Comput Mech (2011) 48:385-406
DOI 10.1007/s00466-011-0588-3

ORIGINAL PAPER

Exact corotational shell for finite strains and fracture

P. Areias - J. Garcio - E. B. Pires - J. Infante Barbosa

Received: 25 August 2010 / Accepted: 9 March 2011 / Published online: 1 April 2011

© Springer-Verlag 2011

Abstract The corotational method for frame-invariant
elements is generalized to obtain a consistent large-strain
shell element incorporating thickness extensibility. The
resulting element allows arbitrary in-plane deformations
and is distinct from the traditional corotational methods
(either quadrature-based or element-based) in the sense that
the corotational frame is exact. The polar decomposition
operation is performed in two parts, greatly simplifying the
linearization calculations. Expressions for the strain-degrees-
of-freedom matrices are given for the first time. The symbolic
calculations are performed with a well-known algebraic sys-
tem with a code generation package. Classical linear bench-
marks are shown with excellent results. Applications with
hyperelasticity and finite strain plasticity are presented, with
asymptotically quadratic convergence and very good bench-
mark results. An example of finite strain plasticity with frac-
ture is solved successfully, showing remarkable robustness
without the need of enrichment techniques.
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1 Introduction

Low-order triangular elements are computationally conve-
nient in finite-strain applications since they remain relatively
immune to severe mesh distortion;! in addition, very effi-
cient algorithms are available to perform remeshing with
these elements and the contact detection algorithms are
greatly simplified when compared with quadrilaterals. Frac-
ture applications take advantage of the triangular geometry so
that robust fracture propagation algorithms are devised [5].
The fracture algorithm is substantially more robust and
general than what was long ago performed with intricate
extended finite element methods.

High-performance (in the sense of Felippa [20]) small-
strain triangles have been devised in the past for both mem-
brane and bending applications [2,10]. Triangle element
technology for finite strain elements is comparatively less
developed and out-of-plane shell bending applications are
also less common. Traditionally, finite-strain triangle ele-
ments are created using collapsed four-node elements. In con-
trast, more disseminated corotational elements are typically
applied to problems with large rotations and displacements
but small strains. The corotational technique takes advan-
tage of the constant deformation gradient of a membrane
triangle to extract the rigid-body displacements from a given
element regardless of the underlying element technology.
Changes in the element formulation are therefore decoupled
from the rigid-body treatment. This favors the encapsula-

I Mesh distortion may be caused either by large deformation or by
element subdivision in fracture algorithms.
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tion of small-strain triangles and the systematic development
of high performance procedures without concerns of frame
invariance and constitutive modeling with rotations. Further-
more, computational savings are possible without compro-
mise in the applicability in complex problems. Recently, we
developed a quadrilateral element with thickness extensibil-
ity [7] and attempted to solve finite-strain fracture problems
with it.2 However, it was soon found that algorithm simplicity
was greater for triangles, with a moderate accuracy penalty.

Previous limitations of standard corotational techniques
are:

* Inadequacy for solving finite strain problems (only finite
displacements are allowed).
¢ Arbitrariness in the choice of the corotational matrix [22].

This work removes these limitations. The paper is organized
as follows: we start by deriving the exact corotational kine-
matics for a 3 node triangle in Sect. 2; then the bending
and membrane formulations of the core element are derived
in Sect. 3. A simplified version of our recent work [7] for
thickness variation is presented in Sect. 4. Finally, we pres-
ent two verification tests showing the exactness of the pro-
posed corotational frame and a number of benchmark tests,
including one involving multiple fracture of a simply-sup-
ported square plate with finite strain plasticity. Conclusions
are drawn in Sect. 6.

2 Governing equations and exact corotational
kinematics for a 3 node triangle

The problem under study is the equilibrium problem of a con-
tinuous medium (see, e.g. [3]). The specific shell kinematics
(see for example [7,13]) do not impose distinction with the
continuum. In the present context, director constraints are
satisfied at the discrete level. The equations in weak form are
given by [25]:

Givenb : Q — R3¢ : Iy — R3 andu : 'y — R3,
findu € 2|VYéu € ¥ solving:

/a:VSudQ:/b~3udQ+/t~8udF (1
Q Q r;

u=u on Iy )
du=0 on Iy 3)

where u is the unknown displacement vector field, Su
is the test field and o is the Cauchy stress tensor. €2 (the
body) is a open set where b (the body forces) and o (the

2 Note that director kinematics is, in general, dependent on the consti-
tutive law, as shown in that work.
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Cauchy stress) are defined. The gradient operator V is
taken with respect to deformed coordinates.

The boundary of €2is the union of I'; (the natural bound-
ary, with # known) and I'y; (the essential boundary with
u known). The set & of the trial functions is defined
as: 2 = {ulu € [Y(QP, u = u onTy). The
set of the test functions is defined as ¥ = {Su|du €
[N ()13, 8u =0 on g} [ (Q)]? is the product
of Sobolev spaces of order 1.

The weak form of equilibrium (1) is approximately satisfied
by discretization with triangular shell elements. The director
constraints and the discrete form of equilibrium are formu-
lated in a corotational frame, in the sense of Felippa and
Haugen [22].

For a three-node triangle embedded in R? it is possible to
calculate the unique rotation matrix from the polar decom-
position, avoiding ad-hoc corotational frames. This fact is
well known by the element technology community, but for
a 3 x 3 deformation gradient it becomes too costly, partic-
ularly if second derivatives (with respect to u) are required
for application with Newton’s method of solution. Since a
simple closed-form solution exists for 2 x 2 matrices, a less
costly (but producing the exact result) derivation is presented
here. It is discontinuity free and well-posed. It consists of a
geometrical construction which in the end allows a bidimen-
sional polar decomposition. This geometrical construction is
exact and greatly reduces the effort required to perform a
full 3D polar decomposition. It is worth realizing that it is
common to estimate the rotation matrix by empirical meth-
ods. During the last three decades there have been several
proposals, some of which can lead to spurious loss of sym-
metry, fictitious rotations and energy dissipation in closed
cycle. The latest corotational frames, widely used in more
recent papers and commercial codes, are the ones obtained
by either:

* Minimizing the average distance between rigidly rotated
and deformed nodes. It can be shown that it is exact for
rigid body motions, it is independent of node numbering
and retains isotropy. However it produces fictitious rota-
tions, as we shall see (also demonstrated in [11]).

