Ph.D Defence

# ARE B4 2| 2t 7

=

Towards improving continuum-mechanics based
finite elements for analysis of general shell structures

oz
>
Ho
10
=
>
oC

KAIST Mechanical Engineering

Ko, Yeongbin

oXxoN Ho © ©
H1 0% oF nH
rok rip riok >t of>

2016.10.14



Contents

1. Introduction

2. Treating membrane locking of
4-node quadrilateral shell finite elements

3. Treating thickness locking of
6-node triangular solid-shell finite element

4. Conclusions

Appendix



1-1. Shell structures

« 3D structures with one dimension(thickness), small compared to the other two dimensions
«  Curved geometry, light weight, efficient load-carrying mechanism

Nature




1-1. Shell structures

« Engineering applications : ship, car, airplane, etc.

«  Finite Element Method has been dominantly used for the analysis of shells.

« ltisstill a challenging issue to develop more reliable and effective shell finite elements for the
analysis of general shell structures.

«  Anaccurate element which can be applied to various types of analysis is especially of concern.
- Static/Dynamic, Linear/Nonlinear, Elastic/Plastic analysis
- Modal analysis, Implicit analysis




1-1. Shell structures

Shell behaviors

(.

Bending + membrane + transverse shearing actions

Shell structure behaviors (Asymptotic categories)

-

o

Three different asymptotic categories exist with decreasing thickness, depending on
the geometry, loading and boundary conditions.
- Bending-dominated, membrane-dominated, mixed behaviors
- log E(e + Ag) —log E(¢)
~ log(e + Ag) — log(e)

* E :strain energy, ¢ = thickness/Length

- p=1 (membrane-dominated), p=3 (bending-dominated), 1<p <3 (mixed)

~

J




1-1. Shell element behaviors

« Discretization of curved shell structure

-
— : Translation
\_
«  Bending-dominant structural behavior «  Membrane action within element
4 ) 4

« Tensile action of discretized

«  No extension along mid-surface ,
mid-surface




1-1. Shell elements

«  Asymptotic categories

Shell problems Asymptotic behavior (p) Dominant element behavior

Fully clamped plate Bending-dominated (0=3.0) Bending (Regular or distorted mesh)
o . : . Bending (Regular mesh)

Free cylindrical shell Bending-dominated  (0=3.0) Membrane Biserize med

Clamped cylindrical shell Membrane-dominated (0=1.0) Bending (Regular or distorted mesh)
: . . : Bending (Regular mesh)

Free hyperboloid shell Bending-dominated  (0=3.0) Membrane Bicired e

Clamped hyperboloid shell Membrane-dominated (0=1.0) Bending (Regular or distorted mesh)

D C b c
< Hyperboloid shell > < Cylindrical shell > < Regular vs. Distorted mesh >

> Lee PS and Bathe KJ. Comput Struct 2002:80;235-55. <> Lee PS and Noh HC. journal of KSCE 2007:27(3A);277-89.



1-2. Shell elements

« Flat shell elements

(. Superposition of plate bending and membrane elements )
- Membrane behavior is not coupled with the plate il
bending behavior.
- Performance degrades as element is warped. Plane element discrete Kirchhoff element
- J

« Solid shell element

(. Shell element with similar characteristic with y i ooy A
3 dimensional solid element i

- Bending, membrane, transverse shearing and
thickness stretch are fully coupled.

- J
«  Continuum-mechanics based shell element (degenerated shell element)
4 : : : N\
« Degenerated from 3 dimensional solid element
- Bending, membrane and transverse shearing
behaviors are fully coupled
- Dominantly used in most commercial FE software
- J

< AHMAD et al. Analysis of thick and thin shell structures by curved finite elements. Int / for Numer Meth Eng, 1970:2;419-51.



1-3. Locking

« If the finite element discretization cannot accurately approximate the pure bending
displacement fields of shells the solution accuracy deteriorates.

«  Membrane/Shear/Thickness locking
« Locking phenomenon can be severe as the shell thickness decreases.

MITC4 MITC4
IrrrTTrT 1]

Convergence

-1.2F 1 12

log E;, 1.8} 1 -4
D C D Cc
24} 1 24
1L 1ro00
2k - A -8 1L= 1710000
a8 Aaa _I_I_I_I_IJ
-2.1 -1.5 08 4.3 21 1.5 05 0.3
log & logh
A B A B

(a) Regular mesh  (b) Distorted mesh (a) Regular mesh  (b) Distorted mesh



1-3. Locking

Free

In the bending-dominated shell problem
Strain energy using 16x16 mesh, MITC4

z .
0. ‘:-r-*/——«_ﬁ_
1 _% TR t/L Regular mesh  Distorted mesh
NS====tird 1/100 4.48696E-7 4.30054E-7
S=rese 2
R 1/1,000 4.44367E-4 8.69754E-5
~ > 1/10,000 4.43945E-1 1.52094E-3
-4 —
o e
x ! Order of change ~(t/L)3 ~(t/L)?
Free Locking

Locking categories

Shell Shear Membrane Thickness
element locking locking locking
v Vv

Degenerated i
shell

Solid shell v Vv Vv

Flat shell v v -

10



1-3. Locking

«  Membrane locking treatments (For quadrilateral continuum-shell)
- Reduced Integration = problems in Spurious mode, Patch test, Rigid body mode

* Stabilization technique = Unreliable parameter
<> Belytshcko and Tsay. Comp Meth Appl Mech Eng 1994:115;277-86.

* Warping correction = Unreliable parameter
<> Belytshcko and Leviathan. Comp Meth App! Mech Eng 1994:113;321-50.

* Displacement projection = Influence shell action
<> Rankin and Nour-Omid. Comp Struct 1988:30;257-67.

- Assumed Strain method (ANS,MITC) = Efficient but fail patch test

<> Choi and Paik. Comp Meth App!/ Mech Eng 1994:2;17-34.
< Koschnick et al. Comp Meth Appl Mech Eng 2005:194;2444-463. < warped element >

«  Membrane performance enhancements (For quadrilateral continuum-shell)
- Enhanced Assumed Strain method = Internal unknowns are added
< Simo and Rifai. Int J numer Meth Eng 1990:29;1595-638.

- Drilling rotations = External unknowns are added
* Use of drilling rotation
& Fox and Simo. Comp Meth Appl Mech Eng 1992:98;329-43

<> Ibrahimbegovic et al. Int / numer Meth Eng 1990:30;445-57.
* Warping correction
<& Taylor. Proc Math FEM 1987:191-203.

11



1-3. Locking

«  Thickness locking treatments (For triangular solid-shell)
- Modified material law = Limitation on analysis of general material

* Plane stress condition
< Kim JH, Kim YH and Lee SW. Int / numer Meth Eng 2000:47;1481-97.

<> Hong WI, Kim JH, Kim YH and Lee SW. Int J numer Meth Eng 2001:52;747-61.

* Laminated material law (Membrane, bending, shear decoupled)
<> Sze KY and Chan WK. Finite Elem Anal Design 2001:37;639-55.

< Kim CH, Sze KY and Kim YH. Int / numer Meth Eng 2000:57;2077-97.

«  Successful shear locking treatment (Both triangular and quadrilateral shells)
- Assumed Strain method (ANS,MITC) = Basic requirements, optimal convergence
* 4-node quadrilateral element (MITC4)
<> Dvorkin EN and Bathe KJ. £ng Comput 1984:1;77-88.

* 3-node triangular element (MITC3+)
& Lee Y, Lee PS and Bathe KJ. Comput Struct 2014:138;12-23.

