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Introduction
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Finite element method (FEM)

** FEM in engineering fields

<Aerospace engineering> <Offshore engineering> <Automotive engineering>
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<Biomedical engineering> <Digital twin>
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Finite element method (FEM)

s+ Motivations

= Needs
* Higher accuracy and efficiency
* Applications on new technological trends
* More complicated analysis

®»  Various finite elements

Plane Strain Element

2D Solid Elements Axisymmetric Element
L ] L]
1
Plane Stress Element : <Topic 1>
| . .
_ S . Development of multi-layered composite
I oo oo s o e — — — — — » shell finite element
1 Shell Element Plate Element Mo
-------- l \ \
30 Bar Element S N
3 <Topic 2>
\ 3D Beam Element So Topic 2
<. 2D Beam Element 2D Bar Element ~  Improvement of self-updated
= N . .
A solid finite element
Structural Elements
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Topic 1 : Development of multi-layered composite shell finite element

Shell element for nonlinear analysis of multi-layered composite shells
with interlayer slips
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Layered structures

¢ Layered shell structures

=  Composite laminate

(A thin-walled structure with many layers of different materials stacked on top of each other)
= (Capability to combine several components depending on specific design requirements
= High strength-to-weight ratio, high durability, high resistance, cost-effective

Other
Steel 59,

ndiict
ther composites
10% Pl B Aluminur im
" 4 N, M Titanium
Titanium c i ‘I =i
15% % 1
. b v
Aluminum
20%

<Composite structure content on the boeing 787>

<Composite structure in the sports industry> <Multi-layered bimodal coaxial fiber sensor>
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Layered structures

¢ Form factor
» Technology innovation of form factor in electronic device

= Emergence and utilization of flexible displays

_— - f '\
<Unbreakable> <Curved> <Bended>
~ ”

= N ) v
o/,— Electron Transport Layer (ETL)

" e

— _— 0/— (Host and PHOLED Emitter)
k- <Foldable> <Rollable> <Strechtable>

electronic d»

<Smart watch> <Mobile phone> <Rollable TV>
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Interlayer connections of layered structures

s Composition of layered structures
= Loss of stiffness, more flexible behaviors

= Increase in deflections, increase nonlinearities

‘_ Interlayer ’
“) ;ﬁ Most weak /

I
v L)

Mechanical
connectors

¢ Interlayer connections

=  Mechanical connectors
* Bolts, nails, etc.

=  Adhesive connections

*  Epoxy, wood glue, etc.

— Behaviors of layered structures significantly depend on interlayer connections.
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Features of layered structures

¢ Three fundamental failure modes at interlayers

Important modes depend on

*  Dominant loading conditions
* Structural member property
* Interlayer connection property

»

Mode I Mode 11 Mode 111
Normal mode Shear mode Shear mode

l |

In-plane slips

+¢* Shell structures

= Structural element that can resist loading in bending and membrane actions in the shell structure.
= These behaviors will be related to the shear modes on the plane of shell.

—— Dominant interlayer slips (shear modes of in-plane)
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Research purpose

¢ Objectives
= Develop efficient shell finite element for multi-layered composite shell structures with
interlayer slips

_7 Interlayer <2>

A sing
shell mc

<A 4-node quadrilateral shell element>

= Model the complex multi-layered shell geometries as a single shell unit

Arbitrary number of layers and interlayers

Complex geometries and various loading/boundary conditions
Linear and geometrical non-linear analyses

Bi-linear load-slip relation at interlayers for mode delamination
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Related studies of layered structures

X/

** Layered beams
. Newmark et al. (1951)

Analytical study on two-layer beams with interlayer slip using Euler Bernoulli beam theory

. Chui Y and Barclay D. (1998)

Analytical study on three-layer beams with interlayer slip considering the semi-rigid connections Nx‘-é

. Ranzi Gsousa Jr JBM and da Silva AR. (2008)
Linear analysis of multi-layered composite beams with interlayer slip

= Nguyen QH et al. (2014)

Nonlinear analysis of two-layer beams with interlayer slip using Timoshenko beam theory

. Kim et al. (2020)
Nonlinear analysis of multi-layered beams with interlayer slip (only longitudinal slip)

¢ Layered plates & shells
. Toledano et al. (1988)
Analysis of shear deformable two-layer plates with interlayer slip
. Di Sciuva, Marco. (1997)
Theory for nonlinear analysis of multi-layered plates with interlayer slip
. Suresh Panda and R. Natarajan. (1981)
Linear analysis of multi-layered composite shells without interlayer slip
. Ireneusz Kreja. (2007)
Nonlinear analysis of multi-layered composite plates and shells without interlayer slip

