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Summary

The formulation of general shell elements using the method of mixed interpolation of tensorial components
(MITC) is reviewed. In particular three elements that were formulated using the MITC method are examined:
the MITC4 and MITCS8 that were developed for general nonlinear analysis under the restriction of small
strains and the MITC4-TLH that was developed for finite strain elasto-plastic analysis of shells.

1. INTRODUCTION

In 1970 Ahmad, Irons and Zienkiewicz [1,2] established the bases on which, most of the
work that has been done since then on finite element analysis of shell structures,was built:
they published the isoparametric shell element with independent C° interpolations for
displacements and rotations. From now on we will refer to this element as the A-I-Z shell
element.

The most relevant aspect of the A-I-Z shell element is that the interpolation functions
require only C° continuity. However the price for this low order continuity requirement
is the introduction of shear deformations in the formulation. This elements are therefore
generically known as Reissner / Mindlin shell elements [3,4].

The A-I-Z shell element was very naturally developed from the 3D continuum isopara-
metric element formulation via the imposition of kinematic constraints [2].

Even though the introduction of shear deformations in the formulation seems to be
desirable for the analysis of thick shells, and also makes very natural the transition from 3D
to shell elements [5,6], these shear deformations cause the main numerical difficulty of the
A-1-7 element: the locking phenomenon [2,6].

The extension of the A-I-Z shell element for nonlinear analysis (small strains) was
independently developed by Ramm [7] and by Krakeland [8].

In Section 2 we will review the A-I-Z shell element formulation, its locking problem and
the first remedies that were proposed to relieve it: reduced / selective numerical integration
schemes. In that Section we will also review the drawbacks of those remedies.

Most of the research developed in the area of finite element analysis of shells since 1970
has been devoted to elements that while being based on the A-I-Z element try to overcome
the locking problem.

In this paper we will concentrate on the method of mized interpolation of tensorial
components (MITC) introduced by Bathe and Dvorkin [9-13].

In Section 3 we will review the linear formulations of the MITC4 and MITCS shell
elements, while in Section 4 we will comment on the material and geometric nonlinear
formulation restricted to small strains of the above elements. In Section 5 we will review
the formulation that we recently developed for finite strain elasto-plastic analysis of shells
using the MITC4 shell element.
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2. THE AHMAD-IRONS-ZIENKIEWICZ SHELL ELEMENT

A typical A-I-Z shell element is depicted in Figure 1. In order to define its configuration at
a given time (load level) t we use [6]:

e The coordinates of the mid-surface nodes referred to a global Cartesian system
{*x; , i=1,2,3}, with base vectors ‘e,.

{3

e Director vectors defined at the mid-surface nodes. These nodal director vectors are
defined so as to approximate as closely as possible the shell normal at those nodes.

mid-surface

Figure 1. Ahmad-Irons—Zienkiewicz shell element

An arbitrary point inside the shell element is defined by its natural coordinates
{r; , i=1,2,3} and the position vector of that point is given by the following interpolation
(6]
ty t "3 t  tys K
x = hp(r,r) 'x, + 5 hi(ri,72) "ar 'V, (1)
(t = 0 represents the underformed configuration used as reference configuration in what
follows).

In Eqn. (1) we use the summation convention, and:

hy(r1,72):2D isoparametric interpolation functions corresponding to the k-th mid-surface
node [2,6].

tx,.: position vector of the k-th mid-surface node at time t.

tay: shell thickness at the k-th mid-surface node at time t.

tX”k: director vector corresponding to the k-th mid-surface node at time ¢, defined taking

into account that \fyn’“\ = 1.

It is evident that by using the interpolation defined by Eqn. (1) we can model shells of
variable thickness.
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Using Eqn. (1) we can interpolate the geometry of any 3D solid. For the case of shells
the following additional kinematic constraints are introduced [1,2,6]:

e The director vectors remain straight during the deformation process.
e The thickness remains constant during the deformation process (”Ata;€ =tg, = =
°ak).

It is evident that the second constraint is only suitable to describe the kinematics of
infinitesimal strain deformation processes (see Section 5).

Considering a linear kinematic description (infinitesimal displacements, rotations and
strains), the rotations can be considered as vectors and, for the incremental displacements
from the configuration at ¢ to a configuration at t + At we get

r3

HAlx — 'x = hu, + 5 I fap (—ay, 'V, + By 'VF) (2)

H:

In the above equation:

u,: incremental displacement of the k-th mid-surface node.

ay, , Br: incremental rotations at the k-th mid-surface node around the vectors txlk
and 'V, .

The auxiliary vectors ‘V,* and *V,* are depicted in Figure 1 and are defined as
o If e, x 'V,F £ 0

t t\7 k
szzn

i~ ko
V" = ‘e, x v (3.a)
V)=V v (3.5)
oIf e, x 'VF =0
tzlk = t§3 (3.¢)
V' = e (3.d)

Obviously, in a computational implementation we adopt the second definition if
‘tQQ X tznk‘ < TOLN where TOLN is some small number.

Please notice that the kinematic description given in Eqn. (2) implies that the formula-
tion considers only 5 d.o.f. / mid-surface node (no drilling d.o.f.).

2.1 The locking problem

In order to introduce the shear locking phenomenon we recourse to a very simple example.
Let us consider a two-node beam element (Fig. 2.a) formulated following the A-I-Z

approach (a Timoshenko beam element because shear deformations are included in the

formulation [6]). The transversal displacement and in-plane rotation interpolations are

uy = hy uy + hy uj (4.a)

0 = hl 91 + hg 62 (4[))

The above linear interpolation functions satisfy the C° continuity requirement.
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For a very thin shell, the Bernoulli condition has to be fulfilled by the displacements and

rotations
dUQ

’de—xl—

Il
o

()

With the interpolations defined by Eqns. (4), the constraint in Eqn. (5) leads to

6 = const (6)
and therefore in order to satisfy the boundary conditions at node 1 (§ = 0 because the
node is fixed) we must have § = 0 all over the element: locking behavior.

This shear locking is due to the fact that the functions used to interpolate w, and 6
cannot satisfy the condition of zero shear strain all over the element.

It is important to notice that the source of the locking problem is the fact that the
interpolation functions are unable to represent a state of pure bending with zero shear
stresses, regardless of the use of finite or exact algebra.

We used a simple two node beam element to present a picture of shear locking. More
rigurously we can study a general plate element [6,14]. The potential energy functional is
for a linear elastic plate element in the (z; — z3) plane

h3
2

mwm =

[/ T C,rdA + g/fgssz] -V (7)
A A

where for a plate lying in the (x; — z5) plane

o8
Oxq -
Qug
ﬁ ) 6@1 B
e ox M = —
S T g
o8 _ Oda
Oz Oz -
1 v 0 .
1 0
_ E _  kE
C, = o [g (1) (10V)] ’ C. = s o 1]
2

h: plate thickness

L: element length

E: Young’s modulus

v: Poisson’s ratio

k: shear correction factor [6]
2

¢ = (7) oo

V. potential of external loads [6].
In the above,

[¢] JR— . o} J— . o JR—
21—91 ; 22—92 5 Xn—eg

As the plate gets thinner, we can interpret the second integral on the r.h.s. of Eqn. (7)
as a penalty term that imposes the constraint 4y = 0.