12



1-3. Locking — Membrane locking treatments

Assumed strains

Assumed membrane strains
Paik and Choi 1994

Assumed in-plane strains
Yampa 2007

dssumed Discrete Shear Gap
Koschnick 2005

Shell formulations

Naghdi shell theory (DMKQ)
Chinoci 1383

Based on mathematical shell model
PSlee 2005

Exact Geometry shell model
Kulikow 2010

Extended FEM

CS-FEM
ES-FEM

Reduced integration

Stahilization
Belytzchko 19385, J\W'voon 2003

Displacement projection
Belytschko 1984

Natural modes

Hierarchic low/higher modes
Argyriz 1996

. A d rigidl body mod
Membrane locking SSUmER gle Bogy mades

Jacobian modifications

Transformations of hasis
Construction of separate basis

Taylor expansion of the inverse (QOPB)
Wachspress 1975

Modified interpolations

Cluadrilateral area coordinate methods
Cen, Long, Liv 2004

Linked interpolation
Aurrichio and Taylor 1995



1-3. Locking — Shear locking treatments

MITC4 element

N

X Tying points
1

|
&0

-1

e.er)

Of—>

; L+r)ed += (1 r)el>

—(1+ s)el += (1 s)el)

<

MITC4 element >

MITC3+ element
't
1
X : Tying points
1/3 q‘j‘)
&
1/6
&
ol 1/6 1/3 1 r
- 1 1 . 1. .
€ = _(Q(B) 5 6,5;9))‘?:(8,(5) +€§f))+:(’(35—])
.3 ya 3 3

c 1.
( 4 (4))+ ( (C) ))_’_:(,(1_33,)
3

< MITC3+ element >
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1-4. Low-order shell elements

« Low-order shell elements
- 3,4 node degenerated shell, 6,8 node solid shell
- Linear interpolation in membrane direction
- More widely used than high-order quadratic shell elements

IRVEFARH
DREreEn

< Linear shell elements> < Quadratic shell elements>




1-4. Low-order shell elements

« Locking category and solution
- 3 node degenerated shell = A close to ideal element was made (MITC3+)
- 4 node degenerated shell = MITC4 element is closest to ideal element,
still membrane locks.
- 8 node solid shell = There are many ideal elements.
- 6 node solid shell = Still require robust and accurate element.

Low-order shell Shear Membrane Thickness
element locking locking locking

3 node

degenerated shell i Accurate element

No satisfactory
solution to
membrane locking Motivation

No satisfactory
V - v solution to shear
and thickness
locking

4 node ,
degenerated shell U v

6 node solid shell

8 node solid shell v v J Accurate elements

16



1-5. Triangular vs. Quadrilateral shell elements

«  Feasibility aspect
- Automatic mesh generation

Feasibility for arbitrary shapes
> Quadrilateral

«  Accuracy aspect

Free

< Problem for convergence study >

“No answer

MITC4 MITC3+ !
0 T 1 1 1 1 0 1 1 1 1 1 regardlng
which is better,
oer 1 T ] quadrilateral or
12} 1 -2 - triangular
element”
logE, -1.8} 4 -1.8f .
2.4} 4 -24fF .
88 .=
sk 1 st A 11000
©-© tL=1/10000
'36 L L L L _36 L L L L L |
-2.1 -1.5 0.9 -0.3 -2.1 1.5 -0.9 -0.3

logh logh

Accuracy in bending
< Quadrilateral

17



1-6. Purpose of the research

Towards improving finite elements for analysis of general shell
structures

Improving 4-node quadrilateral
degenerated shell finite element

« Alleviate membrane locking

Improving 6-node triangular

solid-shell finite element

« Alleviate thickness locking using general
3D constitutive law

« The shell elements must pass basic requirements.

18



1-7. Requirements

« Patch tests v,
( L. ) \ (0,10)
«  The minimum number of degrees of freedom is \
constrained to prevent rigid body motions.
« Nodal forces which should result in constant stress
condition.
« The constant stress should be calculated to pass the patch
\ test. J
< Irons BM, Razzaque A. Experience with the patch test, 1972. (0,0)

Zero energy mode and Isotropy test

(4,7)/,,/’/

\\\ (8’7)

“a(8,3)

@)

» (10,10)

X

g
L

(10,0)

< Mesh used for the patch test>

\ -
\ e
\ -7
- °

\ e
\\ e
3 °

numbering.

rigid body modes should be calculated.

\

Set single element with general distorted shape.
The element behavior should not depend upon the node

Only six zero energy mode, corresponding to the physical

~

J

< Lee PS et al. Comput Struct 2004:82;945-62.
<> Kim DN et al. Comput Struct 2009:87;1451-60.

< General distorted elements >

19



1-7. Requirements

«  Membrane behaviors

(.

\—

Some shell element formulations render membrane \
behaviors unacceptable.

In addition to patch test, correct convergence on pure in-
plane bending and shear must be calculated.

_/

<> Cook RD. ASCE J Struct Div 1974:100;1851-63.

< MacNeal RH. Finite elements: their design and performance. 1994.

« Reliable formulation

s

-

Formulation is well-founded. \

Formulation should be independent on analysis type.
- Stabilization parameter a (S4R, Abaqus)

*a=0.05 implicit, a=0.005 explicit
Formulation should be independent on mesh shape.
- Warping parameter Y (Belytschko's shell)

* Y nonzero for curved mesh

-

%

<> Abaqus theory manual, V.6.14
< Belytshcko and Leviathan. Comp Meth App! Mech Eng 1994:113;321-50.

< Test of in-plane shear >



1-7. Requirements

Convergence studies Reliable results

( Bending dominated shell problems
- Fully clamped plate, free cylindrical shell, free
hyperboloid shell

«  Membrane dominated shell problems

«  The problems are tested both with regular and

\ distorted mesh.

- Clamped cylindrical shell, clamped hyperboloid shell

J

<> Bathe KJ et al. Comput Struct 2003:81;477-89.
< Chapelle D et al. Comput Struct 1998:66;19-36,711-2.

B A

< Distortion pattern for the
convergence studies>

¥y
A
_— 2L
- __
2L
D c 2L
M
A B >
< Cylindrical shell problem > < Hyperboloid shell problem > < Plate problem >

21



1-7. Requirements

« Benchmark problems <> Bucalem et al. Int J numer
- Amesh of 72 x 72 regular mesh of MITC9 shell element Meth £ng 1993:36;3729-54.

Strain energy ratio (%)

Boundary | Asymptotic

Benchmarks | o ndition | behavior vl Bending Membrane Transverse

shear

Bending. /100 99.94 0.00 0.00

Plate Clamped dominatge 4 1/1,000 100.0 0.00 0.00

1/10,000 100.0 0.00 0.00

Membrane. /100 1.94 98.02 0.03

Clamped "= 1/1,000 0.32 99.68 0.00

Cylindrical 1/10,000 0.08 99.92 0.00

shell . 1/100 99.77 0.22 0.01
Bending-

Free dominateq /1,000 99.93 0.07 0.00

1/10,000 99.98 0.02 0.00

Membrane. /100 416 95.78 0.06

Clamped [~ . =4 1/1,000 1.16 98.84 0.00

Hyperboloid 1/10,000 0.35 99.65 0.00

shell . 1/100 99.11 0.83 0.06
Bending-

Free . 1/1,000 99.99 0.01 0.00
dominated

1/10,000 100.0 0.00 0.00



1-7. Requirements

« Benchmark problems <> Bucalem et al. Int J numer
- Amesh of 72 x 72 distorted mesh of MITC9 shell element Meth Eng 1993:36,3729-54.

