussion of eqns (5.5) and
(5.6) is given in [34]. Notice that the integrals are
taken over the entire assemblage of elements.

It is well known that the 8/1 element and the 9/3
element satisfy the inf-sup condition [16,34].
Because u; can be constructed element-by-element,
the condition (5.6) is satisfied for any assemblage of
these elements. However, for other element types, it
is very difficult to prove that (5.6) is not satisfied for
a given assemblage. Therefore the solution behavior
of elements for which the condition (5.6) cannot be
proved beforehand must be predicted using numeri-
cal experiments. The most conservative approach is
simply to use elements for which the inf-sup condi-
tion is always satisfied, and this is why the 9/3
element is a very attractive element.

{b)

Fig. 5.7. Pressure band plots for 64 9/3 element mesh of

(5.6) square block, band width=0.001. (a) v=04. (b)

v = 0.4999.
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In three-dimensional analysis, the inf-sup condi-

tion shows that the 27/4 element, where

P="pr+'par +'pys+'pat (5.7)
and r, s, t are the isoparametric coordinates, does
not lock. However, this element can be quite expen-
sive and it may be advantageous to develop more
effective clements for three-dimensional analysis
[35]. In the present paper, we only use the 27/4
element.

A cost comparison of the 9/3 and 27/4 elements
with the corresponding displacement-based elements
shows that the u/p elements are only slightly more
expensive. The additional cost is mainly associated
with the static condensation of the element stiffness
matrices; this cost is low because the number of
pressure variables per element is relatively small.

6. SAMPLE SOLUTIONS

We present, in this section, some examples that
demonstrate the effective use of the u/p elements in
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compressible and almost incompressible analyses.
The examples considered throughout this paper were
run using the ADINA program [36] in which the u/p
elements have been implemented. Unless otherwise
specified, the following solution procedures are
employed. Three by three Gauss integration is used
to integrate the clement stiffness matrices and force
vectors in two-dimensional analysis and 3 x 3 x 3
Gauss integration is used in three-dimensional
analysis. For nonlinear analyses, simple load step-
ping is employed; for cach load step, the prespecified
load (or displacement) increment is applied and equi-
librium iterations are used with the full Newton
algorithm to re-establish equilibrium. Note that no
special procedures, such as those described in
[19, 22,37], are used in the nonlinear analyses. Also
no specific attention is given to the use of optimal
meshes or optimal solution strategies.

6.1 Isotropic linear elasticity—analysis of an
axisymmetric pressure vessel

The first example is the analysis of the axisym-
metric pressure vessel already shown in Fig. 1.1. The

L,

a1

[
i

1

{a)

(v)

Fig. 6.1. One hundred and sixty 9/3 element mesh for axisymmetric pressure vessel. (3) Complete mesh.
(b) Detail of mesh.
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goal of the analysis is to determine the stress dis-
tribution due to the internal pressure loading, with
special emphasis on the principal stresses on the ‘line
of stress output’ shown in Fig. 1.1. The problem is to
be solved assuming first a Poisson’s ratio of 0.4 and
then a Poisson’s ratio of 0.49.

This problem was first considered in a paper by
Floyd [38]. We presented some solutions for v = 0.4
[39], Brebbia er al. analyzed it using boundary ele-
ments [40] and we presented additional solutions
using the u/p formulation [8]. Here we summarize
the major results of the analysis discussed in [8].

We consider the 160 element mesh of 9/3 elements
shown in Fig. 6.1. The solutions are compared with
solutions from the 181 element mesh of eight-node
displacement-based elements shown in Fig. 1.2. For
v = 0.4, the pressure band and effective stress band
plots are shown in Figs 6.2 and 1.3. (For brevity, we
are showing only plots of the region near the stress
concentration.) The two sets of plots agree quite well,

b)

Fig. 6.2. Stress band plots for 160 9/3 eclement mesh,
v = 040, band width = 2.5 psi. (a) Pressure band plot. (b}
Effective stress band plot.
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(a)

{b)

Fig. 6.3. Stress band plots for 160 9/3 eclement mesh,
v = 0.49, band width = 2.5 psi. (a) Pressure band plot. (b)
Effective stress band plot.

although the 181 element mesh pressure bands are
somewhat wavy. For v = 0.49, the pressure band and
effective stress band plots are shown in Figs 6.3 and
1.4. The 181 element mesh has locked; the pressure
bands are totally indistinguishable, whereas the 160
element mesh pressure solution shows no degrada-
tion. Notice that the effective stress bands from both
meshes agree quite well,

Graphs of the stresses along the line of stress
output from the 160 element mesh solution corre-
sponding to v =049 are shown in Fig. 6.4. These
results compare favorably with the boundary
clement results given by Floyd and Brebbia et al.

6.2 Orthotropic linear elasticity—analysis of a
cylinder under internal pressure

We consider the axisymmetric analysis of an
orthotropic cylinder under internal pressure loading
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100 {Fig. 6.5). The material constants for the cylinder are

E, = 10% MPa, E,=10° MPa, E,= 10° MPa
8o 0.25 0.25

Vg =—, Vg, = 0.25, V,, = "g_‘

& Eiements cbove hine
G,, =4 x 10° MPa,

o, 60 o Elements below hLne

(psi) . .
where r, 0, z denote the coordinate axes and g is a

number used to control the degree of orthotropy.
The cylinder may be thought of as being stiffened in
the @ and z directions by the amount 1/g. This set of
material constants is specially chosen to produce a
semideformable material when g=1/6. To show
that we deal with a semideformable material, we
construct the inverse of the constitutive matrix

40

2.30 ) 1 —-0.25 -0.25
o) I1-025s -025¢ g4

(We need to consider only the matrix associated with
the normal stresses and strains.) Then we invert ™!

sor to obtain
2 | !
& Elemenis cbove line t%g- .: - j%g - -I\. - }%g. -
O Elements below line = ! + 6.2
sl C= ﬁ ﬁ 1%9_ ._g___T‘_a_ fg+15 (6.2)
g+ 75 ! PR
(;’i) and C provides the pressure-strain relationship
201
1 10%
P=—-o—I 10)'e,, + 25'¢4p + 25!
p 3159—'5/2 [( Sg+ )err €op ezz]
58
0 ' n 1 (63)
a4 56 80y (in
and the ‘bulk modulus’
-20% 6
1 0%g
= P(*'p) = = ————— (15g + 60). 6.4
N K=PH) =55, 159 +60.  (64)
The bulk modulus becomes infinite when g is
decreased to 1/6. For g = 1/6, the pressure-strain
80 relationship is
A Elements above hine o= — w[i'e, + ‘e + ‘e..] (6.5)
© Elements below line
40
z
Ty L
{psi}

20 Inner radius = O.Im
C Outer rodius =02 m

Internal pressure p,

° L — L J
54 56 .8 60 Y{in) Materiol constonts
" E Eq i€y
Yo"z Y02
G
-20 -
(c) Plane strain conditions

Fig. 6.4. Stress line graphs for 160 9/3 e¢lement mesh, in 2 dirsction

v=049. (a) Maximum in-plane principal stress. (b) ) )
Minimum in-plane principal stress. (c) Hoop stress. Fig. 6.5. Orthotropic cylinder under internal pressure.
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so that the requirement that 'p be finite means that

Lle,, + ey + ‘e, = 0. (6.6)
This constraint is analogous to the incompressibility
constraint. However, as discussed in Sec. 3, this
material is not incompressible, but is instead semi-
deformable.