Therefore if the interpolation functions cannot represent 7 = 0 (Kircchoff-Love hypoth-
esis) & will amplify any error in 7 as the plate gets thinner, leading to a locking behavior.

In order to introduce the membrane / shear locking [15] we again use a very simple
example. Let us consider the planar curved three-node Timoshenko beam element under
constant bending shown in Figure 2.b.
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A

b | jZ X

a) Two-node Timoshenko beam element.
XZ M
3

Three-node Timoshenko beam element (curved)

Figure 2. Simple problems illustrating the locking phenomenon

The functional of the potential energy is

E I L L L
T= [/ 0,°ds + & / u, 2 ds + & / (Un.s — 0)? ds} -V (8
0 0 0

where L is the length of the curved beam measured along its axis, the s-direction is tangential
to the beam axis and the n-direction is normal to the beam axis.

In the curved beam we use independent interpolations for u,,u, and 6. As it is well
known we cannot use independent interpolations for u,,u, and 6 because they would not
contain the rigid body modes.

Since, &y = % and &g = % it is evident that in a pure bending situation
when the beam gets thinner, the second and third integrals act as penalty terms to impose
the conditions of zero stretching of the beam axis and zero shear strains

€ss = Uss = 0 (9@)

Tns = Unss — 0 =0 (9b)

If we prescribe 6;(i = 1,2,3) corresponding to the analytical solution of a constant
bending problem, the boundary condition u; = wuj = 0 and try to calculate the

remaining displacements by imposing Eqns. (9) at each of the three Gauss points we are
left with a system of 6 equations with three unknowns which in general cannot be solved,
demostrating therefore the combined shear / membrane locking.

In Figure 3 we present some numerical results illustrating on this locking problem.

By a detailed inspection of the results in Figure 3 we can infer that locking is related to
the element ratio (L\h) and not to the structural dimensions [14].

2.2 Reduced / selective integration as a remedy for the locking problem

The use of reduced / selective integration [16] was the first remedy that researchers found
for the locking problem and for a long time it was the only resource that was available for
engineering analyses of shell and plate structures.

However, the introduction of spurious zero energy modes [2,6] in the reduced and selective
integrated element formulations lowers the reliability of their numerical results.

Many examples are reported in the literature illustrating the fact that reduced / selective
integration is not a reliable procedure for engineering analyses. Among them:
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Figure 3. Numerical examples showing locking (A-I-Z elements)

e In Ref. [2, Chapter 11] Zienkiewicz and Taylor present some examples where the use of
reduced integrated elements leads to erroneous results.

e Spurious oscillations in the transverse displacement results corresponding to a thick
circular clamped plate modelled using selective integrated Lagrange elements are reported
by Hughes in Ref. [17, Chapter 5].

e For nonlinear analysis in Refs. [9,13] we report a simple case that shows a spurious
collapse behavior triggered by the spurious modes present in a reduced integrated element
formulation.

It is important to point out that in the previous examples the elements assembly locked
the spurious modes; and therefore the stiffness matrices (the initial stiffness matrix for
the nonlinear case) were non-singular. Hence, the spurious modes present in an element
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formulation can produce undesirable results even if they are restrained by the elements
assembly.

It has been shown by Malkus and Hughes [18] that reduced and selective integration
methods are equivalent to mixed formulations (for the simple case of a two-node Timoshenko
beam element see also Refs. [9,19]). However, in reduced / selective integration methods
once the integration rule is established the mixed formulation is obtained without any
specific control over its performance. Hence drawbacks like the presence of spurious zero
energy modes cannot be avoided except that reduced / selective integration schemes are
used together with some stabilization procedures [20,21].

In the next Section we follow a different approach: a mixed formulation is custom-tailored
to fulfil a criteria that we have established to assure reliable results in finite element analyses
of shell structures (linear and nonlinear).

3. THE METHOD OF MIXED INTERPOLATION OF TENSORIAL COM-
PONENTS

To formulate a shell element using the MITC method we have to go through the following
steps:

(1) Select displacement / rotation interpolations.

(73) Select strain interpolations.

i71) Tie both interpolations together at selected sampling points.
ii7) Tie both int lati togeth t selected li int

By making a proper selection in each of the above items the element designer is able
to custom-tailor the element formulation in order to fulfil her/his expectations on the new
element performance.

By following the above procedure we obtain a non-conforming element, hence Irons’
Patch Test [2,22] is the mandatory tool to legalize the formulation.

3.1 The MITC4 shell element

The four-node MITC4 shell element formulation was designed so as to fulfil the following
reliability criteria [9-13,23]:

e The element should not lock and should not contain spurious rigid body modes.

e The element should satisfy Irons’ Patch test.

e It should be possible to use the element in non-flat geometries (it should be a shell
element rather than a plate element).

e The element should be formulated for general nonlinear analysis. The original formula-
tion [9-11] was developed, like most of the existing shell elements, under the constraint
of small strains. The extension to finite deformations was presented in Ref. [23].

e It should be possible to use the element for the modelling of thin and moderately thick
plates (where the condition of zero stresses through the thickness is still acceptable).

In Figure 4 we present the element description. In that figure gi(i =1,2,3) are the
covariant base vectors of the element natural coordinate system.

The geometrical description and kinematics of the element (displacement / rotation
interpolations) are the ones corresponding to the four-node standard A-I-Z shell element
(see Eqns. (1) to (3)).

In the natural coordinate system of the element the strain tensor is written as
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Figure 4. MITCA4 shell element. Geometrical description

where ¢€;; are the covariant components of the strain tensor measured in the natural

coordinate system and g’ are the contravariant base vectors (In Eqn. (10) g' g’ indicates

a tensorial product between the two vectors, some Authors use the notation g' ® g’ ).
In the MITC4 formulation we selected the following strain interpolations: B

e The “in-layer” strain components (€1, €22, €12) are directly calculated from the displace-
ment / rotation interpolations.

e The transverse shear strains (€3, €p3) are interpolated using the following functions (see
Fig. 5)

(1+79) €13|21 +

(1 —7y) ésle’ (11.a)

N =

- 1 -
(1+71) éslp’ + 3 (1 =) éxslp’ (11.b)
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Figure 5. MITC4 shell element. Transverse shear strains interpolation

In the above equations we indicate with the notation €;;

|BT the covariant strain com-

ponents calculated at the sampling point P from the displacement /rotation interpolations.

Equations (11) provide non-compatible shear strains, therefore Irons’ Patch Test will
have to be satisfied in order to assure the element convergence [2,22].

At any point inside the element a local Cartesian system with base vectors &,(i = 1,2,3)
is defined as shown in Figure 6. In the local Cartesian system the constitutive fourth-order
tensor C is defined by degenerating the 3D constitutive tensor to impose the simultaneous

satisfact:ion of

see Ref. [6] for details.