* Making use of the null drilling part of the local spin as a
replacement of the exact polar decomposition [17].

both are unsatisfactory. Often they appear to work flaw-
lessly in one or two-element tests since for certain nodal
arrangements the defects will not surface. In Sect. 5.1 we
show a specific nodal arrangement exposing the deficiencies
of these two corotational frames. Our alternative approach
to corotational kinematics has the goal of solving finite
strain problems with triangular shells. Exact derivatives are
used (separately calculated with Mathematica [32] and the
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AceGen add-on [29]) and therefore quadratic convergence is
obtained.

Let us consider the pseudo-time ¢ € R(‘)" as a scale to reg-
ister motion events. Given a triangle (for practical purposes
identified as .7") subject to a homogeneous deformation, let
us consider a given point X € .7 and the associated deformed
xx and undeformed X x positions. The undeformed position
is a specialization of the deformed one, since Xy = xx|;=o.
The difference between these positions is the displacement
vector, ux which can be decomposed into deformation (d)
and rigid (r) terms. The deformation displacement u‘;l( is
given by the difference between the total displacement ux
and the rigid body displacement u’y :

ub =uy —uly “4)

Since the deformation gradient is unaltered by arigid body
translation, we can arbitrarily select a point as a frame origin.
We use the triangle centroid in a given configuration as the
frame origin. The centroid has deformed coordinates x¢ and
undeformed coordinates X ¢ = x¢|;—o; the difference is the
centroid’s displacement vector uc = xc — X¢. Therefore,
we establish, for a given point X, the shifted undeformed
coordinates and deformed coordinates as:

Xsx = Xx — X¢ (5)
Xsx = Xx — XC (6)

The corresponding shifted displacement, u;y is therefore
determined by their difference:

usx = x5x — Xyx =ux —uc @)

According to its definition, the deformation gradient is the
derivative of x;y with respect to X;x:

_ axsX
B aXsX

F (®)

The deformed position xx (and similarly the total dis-
placement uy) of any point X € 7 can be obtained by a
linear combination of the triangle corner positions x; or dis-
placements u;,i = 1,2,3. Consequently the deformation
gradient F is constant and can be written solely in terms of
the triangle corner positions x;, X; (or displacements u;).
Introducing the rotation matrix, R = F (FTF )71/ % result-
ing from the polar decomposition, and using Chasles corol-
lary (cf. [24]), the rigid body displacement is obtained by the
rotation of X yx3:

ugy = (R—1) X;x ©))
The validity of equation (9) stems from F and therefore

R being uniform in each element. With this conclusion, we

3 Note that the displacement of the centroid is included in u;x and
uy =uy —uc.

Fig. 1 General notation for the corotational decomposition, using a
beam to facilitate the interpretation

calculate the deformation displacement as a difference:
uly = usx — (R = DXx (10)

The rotation matrix, R, which is uniform for the given
triangle, is the non-deformation part of the total rotation. In
beams and shells, mid-surface and drilling rotation are strain-
producing and will also be accounted for. In particular, for an
element with nodal rotation degrees of freedom, the corre-
sponding deformation from the reference configuration can
be expressed using a total rotation tensor R;. The rotation-
induced deformation that an element actually experiences
is here designated by Rp which also depends in general of
the point considered. Using the notation shown in Fig. 1 we
obtain the rigid body rotation by extracting the deformation
rotation (R p) from the total rotation R;:

R = RLR, (11)

This establishes the rigid body rotation R, which is uni-
form,* as a product of two non-uniform matrices. To the
rotated frame we associate the rotation matrix Rg = RR
which is also uniform. Using the transpose of this matrix
as a transformation along with decomposition (11) we can
write the uniform membrane deformation displacement in
the frame % by pre-multiplying u% by RE%:

uly = Rpx,x — R Xx (12)

where use was made of the alibi-alias duality and matrix
orthogonality. Corresponding to this deformational displace-
ment we have the undeformed and deformed coordinates in
the same frame Ap:

X,x = RI X,x (13)
¥;x = Rhxsx (14)

4 In the sense that their components do not vary in each triangle.
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This differs from the classical approach for deriving
corotational elements since the nodal positions allow the use
of large strain formulations based on a rotation-free defor-
mation gradient. It is only possible to perform that operation
if Rp is exactly calculated. To the Authors’ knowledge, this
calculation is performed here for the first time. The defor-
mational rotation matrix (Rp in Fig. 1) can also be given by
Rp = R/Ry ng or in the frame %, as the back-rotated Rp:

Rp = RLR; Ry (15)

The quantities ﬁfx and Rp are used by the encapsulated
(linear) element as measures of deformational displacement
and rotation, respectively. Thus the corotational derivation is
defined in terms of:

1. The total rotation matrix for frame %g, Rg and the spe-
cialization for frame 4, Ry.
2. The nodal rotation matrix R;.

Since other relevant quantities lie solely on these two rota-
tion matrices, it becomes clear the importance given to the
topic in the literature (see, e.g. [17]).