The analytical solution to the cylinder problem is

[41]

ck+l r k—1 r -k-1
1, = f'_ 5 (3) b payeT _pICZk c“”(z) (6.7a)
r k-1 p’ . r -k-1
(;) troaEk g
(6.7b)
(6.7¢)

k+1
Pic
=1 _mk

T2z = Vez Tr + Vo: Top»

where p, is the applied internal pressure, a is the
internal radius, b is the external radius, c = a/b, r is
the radial coordinate and

k '(1 — Yy vzr)Eﬂ

- (1 = Vo, v:O)Er .

Our four element finite element mesh is shown in
Fig. 6.6. Table 6.1 shows the root-mean-square pres-
sure (defined in eqn (5.4)) for different values of g
when 9-node and 9/3 elements are used. The dis-
placement-based element mesh locks, with the root-
mean-square pressure increasing by a factor of 260,
whereas the u/p element mesh does not lock. Figure
6.7 shows stress graphs from the 9/3 element mesh

(6.7d)

€
|

| glbssggriiigiu i

Fig. 6.6. Four 9/3 element mesh for orthotropic cylinder.

Table 6.1. Root-mean-square pressure
vs g for orthotropic cylinder problem

P’Hll Prm

g (disp-based)  (u/p)

1 27.78 27.78
0.5 25.53 25.51
0.2 21.28 19.38
0.17 85.39 12.77
0.167 754.7 17.59
0.1667 3919 17.57
0.16667 6752 17.56
0.166667 7281 17.57
0.1666667 7338 17.57
0.16666667 7343 17.57
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solution for g = 0.16666667. These graphs compare
very well with the analytical solution (using g = 1/6)
discussed above.

6.3 Rubber-like elasticity (using the total Lagrangian
Jormulation)

6.3.1 Rubber cylinder drawn through a die. A
rubber cylinder is pulled through a frictionless die
that reduces the diameter of the cylinder from 2 in.
to lin. (see Fig. 6.8). A neo-Hookean material
description is used to model the rubber, with C, =
100 psi and x = 10° psi. The goal of the analysis is
to determine the steady-state drawing force.

The analytical solution for this problem, assuming
total incompressibility, is easily derived assuming
that the deformation of the drawn rubber is homoge-
neous. The drawing force can be computed either by
use of the principle of virtual work or by integrating
the stress field from the known displacements:

2 4
R= c,[z('—’) + ('—‘) - 3](nr§), 6.8)
r ra

where r; is the original radius and r, is the final
radius of the rubber. For the given geometric and
material data, R = 1060 1b.

To solve this problem, we use the mesh of 50 9/3
elements shown in Fig. 6.9. Also shown is the target
surface that represents the frictionless die. For the
contact conditions the algorithm available in
ADINA is used [42]. A prescribed displacement is
applied to the elements on the left side of the mesh.
The adjacent diagonal elements are used only to help
draw the cylinder of rectangular elements on the
right side of the mesh into the die. Some important
modeling considerations are that the die taper must
be gradual and that enough elements must be used
in the axial (horizontal) direction; otherwise the
contact algorithm will show convergence difficulties
as the rubber is drawn into the die.

A prescribed displacement of 10 in. is applied to
the left side of the mesh in 100 equal load steps.
Some plots of the deformed configuration, in which
only the rectangular elements are shown for clarity,
are shown in Fig. 6.10. We see that the elements are
undergoing large displacements and strains. A force-
deflection curve is given in Fig. 6.11. Below a dis-
placement of 7 in., the diagonal elements are being
pulled through the neck of the die. After this dis-
placement is reached, a few rectangular elements
have been pulled through the die and the steady-
state load is quite close to the analytical solution.

6.3.2 Rubber cylinder pressed between two plates. A
problem of practical engineering importance is the
determination of stresses within a toroidal rubber
ring that is pressed between two plates [43]. For the
purpose of analysis, this problem can be idealized as
a plane strain rubber cylinder pressed between two
frictionless plates, see Fig. 6.12. We would like to
determine the force-deflection curve for the cylinder
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2501
J analytical solution
200 —8 4 9/3 element mesh
1504
Tee ]
1001
50 ]
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0.08 0.2 0.16 020 0.24
Radial coordinate
(a)
32 .
analyticel solution
h &—98 4 9/3 element mesh
24
-Pressure T
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Radial éoordinote

(b}
Fig. 6.7. Stress line graphs for orthotropic cylinder. (a) Hoop stress. (b) Pressure.

and also the location and magnitude of the where R is the load per unit thickness, D is the cylin-
maximum stresses when the applied displacement der diameter, b is the contact zone width
equals one-half of the initial diameter of the cylinder.
. 1 —v2
For fsmall dlsplagements, the Hert.z contact b=160 |RD v (6.10)
assumptions are valid and the following force- E

deflection relationship results [44]:

and E, v are the small strain Young’s modulus and
4R(1 — v3) /1 2D Poisson’s ratio. For larger displacements, an approx-
A= -—(—nE-”—) (- +1In —), (6.9) ger € PP

3 b

4.0 in
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R

27 AT
Diogonal Recianguilar
slaments slements

Fig. 6.8. Rubber cylinder drawn through a die. Fig. 6.9. Fifty 9/3 element mesh for rubber cylinder.

Target surface
Frictionless /
contact

Neo-Hookean material :
C, = 100 psi
K = 10° psi
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Fig. 6.10. Deformations of rubber cylinder, plotting only the initially rectangular elements. (a) A = 0 in.
(B)A=6in(c)A=7in(d)A =8 in(c)A=9in (f)A =10 in.
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Fig. 6.11. Force—deflection curve {or rubber cylinder.

imate solution based on experimental data is [43]:

A 32 A 6
R= ED[I.ZS(B) + 50(5) ] (6.11)

In this relationship, it is assumed that the Young's
modulus is constant.

We idealize the rubber using a Mooney-Rivlin
description, with C, = 0.293 MPa, C, = 0.177 MPa
and k = 1410 MPa. For small strains, the Young’s
modulus is E = 2.82 MPa and the bulk modulus to
shear modulus ratio is 1,500.

Two finite element meshes of 9/3 elements are
used, one with 16 elements and the other with 64
elements (Fig. 6.13). The ADINA contact algorithm
is used in conjunction with a rigid frictionless target
surface. The load is applied by prescribing the dis-
placements at the top of the mesh.

First we consider small displacements. A displace-
ment of A = 0.02 m is applied in ten equal load steps
(using the total Lagrangian formulation). The results
are shown in Fig. 6.14(a). We see that the Hertz and
Lindley solutions do not agree for this range of dis-
placements. Below A = 0.01 m, only one node in the
16 element mesh is in contact and this makes the
force~deflection curve for this mesh artificially soft.
After the next node comes into contact, the stiffness
of the mesh noticeably increases. The 64 element
mesh is in close agreement with the Hertz solution,
although the difference between these solutions
increases as the deflection is increased.

l R,
0=04 C, = 0.293 MPa
Fnc:lor;less C,= 0177 MPa
contac \ x = (410 MPo
17777 7777777777 7777TIITIIIT]

Plane strain, unit thickness considered
Fig. 6.12. Rubber cylinder pressed between two plates.