In the natural coordinate system

CiM = (g -8, (g 8, (g" -

5’33 =0 (120,)
&) (g - ¢&)Cmm” (13)
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Figure 6. Local Cartesian system

hence
Gl = ikl €Ll (14)

where g is the Cauchy stress tensor.

In order to assure the convergence of the MITC4 formulation two issues have to be
analyzed: the stability and the consistency of the formulation [24].

Regarding the stability issue the eigenvalues of the stiffness matrices of undistorted and
distorted elements were examined. In all cases, as expected, the elements presented only
the six rigid body modes and no spurious rigid body modes [9,10].

In order to check the consistency of the formulation the Patch Tests shown in Figure
7 were performed. In all cases the transverse displacements, rotations and stresses exactly
agreed with the analytical results [9,10]. An analytical proof that the MITC4 satisfies the
bending Patch Test was presented in our Ref. [12].

Finally it should be noted that the Patch Test is obviously passed by the three possible
membrane loadings.

We have already published extensive numerical experimentation illustrating on the
MITC4 performance in linear analyses [9-13]. In Figures 8 to 10 we reproduce the results
corresponding to a few selected linear benchmark cases.
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Figure 7. MITC4 shell element. Patch tests

3.2 The MITCS shell element

The eight-node MITCS shell element formulation was designed so as to fulfil the following
reliability criteria [12-13]:

The element should not present either shear locking or membrane locking.
The element should not contain spurious rigid body modes.

The element should satisfy Irons’ Patch Test.

The element should have low sensitivity to distortions.

The geometrical description and kinematics of the element (displacement/rotation inter-
polations) are the ones corresponding to the eight-node standard A-I-Z shell element (see
Eqns. (1) to (3) and Figures 11.a and 11.b).

The strain tensor at any point inside the element is written in the natural coordinate
system of the element as:

S

g) +

in—layer strains
~ r r ~ s s (15)
én(g'g +88)+éilgs +8g)

g +é&:8°8 + &:(8 8 +

0]

transverse strains
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Figure 8. Scordelis-Lo shell (MITC4)

In the MITCS shell element formulation we use special interpolations for the in-layer and
transverse shear strains.
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Figure 9. Pinched cylinder (MITC4)

3.2.1 In-layer strain interpolation

To avoid membrane locking and obtain an element formulation that does not contain
spurious rigid body modes we use the following in-layer strains interpolation (see Fig. 11.c)

8
gILS _ Z hiILS g‘iILS (16.&)
i=1
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The interpolation functions h,’XS are obtained from the classical serendipity interpola-
tion functions for a square domain (—1 <r,s <1) [2,6] by replacing the variables “r” and

“s” with “r\a” and “s\a” respectively, where a =

Fori=1 to 4 we use

where ¢, g' g™ |P!

For i=5 and i=7 we use

g‘éLS — gss gs gs 5DI+ {g
s
g§LS — gss gs gs DI+ {gr
8

where
gs = gs ) gt = gt

T 1T |
N = N

_|_

eli”” = &g g I+ {g
o
géLS — E,«,n gr gr 5I+ {gs .
o
where
gr = gr ) gt = gt

1

s

€se gs gs |7DI + € (gr gs + gs gr) .

0|

o]

(16.b)

is directly calculated from the geometry and kinematics interpolation
at the i-th sampling point (Fig. 11.c).

} ggl +
(16.c)
JEe P
- gr} gel +
(16.d)
G} (gr gs + gs gr) 7DI
grs
; a = 16.e
Jss ( )
. gs} gs gs 6DI 4
Es} g +88)
(16.f)
. gs} gs gs SDI +
. gq} (gr gs _|_ gs —r) 8DI
(16.9)
. g = I (16.h)

Grr
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3.2.2 Transverse shear strain interpolations

To avoid shear locking and obtain an element formulation that does not contain spurious
rigid body modes we use the following interpolations for the transverse shear strains (Figs.
11.d and 11.e).

4
Eng g = ) b a g gIP + W (EulRh + EulRE) g g1 (1)
i=1
where
RT 1 T L rr
o =711+ (A+s) = 7 hs
17 7 1
L a
17 7 1
RET = Z |1 — =| (1—s) — = hET 18
3 4 L a. ( 8) 4 5 ( )
1 7 1
RET = — |11 + —| (1—s5) — =~ BRI
4 4 L + al ( 8) 4 5
BT = 1= CP] a-s
a
In the above a = %
Similarly
4
~ s _t _ hST ~ s tDI hST l ~ | DI ~ |DI s _t|DI 19
£ag' 8 CEagt gl + | 5 (Gulsa + Ealsh) | 8 8l (19)
i=1

The functions h{T are obtained from Eqns. (18) replacing r by s and viceversa.

In order to assure the convergence of the MITC8 formulation two issues have to be
analyzed: the stability and the consistency of the formulation [24].

Regarding stability we have shown that the MITCS8 shell element formulation does not
contain spurious rigid body modes.

However, regarding the consistency of the formulation, we can only assess that when
using elements with straight sides and evenly spaced nodes the Patch Tests are all exactly
satisfied. Relatively small errors arise in the Patch Test results obtained using elements
with curved sides or with mid-side nodes not placed at their mid-side physical location.

We have already published extensive numerical experimentation illustrating on the
MITCS8 performance in linear analyses [12-13]. In Figures 12 to 16 we reproduce the results
corresponding to a few selected linear benchmark cases.

4. GEOMETRIC AND MATERIAL NONLINEAR FORMULATIONS
(SMALL STRAINS)

We formulate an incremental analysis: being known the configuration at time (load level)
t we search for the configuration at time (load level) ¢ + At [6]. For this purpose we make
use of the Total Lagrangian Formulation [6].

For the equilibrium configuration at time ¢+ At the Principle of Virtual Work [6],
states

/ t-‘rAtS . 6 (f—‘,—Afe) OdV — t+At§R (20)
oy = o =
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Figure 12. Analysis of a plane stress perforated plate (MITCS8)

In the above we have used Bathe’s notation and:

'S : 2nd. Piola-Kirchhoff stress tensor, corresponding to the t-configuration and referred
to the configuration at time ¢ = 0 (undeformed) [25-28].

It should be remembered that ‘S is the pull-back of the Kirchhoff stress tensor (1)
from the t-configuration to the configuration at ¢t =0 [25,26]. a

Defining a coordinate system in the ¢-configuration (spatial configuration), with coordi-
nates {*z’; i =1,2,3} and covariant base vectors tgi , we can write

t; = tri tgi tgj (21.a)

where o
brid = t—ptaij (21.0)

p

°p, 'p: densities in the ¢t =0 and t-configurations respectively.

toid: contravariant components of the Cauchy stress tensor in the spatial configuration.
Defining a coordinate system in the configuration corresponding to ¢ = 0 (reference
configuration), with coordinates {X7; I =1,2,3} and covariant base vectors G, , we
can write

S = 8" G, G, (22.0)
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where using the standard notation of manifold analysis [25,26]

(t}sdJ — [tqs*(tTij)}IJ (22b)
told _ (tp-1\{ ¢ _ij ¢t p-1\7
LS = (LFTY) Y (OF )j (22.¢)
In the above 5t
i x'
I = dl (23)

are the mixed components of the deformation gradient tensor [27,28] (two point tensor
[25]).

ve © Green-Lagrange strain tensor, corresponding to the ¢-configuration and referred to
the configuration at time ¢ = 0 [25-28].