2.1 Calculation of Ry

Matrix Ry defines %Ag, which is often identified as the
“local element frame” in the literature. The calculation of
R involves a number of steps which we now show in detail.
Matrix Rj can be obtained by a frame attached to %, and
does not affect the results, since the reference configuration
is arbitrary. For simplicity, one of the frame’s axis is orthogo-
nal to the triangle (Fig. 2). Given Ry, the total rotation matrix
Rp can be obtained as:

Rr = RR, (16)

with R being generally provided in other works [11,17] by an
approximation to the polar decomposition of F. The rotation
matrix Rg can also be given by the following relation:

Rr = RgRp a7

where R is arotation matrix derived from the deformed cor-
ner nodal positions x; and RF is a rotation matrix obtained by
polar decomposition of a local #g two-dimensional defor-
mation gradient F*. The columns of the rotation matrix Rg
are the basis vectors of frame A (see Fig. 2):

Ri = [€]]e)]es] (18)

so that x| = Rgxsx. The basis vectors e}, i = 1,2, 3 are

obtained by the following relations (analogous relations are
used in the determination of R but using the undeformed
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corner nodal positions X;):

ey = (x2 —x1) /llx2 — x1]| (19)

e, = e x e (20)

ey = (x2—x1) x (x3 —x1) / [(x2 —x1) x (x3 — x|
(21)

Since the choice of el/. (and therefore REg) is arbitrary and
the calculation of Ry is not, Ry will depend on this choice.
If three configurations are drawn with coincident frames (see
Fig. 2) we obtain the rotation matrix Ry as an extension of
a 2 x 2 rotation matrix obtained by polar decomposition of
the local deformation gradient:

R* 0
Ry = [ ) J 22)
_1
R = F* (F*T F*) 2 (23)

With the notation depicted in Fig. 2 we calculate the unde-
formed Jo and deformed J Jacobians, using a three node
linear parametrization (2 x 2 matrices whose columns are
corner nodes relative position vectors aligned to the element
edges). For the in-plane motion, the 2 x 2 matrices Jo and J
are given by:

Jo =Xy - X3/X,2 — X,3] @9
J = [xgy — x5l — xg3] )

The local 2 x 2 deformation gradient F* is calculated
using the definition and the chain rule of derivation:

Fr=7J;" (26)

Given the bidimensional part of the deformation gradient
F~*, det F* > 0 we perform a polar decomposition which
reads:

F* = R*U* 27)

where R* is a proper orthogonal matrix and U* is a symmet-
ric positive-definite matrix. Standard arithmetic provides the
rotation angle as>:

F}y, — F*
y = arctan (%) (28)
Fiy + Fy
with
. cosy —siny
R*=| . 2
|:s1ny cos y } (29

Therefore, the polar decomposition is performed in two parts:

1. Mapping to a frame where 2 x 2 matrices suffice (after
(16) and (17)).

> The two-argument arctan function is used.
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Fig. 2 Corotational notation
for a triangle. Note that the
frames are provided by the
orthogonal matrices Rg =
le}leble}]. Ro = [E [E3| )
and Rg = [e;|ez|es]. In the

lower part of the Figure, we
overlap the configurations by
imposing E; = e so that 1
relative stretches and rotations

can be observed

2. Calculation of a single angle in 2D, which is sufficient
to determine the rotation matrix in that frame (equations
(27), (28) and (29)). These quantities are then used to
obtain R.

To prove the exactness of equation (17) we start by mak-
ing use of two auxiliary vectors, say wo and w,, where w, =
Rw, i.e. w, is the image of wg under a rotation (the alibi).
Performing the change of frame of representation (alias) we
obtain:

wo = ng() (30)
w, = Rlw, (31)

Rotating w), by Rr and transposing we isolate w, in the
left-hand-side:

w, = RERF R} wo (32)
Using definition (16) we write (32) as:
w, = Rw (33)

which implies that Rg = Rg Rr. This equation is exact and
therefore Ry is also the exact rotation. Our first example fur-
ther verifies this statement. The first and second variations of

i
KRotated

3

Deformed (R%(7))

Estimate (RL(.7))

Ry are given by:

SRr =6RegRr + RESRE (34)
d6Rr = dSRrgRr + SRedRF (35)
+RpdéRr + dRESRF (36)

these are exactly calculated using Mathematica [32] with the
Acegen add-on [29].

2.2 Membrane stretch

The polar decomposition of the membrane deformation gra-
dient is written as F = RU with U being the right stretch
tensor. Writing F in terms of the local %y and % frames
provides:

F=RLFRy=RIUR,
s F=U (37)
therefore the deformation gradient in frame % is rotation-

free and equals the stretch. Analogous arguments lead to F =
RYVRR =V, sothat:

F:[U inﬁo (38)

V in%R
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Fig. 3 Notation for the edge interpolation of the membrane part. Edge
a is detailed

Consequently, for the element embedded in the corotated
frame, just the membrane stretch is visible. The long standing
restriction to small strains is definitely removed.

Remark 1 Given atriangle .7 embedded in R? with two con-
figurations %y and Zp, whose deformation deformation gra-
dientis F inthe frame %, then there are two frames, % and
ABg in which F is reduced to a right and left stretch, respec-
tively: U = RoFR[,V = RgFR}.

2.3 Displacement calculation

If the undeformed triangle coordinates (in % ) are organized
as lines of matrices (here T and Tx) then we will obtain the
transformed coordinates (in ZAg) by matrix multiplication.
Let us introduce the two matrices in %g:

X1
T, = | x
X3

(39)

X
Tx = | X»
X3

(40)

then the shifted (s) coordinate coordinate matrices for Zg
are simply given by:

X1

Iy = | X2 | =T<PRg (41)
_YSS
_Xsl

Tx= Esz =TxPRy (42)
_Xs3
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with the projection linear transformation:

2 —-1-1
-1 2 -1
—1-12

1
P=- (43)

providing the element centroid coordinates.® Making use of
Tz = Tz — T,x, the nodal deformation displacements are
calculated by linear algebra in the local corotated frame. The
first and second variation of T, , required for the Newton’s

method of solution, are consequences of these results:

0Tsx = 8Ty PRr + T PSRR (44)
déTsx = dSTyPRr + 6T, PdRp (45)
+dTyPSRr + T, PdSRR (46)

2.4 Calculation of R;

The non-uniform part of ﬁp, which we denote Rj, is
obtained at each node K from four nodal Euler parameters

gk = {9K0, 9k 1, 9k2, 9k 3} 75 R1(qx) is the following func-
tion:

R;(qk)

1-2 (Q%Q +‘1;<3)
= | 2(@k19k2 +9K09K3)
2(9k19K3 — 9K09K2)