For the large displacement solution, a displace-
ment of A = 0.2 m is applied in ten equal load steps.
The resulting force—deflection curves are shown in
Fig. 6.14(b). For this range of deflection, the two
finite element solutions are in close agreement. The
Hertz solution is too soft (it is not intended to be
used for large displacements). The Lindley solution is
also softer than the finite element solutions, but it
predicts the rapid stiffening of the cylinder as
A =02 m is approached. The differences between
the Lindley and finite element solutions are probably
largely due to the assumption of a constant Young’s
modulus in the Lindley solution.

Prescribed dispiccements A/2

Target surfoce

/

{a)

Prascribed displacements A/2

CELLLLLTTLCTINRNY

M o 1

E W

ALELERRRTRTTRARRRANANY

/Target surface

(b)

Fig. 6.13. Meshes used for rubber cylinder. (a) 16 9/3 cle-
ments. (b) 64 9/3 elements.
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O 16 elements
b & 64 elements

R
(N)
I.GT
.4 © |6 elements
o 64 slemenis
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0.024
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0.0 0.5
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Fig. 6.14. Force—deflection curves for rubber cylinder. (a) Small displacement analysis. (b) Large displace-
ment analysis.

The deformed 64 element mesh for A=02m is
given in Fig. 6.15. The deformed shape agrees with a
photograph by Gobel [45] (Fig. 6.16). Stress band
plots for A = 0.2 m using the 64 element mesh are
shown in Fig. 6.17. The stress bands are continuous,
indicating that the mesh is adequate. The locations
and magnitudes of the Jargest stresses are also indi-
cated.

Also shown in Fig. 6.14(b) is a force—deflection
curve obtained using the Ogden material description
with the following coefficients:

§, = 0.746 MPa jy = —0.306 MPa
Uy = 6.609 x 10”5 MPa

a, = 1748 a, = —1.656

oy = 7.671

These coefficients were chosen to fit the same experi-
mental data as were the Mooney-Rivlin coefficients
[22]. We see that the force—deflection curve obtained

using the Ogden model is close to the curve obtained
using the Mooney-Rivlin model.

6.3.3 Symmetric bifurcations of a rubber cylinder.
The solid cylinder shown in Fig. 6.18 is subjected to
a uniform compression. The cylinder consists of a
neo-Hookean material and its deformations are con-
strained to be axisymmetric. As long as the compres-
sive force is less than a critical load, the
deformations are homogeneous. However, once the
critical load is reached, axisymmetric bifurcations
are possible (Fig. 6.19).

Wilkes [46] analyzed this problem using analyti-
cal techniques and the results are plotted in Fig.

Fig. 6.15. Deformed 64 9/3 element mesh of rubber cylin-
der,A =02 m.
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Fig. 6.16. Photograph of rubber cylinder pressed between
two plates; from [45, Fig. 3.20].

6.20. The largest stretch at which a bifurcation
occurs corresponds to a wavelength ratio of 0.76; the
load corresponding to this stretch is the critical
load.t For loads larger than the critical load, bifur-
cations with other wavelengths are possible. In all
cases, the shape of the bifurcation is a sinusoidal
wrinkling of the surface of the cylinder.

Miller [47] analyzed this problem using a mixed
formulation finite element method, and obtained
physically realistic results only with an eight-node
element with three discontinuous pressure variables.
His mesh was constructed to model one bifurcation
wavelength. We analyze this problem using the

t Wilkes obtains a wavelength ratio of 0.47 at a critical
axial stretch of 0.446; however his estimate was obtained
using asymptotic expansions of the Bessel functions
whereas our estimate, using his equations, is obtained using
Taylor series expansions of the Bessel functions.

THEODORE SUSSMAN and KLAUS-JURGEN BATHE

Radius = 1.0

Neo-Hookean material:
C, =200

N

R

Fig. 6.18. Rubber cylinder in uniaxial compression.

general mesh layout shown in Fig. 6.21. A large
height to radius ratio (10: 1) is used to allow the
mesh to contain possible bifurcations with very long
wavelengths and to show that the obtained bifur-
cations are periodic.

The general method of solution is to increase the
load level until the tangent stiffness matrix contains
a negative eigenvalue. Then a separate linearized
buckling analysis with the algorithm available in
ADINA is performed using two configurations with
loads close to the critical load of the model. The lin-
earized buckling analysis produces estimates of the
analytical critical load and associated bifurcation.

Our first mesh contains 90 9/3 elements. The first
three bifurcations along with the associated esti-
mates of the analytical critical load and wavelength

(b)

Fig. 6.17. Stress band plots for 64 9/3 element mesh, A = 0.2 m, band width = 0.5 MPa. (a) Effective
stress band plot. (b) Pressure band plot.
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Fig. 6.19. Symmetric bifurcations of rubber cylinder.

are given in Fig. 6.22. The estimates of the critical
load are almost identical and are about 16% larger
than the analytical solution of Wilkes. However, the
three predicted wavelengths from the finite element
solutions are much larger than the analytical value.

Next we divide each element in the mesh into four
smaller elements to produce a 360 element mesh of
9/3 elements. The first three bifurcations and associ-
ated estimates of the analytical critical load are
shown in Fig. 6.23. The estimates of the critical load
are now only 4% larger than the analytical solution.
However, the smallest predicted wavelength is still
about twice as large as the analytical value.

These wavelength predictions from the two meshes
can be explained as follows. Both meshes overesti-

387

R/27

Neo-Hookean materiai:
C, = 200
K = 2xI10°

LeLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL LY LLLLLLLLLLLLLLLL L L L,

Fig. 6.21. Ninety 9/3 element mesh for rubber cylinder.

mate the critical buckling load; therefore both
meshes underestimate the critical axial stretch. Using
the axial stretches corresponding to the smallest pre-
dicted buckling loads and Fig. 6.20, we find that the
corresponding bifurcation wavelengths are also too
large; they are 2.60 and 1.75 for the 90 and 360
clement meshes respectively. The large difference
between these values and the value of 0.76 is clearly
due to the fact that the curve in Fig. 6.20 is almost
horizontal in the region of z,/a, = 0.76. Hence the
convergence to the analytical value of the critical
wavelength, as a function of the number of elements
used, must be expected to be very slow.

045 (0.76,0.447), critical load is 5730
0.401
~< d
-4
L
® 0.351
»
2 ] 2
g R=-4007 (A-1/X)
< 0301
.25 1 T

20

T T T 1

40 60

Wavelength ratio z,/0,

Fig. 6.20. Critical stretch vs wavelength ratio for rubber cylinder, analytical solution.
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Fig. 6.22. Bifurcations of 90 9/3 clement mesh; “R/2r =  Fig. 6.23. Bifurcations of 360 9/3 element mesh; only mesh
1050; "R/2n = 1060. (a) First bifurcation. (b) Second bifur- outline shown; *R/2rn = 950; ""R/2n = 960. (a) First bifur-
cation. (c) Third bifurcation. cation. (b) Second bifurcation. (c) Third bifurcation.
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Fig. 6.24. Insertion of a rubber seal.