Strain energy ratio (%)

Boundary | Asymptotic

Benchmarks | o ndition | behavior vl Bending Membrane Transverse

shear

Bending. /100 99.94 0.00 0.00

Plate Clamped dominatge 4 1/1,000 100.0 0.00 0.00

1/10,000 100.0 0.00 0.00

Membrane. /100 1.94 98.02 0.03

Clamped "= 1/1,000 0.32 99.68 0.00

Cylindrical 1/10,000 0.08 99.92 0.00

shell . 1/100 99.77 0.22 0.01
Bending-

Free dominateq /1,000 99.93 0.07 0.00

1/10,000 99.97 0.03 0.00

Membrane. /100 416 95.78 0.06

Clamped [~ . =4 1/1,000 1.16 98.84 0.00

Hyperboloid 1/10,000 0.34 99.66 0.00

shell . 1/100 99.10 0.83 0.06
Bending-

Free . 1/1,000 99.99 0.01 0.00
dominated

1/10,000 99.99 0.01 0.00
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2-1. Proposal

« Obstacles
- Low element order

Element stiffness is obtained from only 2x2 Gauss points. = No much modification possible.
- Patch test

It is hard to pass patch test of 4-node elements
* Few known fields
Q4 (displacement-based), Qi5, QM6, EAS7, EAS12 (Incompatible-mode)
P-S, HH4 (Hybrid stress types) NQ6, GC6, GC-Q6, AQG (Area coordinate type)
S4R (Stabilized), QMITC (MITC type)

«  Some techniques delays, but not eliminate, the happening of membrane locking.

— Addition of modes (EAS), distortion-insentive elements in two-dimension (QACM),
Addition of unknowns (drilling DOF)

« Few previous attempts to alleviate membrane locking resulted in failure in in-plane behaviors.

<> Choi and Paik. Comp Meth App! Mech Eng 1994:2;17-34.
< Koschnick et al. Comp Meth App! Mech Eng 2005:194;2444-463.

Membrane

Retaining

membrane
behaviors

locking
mechanism

25



2-2. Membrane locking mechanism

Membrane Iocking mechanism > Prathap G. The finite element method in structural mechanics 1993.

«  Pure bending but membrane actions u, midsurface

«  Membrane action (thin) = Kirchhoff bending theory
- Expansion of corresponding strain

. = du, du,farY’ +262u3 or os 0%us( o 2 L 0 o°r ou, 0°s
LL aLZ arz

A + 2 2t 2
oL oros oL oL 0s° \ oL or oL os oL

X, O . :
Xn o Xn .y is transverse displacement
or, o, L

*

us(r,s) =

«  Pure bending of structure = No in-plane strain energy
- Formulating in-plane strain (b)
Lo ot 1
v;(r,s) = 5 ui,; +u;; )= Tu, —Tu, —Bb;u, Vi (r,8)Cijqvu (r,s) =0

- For 4-node shell element, one obtains following ‘constraint’” from pure bending
without in-plane extension

—0 Prevention of pure bending Locking-causing part
\ = Membrane locking = bi-linear term

%

26



2-3. Trial - 1

h(r,s)=r

h,(r,s)=s

hy(r,s)=1-r—s

«  Membrane locking mechanism « Standard shape function
Membrane Bi-linear Membrane
Reduced i ) 4
Integration hz(r,s)zi(—HS—rS)
QMITC v v 1
h,(r,s)==(-r—s+rs)
Area J v 4
Coordinate _l
Method h,(r,s) = 4(+r S—rs)
< Dvorkin EN et al. £ng Comput 1989:6;217-24. \

& Chen XM et al. Comp Struct 2004:82;35-54.

Locking

mechanism

\

2

< Subdivision of quadrilateral
into triangular domains>

27



2-3. The new 4-node shell element (MITC4+)

«  Geometry and transverse and bending strains same as MITC4 element

X: Tying points

(D)

-1

(B)
7t

(©)_
est

K——>

-Geometry and displacement
x(r,s,t) = ihi (r,s)X; +%iai h(r,s)V!

u(r,s,t) = ihi (r,s)u, +%iai h (r,s)(-V,a, +V, )

4 4
Xp = h(r,s)x u,=>h(rs)uy, U,=u-u,
= 1 X, = X=X,

-Bending strain

e; =€ +te§l thzefj?2

m 1| OX, ou, OX, ou, OX, Ou, OX, OU,
ei. = — . “+ . —+ . —+ .
2\ on or, or, on on or, o on
ob? _ 1[8xb _au, +axb .aub}

"2 e ar, o o

] 1

-Transverse shear strain

8, =2 (L s)elf) +—(1-s)eld

st

€, = %(1+ rel® + % 1-r)el?

28



2-3. The new 4-node shell element (MITC4+)

Step 1. Subdivision
4 )

t « Subdivided triangular interpolation
f((r,s,t):iﬁi(r,s)xi G(r,s,t)=Zﬁi(r,s)Gi

N r
X, =x,.X, =x,.X, =x; fortriangleA, X, =X,.X, =Xx,.X, =x; fortriangleB,
== — ~
N\ N %

riaugleDriangle \ 4 X, =x,.X, =x,,X; =x; fortriangleC, X, =x,.X, =X;.X; =X; fortriangleD.
\" «  Membrane strain from each domain
3 _m 1l[{OX ou oOX ou
eij = — —._+_._
2\ or, or, or; o

J

Step 2. Transformation and assumed strain

4 ;

J‘ X : Tying points «  Strain transformation
1
—— Quadrilateral
& =&7(0,-)(9; -9 . . % _ox
é;.(u) =E;l(1h‘anglzD) E;'(C) — g (iangle ©) ! I ! NOtatlon gi - a_rl gi - a_rl
— > r
a1 1 )
«  New assumed membrane strain
gm(B) _ gm (Triangle B) - 1
v v eijm = Z(éijm(A) 4 éijm(B) +éum (©) +éijm(D)) +%(_éijm(0) +éum (C))r +%(_§ij[n(8) +§ijm(A))s
-1

~

J
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2-3. The new 4-node shell element (MITC4+)

Similar works to the Step 2.
/ « Assumed strain on membrane

(e

T =2 en® +en ™)+ (-en® +en®)s

. ., ~ 1
Choi and Paik’s element ey =§(e;“2('3) +e) (C))+ ( en® +en©)r

~ 1 A
m B C D

~ . oh Tk
By =2 = [ ehar

o or
g o =¥m S oh, s« m
Discrete Strain Gap €2 = —Sk _L €5,0s
k=1 !

~m _ a_hk Sk 2 a_h| " m
el —Z:; P _Ll I; o _[rl endrds

<> Choi and Paik. Comp Meth App! Mech Eng 1994:2;17-34.
<> Koschnick et al. Comp Meth App!/ Mech Eng 2005:194;2444-463.

MITC4 + (e’““‘)+em(B’+e"‘(C’+e”“D))+ (e”‘(D)+e’“(°))r+ (em(B)+em(A’)s

~

New assumed membrane strain field is linear in r, s direction for all components

= unique idea

30



2-3. The new 4-node shell element (MITC4+)

Step 3. Area center

/

o

@ Centroid of triangles 1 and 2
© Centroid of triangles 3 and 4

Isoparametric interpolation of center point

4 1 A 11 . 1.1 A 11
I _= 2 20 4= 0 = =
X iZ:l:v.X. h 72 7s 74l 2A1+A2[3 3 0 3 2A1+A2[ 3 3

4
U5=ZYiUi +E A, [1 11 0] 1_A [E 1
= 2A+A 3 3 3 2A+A 3 3

Wl
e

Center point is located at the ‘average’ of two centroids of triangles

31



2-3. The new 4-node shell element (MITC4+)

«  Free hyperboloid shell problem

Problem definition Convergence behavior in
Free (a) Regular mesh (b) distorted mesh
MITC4 MITC4+ MITC4 MITC4+
0 1 1 1 T 1 0 T 1 T T 1 0 O
-0.6| { -o.6f 4 -06} { -o0sf -
1.2} 4 -1.2p 4 -2t 4 -12F i
log E, -1.8F 4 -1.8f . -1.8} 4 -18f .
2.4} 4 -24} - 2.4t 4 24} .
B35 L=
3l { { st { st 2 & {2 1/1000
©-€ yL=1/10000
1 L L 1 |
3.6 T T -3.6 3.6 T T N | 3.6 I T N T |
Free -21 -1.5 -09 -0.3 21 -1.5 09 -0.3 -2.1 -1.5 -0.9 -0.3 2.1 -1.5 -0.9 -0.3
logh logh logh logh
(a) (b)
L L L
D | | N [¢] D [o]
P(6) =pycos(26)
\
30 80 %0 A B A B
g (@) (b)