2(9k09K2 + 4K 19K3)
2(9k29K3 — 9K09K 1)
1-2(¢%, +q%s)

(47)

2(9k19K2 — 4K09K3)
1 =25 +4k3)
2(gk09K1 + 9K29K3)

with q,z(O +q,2(1 +q%<2 —i—cﬁ(3 = 1 being the Euler parameters’
constraint. From the alternative rotation parametrizations,
this has several known advantages, discussed at length in var-
ious papers (see, e.g. [16]). First and second derivatives of R;
withrespectto g g are straightforward and were performed by
Mathematica [32] with the Acegen add-on [29]. The matrices
R;(gx), K =1,2,3and Rp(qx), K = 1,2, 3 are calcu-
lated from (47) and (15) after the calculation of Ry in (17).
We calculate the local nodal deformational displacement #%

. .od .
and deformational rotation @ in the frame %g. From the
deformational rotation matrix we extract the rotation vector
by well-known eigenvalue analysis (cf. [24]):

2c0s(@%) + 1 = tr(Rp) (48)

» a4 ED32(‘IK) _ED23(qK)

Ok = 577 | Rp13@x) —Rosi(ax) (49)
K | Rp21(gk) —Rpi2(qk)

6 This linear transformation is analogous to the deviatoric projection
in small strain elasticity.
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.. —d . .
The first and second variation of @ ;- are given by the appli-
cation of the chain rule (now omitting the nodal unknowns):

50% = 0% : [SRER Ry + RESR; Ro (50)
dse’ — 9% . [daR,ﬁR, Ro+ RTdSR, Ry
+SRTAR; Ry +dR,€3R,RO]
+ [5R,€R,R0 + R}QSR,RO] 9 [ngR,RO
+RRAR/ Ry | (51)

In addition, we also adopt the exact incremental proce-
dure proposed by Brank and Ibrahimbegovic [16] to avoid
the undefined sign for large values of the Euler parameters.
This requires storage of previous rotation matrices.

2.5 Complete transformation map and consistent
linearization

Each node is associated with three displacement degrees of

freedom and three rotation parameters in the frame %g. We

group these as

K=1,273
(52)

T
vg = {uk1, uk2, UK3, K1, 9K2, 4K3}

Juxtaposing each nodal set of degrees of freedom we
obtain:

v = {1, v, v3)7 (53)

In the frame Ag we can write:

Vk = {Hak1, Hak2, Wak3 Tx1> Tx2 T3} (54)
and

Y

v = {v1, V2, V3} (55)

Using the mapping R'® 5 v — ¢(v) = v € R!® we can

v=19() (56)

Given the force in frame %, f, we can use energy con-
jugacy to obtain the force in frame %, denoted as f:

do()\" —
fz(“(’1 ) 7 (57)
v
or, in index notation,
de; —
. 58
f] dl)] fl ( )

and the stiffness in frame %, is given, in index notation, by:

dgj(v) dg(v)— | — d*p;(v)
ik = K i ;
dv;  dug 7 dv;dug

(59)

where K j1 is the local stiffness matrix. Optimized expres-
sions for the first and second derivatives of ¢ (v) were calcu-
lated using Mathematica with the AceGen add-on. We omit
these here for conciseness, but the generated code can be
obtained from the first Author. Part of the the calculations
correspond to equations (34) and (44). The Cauchy stress in
frame % is determined by the corotational transformation

of the rotated stress o’ :

o = RyoR} (60)

3 Core element matrices

Here we adopted a flat 3 node shell triangle constructed
by assembling a modified membrane element (OPT) with
drilling degrees of freedom, with a re-derived plate element
(DKT). These are generalized for arbitrarily large strains and
can cope with hyperelastic and hyperelastic/plastic materials.
Besides the in-plane bending mode, the drilling degrees-of-
freedom allow the treatment of general shell intersections
and also connections to beam elements, making the element
adequate to model an extended range of structures. Since the
rotation tensor R was removed by the use of frame Ay, the
right stretch can be written in the frame % as:

U=1+vVgu 1)
where

S )
Vi = 5 | Vx, B+ (Vx, ) (62)

We write VYdﬂZ in Voigt form as e. Since & is a function

of uy(X 4) and this is a function of v, we can write:
e =Bv (63)

where B is a 3 x 18 matrix relating the strain at a given point
in the element with the nodal unknowns in frame . Since
the element is coupled, the B matrix can be written as a sum
of three B contributions:

B=B,+B)+B) (64)

where the superscripts b and m indicate bending and plane
terms, respectively. The membrane term is split in two parts
(the constant stress part, B,?l and the high order stress part
B). The element forces and stiffness are given by:

7 / (B70) 4 (65)
Ho

f:/(BTDB)d,%’o (66)
Po

7" A linear least-square application of ¢ is used for output.
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Fig. 4 Two-element pure = =
deformation test 100 x 107!
4 3
5.00 x 1072 = B
12
2
/ 0.00 x 10" L
Our frame is exact (y; =72 = 0)
. —500x 107 B
s F
€
=
—1.00 x 107" =
m
. —150 x 1071 |-
~ Edge frame, v,
Edge frame, 75 ——
. Battini frame, 4, ——
1 =200 107" = Battini frame, 7,
! Our frame, 7
6% Our frame, 7,
—2.50 x 107! : L . L .
0 0.5 1 15 2 25 3

Element 1: 2,4,1

Connectivities:
Element 2: 2,3,4

Fig. 5 Small strain and finite
strain patch test: 10 irregular
elements are used

Fig. 6 Finite strain indentation Mesh #1
test: comparison of three mesh
arrangements, see also [38]
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Small strain patch test

VonMises
1.634e+02

1.254e+02

8.744e+01

4.945¢+01 1 e
1.145¢+01 och

VonMises

1.634¢+02 6

1.254¢+02 2

8.744¢+01 Al |
4.945¢+01

1.145¢+01

Imposed strain

Finite strain patch test

Relevant data:

Dimensions:
2x1x0.1

VonMises
1.634e+02 Elastic material properties:
1.254e+02
8.744e+01
4.945¢+01
1.145¢+01