6.3.4 Insertion of a rubber seal. Figure 6.24 shows
a highly idealized rubber seal and its frame. As
shown, the seal is to be pushed into the frame by the
force R. We would like to determine the force
required to insert the scal and also the deformed
shape of the seal and the contact forces between the
scal and frame after insertion. No analytical or
experimental results are available for this problem.

We use the mesh of 39 9/3 elements shown in Fig.
6.25. The mesh is constructed to have enough
contact segments (two per element) to adequately
model the contact between the seal and the curved
section of the frame. The mesh is inserted by pre-
scribing the displacement on the top of the truss
element. Fifty equal load steps are used to apply the
final displacement of one inch. Once this displace-
ment is reached, the truss is removed (using the
element birth/death option in ADINA) and one
more load step is performed to determine the final
equilibrium state and the contact forces.

lR/z

H~truss element

A4 1 1 328 [
a

_—Targe! surfoce

Fig. 6.25. Thirty-nine 9/3 element mesh for rubber seal.

Some of the intermediate mesh configurations are
shown in Fig. 6.26. Notice that the contact area
always lies within the refined region of the mesh. The
force-deflection curve is shown in Fig. 6.27. The
abrupt change in slope at a displacement of roughly
0.8 in. is due to the region of contact moving to ele-
ments with slightly longer contact segments. The
contact forces acting on the inserted seal are
depicted in Fig. 6.28.

6.3.5 Stress analysis of a rubber bushing. Figure
6.29 shows the cross-section of a rubber bushing.
The frame and internal shaft are assumed to be rigid
and it is assumed that the rubber is perfectly bonded
to these components. The goal of the analysis is to
determine the force—deflection curve of the unit and
also the stresses and deformations corresponding to
a displacement of 3 mm.

For small displacements, an approximate value of
the bushing stiffiness is [48]:

k =BG, (6.12)
where B is equal to 135 for a long bushing with the
given dimensions and G is the shear modulus. From
the given data, k = 60 N/mm. For large displace-
ments we can compare our solutions with those
obtained by Zdunek and Bercovier [25], who also
analyzed this problem with their mixed finite
element formulation.

To solve this problem, we choose the 72 4/1
clement mesh used by Zdunek and Bercovier (Fig.
6.30(a))t. A mesh of 32 9/3 elements (Fig. 6.30(b)) is
used to compare the effectiveness of the 9/3 element
with the 4/1 element. Also considered are refine-
ments of these meshes obtained by dividing each
element into four smaller eclements: a 288 4/1
element mesh and a 128 9/3 element mesh.

t Two by two Gauss integration is used for the 4/1 ele-
ments.
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Fig. 6.26. Deformations of rubber seal. {a}) A = 0.2 in. (b)
A=04in(c)A=08in{d)A=10in.
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Fig. 6.27. Force—defiection curve for rubber seal,

The force—deflection curves given in Fig. 6.31
show the results obtained by specifying a displace-
ment increment of 1 mm in each load step. All of the
solutions agree with each other up to a displacement
of about 4 mm; above this displacement, the 72 4/1
element mesh becomes highly distorted and stiffens
excessively. The 72 4/1 element mesh force—deflection
curve agrees with the corresponding curve shown in
[25] over the displacement range considered in that
paper {(0-4.8 mm). We note that the bushing
response is almost linear.

We now examine the displacements and stresses
for an applied displacement of 3.0 mm. Figure 6.32
shows pressure band piots. The deformations of the
72 4/1 element mesh agree with the solution given in
{25]. However, we cannot directly compare the pres-
sures with the results in [25] because the pressure
contour plot in [25] utilizes smoothed data. (Also,
the pressure constraint equation used in Zdunek and
Bercovier's analysis was different from the one used
in our analysis [49].) We see that the 9/3 mesh stress
solutions are smoother than the 4/1 mesh solutions.

6.3.6 Torsion of a rubber cylinder. In this example,
we consider a simple three-dimensional problem.
The solid rubber cylinder shown in Fig. 6.33 is con-
strained in the axial direction and is twisted by the
applied moment. We would like to determine the
moment-rotation curve and the axial force-rotation
curve for the cylinder.

This problem was solved analytically by Rivlin,
assuming total incompressibility. The solutions are
[503:

M = n(C, + C)r*(8/L) 6.13)

N =2(Cy + 20O/,

S i86*
L0 146 Ibs

(6.14)

0146 bs

0.095 ibs
Fig. 6.28. Contact forces acting on rubber seal, 4 = 1.0 in.
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Mooney-Rivlin materal:
¢, = 077 N/mm’
C, = 0.045N/mm’
x = 666 N/mm’

T e

Fig. 6.29. Rubber bushing.

where M is the applied moment, N is the axial force
(positive in compression), r is the cylinder radius, L
is the cylinder length and 8 is the total angular dis-
placement. (In this problem, the cylinder radius does
not change as the cylinder is twisted because of the
incompressibility constraint.)

We use the mesh layout of eight collapsed 27-node
elements shown in Fig. 6.34 to model the cylinder.
We consider both displacement-based and 27/4 ele-
ments. On the far end of the cylinder, all of the nodes
are fixed. On the near end, the angular displacement
of the center node is prescribed and rigid links
placed between this node and the other nodes on the
near end cause the entire cross-section to rotate by
this amount. A stifl truss element is connected to the
center node and ground; this element constrains the
cylinder in the axial direction and is used to measure
the axial reaction force.

We apply a total angular displacement of 0.1 rad
in ten equal load steps. The moment-rotation curves
are shown in Fig. 6.35, where we see that the two
finite element solutions agree very well with the ana-
lytical solution. The axial force-rotation curves are
shown in Fig. 6.36. Here the 27/4 element solution
agrees with the analytical solution but the
displacement-based element solution stiffens exces-
sively as the rotation is increased. Notice that the
displacements of the mesh are still quite small at a
rotation of 0.1 rad.

1200-
r- 72 471 elements
- & 288 4/1 slements
+ 32 9/3 slements
X 8
800- {28 9/3 elements

Force (N}

onalytical solution
(small displacements)

391

{b}

Fig. 6.30. Meshes used for rubber bushing (a) 72 4/1
clement mesh. (b) 32 9/3 element mesh.

0 20

40

T U T 1

60

Displacement (mm}
Fig. 6.31. Force-deflection curves for rubber bushing.
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(d)

Fig. 6.32. Pressure band plots for rubber bushing, A = 3.0 mm, band width = 0.5 N/mm?>. (a) 72 4/1
element mesh. (b) 288 4/1 element mesh. (c) 32 9/3 element mesh. (d) 128 9/3 element mesh.

6.4 Elasto-plasticity (using the
materially—nonlinear-only formulation)

6.4.1 Bending of a beam. A simple verification
problem is to determine the limit load of a thick
beam with rectangular cross-section when subjected
to a moment (Fig. 6.37). The analytical limit load is

vkoh

where M is the limit moment (per unit thickness), o,
is the yield stress in uniaxial tension and h is the
cross-sectional height. Substituting the geometric
and material data gives M, = 30,020.