Defining in the spatial configuration the Almansi strain tensor ‘e [25-28] we can write
[25-26]

Z&]J = [t¢*(t6ij)] 17 (240,)

ters = (WF)'; fey (GF), (24.0)

YR : virtual work of the external loads acting in the ¢-configuration.

We will now develop the incremental equations working in the element natural coordinate

system (a convective system):

{r; ; i =1,2,3}: coordinates of the natural system
fgi: covariant base vectors in the spatial configuration (natural system)

G,: covariant base vectors in the reference configuration (natural system).
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In the spatial configuration

tg — ta_ij tgi tgj (25@)
t; _ t7~_ij tgi tgj (25b)
tg — té” tgi tg] (250)
and in the reference configuration

Z§ = ZS’U tgz th (26.a)
e = te, GG (26.D)

It is worth pointing out that [26]
LS = L7 (27.a)
Lery = Léy (27.0)

for =4 and J=7.
For the incremental step from the ¢-configuration to the (¢ + At)-configuration [6]

t+At QIJ QlJ QlJ
phatgt) = t8t 4 8 (28.a)
~—~—~
increment
A ~ ~ ~
oME = e+ ofu (28.b)
~—~
increment
€17 =  ofr1J + o1 (28.¢)
~—~ N~~~
linear terms nonlinear terms
For linearizing the step we use [6]
OSIJ = OC'IJKL oéKL (290’)
5051J = 5oéIJ (29b)

In Eqn. (29.a) ,C is the tangent constitutive tensor [29-31] in the reference configuration

[25-26].
Hence, the linearized incremental equations are [6]

/ LKL 6 §5(.€,,) °dV + /
oV

oV

55 (ua,) AV = [ 85, cay
oy
(30)
As it is well known, the (¢ + At)-configuration is determined using the above equation
in an iterative scheme [6,32,33].

As this point it is important to recognize that in a geometrically nonlinear analysis we
are dealing with finite rotations that cannot be considered vectors anymore [34].
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4.1 Finite rotations formulation

In this Section we will revise the A-I-Z shell element formulation for the case of finite
rotations, following our previous work in Ref. [34].

In the step from ¢ to t + At, at any node “k”

t-‘rAtznk — §+At§k . tKnk (31)

where [*2'R" is a rotation tensor and |'V,*| = |["*AV | = 1.

It is obvious that the rotation defined in Eqn. (31) is a rotation around an axis normal
to the plane (tznk , t+AtKnk) . Therefore the rotation axis is contained in the plane

k
(V)" V).
t+AtRk}

Following Argyris [35] we can write the rotation tensor ; in a Cartesian system

with orthonormal base vectors (tzlk AP Ve ) ; in this system, the matrix formed
with the rotation tensor components is

At Dk sin (6% & sin (6% 2 12
e = )+ 20 e {ﬁ] 04] (32.0)
In the above
0 = (05 + (8,1 (32.0)
0 0 6
[©F] = [ 0 0 —elk] (32.c)
—0,5 0F 0

[I3] is a unit (3x3) matrix.
It is important to note that

e For infinitesimal incremental rotations 6,* and 6," are independent infinitesimal

rotations around ‘V,* and 'V, respectively.

e For finite incremental rotations 6,* and 6,* are not independent rotations, they are
the two variables that define the rotation tensor.

e As in the infinitesimal rotations case we only have 5 d.o.f. / node.

4.1.1 Linearization of the equilibrium equations

In Ref. [35] Argyris developed a series expansion for Eqn. (32.a)

1
[FMR = (1) + [0 + [0 + - (33)
Using the above in Eqn. (31) we get
1
t-‘rAtznk _ tznk —_ Qk‘ X tznk 4 § Qk: % (Qk thnk?) + hOt (3401)

where we defined

0" = 0,V + 60,V (34.)



Nonlinear Analysis of Shells Using the MITC Formulation 25

From Eqns. (34.a) and (34.b) we get

1
t+AtXnk _ tznk — (02k tzlk . elk tzzk) _ 5 [(alk)Z + (92k)2} tynk + h.ot. (346)
Hence, for the incremental displacement at a point inside the shell element, in the case
of finite rotations instead of Eqn. (2) we get

u = hyu, + % hitay (—0,F VF 4 6,5 V) — % hitar [(0:5)% + (6,)7] 'V.F + heot.
(35)

In the above equation we use the hypothesis that the thickness remains constant during
the deformation process (***'ap, = ‘a;, = --- = °a;) . Hence the formulation that we
derive in this Section can only be used for the analysis of cases where the strain components
are infinitesimal.

We can also write Eqn. (35) as

u = u, + u;,; + hot (36.a)
where
u, = hyu, + T—;’ hi tar (—60,F VF + 6,5 VR (36.0)
r
Yy = — ZS P ax [(elk)Q + (ezk)Q] tznk (36.c)

We include in u; the terms obtained when considering only infinitesimal rotations and
we include in u;; the terms containing (6,%)?.

In the spatial configuration at time (¢ + At) the covariant base vectors of the element
natural coordinate system are

- - Oou ,
t+Atgi - tgi + T (Z: 172,3) (37)
Since
1
t+At x — t+Ats | t+HALs _ o5 . ox
o 81] 2 [ gl gj gz gj] (38&)
using Eqn. (37) we get

1 Ou Ou ou Ou

t+At ~ t ~ t~ — t~ = = “a
o=t + = g A . L= 38.b
o i i+ 2 [ i Or; t g or; + or; arj] (38:0)

oBij = ofij + ofii

Using Eqns. (36) and keeping only up to the quadratic terms in generalized incremental
displacements, we get

ou
=3 t =1
gi . _j —+ gj . 1:| (39.(1)

u,, e ou,, Ou, ) 821]

) 1,
o= Ll | 39.b
=g {gz ar, % o, T or, | o (39:5)
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Note that,

e In elements with no rotational d.o.f. (e.g. 2D and 3D continuum elements) Eqn. (28.¢)
represents exactly the total strain increments. In our case Eqn. (28.c) represents only
an approximation to the strain increments, because in the derivation of Eqn. (39.b) we
neglect the terms of order higher than two in generalized displacement increments.

e Equations (39) contain all the terms up to the second order in generalized displacement
increments. This guarantees a complete quadratic form of the incremental energy, leading
therefore to a consistent tangent stiffness matriz.