E =250
v = 0.49999

Mesh:
4 x 8 elements

(Consistent units are used)

Mesh#2 ——
14 FMesh #3 —— e

nr 4
10 - 4

Reaction
o
I

I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Indentation




Comput Mech (2011) 48:385-406

393

E=6.825 x 107
v=20.3

R=10
h=0.04

1.1 T T T T T

Normalized displacement,

05 b 3,,,,,,,,,,i,,,Asyfmnctr;c mesh, US ST
< ; : Symmetric mesh, ABAQUS STR,
symmetric mesh, ABA H

0.6 ------%- T ARREEEE LR TR E R e SRR R A .
. . Asymmetric mesh, present element —+—
Symmetric mesh, present e emﬁ%

S
04 i i Symmetrlc mesh; ABA% S
0 5 10 15 20 25

Number of elements/edge

0.998

0.996

0.994

0.992 |- ooe T e RIS

TAS

N\\W,
AWANAVARS

=

VAN
AN

AN
WA

v

X2

Free edge
""" Symmetric mesh (8 elements/edge)

Normalized displacement

0.99 f---reeee ,,,,,,,,,,, ,,,,,,,,,,,

Target displacement=9.24 x 1072
(Consistent units are used)

0.088 i i i i i
26

Number of elements/edge

Fig. 7 Pinched hemisphere (linear elastic test): geometry, boundary conditions, material properties and convergence of the displacement under

the point-loads

since

dB

—| 67
du ©7)
do

R 5 68
e (63)

3.1 Bending part

We use a combination of the classical discrete Kirchhoff plate
triangle (DKT) and the quadratic interpolation proposed by
Felippa and Haugen [22]. The ingredients of the original
developments of the DKT triangle are:

» Transverse displacement obtained by cubic Hermite inter-
polation on the triangle’s edges.

¢ Quadratic deformational rotations defined on the triangle.

* Kirchhoff conditions satisfied at the three corner nodes and
mid-edge points.

We arrive at a new, much more concise form of the strain-
displacement matrices. The deformational rotation field is
characterized by two angles (8, and B,), after substitution
of the Kirchhoff-Love conditions:

Br = Brot+ &) Tguun (69)
By = Byot+ p&) Tpuun (70)

with p(§)T = (&1, &, &£, &2, €5} being the quadratic poly-
nomial basis vector. We use area coordinates & = {&], &2} €
[0, 1]%. The uniform terms Bxo and By in (69,70) do not con-
tribute to the curvature, and hence are left unspecified. The
core nodal degrees-of-freedom correspond to two in-plane
rotation angles at each node and are grouped as:

ul, =1{67,07,05,65,01,6) (71)

A comparison with classical formulations shows that the
transverse displacement is absent from the list of nodal
unknowns. It is simply filtered by the corotational frame and
therefore only deformational parts are present. This, along
with careful coding, allows some computational savings. The
matrices Tg , and Tg , in (69,70) are calculated after con-
straints tying the transverse displacement and the quadratic
rotation field are imposed:
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Normalized displacement

0.2

0.2

Load case I

: : Asymmetric mesh, present element —+—
""" DR Symmetric mesh, present element —>¢— -
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' Asymmetric mesh, present element —+—
"""" b e Symmetric mesh, present element —<—

Asymnietric mesh, DKTLJrALLMAN 88 —*—
: Symmetric mesh, DKT+ALLMAN 88 —&—
i Quadrilateral mesh, Wagner and Gruttmann
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E=29 x 109
v=0.22
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(consistent units)
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Load case [

Fig. 8 Twisted beam (linear elastic test): geometry, boundary conditions, material properties and convergence of the displacement for two load
cases (see also [35])

3% 9c 1-332 0 0 3%cPe —1 — 332
0 0 3% 9p 1382 3% —1—3%7
Tpou = | 3%aPa — 3%cPe 382 =382 3,94 — 333 382 —3%2  —3%,9, — 39, 3%% + 352 (72)
—3%:Fe 3%2 0 0 —3%Fe 382
L 0 0 —3%p 3 357 —3%p 3 3%}
[—1+4+352 329, 0 0 1+ 352 —XePe
0 0 —1+332 =335 1+ 352 —3%, 9
T = | 382 =322 3%cHe —3RuFa 387 =382 3%Pp —3%aFa  —3(2+ 97 3% + 3R Pe (73)
_35)3 3xACj}C 0 0 _3)7@2 32090
| 0 0 —397 3% 3 —397 3% 3
where the following notation was used: Ve = Ty = _Ye (74)
lx1 — x32 le

~ X2 — X1 Xa
xa = —-—
lxz — x1ll2 la

~ Y2 — 1 Ya
o= = =
lx2 — x21l2 lq

R X3 — X2 Xp
xb = = —
lx3 — x21l2 Iy

~ y3—»n Yb
Yp= = =
lx3 — x21l2 Ip

~ X1 — X3 Xc
= = ——

lxr — x3]l2 le
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This is not the standard form adopted for the DKT and
requires fewer operations, since the strain-displacement
matrix depends on six edge coordinates and area coordinates.
Note that matrices Tg,, and T , contain the complete low
and high order terms and no découpling was adopted. The
planar triangle area is determined from [,, [, and /. using
Heron’s formula:

Ap = %J(lc —la—Ip)Ua—lp —1)Ua —1p +1)Ua +1p +1c) (75)
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Fig. 9 Cantilever beam:
experimental arrangement,
cross-section dimensions and
material properties
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The derivatives of p(&) with respect to x and y are directly
written as:

Yb —Xb
8 ( ) 1 yC —Xc¢
I;xg = ax &Eyp +E1ye —E2xp — E1xc (76)
A1 281y —2&1xp
28y, —2&x,

The curvatures are directly obtained from the previous
relations, making use of the chain rule. These result in a
3 x 6 strain-DOF matrix which is given as:

T
3 ap&)’
=5 | 5 T ) )
p® g, 4 2O,

ay

B,

depending exclusively on &1, &>, &3, H and the edge vectors.
We remark that this is a new form of the DKT element and
its simplicity is unmatched by classical derivations.