To solve this problem, we use the mesh of five dis-
torted nine-node elements shown in Fig. 6.38. We
use distorted elements to show the robustness of the

M, = (6.15)

u/p clements; for the solution to be accurate using
only a few displacement-based elements, the ele-
ments must be undistorted [51]. An angular dis-
placement of 0.005 radians is applied using
constraint equations in ten load steps. The moment-
rotation curves for a mesh of five 9-node
displacement-based elements and a mesh of five 9/3

N
Radius = 0.05m
M Length=O tm
Mooney -Rivlin material:
C, = 300000 Pa
C, = 150,000 Po
x =4.5x10°FPa
Cylinder constrained to have

no displacements in the axial
direction.

Fig. 6.33. Torsion of a rubber cylinder.
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Fig. 6.34. Eight collapsed 27/4 element mesh for rubber
cylinder.

elements are given in Fig. 6.39. The slope of the
displacement-based element curve does not tend to
zero as the rotation is applied but instead attains a
finite value of dM/d0 = 80,000. In contrast, the slope
of the 9/3 element curve is almost zero at the correct
limit load.

6.4.2 Indentation of an -elastic-perfectly plastic
half-space by a smooth punch. A well-known problem

393

is the determination of the limit load of a smooth
rigid punch pressed into an elastic-perfectly plastic
half-space (Fig. 6.40). For a rigid-perfectly plastic
material, considering only material nonlinearities,
the limit load is [52]:

R = (2 + n)XbXo,//3), (6.16)
where R is the load per unit thickness and b is the
punch width. For the geometric and material data
given, R = 154,000 Ib.

Our basic mesh layout is shown in Fig. 6.41(a).
The 10 nine-node element mesh shown is subdivided
once to obtain a 40 element mesh and twice to
obtain a 160 element mesh. We consider both 9-node
displacement-based elements and 9/3 elements. Note
that the meshes have collapsed elements at the
punch corner and that all of the element nodes on
the collapsed element sides have the same degrees of
freedom. The loading and boundary conditions
associated with the punch are shown in Fig. 6.41(b).
These boundary conditions are consistent with the
assumption of only material nonlinearities; in a geo-
metrically nonlinear analysis, it is necessary to

10.04
8.0
"E‘ ]
Z 601
]
(1
£
§ 4.0
O 27-node elements
© 27/4 elements
2.0 —— analytical solution
o L T T T L L4 T L2 L)
0 002 004 006 008 0.10 012
Rotation (rad)
Fig. 6.35. Moment-rotation response of rubber cylinder.
10.04
O 27-node eiements (0]
O 27/4 elements
8.0 ~——analytical solution
g ] U]
s 6.0
g o
5 40-
3 40 o
2.01
) 002 004 ©006 Q08 ' 0I0 = OR

Rotation (rad)
Fig. 6.36. Axial force-rotation response of rubber cylinder.
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Fig. 6.37. Elasto-plastic beam in bending.

employ a contact algorithm to model the punch
indentation.

A prescribed displacement of 0.1 in. is applied in
100 equal load steps. The plastic zones and pressure
bands for the 160 element meshes corresponding to a
displacement of 0.1 in. are shown in Fig. 6.42. The
outlines of the plastic zones show considerable
detail.t The pressure bands for the displacement-
based elements correspond to, but are much less dis-
tinct than, the pressure bands for the 9/3 elements.
(In the displacement-based analysis of elasto-plastic
materials, the pressures used in the pressure band
plots are calculated by extrapolating the pressures
computed at the integration points in an element
throughout the rest of the element with Lagrange
polynomials.)

The force—deflection curves for all six solutions are
shown in Fig. 6.43. We see that, for the same mesh
layout, the u/p elements give a more accurate limit
load than the displacement-based elements. Also the
final slopes from the u/p formulation analyses are
lower than the final slopes {rom the displacement-

+ We note that the plastic zone plots have some unreal-
istic features, such as the single plastic integration point at
the lower left-hand corner of the mesh and sometimes a few
unloaded spots in the middle of a plastic region.

THEODORE SUSSMAN and KLAUS-JURGEN BATHE

Fig. 6.38. Five 9/3 element mesh for beam in bending.

based formulation analyses. Notice that both formu-
lations overestimate the analytical solution, and that
the overestimate is less for the more refined meshes.

6.4.3 Elasto-plastic fracture mechanics analysis of a
cracked specimen. We consider the plane strain
cracked specimen in tension shown in Fig. 6.44. The
load R is evenly distributed over the top and bottom
edges of the specimen and is statically equivalent to
a force applied along the center of the uncracked
specimen. The goal of the analysis is to determine
the limit load and the J-integral vs displacement
curve, assuming only material nonlinearities and that
the crack does not propagate.

The J-integral is defined as [53]

ou,
J =§(W dx, ~ T,-a-l-ds),

where the specimen is located in the x,-x, plane
with the crack parallel to the x, axis, W is the strain
energy density and T is the traction vector. In the

6.17)

32'000-1 (unalyflcai limit foad o 6 O
24,0004
€
g 16,0004
$ O 5 9-node elements
1 & 5 9/3 elements
8,000+
o 1 L L) ¥ Ll H ] v T T 1
o] 000i 0,002 0003 0004 0005 0006
6 (radians)

Fig. 6.39. Moment-rotation response of beam in bending.
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- E=30x10°psi O = 26000 psi

Ey=0

Plane strain,
unit thickness
considered

Punch width = 2.0in

Fig. 6.40. Indentation of an elastic-perfectly plastic half-space by a smooth punch.

analysis to be considered, J can also be conceptually
evaluated using

1d¥w

.18
B da’ (6.18)

where B is the specimen thickness, %~ is the work
input to the specimen and a is the crack length.
Although there are theoretical questions regarding
the use of the J-integral in elasto-plastic analysis
when an incremental elasto-plastic material descrip-
tion is used, there is evidence that the J-integral can
be a useful fracture criterion [54].

A limit load estimate for this problem is provided
by Rice’s upper bound slip-line solution [55]. Using
the procedure discussed in [55], we obtain the slip-
line solution for this problem (shown in Fig. 6.45)
and the limit load R, = 459.72 MN.