4.2 Nonlinear formulation for the MITC shell elements

For the standard A-I-Z shell element, the incremental displacements are calculated using
Eqn. (35) and the incremental strains are directly calculated using Eqns. (39).

For the MITC elements the incremental displacements are calculated in the same way, but
the incremental strains are interpolated using the interpolation formulae that we presented
in Section 3.

4.2.1 MITC4 shell element

e The “in-layer” strain incremental components (011, 0€22, 0€12) and (o711 , o722 , of12)
are directly calculated from the incremental displacements interpolation.

e The transverse shear strain incremental components (€13, o€23) and (o713 , o723) are
interpolated using Eqns. (11).

In order to illustrate on the behavior of the MITC4 shell element in nonlinear analyses
we present in Figures 17 to 19 some selected examples.

4.2.2 MITCS shell element

e The “in-layer” incremental strain components (o€11 , €22 , o€12) and (o711, o722 , o712)
are interpolated using Eqns. (16).

e The incremental transverse shear strain components (€13, o€23) and (o713 , o723) are
interpolated using Eqns. (17) to (19).

In order to illustrate on the behavior of the MITCS8 shell element in nonlinear analyses
we present in Figures 20 and 21 some selected examples.

5. FINITE STRAIN ELASTO-PLASTIC FORMULATION

The modelling of some industrial processes like sheet metal forming and the simulation of
impact problems in metallic shell structures require the use of a finite strain elasto-plastic
shell analysis capability.

In our Ref. [23] we developed a new formulation for the MITC4 shell element for finite
strain elasto-plastic analysis.

The new MITC4 formulation is based on:

e The interpolations presented in Section 3 for the MITC4 shell element.

e Lee’s multiplicative decomposition of the deformation gradient [36,37].

e The hyperelastic expression of the Von Mises flow theory developed using the principle
of maximum plastic dissipation [38-42] (associated flow rule [43]).

Following our previous developments for 2D analysis [44] in Ref. [23] we presented a
Total Lagrangian-Hencky formulation for the MITCY shell element (MITC4-TLH) using a
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Figure 17. Large deflection analysis of a cantilever using MITC4 elements. (The lines
indicate the analytical results and the symbols A, ¢ and e the numerical results)

hyperelastic constitutive equation in terms of Hencky’s logarithmic strain tensor and its
work conjugate stress tensor [45,46].

The kinematic description of the MITC4-TLH shell element incorporates 5 d.o.f. per node
(see Section 3) and also a thickness stretching interpolation with one thickness stretching
d.o.f. per Gauss point.

We use a general 3D constitutive relation and condense the thickness stretching d.o.f. at
the elements level by imposing at each Gauss point Love’s fourth postulate [47]: ‘o, = 0;
where ‘0, is the Cauchy stress component in the shell normal direction ‘n in the spatial
configuration.

It is important to mention that other Authors have previously developed finite strain
shell elements. Among them we can reference:

e Rodal and Witmer [48] in 1979 developed a shell element for elasto-plastic analysis that
a posteriori of the displacement calculations updates the shell thickness. The thickness
update is performed for materials following a Von Mises associated plasticity flow rule
neglecting the elastic volumetric strain.

e Hughes and Carnoy [49] in 1983 developed a finite strain shell element for the Mooney-
Rivlin material. Their element uses plane stress constitutive relations for the laminae
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Figure 18. Nonlinear spherical shell (MITC4)

and also updates the shell thickness a posteriori of the displacements calculation in a
staggered iterative calculation.

e Simo and co-workers [50-54] in the period 1988-1992 developed a shell element formula-
tion that includes the possibility of finite elasto-plastic shell analysis using a fully consis-
tent extensible thickness approach. Since this shell element works with stress resultants
an Ilyushin type plasticity model is used.

Comparing the MITC4-TLH formulation with the above ones we can mention that as
compared with the two first ones the MITC4-TLH formulation introduces the “in-layer”
plane stresss condition consistently, and as compared with Simo’s et al. formulation we do
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Figure 19. Large displacements/rotations elasto—plastic analysis of a cylindrical shell
(MITC4)

not have to use an Ilyushin type plasticity model, instead in the MITC4-TLH formulation
we use a more general o — ¢ type of plasticity model. However, Simo’s shell element is able
to incorporate 3D effects because the hyphotesis ‘o,, = 0 is not enforced while in the

MITC4-TLH we restrict ourselves to the situations in which the stress through the thickness
can be neglected.

5.1 Kinematic description of the MITC4-TLH shell element

The difference between the kinematic description of the MITC4-TLH element and the
kinematic description developed in Eqn. (35) under the assumption of infinitesimal strains is
that in the present case the only kinematic assumption that we introduce is that the director
vectors remain straight during deformation, but we do not include the constant thickness
assumption (*ar = °ay). In the present formulation we use, in a global Cartesian frame

tu(ﬁﬂ"zﬂ"g) th(ﬁﬂhﬂ"g) - 05(7“1,7"2,7"3)
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1 s
= hg(r1,72) tEk + 5 hi (71, 72) [/ ‘A(ri,72,8) ds| °ap 'V »
0

T

- 7“2_3 hi(ri,m2) Cay °V, " (40)

where *A(r;) is the thickness stretching at the point with natural (convected) coordinates
()

During the iterative solving processes it is important to avoid negative numerical values
of *A (non-physical values), therefore we use the variable [54]

t(r) = In*A(ry) (41.a)
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Figure 21. Nonlinear analysis of a linear elastic plate under uniform pressure using the
MITCS element. (Four elements were used to model one quarter of the plate)

In the finite element discretization, we use the following interpolation
e(r) = h%(r) ' (41.b)

where th is a Lagrangian polynomial that takes a unit value at the j-th Gauss point and

a zero value at all the other integration points. Also ‘¢, is the value of *¢(r;) at the j-th
Gauss point.

Using Eqns. (41) in Eqn. (40) we get

n

1
u = hy 'u, + 5 [/0 exp (h,% '¢;)ds | Cap 'V," — ;—3hk ap °V. 7 (42)

Since we eliminate the “¢; d.o.f. at the element level, the MITC4-TLH shell element
like all the shell elements of the A-I-Z family, presents 5 d.o.f. / node.