0.1 0.15 0.2

Displacement, m

3.2 Membrane part

For the membrane part we modify the OPT element devel-
oped by C.A. Felippa and coworkers, originally derived using
two different approaches: the EFF (Extended Free Formu-
lation) [2] and the ANDES (Assumed Natural Deviatoric
Strain) [23]. It was then verified that both the EFF and the
ANDES lead to the same optimal8 element, which seems to
indicate that the optimal form is unique [21]. This element
is a linear strain triangle with 3 corner nodes and 3 DOFs
per node (two in-plane displacements and a drilling rota-
tion). The membrane energy is partitioned in two: constant
stress and high-order stress. The strain-displacement matrix
B,, is additively calculated, in a form found by [15] which
guarantees direct satisfaction of the patch test, as:

B, = B, + B, (78)

where the constant stress part B,(,)l is constructed to guaran-
tee consistency, providing for convergence in the limit of

8 Optimal only for certain mesh arrangements, since union-jack meshes
typically produce less than optimal results, see also [14].
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Experimentally observed elasto-plastic flange buckling

Numerically obtained elasto-plastic flange buckling
(thickness extrusion was performed)
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Fig. 10 Cantilever beam: comparative pictures of the elasto-plastic buckling of the flange and numerical prediction

P (Point load)
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Fig. 11 Channel section cantilever beam: geometry, boundary conditions and sequence of deformed meshes. Thickness-averaged effective plastic

strain is shown

mesh refinement, and the higher order part B,L to provide for
accuracy. Both matrices involve a set of adjustable parame-
ters which are determined by making the element reproduce
the exact beam pure bending solution. The evaluation of its
performance was made in [23].

3.2.1 Constant stress part

The constant stress part is directly obtained from the EFF.
Although beam shape functions are used for the normal dis-
placement, a scaling factor («) is required since the con-
tinuum case cannot make direct use of that interpolation.
Considering a constant stress state in the element, the same
constant stress also exists at the boundaries. We assume a
displacement field defined along the edges by beam shape

@ Springer

functions for the normal to the edge displacement compo-
nent # and linear interpolation for the edge aligned displace-
ment component v. For one element edge, the displacement
interpolation in edge-aligned coordinates is given by (e =
a,b,c):

Vel

(XNeez(s‘)} Oe1

Nye2(s) O Uen
Ve2

02

_ |:Nuel(§) 0 aNpe1(s) Nue2(s) 0
0 Nvel(g) 0 0

(79
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Fig. 12 Channel section 1.40 x 10?

cantilever beam: load-deflection

curve; comparison with [28] 190 % 10°

1.00 x 10% |-
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Initial cut

Consistent units are used

Fig. 13 Ring test by Basar and Ding [9]. Consistent units are used

where the shape functions are:

Nuet(s) =1-3¢% +2¢°
Noe1(§) = ¢ =267+ ¢
Nuea(s) =3¢% — 27
Noea(s) = —¢>+¢°
Npei(g) =1—¢

Nye2(6) = ¢

(80)

with ¢ € [0, 1]. Figure 3 clarifies this notation. Each edge in
(a, b, ¢) has local nodes 1 and 2.

Writing the equilibrium equations for a single element
with constant stress and strain, we have:

Aazasz/i; -6ﬁadza+/’t;,-5ﬁbdlb+/’t}-3ﬁcdlc

Iy N le
81)
using the edge transformation matrix:
Tez[yf x] e=a,b,c (82)
—Xe Ye

2 3 4 5
Transversal tip displacement

D )
% NN
KO SO
SIS AYEN D)
ARV N
N vgfvﬂﬂﬂvﬂ}
N o A

10000 T T T T T 3
- ]
1000 3
~ ]
= ]
Q B
— )
100 E
= Present element, point A —— ]
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DKT+ALLMAN 88, point A —— -
DKT+ALLMAN 88, point B |

Sansour 2000, point A~ ¥

Sansot}r 2000, point }3 [m]

10 I I
0 5 10 15 20 25

Out-of-plane displacement, w

Fig. 14 Ring test: comparison with the results by Sansour et al. [33]

we finally obtain:

. 1| 0 §0a—yoy
B, = A 0 —xp Gla—x)xp |- (33)
—Xb Vb %(xaya — XeYe)

This process lumps the edge stresses to balanced nodal
forces, which guarantees stress equilibrium between adjacent
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2420e+00 |

2038400 |

1.997e+00

Fig. 15 Simply supported plate; neo-Hookean case, 63 = 0 at the supports, u3 = 115 and u3 = 185. The thickness contour plot is also shown.

Note that mirroring of the plate was employed for visualization purposes

elements for constant stress states, for any assumed displace-
ment field. For the OPT element, the parameter « was calcu-
lated to be 3/2.

3.2.2 Higher order stress part

The higher order part is calculated using a linear variation of
the natural strains (strains aligned along median directions):

B = AVBT, [£101 + & Q0+ (1 — & — £) 03] T,
(84

where 7, is the natural-global (median aligned in sharp
contrast with C.A. Felippa developments) transformation
matrix. The parameter S is found to be 1/80° and T}, is
the matrix relating the hierarchical drilling rotations with
the nodal degrees-of-freedom. The natural strain matrices
Qi,i =1,2,3 are given by:

9 There is no decoupling of stiffness as proposed in the groups of C.A.
Felippa and Battini, see for example [12].
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r 1l 2 17
Z 2R
1 1
Qi=| 0 3 -2 (85)
1 bl 5
L2 R
r_2 1 11
1 1 2
O=| 27 7 2 (86)
b1 b i;
L7 0 7 ]
gz 0
1 2 1
O=|"pg~ 27 (87)
2b lb lb
Lz oz iz

and are obtained by assuming a beam pure bending field. For
a beam in pure bending the cross sections suffer a rotation
by an angle 6, and the (small) bending strain is proportional
to that angle:

£y = —%9 (88)
where y is the distance from the neutral axis to the desired
point in the transverse section and/ is the initial beam length.
Therefore, in (plane) pure bending the strain is proportional
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Fig. 16 Simply supported plate; elasto-plastic case: effective plastic strain and thickness contour plots. Note that mirroring of the plate was

employed for visualization purposes

to a geometric factor %, and these factors appear in the Q;.
Qiqp is the strain at node i (i =1, 2, 3), parallel to side a
(a=1, 2, 3), assuming that the neutral axis is parallel to side
a and passing by the triangle centroid, due to the drilling
rotation at node b. These are reworked expressions of those
present in Ref. [2].