32



2-3. The new 4-node shell element (MITC4+)

Membrane patch test of MITC4+

(0,10)

2.2)

“n

@®.7

(10,10)

0,0

(a)

(c)

Accuracy

= MITC9 < MITC4+

S Ll T
— /i - ‘\\
(b)
\ N //
N (/
\\ |
T
) i
/ |
L5/ L6
/ \
! \\
!
// \\\
\
(d)

(a)

0.25

o
[N
h—a

e

-

o
L

Stresses
°©

o o S

& &
g g g @ ©

L 4

&
@ g g g

1 -0.05 T T T T

T
2 4 6 8 10

Distance along line L1

T
12 0 2 4 [ 8 10 12
Distance along line L2

0.25+

4
e
[N
4

Stresses

Stresses

° o ©°

c & 2 @&
1 1 1

T
2 4 6 8 10

Distance along line L3

Stresses

* e * *—¥
1 -0.05 T T T T T 1
12 0 2 4 6 8 10 12

Distance along line L4
0.25—|
0.2 +—t +
» 0.15
[
2 0.1
f-’_, X
® 0.05

T
2 4 6 8 10

Distance along line L5

1 '0-05 T T T T T T
12 0 2 4 6 8 10 12

Distance along line L6

+ + Stress-XX
X X Stress-YY
& O Stress-XY
— Analytic values



2-4. Trial - 2

Subdivided membrane mid-surface

1 2
< Subdivision of quadrilateral
into triangular domains>

Pass of

Membrane
Patch test

Area Coordinate Methods (ACM)

O(r,s) Apoint onthe subdivided mid-surface
S Signed area of polygon Q-4-5-2
Sy Signed area of polygon 9-1-5-3

< Area coordinates (¢, and @, ) >
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2-4. The new 4-node shell element (MITC4+N)

| N

Step 1. New definition of center point
t

-

Center point is located
at the ‘mid-point’ in
shortest line segment
e Pointon the line 24 joining two diagonals

© Point on the line 13

= Essential to satisfy
zero energy mode,
isotropy and patch tests,
(with “modified” ACM)

35



2-4. The new 4-node shell element (MITC4+N)

/ Step 2. “Modified” ACM \ Similar to. “Original” ACM —\

G, =(A +A)/A G,=(A,+A,)A
G, =(Ay +Ay)/A G, =(A, +A)/A

Q:AA+AB+AC+AD j

New interpolation function as in ACM

G - G - _G h
h1:73—q1+G3p h2=7“—q2—e4p h3=71+q1+61p h, =

(6264 B GlG3):|
2

a, :%[F+S+(G3—G1)(l+ rs)] P :[3((112 _q22)+2(Gl -G;)q, +(G, -G,)q, + 1+ G,G; +G,G,)

& Chen et al. Comp Struct 2004:82;35-54.
& Cen et al. Int / Num Meth Eng 2009:77;1172-200.
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2-4. The new 4-node shell element (MITC4+N)

Step 3. Quadrilateral interpolation and assumed strain

. A

Use new interpolation function
4 4
X(r,s,t)=> h(r,5)x;  U(r,s,t)=> h(r,s)u,
i=1 i=1

«  Membrane strain of entire quadrilateral domain
o 1{52 ou  ox aa}

ij_2

i ar,. arj or,

- Transformationto “fixed” coordinate system

SECHCRPCRD

oX . OX
Notation 9i=5(",57t) 9i=§(0,0,t)

\_ | )

D|

« Same assumed membrane strain «  Comparison with MITC4+
with MITC4+
1 Performances VSIS
g_jm == ("M +gn®) L gM(C L gm(D)) patch test
i 4 ij ] 1 1
+1(_§i;n(o) +§i;n(c))r+1(_§ijm(8) +§i;n(A))S MITC4 + . Approximate
2 2 Equivalent

MITC4+N Exact



2-5. Trial - 3

«  Bending performance majorly depend « New goal using characteristic geometry

on following five sampled strains

N
X: Tying points
1

(4)
e,
e (D T
-1 m(E) 1
ers
m(B)
err‘

< Optimal sampling points >

<> Choi and Paik. Comp Meth App/
Mech Eng 1994:2;17-34.

€. = o8, (0,~1) + e, (0.1) + C,8,,(=1,0) + C4e,,(1,0) + C5€1,(0,0))

D N 1 A 2 e—-——— B . 1 _
/ .y \\\\\ \//:::::;,4 """"" ey
» \\\'//’/’///’ w
3 3 3
1 1 1
Azzrixi BEZSiXi szrisixi

< Locking-causing part €. >

<& Kulikov et al. Int / Num Meth Eng 2010:83;1376-406.

Bending
performance

& Membrane
Patch tes
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2-5. The new 4-node shell element (New MITC4+)

Step 1. Further separation of membrane strain

/ « Interpolation function ( classical displacement-based)
hi(r’s)=%(1+€gir)(1+77is) & & & al=fL -1 -1 1]
[l ne e ml=ft 1 -1 -]

« Derivatives

OX
=X, + SXg4 =X, + X4
or 0S or 0S

m m

«  Characteristic vectors

1 4
Xy :Z;éixi
Xs :%gr]ixi

l 4
Xy :ZE &imX;
i-1

n:ﬁ mri.x :5' mri_
[x>x]

~




2-5. The new 4-node shell element (New MITC4+)

/ Step 1. Further separation of membrane strain

«  Membrane strain ( classical displacement-based)
ey =eq| +ey| -s+eg| s’ : Terms that should be consistently
' " " changed to pass patch test
mom . 1 . o : Locking-causing term
€rs = Crslon, 2 7 hin. r+ Eess A I R (rs bilinear term)
m m m 1
errcon:Xr'ur esscon =Xs -Ug rs|con ZE(Xr'us_'_Xs'ur)
€rrl = Xr*Ug +Xq U, € = XeUg +Xg Uy el =Xy Uy

Displacement-based element

: - ( )
am o m (A) m (B) m (A) m (B) _ m m m m__ am __m m .2
€, = E(err +€, )+E(err —€ ) S=\€ con. + € bil. +€e, lin. S €, =€, € bil. +€ bil. S
er —l(e’“(c) +em‘D))+l(em(°) —em(D))- r= (e"‘ +em )+e“1 r m_gm _gn" moo.r?
ss 2 ss ss 2 ss ss — \Mss oo s i, SS | Jin. ess _ess ~ Srs bil. S| pil. y
1
AmMm _ m (A) m (B) m (C) m(@D))_ am(E) _ om m __ Am m
€s = Z(ers +€y +€s +€y )_ € =€ » €s =€ tE€s bil rs
1 1 T
am _gm m_gm gm_gm m m : Terms that should be
€r =€ éss =€ €rs =€ +Eerr lin. r+§ess lin °S .
' ' consistently changed

< Choi and Paik. Comp Meth App! Mech Eng 1994:2;17-34.
< Roh and Cho. Comp Meth App! Mech Eng 2004:193;2261-99.
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2-5. The new 4-node shell element (New MITC4+)

Step 2. New definition of locking-causing term
/ « Linear combination of optimal sampled strains \

)+ Biled

<> Kulikov et al. Int J Num Meth Eng 2010:83;1376-406.

SFm
rs

m

_ m
bil A (err +€s

con.

m m
e b"l)+ C-e.

rs

m

- +E-eg

m
con. +D Cre

con. lin.