. Lee and Lee. (2021)
Linear analysis of multi-layered composite shells with interlayer slip

M, + M, /dx dx
N, + N, /3x dx

@ *—» N, + ON,/ox dx
M, + OM,/0x dx

N MJE

® N, + oN,/ox dx

M, + dM,/dx dx

Sub-beam nr

...................
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\ \\ @ Layefr n
L N — -f@;- - Interlayer /
NN\ ¥
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Pl Nonlinear
Pig Analysis
L4
Z
>
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Displacement
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Multi-layered shell finite element

s Analysis model for layered shell structures including interlayer slips

= Most researches can only consider two- and three- layers.
= As the number of layers increases, the complexity of problem increases extremely.
= Nonlinear behavior of multi-layered shells with interlayer slips is very rarely discussed.

Challeiel Nonlinear behavior of multi-layered shell
- structures with interlayer slips

= (Capability of proposed shell element

« Composite partial interaction between the layers

* Interlayer behavior with nonlinearities

*  Geometrical nonlinearity

* Bi-linear load slip relation at interlayers for mode delamination
* Nonlinear convergence problem

« Simple and straightforward formulation

« Efficient analysis (fewer DOFs)
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Multi-layered shell finite element

“* Displacement fields

= Composition of displacement fields

U=[u v w a ABI Additional displacements fields
LR TR e e T defined by additional DOFs

Basic 5DOFs

= Layered shell
* 5DOFs + Interlayer slip

* Layer DOFs

_ k(1) k(m)qT _ k(1) k(m)qT
(Pl _[(01 (01 ] s (pz _[¢2 (02 ] (m layers)
t qf{s_}“ IV:
b Layer (3)----=--—==----1 l—
ik
Tayer (2) s I_ch—;
I ——— —'gf
Layer (3)--------—--- /
Layer (2)-----=------ \
Layer (1)s=-—--eeereee 1

14 / 65



Multi-layered shell finite element

¢ Concept of multi-layered shell finite element

*  Multi-layered composite shell is simply modeled as a single shell unit
* Arbitrary number of layers and interlayers
*  Complicated layered shell geometries

% Incremental nonlinear analysis * Linear * Adhesive
, . load-slip connection
* Incremental load-slip relation o o
£ = K70 with (i=1, 2) " "
Where t+Atf;<n> — tf;-<n> +f;<n>
AT =07 + 07 < n interlayers> ;- Bilinear

cohesive model
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Multi-layered shell finite element formulation

Layered shell geometry (3D view)

* Geometry interpolation ,

()

x" Zh (7,9)x, +Zh (r,s)(m" + l; ") V!

Layered shell element without considering slip kinematics

Layered shell geometry (side view)

+

Zh (I" S)(t k(n)t t k(n)tV )

with considering slip kinematics
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Multi-layered shell finite element formulation

I
S Layet(3)-—=———= |¢;a—
_~ Interlayer <2> yh
5 e e Layer () i\“‘,—;
Interlayer <1> .
= Layer (1) -~ — '@
A'Vj
r@fﬁ\’ I ——_—_—_— Laver (3) /
rv:{
‘k—p ————————— Layer (2} -]
)_y ’qo“‘}\—)— ——————————————————— Layer (1)-—————==—-—- 4
X
Layered shell geometry with interlayer slips Slip direction vectors and the corresponding layer DOFs
** Geometry interpolation ,
4 4 ] gk 4 Oh.(r,5)
(n) n n t k _ gr t k & 2 t
X Zzhk(’ﬁs)txk+th(”>s)(m;§)+ ; t())tVnk Vr Tl ok with g,—z_: P X,
k=1 k=1 2 g &=l r T Sk)
o Py 1 Lk 4 oh(r.s
k(n) tx 7k k(n) 1 g7k >
+ th (I”,S) tgoi___}ir_i:?z__:}is_)j tvqk = tgz with th: = Z 5( ) ’x§
k=1 gs ¢l as T Sk )

Layered shell element

‘ : Slip director vectors are defined from
with considering slip kinematics

the derivative of 2D natural coordinate system of shell

= Slip displacements on interlayer n between the adjacent layers n and n+1 are interpolated from
. 4 4
layer DOFs: G =3 I (rs) (P — @Y and G5 = b (r,s) (‘T — )
k=1 k=1
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Multi-layered shell finite element formulation