4 Thickness extensibility

Thickness variation is caused by the condition 33 =0. The
inaugural work of Hughes and Carnoy [26] presented this
methodology, subsequently adopted in many other works
such as in Dvorkin et al. [18]. Call to the constitutive library

(see, e.g. [4]) makes use of four components (since 013 =
073 are identically zero). For 033 we use the Newton method
to obtain:

o33(h) =0 (89)

which reads (it is the iteration counter):

-
IBNp =~ H (90)
0€33

higg1 < hi + Ah o1

with ho=H. Convergence of this iteration is usually
achieved, for Ah < 1 x 1078 H, after six or seven iterations.
After convergence, we calculate the tangent modulus as:
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Fig. 17 Simply supported 5.00 x 102

plate: pressure-displacement
results. The elasto-plastic results
are compared with Ref. [19]
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Considerably more sophisticated techniques were devel-
oped by Areias et al. [7] and Wisniewski [37].

5 Numerical examples

A set of sufficiently simple examples shows:

» Correctness of the corotational formulation and satisfac-
tion of patch and rigid-body tests.

e Accuracy of the plane and bending terms in the core ele-
ment.

e Comprehensiveness of the formulation: applications in
elasticity, elasto-plasticity and fracture.

The examples were run in the code created by the first
Author [4]. Elasto-plasticity integration follows the recent
algorithm by Areias and Rabczuk [6].
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5.1 Verification tests

With the purpose of verifying the exactness of our formula-
tion, let us first consider the two element setting shown in
Fig. 4. Although the edge e identified in that Figure rotates
due to stretching, the rotation angle

Ry,
must remain zero for v, # 0. A comparison between the
edge frame, Battini’s [11] frame and our own is represented in
Fig. 4. Although we confirm the result of Battini, who states
that the corotational frame is independent of node numbering,
it can be observed that his approach may produce spurious
rotations. In contrast, our approach is exact. This is, to our
knowledge, a new result.

Another important test is the patch-test. We here use a
10-element mesh to perform a membrane and bending patch
test, as depicted in Fig. 5. Three load cases are employed
(membrane forces in case I and bending moments in cases
II and III) for the small strain test and membrane forces are

y = arctan ( (93)
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Fig. 18 Cylindrical shell with diaphragms: deformed mesh, effective plastic strain and thickness distribution

tested in finite strains. The element passes the test with con-
stant stresses in each layer (two layers are employed).

For finite strains, we make use of the block indenta-
tion problem, recently re-tested by Wisniewski and Turska
[38] to inspect the effect of three mesh arrangements in the
results and also the smoothness of the von-Mises equiva-
lent stress for a very coarse meshing. Figure 6 shows the
results for this problem. Some mesh dependence can be
observed, but overall the results are very good for a trian-
gular element in near-incompressibility and similar to the
typical quadrilaterals used in this test (for the three mesh
arrangements).

5.2 Linear elastic pinched hemisphere

The hemispherical shell with four pinching forces is consid-
ered (see Fig. 7). We compare two triangular elements from
Abaqus 6.8 (S3 and STRI3) with the present formulation
for two mesh topologies (a symmetric mesh with crossed
triangles and an asymmetric mesh). Note that meshes with
crossed triangles were found to be inadequate for the Bergan
and Felippa [14] element since a optimal parameter was not
found for their Free Formulation. The results are shown in
the same Fig. 7. The present element converges quicker than
both elements tested in Abaqus 6.8 for the symmetric mesh.
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In addition, for the finer mesh, we obtain results closer to the
target value (we adopt W.K. Liu et al. 9.24 x 10~2 consistent
units [30]). Results for the asymmetric mesh are also very
good for sufficiently refined meshes.

5.3 Linear elastic twisted beam

The linear elastic twisted beam was considered in the bench-
mark proposal by MacNeal and Harder [31] and was subse-
quently modified by Jetteur [27]. We use the latter version in
this work, since it is now more common and revealing. The
test involves both out-of-plane and in-plane bending strains
and is suitable to assess the effect of the in-plane element
choice in the results. Unit shear in two orthogonal directions
is considered. The target values for the displacement were
taken from Wagner and Gruttmann [35] as 1.387 (load case 1)
and 0.3429 (load case II), see also Fig. 8. For a sufficiently
fine mesh we obtained similar values (for a 192 x 32 element
mesh, 1.401 and 0.3459 respectively). Figure 8 shows that
our element obtained very good results when compared with
a DKT plate combined with Allman’s formulation [1] and
similar to the quadrilateral from Ref. [35].

5.4 Clamped beam: comparison with experimental results

A slender beam with a C profile made from ductile alumi-
num'® was clamped to our laboratory frame as shown in
Fig. 9. The loading strategy was very simple: 2 N, 2.5 N
and 5 N disks were added to a hook hanged at a drilling in
the beam and depth comparators were set above the beam.
We employed a non-linear least-square code to determine
the elasticity modulus. The hardening law was, in contrast,
estimated by trial-and-error. Elasto-plastic buckling occurs
at the flanges as shown in Fig. 10. Comparative results for
the proposed element are also shown in Fig. 9.

The predictive capability was found to be very good. How-
ever, further research into the hardening law will further
improve the proximity between experimental results and the
numerical experiments for higher displacement values.