«  Deciding the coefficients
For flat geometry = distortion vector Xy = (X4 -M")X, + (X4 -M*)X; + (X4 -N)N
has only in-plane parts Xy, =(X,-m")X, + (X4 -M*)X, ... (*)

The new term €:|  should be same as displacement-based term e
for following in-plane modes

bil Xq ~Ug

\ — 1/
\ //\\L

2 stretching 2 bending 1 shearing

Up =X u =0 u, =a : :
U =x. U =0 U —a with arbitrary constant
S . s~ % vectors &, and a,

\ Uy =X Uy =X, u, =0 /
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2-5. The new 4-node shell element (New MITC4+)

Step 2. New definition of locking-causing term

Solving for shearing,
=0 (em

Condition: &7

m

=€

bil. TS

m

if x,-n=0

bil.

m

m m

o

€rs it i gon, T Ers bil)zxr.ar (ess con. T Crs bil)zxs.as €rscon Z%(Xr'as+xs'ar) € lin
(A-x, +C-x /2+D-x,)-a, +(C-x,/2+B-x, +E-x,)-a, =0
obtain A-x,+C-x,/2+D-x,=0 and C-x,/2+B-x,+E-x,=0 .
Comparing with (¥), A=c?/d B=c’/d C=2cc/d D=-c/d E=-/d
with c, =X,-m" ¢, =x,-m* and arbitrary d.
€ —C’Z (em er )+C32 (e”‘ e )+—2CrcS en _Crgnl _Cogm (**)
Sloi — g Vleon. Sloit/ T g VsSloon. T TSl d - Sleon. g hin g Shin.

=X, -a

r

m
SS

lin.
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2-5. The new 4-node shell element (New MITC4+)

Step 2. New definition of locking-causing term
/ « Condition: &7

_em

bil. TS

Solving for bending,

m
rr

m

=X4 X (m
€ bil.) ¢ %a s

rs

m
I’Sb

il):xd.xd em =0 e" =X, - X, e;‘; =X, + X,

Slcon. " lin. lin.

=X, Xq (e

ers

-

bil. con. con.

using (*) to (**) obtain d=c*+c’-1 .

Checking for stretching,

m
rs

m
rs

m
Ss

frd . . m P
)_ XS XS + Xd Xd ers con. - Xr ’ XS e" lin.

(e,"; )=x,-xr+xd >e (em

—_— m —_—
=2X, Xy €g = 2X, - X4

con. bil. con. bil.

From (¥*), (c.x, +c.x,)-(C,X, +C.X;) —2(C,X, +CXs) =Xy - X4

after substitution, comparing with (**), we obtain &Z|

m
S1pil.

L =XgXg=¢
18

bil. if X4 ‘n=0 \

o %
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2-5. The new 4-node shell element (New MITC4+)

,

\ 2d B 2d ¢ 2d b 2d £ d

Step 3. New assumed membrane strain (New MITC4+)

«  Resulting assumed membrane strain field
gm = ;(1 2a, +s+2a,-s )e”‘(A’+;(1—2aB s+2a, -52)en® +a.(-1+52)en© 4
ap(-1+52)en® +a (~1+5)en®
&N —a,(-1+r?)en™ +ay(-1+r2)e r"<B>+;(1 2a, +r+2a.r2)en© i
%(1—2a0—r+2aD-r2)eS”;(D)+a (~1+r2)en®

gr (r+4aA rs)em ™ 4 = ( r+4a, - rs)e’"‘B)+Lll(s+4a -rs)el© 4
i( s+4a, - rs)em(D)+(1+a -rs)en®

c (c, -1) c,(c, +1) c.(c, -1 c.(c, +1) 2c.C

S S r
e A, = ——— = > - == > = >

%)

A

Physical meaning of each constants

C, =X, -m"  Distortion measured by in-plane vector m" i.e. in-plane distortion
S . . . . . . .
C;=Xg-M Distortion measured by in-plane vector m® i.e. in-plane distortion

d=x-m*)(xI-m*)+(x-m")(x.-m")+1 Distortion of pair of element edges
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2-5. Basic tests

16

44

Results of basic test

Shell elements P CIEE)) Isotropic test
mode test

MITC4 Pass
MITC4+ Pass
MITC4+N Pass
New MITC4+ Pass

Membrane behaviors

le

48

/

E=1.0, v=1/3

Pass

Pass

Pass

Pass

Table 1. Vertical displacements at thecenterof tip 4 for Cook’s problem.

Pass

Pass bending
and shear

Pass

Pass

Mesh
Elements Reference
2x2 4x4 8x8 16x16 32x32
NMITC4 11.8452 18.2002 22,0792  23.4304 23.8176
MITC4+ 11.7201 18.2662  22.0751 23.4301 23.8176
23.9642
MITC4+N 11.8200 18.2934 22,0786 23.4304 23.8176
New MITC4+ 11.8452 18,2092 22,0792  23.4304 23.8176
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2-5. Basic tests

«  Membrane behaviors

Yy Table 2. Vertical displacements X]O4)at thetip 4 forcantilever problem.
P P P
A
p=20 Mesh
y C b Elements Exact
B 1x2 1x4 1x8
1
4 - 2 .2.3272
‘ A‘p=2_'0 MITC4 1.60 2.13333 2.32727
L~ ¥ x MITC4+ -1.60 -2.13333 -2.32727
< -2.40
A ) MITC4+N -1.60 -2.13333 -2.32727
New MITC4+ -1.60 -2.13333 -2.32727
E=2.0x10° v=0.0
600 Table 3. Vertical displacements at thetip 4 for thick curved beam problem.
Mesh
Elements Exact
1x2 1x4 1x8
MITC4 22.5088 57.9325 70,0218
MITC4+ 22.7608 56.6258 76.5462
90.1
y MITC4+N 22.4383 57.6903 79.8095
| New MITC4+ 22.5088 57.9325 70.0218
" T
‘: <
! 10 s

E=1.0x103 v=0.0



2-6. Classical benchmark tests

« Classical benchmark tests
(Related to membrane locking)

MITC4 Widely used
New MITC4+ Present study
S4 ABAQUS
S4R ABAQUS

Artificial (Stabilization) parameter and
Displacement projection

tIL =0.02667 tIL =0.0002667
1 1L T T T 11 T 1 1
et - - . "
0.9} 0.9}
Wa/Wrer 0.7} 0.7}
0.5} =B MITC4 05} =B MITC4
=% New MITC4+ -¢—% New MITC4+
-A--A- ABAQUS S4 -A--A- ABAQUS S4
=¥ -v- ABAQUS S4R ¥ -v ABAQUS S4R
03 1 1 1 I 03 1 1 1 I
Nx6N mesh 4 8 16 32 64 4 8 16 32 64

E=2.9x107, v=0.22, L=12, b=1.1, t=0.32 or 0.0032

N
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2-6. Classical benchmark tests

« C(Classical benchmark tests

Rigid diaphragm

tiR =0.01
1.1

0.9F

c Wa/Wrer 0.7
0.5 ?/ -5 MITC4
3 ' —% New MITC4+
| -A-.A- ABAQUS S4
| - -¥ ABAQUS S4R
; NxN mesh 0.3 . . . |
4 8 16 32 64

N
P — E=3.0x10°, v=0.3, R=300, L=600, t=3
t/R=0.004

up/urer 1

-5 MITC4

=%—% New MITC4+
-A--A- ABAQUS S4
=¥ -¥- ABAQUS S4R

0.9 1 1 1 I

8 16 32 64



2-7. Convergence studies

« Measuring convergence

use energy-type norm, including error in displacement, stress and strain (S-norm)