32 Eduardo N. Dvorkin

5.2 Strain interpolations

From Eqn. (40) we can calculate the deformation gradient tensor [27-28] derived from the
displacement interpolation: ZEDI , at any point inside the element.
Using a right polar decomposition [27,28]

ZED[ _ ZED[ ] 22D1 (43.0)
The Hencky strain tensor derived from the displacement interpolation is

ZED[ _ Zﬁile ogi °gl — lnigm (43.0)

To avoid shear locking we interpolate the covariant strain components of the Hencky
strain tensor using the same interpolations that we used in Section 3:

- The “in-layer” strain components are directly
Zﬁij = iﬁijDI ) i,j=1,2 (44)

- The transverse shear strains are interpolated with the formulae schematized previously
in Figure 5

(L+7o) LHi BT + = (1— 1) LHip| 2! (45.a)

N~ DN~
N~ DN -

LHyy = = (141) CHaylB' + = (1—1ry) LHolh' (45.0)

Where the Zﬁijgl are the covariant strain components of the Hencky strain tensor,
calculated at the sampling point P, from the displacement interpolation.
Using Eqns. (44) and (45) we can write

‘H = !H; g °g’ (46)

The rotation, right stretch and deformation gradient tensors consistent with the above
interpolations are

‘R = 'R” (47.a)
U = exp(H) (47.0)
(£ =R U= R”  exp((H) (47.¢)

5.3 The total Lagrangian-Hencky formulation
We can define the pull-back of the Kirchhoff stress tensor under the rotation 'R [55,26]

I = [R () ]” (48.a)

T = (“RT), v (“RT), (48.0)

It is important to realize that 'I' is a tensor obtained vias a rotation of 'z .

It has been shown by Atluri [46] ‘that for isotropic materials the stress work rate per unit
volume of the reference configuration is

. d
t = . St 4
W, = T L(H) (49)
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In an isotropic material ‘c and [V (left stretch tensor) are coaxial, and since [26]

‘Hi; = m[[R*(0Vi)] (50)

1J

it is obvious that in an isotropic material ‘I’ and ‘H are also coaxial.

5.3.1 Kinematics of finite elasto-plastic deformations

For a solid continuum body B undergoing an elasto-plastic deformation process, we present in
Figure 22 a scheme of Lee’s multiplicative decomposition of the deformation gradient [36,37].
The intermediate (unstressed) configuration does not need to be an actual configuration of
the body B because it does not need to be a smooth homeomorphism of B onto a 3D-
Euclidean space [27] and in general it will not be an actual configuration [36,37].

For the multiplicative decomposition

'F - 'F - 'F (51)
It is inmediate to show that in the spatial configuration the velocity gradient is given by

23]
1= (E - E"+ F.(]) (52.0)

In the above we used

1 = ggp S (52.b)

o=,

and also, by similarity with Eqns. (48)

iFe* <tlp> - tFe * tlp * tF71 (52.6)

o= O=—¢

We can make an additive decomposition of tlp into a symmetric tensor (‘d ) and a

skew-symmetric one (‘@p) [36,37].

For a material with isotropic elastic properties we can impose tgp =0.

5.3.2 Stresses in finite strain elasto-plastic problems

By doing the polar decomposition of (F_and ng we get
E =R U =V R (53.a)
e 2] —e —e e
E =R U =V - R (53.5)
—Pp —P —P —P —Pp

and we can define the elastic Hencky strain tensor

‘H = m(U,) (54)

Considering that stresses are developed when the intermediate configuration evolves into
the spatial configuration, following Eqns. (48) and by means of the notation abuse used in
Eqn. (52.c) we define

‘T = (R('1) (55)
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5.3.3 The yield criterion

Following the work by Lee [36,37] we formulate the yield criterion in the spatial configuration
in terms of Kirchhoff stresses.

Since we are interested in the behaviour of metallic shells we use the Von Mises (.J3) yield
criterion. Considering the case of isotropic hardening we get, for the yield criterion

3 3
tp = |:§t;D: t;D] —to, =0 (56)

In the above, 'z ,, 1s the deviatoric Kirchhoff stress tensor.
It is important to notice that the tensor defined by
t _t pxyt
L, = r('z,) (57)

is also deviatoric (traceless). By doing an ! R.-pull-back an Eqn. (56) we get for the yield
criterion

2

3
tp = [5 t£D: t£D:| — ‘o, =0 (58)
For the yield stress, ‘o, , we define the following evolution equation (hardening)

6, = h'e, (59)
where h = h('e,) is the hardening modulus and '€, is the equivalent plastic strain, to
be defined in what follows.

5.3.4 Energy dissipation

We now introduce the free energy function defined in the spatial configuration, per unit
volume of the reference configuration: *W.

For a pure mechanical problem, the Clausius-Duhem inequality (principle of dissipation)
[27] takes the form

‘z:'d -0 >0 (60.a)
'd = sym(‘]) (60.b)

In the above
U= "U(H, 'e) (60.c)

After Simo [41] we use the following uncoupled expression for the free energy
o= W.(H) + P,(%,) (60.d)
Using the notation

(61.a)

1 = tFe*(tlp) ='d + 'w (61.b)
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we can write

'r:'d = 'z: (tge + tgp) (62.a)
For an ellastically isotropic material
d
'rid =T - (‘H) 62.b
; —e = dt O—¢ ( )
and we can show, after some algebra, that

t .t _ t T t tp—T .t

ro'd = [E BT (62.c)

Using the above results we can write the Clausius-Duhem inequality as

o' d - .
t e DY (e tpT  t_  tp-T| .t ot
[ L- G | (B« [z BT, -0 @)
In the case of a pure elastic deformation the above equation leads to
o'
T = - 64
= agﬂe ( )
Hence
tD — ZEZ ) t; ) ZE;T :tlp _ t\i’p > 0 (65.a)

where D is called dissipation [41].
For elastically isotropic materials we can re-write Eqn. (65.a) as

‘D ='C:'d — "¥,>0 (65.b)

Using the Principle of Maximum Plastic Dissipation (associated flow rule) [56] we have
to

- maximize !D
- under the constraint ‘¢ < 0.

The Khun-Tucker conditions [57] for the above constraint maximization problem lead to
0'¢

tg _ ty 99
d ="\ 3T (66.a)

where *) is a positive parameter. In addition to the above we get
X o =0 (66.0)
From the above

AA=0 if ‘¢ < 0 (66.c)

IA>0 if fp=0 (66.d)
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Please notice that Eqn. (66.a) is the well known normality-rule [43,56] of associated
plasticity.
We define the equivalent plastic strain rate as [43]

. I L
B = { 2a.a ] (67)
and from Eqn. (66.a)
3
A =Tg, (68)
T * oL
Using Eqn. (58) in the above ones we get
~ 3 ‘T
d =3 = (69)
3 . 2
[ 2 t£D . t£D ]
5.4 Calculation of stresses, plastic variables and thickness stretchings
Concentrating on the case of an elastic behavior linear and isotropic we write
1
Ny, = 5 zge : C: de (70)
where C is an isotropic and constant fourth order tensor (Hooke’s law).
The condition of zero stresses through the thickness (spatial configuration) leads to
tann — tTnn - [ZRe(t;)]NN - O (71)

In the space of the R.-pull-back we do not know a priori the N-direction for which
Ty = 0. Hence we cannot include in C the “in-layer” plane stress hypothesis.

where 'n = ‘R - N -
€

Therefore we use the standard 3D constitutive tensor, and the plane stress hypothesis is
enforced via the iterative algorithm that we present in the following Section.

5.4.1 Iterative algorithm for calculating thickness stretchings

The incremental step from the ¢-configuration to the (¢ + At)-configuration is solved with
an iterative scheme, and for each iteration

- Trial values are proposed, in some way, for the mid-surface nodes position (**2!x*) and
for the director vectors (“t2*W F) .