For elastic conditions, the stress intensity factor
for this problem is [56]:

K; = 199q,/ma, (6.19)
Punch
— /}-10m
0. .. —r
10.0in
e 3
fo e 10,00

(a)

where o, is the far-field stress, which gives J for
elastic conditions. For plastic conditions, the J-
integral vs displacement curve is not known.
However, we can estimate the final slope of this
curve as follows:

(&
v _LAdaJb __1dR,
dA |iimit B da |ymu B da
1 RL - RL
Ul [P [; Su— (6.20)
B a; — a,

where a, and a, are two crack lengths. Repeating the
calculations for Rice’s upper bound solution with a
crack length of 0.376 m gives

R, = 458.34 MN
a=0.,376
and therefore
dJ MN
— = 1380 —-.
da 80 m?

u, = free

/{ - }) L,
C 1

(b)

Fig. 6.41. Ten element mesh for indentation probiem. (a) Mesh layout. (b) Boundary conditions used to
model punch.
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Fig. 6.42. Results for 160 element meshes of indentation problem. (a) Plastic zone plot, 9-node elements.
(b). Plastic zone plot, 9/3 elements. (c) Pressure band plot, 9-node elements, band width = 10,000 psi. (d)
Pressure band plot, 9/3 elements, band width = 10,000 psi.
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Fig. 6.43. Force—deflection curves for indentation problem.
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A2
L Total force R

£ = 207,000 MPa
v =03
0‘375]_ Q?nzs C'y = 740 MPa
1 Er=0
Plane strain conditions,
unit thickness considered
T N

¥ Total force R
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Fig. 6.44. Elastic-plastic cracked specimen in tension.

The mesh layouts we use, shown in Fig. 6.46,
contain 15 elements, 68 elements and 156 elements.
We use both 9-node elements and 9/3 elements to
solve this problem. Figure 6.47 shows the model of
the crack tip for the 15 element mesh; note that
independent degrees of freedom are assigned for the
nodes on the collapsed element sides to allow the
mesh to contain a 1/r strain singularity. We model a
crack tip advance by moving the crack tip node by
0.00! m and shifting all nodes that are closer than
0.05 m from the crack tip as shown in Fig. 6.48. At
the top of the mesh, the load is applied by specifying
the displacement u = A/2 of the center node. Rigid

l—o05m— R

397

b —

)

Fig. 6.45. Rice’s upper bound slip-line solution for cracked
specimen.

links along the top line transmit this displacement
across the top of the mesh. Note that the top line is
also allowed to rotate rigidly during the analysis.

A displacement of v =0.04 m is applied in 80
equal load steps. The force-deflection curves for the

TRigid linke

(a)

(b) {c)

Fig. 6.46. Mcshes used for cracked specimen. (a) 15 element mesh. (b) 68 clement mesh. (¢) 156 element mesh.
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Fig. 647. Detail at crack tip of 15 element mesh for -{ I"Act0.00lm

cracked specimen.
Fig. 6.48. Modeling of crack tip advance for cracked speci-
men.
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Fig. 6.49. Force-deflection curves for cracked specimen. (a) 15 element mesh. (b) 68 element mesh (c) 156 element mesh.
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(g)

(h)

Fig. 6.50. Plastic zone plots for 156 element mesh of

cracked specimen. (a) u = 0.0! m, 9-node elements. (b)

u =001 m, 9/3 elements. (¢) u = 0.02 m, 9-node elements.

(d) u=002m, 9/3 elements. () u=0.03 m, 9-node ele-

ments. () u = 0.03 m, 9/3 elements. (g) u = 0.04 m, 9-node
elements. (h) u = 0.04 m, 9/3 elements.

three meshes are shown in Fig. 6.49. It is seen that,
for the same mesh layout, the u/p elements give a
more accurate limit load than the displacement-
based elements. Notice that the Rice upper bound
solution is in close agreement with the 156 element
mesh results.

Plastic zone plots for the 156 element mesh solu-
tions are shown in Fig. 6.50. Both solutions give
some elastic integration points totally surrounded by
plastic regions and isolated plastic integration
points. Of special interest is the region just to the
right of the crack tip when the u/p formulation is
used. This region is plastic at u = 0.01 m but par-
tially unloads as the displacement is increased.

Pressure band plots for the 156 element mesh are
shown in Fig. 6.51. In all of the pressure band plots

(a)

(b)
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(d)

(e)

(f)

(g)

(h)

Fig. 6.51. Pressure band plots for 156 element mesh of
cracked specimen. (a) u = 0.01 m, 9-node elements, band
width = 218 MPa. (b) u =001 m, 9/3 elements. band
width = 218 MPa. (c) u = 0.02 m, 9-node elements, band
width = 228 MPa. (d) u=002m, 9/3 elements, band
width = 226 MPa. (e) u = 0.03 m, 9-node elements. band
width =228 MPa. () #=003m. 9/3 elements, band
width = 226 MPa. {g} u = 0.04 m, 9-node elements. band
width = 229 MPa. (h}) u =004 m, 9/3 elements, band
width = 226 MPa.

given in this example, the band width is set to one-
half of the current applied stress. The pressure bands
are quite smooth for the u/p formulation solution
(except for one element on the right-hand-side). The
pressure bands from the displacement-based solution
are distinguishable for u = 0.01 m, but they degener-
ate as the displacement is increased further.

For each load step, the J-integral is calculated by
numerically differentiating the current work input
for crack lengths of 0.375 and 0.376 m (see eqn 6.15).
The work input is computed by numerically inte-
grating the obtained force-deflection curve with the
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Fig. 6.52. J-integral vs displacement curves for cracked specimen.

trapezoidal rule. Figure 6.52 shows the J-integral vs
displacement curves for all of the analyses. For the
15 element mesh, the u/p formulation gives higher
J-integral values than does the displacement-based
formulation. For the more refined meshes, both for-
mulations give almost the same results. As the mesh
is refined, the J-integral values tend to decrease.

Table 6.2 shows the elastic stress intensity factors
and the final slopes of the J-integral vs displacement
curves. The stress intensity factors are all close to the
exact solution. For the 156 element mesh, the final
slopes of the J-integral vs displacement curves agree
quite well with the estimate derived above.

6.4.4 Torsion of an elastic—plastic cylinder. We
consider a simple three-dimensional problem in this
example. Figure 6.53 shows a solid cylinder, made of
an elastic—perfectly plastic material, subjected to a
twisting moment. We would like to determine the
moment-rotation curve and, in particular, the limit
moment. The analytical solution (assuming only
material nonlinearities) is [57]:

oG (0 .
= 3 (z) (elastic)
(6.21a)
2nr3ay[ (1)( g )J(L)S] .
= === {= (plastic)
4 0
33 VA (6.21b)

Table 6.2. Elastic stress intensity
integral curves for cracked

where r is the radius of the cylinder, G is the elastic
shear modulus, L is the length of the cylinder and 6
is the total rotation. From these expressions, the
limit moment is

2nre,

M, =
L3\/§

(6.22)

and substituting material and geometric data for this
problem gives M, = 0.1119 MN-m.

In this example, we contrast the solutions
obtained as the basic mesh layout of eight collapsed
27-node elements shown in Fig. 6.54 is distorted. We
consider the use of both displacement-based ele-
ments and 27/4 elements. The meshes we employ are
a relatively undistorted mesh in which all the nodes
are in their ‘natural’ locations (Fig. 6.55(a)), a mesh
in which only the element internal nodes are shifted
slightly (Fig. 6.56(a)), and a mesh in which all struc-
tural internal nodes are randomly shifted (Fig.
6.57(a)). In all cases, the boundary conditions and
loadings are as follows. On the far end of the cylin-
der, all of the nodes are fixed. On the near end, the
angular displacement of the center node is prescribed
and rigid links placed between this node and the
other nodes on the near end cause the entire cross-
section to rotate by this amount.

factors and limit slopes of J-
specimen (the 15 element,

displacement-based solution results happen to be quite accurate)

K, dJ

_ (MN/m?)
Oo\/ 14 dA lv=0,04 m

15 elements, displacement-based 197 1390

15 elements, u/p formulation 1.98 1650

68 elements, displacement-based  1.98 1450

68 elements, u/p formulation 1.98 1490
156 elements, displacement-based 198 1370
156 elements, u/p formulation 1.98 1390
Analytical stress intensity factor 199 —
dJ/dA from eqn (6.20) — 1380
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Radius = 0.05m
Length=0.im

M E = 207,000 MPq
v =03
oy 740 MPa

E=0

Fig. 6.53. Elastic—plastic cylinder in torsion.