2
:
U =y, =] AsTATdQ,

relative error is used (for testing uniform convergence regardless of thickness t)
2
U — Uy s
h = 2
uref s
« Distorted mesh L, L LI
D ¢ »le el C D C

space-filling pattern of distorted mesh
is employed, to test both in-plane and

out-of-plane (curved shell) distortion

L:L:..:Ly=1:2:...:N

«  Maesh refinement @) (b)

mesh size h=L/N or h=R/N,inwhich L or R are dimension of the structure



2-7. Convergence studies

« Clamped plate problem

Problem definition Convergence behavior in
y (a) Regular mesh (b) distorted mesh
4 MITC4 MITC4+ New MITC4+
ZL 0 T T T T T 0 T T T T T 0 IIIII
-0.6}F 4 -0.6fF 4 -0.6fF
1.2) 4 -2} 4 12}
Clamped
log Ep -1.8} 4 -1.8f 1 -1.8f
D c 2L 4] 1 24f | 24} i
88 tL=1/100
A—A- t/L=1/1000
h 3k B 3+ 1 3F ©-6 t/L=1/10000
- AN ' -] A T ' 3
-2.1 -1.5 -0.9 -0.3 2.1 -15 -09 -0.3 -21 -1.5 -0.9 -0.3
X logh logh logh
A B / > @
Clamped MITC4 MITC4+ New MITC4+
z 0 T T T 7T 0 —T—T—TT1 0 1 1 171
A
q t -0.6} E -0.6F 4 -0.6}
NN 1 2 1 7
>
I logEp -1.8f { -8} { -18}
2.4} { -24} { 24} 4
88 tL=1/100
A—A- t/L=1/1000
-3 E -3 E -3 ©-© t/L=1/10000
- A Y- A . - . Y | AN .
-21 -1.5 -0.9 -0.3 2.1 -15 -0.9 -0.3 -21 -1.5 -0.9 -0.3
logh logh logh

(b)



2-7. Convergence studies

«  Free cylindrical shell problem

Problem definition

0.5

p(8)/p, ©

-0.5

(b) (@

Convergence behavior in
(a) Regular mesh (b) distorted mesh

MITC4 MITC4+ New MITC4+
0T O—T—TT T N S e
-0.6f { -osf 4 -08}
-1.2f 4 -12f 4 12}
log Ep, -1.8f 4 -1.8f 4 -1.8}f
-24F 1 -24p 4 -24f L
88 t/L=1/100
A—A t/L=1/1000
3k - 3 - -3F ©-6 t/L=1/10000
el el 1 Y | AT

‘24 15 09 -03 -21 -1.5 -0.9 0.3 -2.1 -1.5 0.9 -0.3
logh logh logh
(a)
MITC4 MITC4+ New MITC4+
0—Tr—TTT1 0T O—Tr—T—TT1
0.6} 1 -osf 1 -os}
1.2} 1 2t 1 2}
log Ep -1.8} {1 -18p 4 -1.8f
2.4} 1 24} 1 24} .
88 tL=1/100
A—A- t/L=1/1000
3 5 3 — -3k ©-© t/L=1/10000
el 111 Y| AN )] AT -
21 1.5 -09 03 2.1 -15 0.9 03 -21 -1.5 -0.9 -0.3
logh logh logh
(b)
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2-7. Convergence studies

«  Free cylindrical shell problem

Problem definition Convergence behavior in
(a) Regular mesh (b) distorted mesh
MITC4 MITC4+ New MITC4+
0 ||||| 0 ||||| 0 IIIII
-0.6F 1 -0.6fF 4 -0.6f
12} 1 2t 4 2t
log Ep -1.8} 4 -1.8f 1 -1.8f
2.4} 1 24t { 24} -
88 tL=1/100
A—A t/L=1/1000
3k 1 -3 1 -3F ©© t/L=1/10000
-3.6 L1 1| -3.6 el -3.6
-2.1 -1.,5 -0.9 -0.3 21 -15 -09 -0.3 -21 -15 -09 -0.3
logh logh logh
(@)
1
MITC4 MITC4+ New MITC4+
0‘\\ 0 — & 0 ™TT 0 T T T
05 | N
"”” ” 0.6} 0}” { -os} { -0} 1
p(8)/py © -1.2F 4 12k 4 -12f .
05 - “ ‘ ‘ ‘ log Ep -1.8f 4 -1.8fF 4 -18}
24} 1 24t { 24} -
1 | | 88 tL=1/100
0 30 60 90 af { 3t 4 3t T2 i
g
- | A - I | A T . 31
(b) (C) -2.1 -1.56 -09 -0.3 21 -15 -09 -0.3 -21 -1.5 -0.9 -0.3
logh logh logh

(b)



2-7. Convergence studies

« Clamped hyperboloid shell problem

Problem definition Convergence behavior in
(a) Regular mesh (b) distorted mesh
MITC4 MITC4+ New MITC4+
0 T T T T T 0 T T T T T 0 IIIII
-0.6}F 4 -0.6fF 4 -0.6fF
1.2} 4 -2} 4 12}
log Ep -1.8} 4 -1.8fF 4 -1.8}
2.4} 4 24 4 24} 4
88 tL=1/100
A—A- t/L=1/1000
-3 1 -3 1 -3 ©-© t/L=1/10000
el 1 1 -3.6 [ T T N | < Y | AN N .
-2.1 -1.5 -0.9 -0.3 2.1 -15 -09 -0.3 -21 -1.5 -0.9 -0.3
logh logh logh
@
MITC4 MITC4+ New MITC4+
[ o e e e O—T—T—TT1 O—r—TTT1
(b) (c)
-0.6F 4 -0.6fF 4 -0.6f}
P(6) =p,cos(26) 4.2} 1 2} 1 a2}
,
logEp, 1.8} {1 -18f {1 18}
05 |-
2.4} 4 24} 4 24} 4
p(8)/py © v " 5 UL- 171000
-3F 1 -3 1 -3 ©-9 t/L=1/10000
05 - el 1 1 Y- A . - -3.6 L1111
-21 -1.5 -0.9 -0.3 2.1 -15 -0.9 -0.3 -21 -1.5 -0.9 -0.3
A logh logh logh
0 30 80 20

] (b)



2-7. Convergence studies

«  Free hyperboloid shell problem

Problem definition Convergence behavior in
(a) Regular mesh (b) distorted mesh
MITC4 MITC4+ New MITC4+
0 T T T T T 0 T T T T T 0 IIIII
0.6 0.6 - 0.6
1.2 1.2F - 1.2
log Ep -1.8} 4 -1.8fF 4 -1.8}
2.4} 1 24} 4 24} 4
88 tL=1/100
A—A t/L=1/1000
-3 1 -3 1 -3 ©-© t/L=1/10000
-3.6 L1 | -3.6 L1l -3.6
-2.1 -1.5 -0.9 -0.3 2.1 -15 -09 -0.3 -21 -1.5 -0.9 -0.3
logh logh logh
(@)
MITC4 MITC4+ New MITC4+
0 0 0 T T T
) (©)
-0.6} 4 -0.6fF 4 -0.6f
P(6) =p,cos(26) 4.2} 1 2} 1 a2}
\
logEp -1.8f {1 -18f 4 -18fp
05 |-
2.4} 4 24t 4 24} 4
p(6)/p, © * " i A
3 E 3 - 3k ©—-9 t/L=1/10000
05 - el 1 1 Y- A . - -3.6 L1111
-21 -1.5 -0.9 -0.3 2.1 -15 -0.9 -0.3 -21 -1.5 -0.9 -0.3
A logh logh logh
0 30 80 20

] (b)