- Stresses, plastic variables and thickness stretchings are determined for the trial (¢ + At)-
configuration.

For each element:

- we start from the data corresponding to the previous equilibrium configuration
{ng oy s tf} at each Gauss point.

- we calculate those quantities at the trial (¢ + At)-configuration.
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At every Gauss point in the (¢ + At)-configuration we need to satisfy the following
requeriments:

t+At t+At . t+AL q . t+At5 q . t+AL _
Xq ) Xn ) ep bl gq) O

Tnn|k (
kg = 1,---,NG  (72)
t+At¢|k (t+At

. AL q . t+At= q . t+AL _
Eqa Xn ) ep I gq) - 0

Having NG Gauss points per element, Eqns. (72) represent a system of (2 NG)
nonlinear equations, with (“*4€,7 and *2%¢?; ¢ = 1,---,NG) as unknowns.

It is important to notice that Eqns. (72) are not decoupled as in the case of the standard
radial return-algorithm.

To solve the nonlinear system given by Eqns. (72) we use, at the element level, the
iterative algorithm shown in Box I.

5.4.2 Radial return algorithm

We use general 3D radial return algorithm.
For each Gauss point the data is

t+ AL (t+AL . tHAty k. t+At

o+ £(+ Xk 3 * Xn ’ * §)
LHALEY . tHALTT . t+AE

- o TH U TTC

t t
- F and ‘o,
—bp
(e}

and we search for: t+AtEp ; "TAg, and "TAT.

Therefore, at each Gauss point we go through the calculation procedure shown in Box
II.

The equations used in the radial return algorithm were derived in our Refs. [23,44],
following the derivations in Ref. [58].

The reader should realize at this point that:

e The total strains are interpolated from the sampling points.
e The stresses and plastic variables are only calculated at the integration points, using the
presented radial return algorithm.

5.5 The incremental formulation

The equilibrium configuration at time (load level) ¢ + At has to fulfil the Principle of Virtual
Work

/ ALGT Sey; tdy = TTAIR (73.a)
t+ ALy

t + Aty : volume of the spatial configuration at 4+ At.

t+Atgii ; contravariant components of the Cauchy stress tensor in the (¢ + At)-configura-
tion.
ei; = & (wl; + w;|;) where wu; are incremental displacements measured from the

(t + At)-configuration.
AR ¢ virtual work of the external loads acting on the (¢ + At)-configuration.
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e Iterative algorithm at the elements level

tJrAtEp — {tJrAtépq} : t+At§ — {t+At§q}

. Calculate at each Gauss point ff“g(i) using Eqns. (43) to (46).
. Calculate at each Gauss point Z*Atg(i) using Eq. (47.b).

) N\ T .
. Calculate at each Gauss point 5H4'C!" = (ff“g(l)) - g,

Using the radial return algorithm (Section 5.4.2.) calculate at each Gauss
point,

t-&-At;(i) and Z—‘,—At&i’i)
Calculate at each Gauss point (k),
t+At7_T(L12|k _ t+Atznk ) [ 2+AtRe§<1',) (t-&-At;(i))} ) t+AtXnk

Determine: 7,7 = max (abs ("*4'7{)],)) ; k=1,2,---NG
IF (7me < Ex ToINN ) THEN

the inner loop has converged
ELSE

goto7
E: Young’s modulus
ToINN = 1.F — 8 in our numerical implementation
T =1+ 1

At each Gauss point (k):

2 or
k * Z{ 0¢,

q=1

t+At__ (i—1)

nn

(i—1) N |:a7_nn %:| (i—1)
K de, 9],

[t+At€l§i) _ t+At£§i—1)]k =0

The derivatives in the above equation are calculated in Appendix I.

The above NG linear equations provide 27§ @
Improve the value of t*“g(i) using a line search procedure along the direc-
tion:
t+At€(i) _ t+At£(i71)
GO TO step 2

Box I
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e Radial return algorithm at each Gauss point

FElastic predictor .
F ='F (trial value)
—Pp —P
G, = ‘o, (trial value)
~ ~ \— T .\ —1
¢ - (e)" e (x)
—e =) ° — =
EP = In [(gp)_%}
P-ci R
. 3 . . 12 )
¢ = [5 £D £D:| — Oy
IF (¢ < 0) THEN
RO |
—Pp A—P
t+At£ — E
ELSE N
go to plastic corrector

Plastic corrector
o

Ae, = — 2
=BG+ h

G : shear modulus of the elastic law
h : hardening modulus

t+At£D — ED o

The above equation clearly displays the radial return property of the plastic corrector

algorithm.

We obtain "' remembering that in the case of associated Von Mises flow rule the
hydrostatic stress in only related to the elastic deformations.

Also,
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Using the Kirchhoff stress tensor we can integrate on the reference volume (°V'), hence
/ t+AtTij 5617' OdV = t+At§R (73b)
2%

For an elastically isotropic material [46]
t+At7_ij 56”' — t+AtI\IJ (5(He)IJ (74)

where “tAT77 s defined by Eqn. (55).
Therefore we can rewrite Eqn. (73.0) as

/ t+AtI—wIJ 5(He)IJ odV — t+At§R (75)
%

Since we are interpolating total Hencky strain components rather than elastic Hencky
strain components, we have to use in Eqn. (75)
o(H.)

IJ
S 0H (76)

6(He>IJ -
OHkr,
Note that it cannot be calculated at the sampling points because the tensor ”Atgp is only

o

The fourth order tensor (M> is calculated at every Gauss point (see Appendix I).

known at the Gauss points.
We can now rewrite Eqn. (75) as

8(HG)IJ
t+AtFIJ (SH odV — t+At§R i
lv OHx, " ")

5.5.1 Linearization of the equilibrium equations

The nonlinear equilibrium equations (77) are solved using a Newton-Raphson iterative
scheme, with the possible addition of a line search algorithm [57].
For the (i+ 1) —th iteration, the linearized equation is

Q)
L/‘ dr'’ <5KfLJ1J> 0Hir °dV + j/ [prap@] d[éﬂfﬁﬁlﬁ 51£KL} AV =
oy oV

8HKL 8HKL
1 [O(H) 1Y
N / t+atp@)] 7 [ e IJ:| SHer °dV -
oy [ ] OHp, KL (78)
When linearizing we use the following relations
t+At£ — t+At£ [HAtH; t+At§; t+At§p} (79@)
Z+At£e — 2+Atge [t+AtH; t+At§; t+At§p} (79.b)

The derivatives in Eqn. (78) are developed in Appendix I.
Also we use

OHxr v oe
dCpo re

§Hyp = 2 (80)
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where Jepg is the variation of the Green-Lagrange strain tensor covariant components.
The expression for this variation in terms of the displacements variation is given in Ref. [6].