We applied a total angular displacement of 0.1 rad
in ten equal load steps. The moment-rotation curves
for the undistorted mesh are shown in Fig. 6.55(b).
Both the displacement-based formulation and the
u/p formulation give the exact solution. The moment
-rotation curves for the slightly distorted mesh are
shown in Fig. 6.56(b). Now neither formulation gives
the exact solution, but the u/p formulation is more
accurate. The moment-rotation curves for the mildly
distorted mesh are shown in Fig. 6.57(b). The dis-
placement-based formulation curve has a nonzero
final slope; however, the u/p formulation curve has
an almost zero final slope and the limit moment
obtained is still quite accurate,

7. CONCLUDING REMARKS

We have presented a displacement—pressure (u/p)
finite element formulation intended primarily for the

403

Nodes on this
ond are fixed

Fig. 6.54. Eight collapsed 27/4 element mesh for elastic-
plastic cylinder.

analysis of almost incompressible materials. The u/p
formulation can be used to solve problems involving
elastic material descriptions (such as rubber-like
nonlinear elasticity) and problems involving inelastic
material descriptions (such as elasto-plasticity). Qur
formulation explicitly combines the following fea-
tures:

o The tangent stiffness matrix is symmetric.

o The pressure computed from the displacements is
completely replaced by a separately interpolated
pressure.

(a}

O 27-node elements
& 27/4 elements

anaiytical solution

0 002 004

006 = 008

ol0  ol2

Rotation (rad)

(b)

Fig. 6.55. ‘ Undistorted’ mesh results for elastic~plastic cylinder. (a) End view of cylinder. (b) Moment-
rotation response.
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002
0 1 T L L . T T T T T T ]
o] 002 004 006 008 Q.10 Ql2
Rotation (rad)
(b)

Fig. 6.56. Slightly distorted mesh results for elastic-plastic cylinder. (a) End view of cylinder. (b)
Moment-rotation response.

E
Z
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E 0.06 © 27-node siements
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004 - —— analytical solution

0,024

° 1 T L] 1 L) T 1 )1 ¥ 1 T 1
0 0.02 004 006 0.08 0.0 Q.12
Rotation {rad)
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Fig. 6.57. Mildly distorted mesh results for clastic-plastic cylinder. (a) End view of cylinder. (b) Moment-
rotation response.
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e The pressure constraint equation is realistic.
e The u/p formulation includes the displacement-
based formulation as a special case.

We show that these features imply a material
restriction; roughly speaking, only materials with a
constant bulk modulus can be used with the u/p for-
mulation. However, for many practical analyses, this
restriction is not very serious.

We describe the implementation of linear elastic
isotropic and orthotropic material descriptions, a
simple elasto-plastic material description and some
rubber-like material descriptions (Mooney-Rivlin
and Ogden).

In incremental nonlinear analysis, both the nodal
point displacements and the pressure variables are
incrementally updated during each equilibrium iter-
ation. In contact analysis, we use the appropriate
out-of-balance force vector for contact reaction cal-
culations. These procedures enable us to efficiently
solve nonlinear problems using a simple load step-
ping algorithm with full Newton-Raphson equi-
librium iterations.

The elements that we recommend are those that
pass the Brezzi-Babuska condition: the 9/3 element
for two-dimensional analysis and the 27/4 element
for three-dimensional analysis. The consequences of
using some other element types are shown in a brief
study.

Our examples demonstrate the wide range of
problems that can be analyzed with the u/p formula-
tion. In rubber analysis, problems involving contact
conditions (such as seal problems) can be effectively
solved and material instabilities can be accurately
predicted. In elasto-plastic analysis, for the same
mesh layouts, the u/p formulation gives more accu-
rate limit load and pressure predictions than does
the displacement-based formulation.

We conclude that the u/p formulation is a robust
analysis procedure, suitable for the solution of a
wide variety of problems. Surely many more
research topics in incompressible analysis, such as
the viscoelastic modeling of rubber-type materials
and the analysis of fiber-reinforced rubber com-
ponents, can be addressed. Regarding the topics dis-
cussed in this paper, there is a need for new, more
effective u/p elements, especially in three-dimensional
analysis. Also, the analysis of rubber wrinkling under
large stresses needs more attention.
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APPENDIX A: THE STRESSES AND
TANGENT CONSTITUTIVE TENSOR FOR
THE COMPRESSIBLE MOONEY-RIVLIN

MATERIAL DESCRIPTION

We derive the 2nd Piola~Kirchhoff stress tensor and the
tangent constitutive tensor for the compressible Mooney-
Rivlin material description, assuming general three-
dimensional deformations. The strain energy density for the
compressible Mooney-Rivlin material description ist

W=C(J, - N+ Ced, = 3+ 4S5 - 1 (AD)
First we discuss some fundamental concepts and intro-

duce a new notation. As is well known, the 2nd Piola-
Kirchhoff stress tensor is derived using

1/oW o'W
Sy=="—+= A2
°” 2(aze., a.:a;.) “2
and the constitutive tensor is obtained using
1/6lS, a8
C.. =—{ 22y Tty A3
o~iyrs 2 (a;e"‘ + a,oc') ( )
The use of the operator
1/ 8 ¢
|l=—+=— A4
2 (a:e., a:,e,.) -

instead of 9/0 jg,; is consistent with the fact that je, 15 a
symmetric tensor and ensures that ;S;; and ,C,;, have the
correct symmetries [59]. Since we will apply the operation

t In Appendices A and B, we omit the overbar used in
the body of the paper to denote ‘computed from
displacements’.
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(A.4) often, we use the abbreviation

1/ ¢ d
Y L AS
(=3 (a;e,,, * a;c,,) 43
which, since j¢,, = 4(,C,, — 4,), may be written as
2 d
=— — A6
= a:c, APy i, (A.6)

Note that the operator ( )f; is a linear operator and may be
manipulated using the usual rules of chain differentiation.
Applying the operator (A.6) to eqn (A.1) gives

S, = CiJ )5+ Cz(:-’z)z + &/ — lx""l)i‘j9 (. W)]

where
G5 = GL)T1PC1)S = 4G 5P (A8a)
GI25 = GL)™2RGL), — 4612 5 °P)e1 ) (A8b)
a5 = 46171 2CL)), (A8¢)
and
Gl =25, (A.9a)
(1) = 240,8; = (Cy; + ,Cp) (A.9b)
(1)} = (C,; + °C,Xdet }C) (A.9¢)

where {C, = (JC,)"".