5.5 Channel section beam

The channel section cantilever beam by Eberlein and Wriggers
[19] is reproduced here. Recently, Klinkel et al. [28] tested
this problem with a hybrid quadrilateral, although to a lower
deformation than in the original paper. Relevant data is shown
in Fig. 11 where deformed and undeformed meshes are
shown for a sequence of steps. We subdivide each quadrilat-
eral element in [28] with four triangles. The load-deflection
results are shown in Fig. 12 and compared with Ref. [28].

10 Specifically window-frame aluminum.
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Fig. 19 Cylindrical shell with diaphragms: load-deflection results,
compared with a four-node quadrilateral implementation, Ref. [36] and
Abaqus S3 element

Reasonable agreement with the reported results in [28] can
be observed.

5.6 Nonlinear smooth problems

The first smooth plate is the ring test first proposed by Basar
and Ding [9] to test formulations for finite rotations in shells.
The relevant geometry, boundary conditions and elastic prop-
erties are depicted in Fig. 13. We extend the ring up to 28
consistent units. Figure 13 depicts this extension. A compar-
ison with the results by Sansour and Kollmann [33] is also
shown in Fig. 14. We can observe that with our method we
attain a higher value of ring extension and slightly more flex-
ible results. Between the present element and a combination
of DKT and Allman’s element, no differences were noted, in
contrast with what was observed in the linear tests. A simply-
supported square plate with initial dimensions 508 x 508 x
2.54 (consistent units) is loaded by a uniform, motion-depen-
dent pressure. In this test, both compressible neo-Hookean
and perfect elasto-plastic materials are considered. Constitu-
tive properties are: E =69 x 10*, v=0.3and oy = 248.The
in-plane motion at the supports is left free. The neo-Hookean
case uses zero drilling rotations at the supports (see Fig. 15).
Results are shown for both cases in Figs. 15, 16 and 17.
This problem puts to test the bending behavior at the earlier
stages of deformation and then membrane behavior in the
latter stages (see Ref. [19] for a description). During defor-
mation, the plate corners fold and strong thickness variation
occurs. A comparison with results from Ref. [19] is shown
in Fig. 17 with excellent agreement. We are, however, able
to reach higher deformations.

We now consider the cylinder shell with diaphragms. This
test was first considered by Simo and Kennedy [34] with
slightly different dimensions. The present form of the test is
currently in use by many authors. It consists of a cylinder shell
with the hardening law oy, = 24.3 4 300¢, (consistent units)
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Fig. 20 Fracture process of a E =200 x 107
simply-supported plate with v=103
elasto-plastic behavior. Two H=0.03

cases are shown: g, = 0.1 and oy = 300 + 600s
&x = 1. Thickness extrusion 1396 Elements 9

along the directors was
performed

subject to two inward diametrically opposing radial loads.
Elasticity modulus and Poisson coefficient are £ = 3000 con-
sistent units and v = 0.3, respectively. The total length of the
cylinder is 600 for a radius of 300 consistent units. The initial
shell thickness is H =3 consistent units. Due to symmetry,
only one-eighth of the cylinder needs to be modeled. Free
edges have diaphragms (only rotations and longitudinal dis-
placement are allowed). Displacement control is used: a total
displacement of 300 consistent units is applied and the reac-
tions monitored. This displacement corresponds to the total

A u=w=0

b:v=w=0
Uniform, deformation-dependent pressure

radius and is considerably more than what is usually pub-
lished (see what was achieved by alternative approaches in
[19,36]). The reason for this is the presence of a slight load
decrease for a pinching displacement of around 140 which
decreases the convergence radius of Newton’s method. Since
this problem involves large displacements and large plastic
strains, as well as strong thickness gradients near the pinched
point, it is a very demanding test. Large strain warping and
severe relative rotations occur between elements, as can be
observed in Fig. 18. For comparison, reported load-deflection
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Fig. 21 Fracture process of a
simply-supported plate with
elasto-plastic behavior: contour
plots, pressure/control node
displacement and
displacement/crack length
results
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results by Wagner et al. [36] are shown in Fig. 19. Note that
these Authors reported results only up to 250 consistent units.
The same 16 x 16 subdivided mesh as in [36] is used here
for results comparison, but a finer, 32 x 32 subdivision mesh
is required to obtain a smooth distribution of thickness and
effective plastic strain. The latter is used solely for purposes
of graphical representation in Fig. 18. The load-deflection
results are shown in Fig. 19: results are slightly more flexible
than the ones in Ref. [28].
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5.7 Ductile fracture of a simply-supported plate

The fracture process of a simply-supported (all displacement
components prescribed) square (2 x 2 consistent units) plate
under pressure is tested in the following example. A single
mesh containing 1396 elements is used. We use a simplis-
tic prototype ductile fracture model with the sole purpose of
showing the capabilities of our formulation (a further detailed
model can be consulted in [8]). The effective plastic strain is
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used as an indicator for crack propagation, when the effective
plastic strain overcomes the ultimate strain, £, > &, cracks
grow. Two values of ¢, are tested (¢, = 0.1 and ¢, = 1.0)
with the corresponding sequences of deformed meshes being
shown in Fig. 20. The recently developed ALE method by
Areias et al. [5] was adapted for a curved surface and main-
tains excellent mesh quality, as a careful inspection of the
Figure reveals. A variant of a ductile fracture model (cf. [8]) is
employed. For good visualization of the 3D director motion,
an extrusion along the directors was used. Perfect kinematics
and very stable crack paths can be observed (Fig. 21).

6 Conclusions

This work presented a new corotational method (both an
exact frame and a new coupled core element are introduced),
exactly linearized, capable of dealing with finite strain prob-
lems, including plasticity and fracture. The frame uses a com-
plete polar decomposition which involves a closed-form 2D
polar decomposition and shifted coordinates. Core matrices
are based on a re-formulation of the DKT element for plate
bending and a modified OPT element for membrane defor-
mations. Examples show excellent performance in a vari-
ety of situations: linear benchmarks, finite strain elasticity,
finite strain elasto-plasticity and fracture. An extension of
this work consists in using a constrained-ALE method (we
recently proposed a 2D version of the ALE-based fracture
method [5]) to satisfy the shell mid-surface constraint.
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