OHkrp
9Cro

(%)
For the derivation of the fourth order tensor ( ) see Appendix I.
For calculating dL we use

e In the case of elastic loading / unloading

dL = C: dH_ (81.a)

e

e In the case of plastic loading we have to determine a dL consistent with the radial
return algorithm.
From the equations developed for the plastic corrector phase we get,

t+At£D - 920G [E o t+At)\ t+AtI\ } (81.b)

eD =D

t+Aaty — 3 Aep
- 92 t+Ato.y .

Differentiating Eqn. (81.b) we get

where

_ & t t
dC, = 2G [dA,, — d\'T, - 'AdL,)| (81.c)
Therefore
2G -
dr, = " [af,, — AT, 1.d
=D 1 4+ 2G*HtA L =D =D (81.d)
From the consistency condition td = 0 and using the evolution equation (59) together

with the above we get

A~

9G (1 = 5h') ‘T . dH (81.e)

dx = :
202 (3G + h) =0 ‘=

Hence, replacing in Eqn. (81.d)

_ 2G t t t . )
L, = T7aan L~ v L L), (BLS)

D

]

is the fourth order unit tensor and

9G (1 — 2h'N)
= 9962 (3G + h) (81.9)

in the above

111 | e

t

We can rewrite Eqn. (81.f) as

2 G A
daYr = — |1 — bt T . dH 81.h
=D 1 + 2G¢tA =DEV X3 =D =D - ( )

In the above [25]

I —

=DEV

1=
|

(81.4)

Wl =
i)
gl

where = IR <tg) and 'g is the metric tensor of the spatial configuration.

[0g



Nonlinear Analysis of Shells Using the MITC Formulation 43

For a material behavior described by the associated von Mises flow rule and a linear
isotropic elastic relation

2 G E R
ar = {—=" I - 'y 'T T —_—~ _ _ggs:dH 1.j
= {1 T 2G A [gDEV Xs Lp Lp| T o3 2y)§§} H  (8L))

The fourth order tensor between brackets on the r.h.s. of the above equation is the

algorithmic consistent tangent constitutive tensor [59-61] (;C ).
=EP
It is important to realize that

(tCEP)IJKL — (tCEP)JIKL — (tCEP)IJLK — (tCEP)KLIJ (82)

In order to illustrate on the behavior of the MITC4-TLH shell element in finite strain
elasto-plastic analysis we present two examples in Figures 23 and 24.

CONCLUSIONS

The formulation of general shell elements using the method of mized interpolation of tenso-
rial components was reviewed.
For problems in which the hypothesis of small strain deformations is valid, the formula-
tion and performance of the MITC4 and MITCS shell elements was analyzed in detail.
The formulation of the MITC4-TLH shell element for finite strain elasto-plastic problems
was also analyzed.

a = 1784.90

R, = Ry, = 2540
h =99.45
FE =68.95
v=20.3

oy =0.9

Er =6.0

a) 3 x 3 mesh

Figure 23. Finite strain elasto—plastic analysis of a spherical shell (MITC4-TLH)
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125000 { x-e-w Elastic (16 elements).

100&)0—: = » Elasto.plastic (16 .+ )
] ——Elastic (9 )
. 750004 -+ - Elasto _plastic (9 )
8 :
— 50000+
g ]
[
p= ] — -
§ 25m0_: /;;’*‘_x.x—ﬁml-—)‘_’_.\&.—‘" >
] (4
o-"rfY"[Tllllll l'llTT[rIl'lllrrTTllrlllll
0 100 200 00 £00
Vertical displacement.
b) Vertical load vs. vertical displacement.
12 _
elasto.plastic compress;e_d_,
"t
i
R
£
s
E 1 g U EES
= Nﬁtt:_\* elastic. tractionateq
05| T g T
09 elasto. plastic tractioh+ ated

0O 50 1100 150 200 250 300 30 400

Vertical displacement.

c¢) Through the thickness stretchings at the Gauss
points closest to the center ( top and bottom)

Figure 23. (Continued)
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/'/'\\\ 2
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=~ v=03
£ o,=2.1 E03
E >
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5077 I
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(b) Thickness stretching at external layer of Gauss points

Figure 24. Inflation of an elasto—plastic cylinder
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APPENDIX I

I.1 Derivates of ™

We can write

trm =ty L ['R - T - IRT] 'V (I.1)

—n o—, S

then

at,rnn . 823 atE
=tV . |2 —°=e . tp . tRT ‘R - = . 'RT| .tV 1.2
9, ~n [ o <8t€q LA 1 L X 91, == Vo (12)

Since ZEDI = ZEDI (fu , *§), it is immediate to calculate the derivatives of
tpPT ) tuP’ ) tRPT and tHP' with respect to '€, and therefore of the interpolated

’ o=

values ZE._Using Eqns. (47) we can calculate the derivatives of ‘F, ‘U and [R.
We can write

tR — tFDI . (tUDI)fl_ tU . thl X thl (I 3)
O:€ o— o0— oO— O:p O:e M
and considering that
0F
— =0 L.4.
0% |, = 5
0:U oy 0:;C 9!C O0!H
—< = —=< =< — — (I1.4.b)

o, 0:C, 0LC OtH 01,

o

@ °t%e) using the fourth order tensor we will develop in Section 1.3 and
replace in Eqn. (1.2).

Also in Eqn. (I1.2) we use
0 9L 9H 0iC  9!C OH

g%,  OtH 9iC ' 9C 9tH 0,

we can calculate

(L5)

again, to calculate the above expression we have to resort to the fourth order tensor we will
develop in Section 1.3.
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1.2 Derivatives used in the linearization of the equilibrium equations

e At each sampling point we have éED L ng I and d(5gD ') that can be interpolated to
obtain H, dH and d(6H) at the Gauss points. When calculating the derivatives it is
important to take into account that [34]

dzn == d02 tzl—dﬁl tXQ (IGa)

T

o To calculate (H , d ;H and d(0 (H ) at the Gauss points we use the accumulated value
of ggp at those points ante the fourth order tensor we will develop in 1.3 also calculated
at the Gauss points.

e Starting from the condition ‘7" = 0 we can calculate
t t.nn] 1 t-nn
8§q:_87 o'r (L.7)
0 tuga 0 ¢, 0 tuy
e In our Ref. [44] we defined for 2D problems the fourth order tensor.
1.3 0 tﬂe /0 'H
In our Ref. [44] we defined for 2D problems the fourth order tensor
‘D 0.8, 1.8
= - 8 gg ( . )
We calculate
9tH  9!C diC
‘D —< — = (1.9)

S 9iC 9iCoH

To calculate the first term on the r.h.s. of Eqn.(1.9) we construct gge using the eigen-
vectors and eigenvalues of f)ge
To calculate the second term on the r.h.s. of Eqn.(1.9) we use

tC — tE—T . tg 3 tF—l (110)

To calculate the third term on the r.h.s. of Eqn. (1.9) we construct {C using the
eigenvalues and eigenvectors of ' H.
For the cases where we arrive to multiple eigenvalues we introduce small perturbations

[44].
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