An alternative way to write eqn
(A.9¢c) is [60]:

Gl = Mewe By + Epc Eiyp) eCoasCes- (A.10)

Now we derive the constitutive tensor. Applying the
operator (A.6) to eqn (A.7) gives

oCis = CilJ )0 + ColJ )00
+x[Q DI D% + G5 — G (AdD)
where
I = L) G )8
= 41T PICI DY %
+ Gl 8
+3C1 03PN,

G = Gl ™Gl

+ (01 X:I )ljn]

(A.12a)

= 4C1) LGN,

+ CLIEIDn + CLGI)E]
+ MG 0P (A.12b)
GJ s)uu = - i(:l 3 ”’(.'l 3)&‘-‘1 an

+ i('ls)— Vy( 'Ia)un {A.12¢)
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and
()58 =0 (A.13a)
GI)4 = 46,,0,, — 20,0, + 8,0,,) (A.13b)
Gl = (i by + Euc ey + 8y by
+E.1C,. (A.13¢)

APPENDIX B: THE STRESSES AND TANGENT
CONSTITUTIVE TENSOR FOR THE COMPRESSIBLE
OGDEN MATERIAL DESCRIPTION

We derive the 2nd Piola-Kirchhoff stress tensor and the
tangent constitutive tensor for the Ogden material descrip-
tion, assuming a two-dimensional plane strain or axisym-
metric analysis. The strain energy density for the Ogden
material description is

W= WP 4 W, (B.1)
where
WP = il L 4 Ly 4 LYNL,L, Ly) ™ = 3]
(B2)
and
WH = 4, ~ 1), (B3)

First we derive the 2nd Piola~Kirchhoff stress tensor.
Using the notation of Appendix A, we write, using the
chain rule for differentiation,

a\wb
Sy= S LIS+ Ky~ 10GIS, (B4
where
ath 3
= L mAL
aLl ngl !

- %(L?n + L.J"z)Ll- l](Lle LJ)-"I(’ (B-S)

with suitable permutations of the L, for 4:W?/6L, and
d!WP/OL,. Since in two-dimensional analysls

— 7
L = Ciy '; Ca +\/<Cu . sz) +C,,C,, (BE)
Ci+Cyy

C,, —C;,\?

(B.8)

L=

Ly=Cy,

(we omit the left subscripts and superscripts on the
Cauchy-Green deformation tensor for brevity), we obtain

€,y = €Y /Cys = Caz)? -12
(L.)7,=1+< U 3 "X( “ZC") +C,1C,,]

(B.9a)
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¢, -C C, - Cs,\° -1
(L3 =1 _< = “)[( H -2> + c,zcz,:’
(B.9b)
C - C 2 -1
(L, =HC, + Czn{('“,—n> + ClZCZI]
(B.9¢)
and
c,—-C C,, - C,,\? -2
Lyt = _< - 3 22)[( - 2 12) +C12C21]
(B.10a)
c, -C C,, - 2 -z
(Ly)3 =1 +( = zz)[( = Cn) + C:zczl:l
2 2
(B.10b)
Cc,.—-C 2 -1/2
(Lot = —HCy, + sz)[(_“—z'g) + CIZCZI]
(B.10c)
with (L)% = (L,)}, and all other terms zero. In axisymmetric
analysis

(Ly)3s=2 (B.11)
with all other derivatives of L, zero; in plane strain
analysis

(L)% = 0. (B.12)

Now we derive the tangent consitutitive tensor. The basic
relationship for the constitutive tensor is

2 ' D n D
= LML L
nCurs BL aLh ( ) ( b) 6L ( .)un
+ h[(;JJ):(;JJ): + (;‘13 l)( Jl)urs (813)
where

awe 2 a4 1\, pae
FLI = Z #nl:(‘;_§>l"l.z »
i n=1

(:6 ;)[L"’1+L""]L :|(1.,L21,,)'*-/6 (B.14)

! 3 o o
[ = . -n Lu./2+Ll./2 +_HL¢,12]
oL, oL, E,“*[ g (L H LT+ 3 LS
x (L,L,)"YL,L,Ly)~*® (B.15)

with suitable permutations of the L, for the other strain
energy derivatives. Also

C,,-C 2 ~3/2
(Lott = CC[(—TE) +c,,cu] (B.162)

(L)t =— LTh: (B.16b)
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Cy—-C Ci —Cy\?
ot = (e f(C5 %)

-32
+Cy, szjl (B.16¢)

(Ly)332 = (L)t (B.16d)
(L35 = = (Lt (B.16¢e}
C,,.—-C aIrC,,. —C 2 - 372
(LI)T;IZ'__ - = U 22 +C12C11 .
2 2
(B.16f)
where the symmetries
( )uu (L )]Au - uu (L )jls! (817)

apply and all of the other second derivatives of L, are zero.
By inspection,
(L) = — (L)% (B.18)

and

Ly = 0. (B.19)

Now we consider the special case of repeated roots
(L, = L,). For this investigation, it is convenient to define

A= &_izi (B.20)
2
hc050=ﬂ1_—ca (B.21)
2
hsin6=C,, (B.22)
so that
(B.23)

-C 2
h=\/(c_“'2"_u’> +C,;Cy

(note that C,, numencally equals C,,). As h—0, the
stretches L, and L, become equal. Using A, 6. h, we write
the slretchcs

Li=A+h (B.24a)
L,=A-h (B 24b)
the first stretch derivatives

(L)}, =1+cosé, (L)}, =1—cosf (B.25a, b)
(L)ty=1-cosf, (L)}, =1+cosf (B.26a b)
(L))}, =sin 6, (L)}, = —sin (B.27a, b)

and the second stretch derivatives
(Lott = Si“; d (B.28a)
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sin? @

(L)t = —— (B.28b)
(Lt = - E‘—oﬁs—g (B.28¢)
Ly)3h, = ﬂ;—q (B.28d)
(L3, = ﬂ'ﬁ;ﬁ—e (B.28¢)
L)t = cfsTf (B.281)

The first and second stretch derivatives depend on 6, so it
appears at first that the stresses and the constitutive tensor
also depend on @ when h = 0. However, from physical con-
siderations, the stresses and the constitutive tensor do not
depend on 6 when h = 0; therefore the easiest approach is
simply to evaluate the stretch derivatives using 6 = 0.
When this procedure is used, the stresses are evaluated
without difficulty. However, the sum

6‘W" B‘W"

— (L)t

(Lz)mz (B.29)

requires special attention because (L,)!$;, and (L,)t%,,
become unbounded as h—0. We evaluate (B.29) by
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expanding 8 :WP?/JL, and 8 !W?P/AL, as first-order Taylor
series in h. The results are

a!wo
1;L =Q+Rh (B.30a)
1
a:wP
oL = @ — Rk, (B.30b)
2

where

3
Q=3 w47 = 4L37A7 )ALy (B31)
a=]

(- vwson]

x (AL;)™ e,

R= E

a=1
(B.32)
Therefore the sum (B.29) becomes

alwb alwb

oL, (L)t = (Lz)mz

=(Q+ Rh(%) +Q - Rh(—— %) = 2R, (B33)

which is well-defined.