2-7. Convergence studies

« Clamped spherical shell problem

Problem definition Convergence behavior in

(a) Regular mesh (b) distorted mesh

z
z Clamped
MITC4 MITC4+ New MITC4+
/;,”;-:"’ 0 0 0 ——r———
7
"/"lyj" -0.6} -0.6f -0.6}
O;'ln,,
'..'. 12} 1.2} 1.2}
log Ep, -1.8}- 1.8} 1.8}
2.4} 2.4 2.4} -
88 tL=1/100
A—A t/L=1/1000
3k -3 -3 ©© t/L=1/10000
selgr 1 aelgi 11| 36
2.1 -1.5 0.9 03 21 -15 09 -03 -21 -1.5 -0.9 -0.3
logh logh logh
(@)
MITC4 MITC4+ New MITC4+
O—T—T—T O—T—T—TT1 [ o s e s
06} -0.6}- -0.6}
1.2} 1.2} 1.2}
log Ep, -1.8f 1.8F 1.8}
24} 2.4} 2.4} -
88 tL=1/100
A—A- t/L=1/1000
3 3 3k ©-© t/L=1/10000
sl 11 a1 N
21 1.5 09 03 21 -15 09 03 -21 -1.5 -0.9 -0.3
logh logh logh
(b)
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2-7. Convergence studies

«  Freespherical shell problem

Problem definition Convergence behavior in

(a) Regular mesh (b) distorted mesh

21 15 -0.9 -0.3

MITC4 MITC4+ New MITC4+
e 0 T 0 0
7
"/'y X7 -0.6F -0.6 -0.6F
O
".'. 1.2+ 1.2 -1.2fF
log Ep, -1.8F 1.8} 1 18
2.4 2.4 4 24} g
858 t/L=1/100
A4 t/L=1/1000
-3F -3F -3 ©-6 t/L=1/10000
7Y ) A N - 311 el 111

logh

24 1.5 -0.9 0.3

logh

21 1.5 -0.9 0.3

logh

(a)
MITC4 MITC4+ New MITC4+
0 o O
-0.6 -0.6}
1.2} -1.2}
log Ep -1.8 1.8} 1.8}
2.4 -2.4} -2.4F 4
B8 t/L=1/100
-A—A t/L=1/1000
3 31 -3F ©-6 t/L=1/10000
;) A N . - 3L 11| el 111
-21 -1.5 -09 -0.3 -2.1 -1.5 -0.9 -0.3 -21 1.5 -09 -0.3
logh logh logh
(b)
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2-8. Geometric nonlinear analysis

Classical benchmark problems

Load 05}

—— 16x1 new MITC4+ |
o o 16x1 MITC4
-©- -0- analytic solution

1

82 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Displacements

1

09
08
07
06 -

Load 05
(P/P.)

—— 16x1 new MITC4+
o o 16x1 MITC4

o 0 321 MITC9

x xI Szeetal.l

1 1 1
0 1 2 3 4 5 6 7

Displacements



2-8. Geometric nonlinear analysis

«  (Classical benchmark problems

o

>

(b)
E=6.825x107, v=0.3, R=10, ®,=18°, t=0.04

(©)

(@

Load
(P)

(b)

12x12 vLow

(P)
mesh

Convergence behavior in
Regular mesh

8x8 new MITC4+ |

=& 8x8 MITC4

-0--@- 32x32 MITCO
1 L 1

1
1 2 3 4 5 6 7 8 9

12x12 new MITCA4+ 7
-0 12x12 MITC4
+©--0- 32x32 MITCY

1 I 1

1 1 1
1 2 3 4 5 6 7 8 9
Displacements

(@

Load
(P)

(b)

Load
(P)

distorted mesh

400 T T T 3

4 ‘

30| )1 ; }{f :o'
300 [ 7 a F( [
=0r A |6 = ¢

Ve of g/ [ =t
200 / E/ ° /
150 |- // o o
100 | r/ > 7

yp

50| ¥

J & =& 8x8 MITC4
-0--6- 32x32 MITCY
1 1 1

8x8 new MITC4+

1 1 1 1 1
0 1 2 3 4 5 [} 7 8

[}
400
13
[
350 - N
o
300 |- >

250 : . /

200 - JF P ‘0".

150 |-

100 |-

50 - 12x12 new MITC4+ |
W -5 12x12 MITC4
-0--0- 32x32 MITCY
! ! ! ! ! 1 1 L

0 1 2 3 4 5 3 7 8 [}

Displacements
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2-8. Geometric nonlinear analysis

«  (Classical benchmark problems
Convergence behavior in

Regular mesh distorted mesh

x10¢ x104
@ ! @
36l 4 EYIS
s2f 4 32
28 4 281
24 4 241
Load Load
gy 2y 1 AN
t/L=1/100 16 —u, —-w, 1 16 -u, —wy
12 - 12
08| — os}| 4
12x12 new MITC4+ 12x12 new MITC4+
04l &5 1212MITC4 04l =& 12x12MTc4 |
-0--0- 32x32 MITC9 -0--0- 32x32 MITCO
P T T T T P T T S S
0 2 3 4 5 8 7 8 8 [ 2 3 4 5 8 T 8 ¢
x10% x10%
® T o ¢ 7
36l 4 36l //
3.2 4 32 /
28| 4 281
24 4 241
- Load Load
t/L—]./].OOO (M) 2[ h (M) 2T /’/
16 —-u -w B 18 —u -w
E A A A/ / A
121 - 121
08| e s} 4
L, 12x12 new MITC4+ 12x12 new MITC4+
04} =G 12x12MITC4 - 04l -5 12x12MITC4 -
-0--0- 32x32 MITCY -9--0- 32x32 MITCO
L L T S S S
0 2 3 4 5 8 7 8 8 [} 2 3 4 5 8 T 8 ¢
x10* x10*
Ls (c) 4 T T T T T T (c) 4
38 4
L 32 4
28 -
L B A c 24 E
—_ Load Load
t/L=1/10000 7 -t - (b,)
(b) (c) 161 —Uy —Wy T
6 o 3 “r ]
E=2.1x105, v=0.0, R=10, L=20, 8=30°, M=M,xt ] _
—— 12x12 new MITC4+ —— 12x12 new MITC4+
04} -5 12x12 MITC4 - -G 12x12 MITC4 E
-0--0- 32x32 MITCY -0--0- 32x32 MITCO
P T T T R T I T S S T S
0 2 3 4 5 6 71 8 9 o 2 3 4 5 6 T 8 ¢

Displacements

Displacements
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2-8. Geometric nonlinear analysis

«  (Classical benchmark problems

(a) 4 : i T T T T T T T T

T
—— 4x24 new MITC4+

-5 4x24 MITC4

Load
(P)

®) 4x24 new MITC4+ 3
-0 4x24 MITC4

E=2.9x107, v=0.22, L=12, b=1.1, t=0.0032 ap 1O BB

Load 2} " L 5 E

Out-of- =
plane load

Displacements

@

In-plane P

()

out-of-plane P
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3-1. Proposal

«  Obstacles
- Low element order
Element stiffness is obtained from only 3 Gauss points. = No much modification possible.
- Isotropy
It is hard to pass Isotropy test of triangular elements. = No much modification possible.
- Thickness locking mechanism
Thickness locking mechanism was not thoroughly studied in three-dimensional case.
* Poisson thickness locking
* Curvature thickness (Trapezoidal) locking

spurious straining spurious straining
A A \ A /4
G J Cﬁ /)
v £ 0 “d=#0

«  Most studies on solid-shell focused on thickness locking of 8-node in empirical basis.
<& Klinkel S et al. Comp Meth Appl Mech Engrg 2006:195;179-208.

<> Hauptmann R and Schweizerhof K. Int / Numer Meth Engrg 1998:42;49-69.

Thickness

Bending,

membrane
behaviors

locking
mechanism
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3-2. Thickness locking mechanism (previous studies)

«  Poisson thickness locking mechanism : Conventionally solved using EAS method

«  Study by using assumed displacement ‘
< Bischoff M and Ramm E. Int / Numer Meth Engrg 1997:40;4427-49.
u,=—u 4 3 w=tu

<> Nguyen NH. ACOMEN 2008. \ /

. ‘linear variation in t of thickness strain is required’
<> Betsch P and Stein E. Comm Numer Meth Engrg 1995:11;899-909.

1 u1=:-u %;—u 2

\ < Assumed displacement >

«  Curvature thickness locking mechanism : Conventionally solved using ANS method

-~

. ‘It is impossible to satisfy patch test p

while having no trapezoidal locking’
< MacNeal RH. Int J Numer Meth Engrg 1987:24;1793-99.

A\

. ‘Element free of shear locking shield

source to the trapezoidal locking’ 1 2
< Assumed geometry >

<> Sze KY and Yao LQ. Int J Numer Meth Engrg 2000:48;545-64.




3-3. The new 6-node solid-shell element (MITC-S6)

Step1. Shear locking treatment (MITC-56)
«  Assumed thickness strain : comes from previous treatments \

- 1
0e33(r, S) = 5(06‘33(0,0)+0633(1,0)+06‘33(0,1)) = Bssue

« Assumed transverse shear strain - comes from MITC3+

-~ 2 1 1 1.
083 = g(oeég) _Eoel(:?)) +§(oel(g)+oe:(zg)) +§C (1-3r)=B,U,

-~ 2 1 1 1- -
_ (B) (B) ©) <) _ _ alF) (D) (F) (E)
063 = 5(0313 _Eoezs )+§(Oel3 +0€53 )+§C(3S -1 =ByU, C=0€13 =013 €23 +o€23

Ky S
A A

1
1

X : Tying points X : Tying points

/37 (4)

(B)

1/6
©)

v

Assumed Strain method
= alleviate shear and curvature thickness locking

0l 1/6 1/3 1 r 0 i2d d
\ (a) (b) /
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3-3. The new 6-node solid-shell element (MITC-S6)

Step 2. Addition of modes (MITC-56)

« Enhanced assumed strain (both ANS and EAS are applied)

u“‘i‘?k”essz_lhqu3 h, =1-t° : comes from previous treatments

2 q

TR :%hbt(ocv1 +BV,) h =27rs(l-r—s) :comes from MITC3+

t _. Top surface
e

h lane t I T
o8 = (Ump"sme 9,+'9,-uTP")=G,A, A,=[a B 9]
1
h bub(A b A pbub(C c
0€53 —_(oeng( ) - Ub( ))"' =083 ™ )+062;b( )) G, A,
2 3
2 1 1
enh bub(B) ub(B) bub(C) bub(C)
013 __(0e13 _2 2 )t (o +0€3 ) =GA,

enh t thickness
0833 = 03-U; =15 =G A,

Enhanced Assumed Strain method
= alleviate shear and Poisson thickness locking
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3-4. Basic tests and benchmark tests

«  Results of basic test

Shell elements P CIEE)) Isotropic test
mode test

MITC-S6 Pass Pass Pass
MITC-S8 Pass Pass Pass
SC6R in

ABAQUS Pass Pass Pass
Sze et al. Pass Pass Pass

< Sze KY et al. fin Elem Anal Des 2001;37:639-55.

« C(Classical benchmarks

SC6R MITC-S6

Rigid diaphragm
1.2 T T 1.2 T T

-5 t/L=1/200

E=3.0x106 v=0.3, R=300, L=600, t=3



3-4. Basic tests and benchmark tests

Classical benchmarks

[ )
A Z
9 t
¢¢¢¢¢¢¢¢l‘x
=
y
A 2L
B A
v
A
B A §2L
7
2
2
v,
c S

Type 1

(b)

(@

Type 2

(e

SC6R Sze et al. MITC -S6
1.2 1.2 T
1 1 5 =
-~ -~
084 080
W,/ W, c06f 0.6
0.4 0.4 K
B85 tL=1/100
0.2 0.2 0.2 ~|
0 0 L 0 L
2 4 8 2 4 8 2 4 8
N N N
(a)
SC6R Sze et al. MITC -S6
1.2 T 1.2 T 1.2 T
D
! A - 1 Lo = 1A— - 3
-~ -~
0.8 1 osk 1 o8 .
wy /W, 06 1 o8 { os} -
0.4} { o4 4 o4} -
A4 t/L =1/1000
0.2f 1 o2 1 o2} i
0. 0 L 0 1
2 4 8 2 4 8 2 4 8
N N N
(b)
SC6R Sze et al. MITC-S6
1.2 : 1.2 ; 1.2 .
1 ——— 1 = = b
-~ -~
0.84 {1 osg { ost .
w,/w, o8 {1 os { os} .
0.4 { o4 4 o4t 4
06 t/L=1/10000
0.2| 4 o2 4 o2} g
0 / 0 1 0 1
2 4 8 2 4 8 2 4 8
N N N



3-5. Convergence studies

«  Free hyperboloid shell problem

Problem definition Convergence behavior in

(a) Regular mesh (b) distorted mesh
MITC-S8 [~ MITC-S6i Y~ MITC-S6

0T 0‘?’ OFTT T
-0.6 4 JO0.6f b 0.6 B

-1.2f 4 H2f 1 B2t g
10gEh -1.8} 4 18} 1 M8t E
2.4 4 F24tf 1 f24f g

B8 yL=1/100
b 40 3t g 3k 24 41 = 1/1000
©-8 yL=1/10000

R Y L A T | 3L 1 1 1 3.6"""

.-2.1 -1.5 -0.9 -0.3 -2.1 -1.5 -0.9 -0.3 -2.1 -1.5 -0.9 -0.3
logh logh logh
@ : Both shear and
thickness locking
MITC-S8 MITC-S86i MITC-S6 treatment
(b) (C) 0 0 W O——T—TT
-0.6F 4 J-0.6fF 1 0.6 E
P(0) =p,cos(26) “1.2F 1 |2t 1 ha2}
4
logE, -1-8 { psf { b}
05 |-
2.4 1 fe4}f 1 b4}
A I 1 st 1 st/ i
©-6 y/L=1/10000
05 - - A T N ' 36— 1 1 1 G- Y- A I N | I
2.1 -1.5 -0.9 -0.3 -2.1 -1.5 -0.9 -0.3 2.1 -1.5 -0.9 -0.3
4 logh logh logh
0 30 60 20
0 B AL J

: just shear locking treatment
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4. Conclusion

Improving 4-node quadrilateral
degenerated shell finite element

«  Membrane locking was successfully alleviated
(bending performance was improved).

«  Membrane performances were fully retained.

«  Through various problems, no malicious effect of the present
modification was observed.

« The resulting element is computationally efficient
(there is marginal increase of assembly cost).

Improving 6-node triangular

solid-shell finite element

«  Shear locking was alleviated based on the locking treatment of
MITC3+.

« Thickness locking was alleviated using conventional methods.
«  Fully general constitutive model was applicable.
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Appendix. A. S-norm for convergence studies

2
/ | c uref _uhHs
Relative error =

2

2 T
U, —uhHS :Ld Ag' AtdQ,

ref N

where Ae=¢ . —¢, M=t -1, X, =I1(X,)

u. : the reference solution obtained by a very fine mesh
(a mesh of 72x72 MITC9 shell elements)

(N =48, 16, 32 and 64)
I : One-to-one mapping

: For optimal convergence behavior for low-order shell elements
E, =Ch*

\ his the element size, C must be constant, =2

u, :the solution of the finite element discretization with A/ meshes
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Appendix. B. Displacement projection method

/Use projected displacements U =PU,gina

where P=I-RR'R)'R"

Matrix R for node /is

6 D.O.F. per node 5 D.O.F. per node
0 Zy = Zc (Y1 —Ye) 0 Zy = ¢
_(Z|_Zc) 0 X, = X¢ _(ZI_ZC) 0
R = Yi = Yc - (X = Xc) 0 R, = Yi = Yc - (X —xc)
! 1 0 0 _Vz)i _V2¥
0 1 0 vii A
0 0 1

_(y| - yc)
Xp = Xc
0
_VZZI
Vi

~
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