¢ Incremental displacement

u(n) — t+At X(n) _ tx(n)

(n)

= S, + ) + NV = V)
Layered shell element
+ Zh (V S)(HN k() r+ArV rwli\(n) rV.k 3 I+A?¢i\'(n) r+ArV;’r ¢ k(n) {V )

with considering slip kinematics

¢ Linearized incremental displacement

()

Zh (7,5, +Zh(7” S)(m(’”+]" (")~ k+ﬁkaf—%(a§+ﬁ§)fW)

Layered shell element

+Zh (r S)(@Mn .'V."\'_l_( q?r'\(n) €@ k(”))

1 & ahi(r.5)
ok

B e . ald
g/

&=1 or
1 & 0h(r,s)

b

s=1 os

DAV + (i 4 gl)

r ok
H

with considering slip kinematics
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Multi-layered shell finite element formulation

+* Finite element discretization

* In 4-node shell element, the nodal DOFs vector consists of the DOFs vector at shell node &

u=[ur Ul u ul|
=Y > 3 4 — Incremental nodal DOFs vector

k(m) k(1)

1 m T
oo B9 ™ @l @™ —  542(m-1) DOFs per shell node

¢ Total Lagrangian formulation

mn n—=1

() =) o () rQm e () 077(m) <> A<ns QA= 30 g<n>
ZIDVU:)(OCij Oefj éueki + OSU éoqg )d o+ ZI“(» OK;-' U éui d'A
n=1 n=1

L — m-1

_ A | rQ(n) ¢ =) 3071700 _ t <> QA<H> 0 g<n>

o 9:{ Z j.nV(”) 0 SU é Oey d V Z j.DA<n> -ﬁ éz!l d A
n=1 n=1

*+* Finite element formulation

For the (nth) layer
y
'‘KU="*R—-Fwith ' K=K, + 'K, + 'K Conlstl_mtlve 50 = T g

relations Y ‘
u For the <nth> interlayer
k
LA ! : At _k(n) _t, k(n) k(n) <> <> A<n>
X, =X, +| v, | with "Y' ="p"" 4+ ¢ /., K,

Wi
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Numerical examples
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Numerical examples #1

¢ Roll-up of a three-layer beam (large rotation)
= The cantilever three-layer beam subjected to tip bending moment

Material property
+  EM=30 GPa, E?=50 GPa, E®=20 GPa
o y)=y@=y0)=(

Layer (3) -—>

e 1=0.1m,b=0.001 m
=[P~ =0.001 m

Layer (2) -—>
Layer (1) -—> . v
k—|

b =  Boundary condition
Section a-a *  Clamped one side

% o) »  Geometry condition
y

Interlayer <2>

Interlayer <1>

a » Loading condition
> * My (tip bending moment)
M}

4 *  Nonlinear analysis

=  Connection stiffness at interlayers
L <> _ <>
- K= K¥=0

1 1

= The analytical relation between the tip bending moment and angle, interlayer slips

¢ The analytical relation between the tip bending moment M, and roll-up angle 8 of Layer 2 is given by

M, =M +MP+MY, M = EIY with R = L— R® =R® — 1—(1(2’ +1%), RV =R? + 1—(1(” +1%)
Y R™ 0 2 2
* The corresponding interlayer slips are evaluated using the following equations
1 1 1 1

12<1> (x) — (R(Z) + %I(Z) )( _)x’ u"<2> (x) — (R(Z) _ ;_’l(z) )(

RO N RO )

— X
3) 2)
R™ R 21/65



Numerical examples #1

¢ Roll-up of a three-layer beam (large rotation)
= Deformed shapes and load-displacement curves

0.08
@ O=xr/2
@ 0=r
® 0=37/2
£ @ 6=2n
| —— Analytical

O Proposed shell

©
0.1
0.6 T 0.6 T T
—— Analytical — Analytical
05 @ O Proposed shell | 05 @ O Proposed shell |
04 @ 1 0.4r @
E E
& sl € o3
> ’ >
= = @
@
02 : ' 1 02r
0.1r @ 1 01}t @
0 i i 0 i . i
-0.15 -0.1 -0.05 0 0 0.02 0.04 0.06 0.08
u, (m) w, (m)
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Numerical examples #1

¢ Roll-up of a three-layer beam (large rotation)
= Load-slip curves for two interlayer slips along the longitudinal direction at free end

Oo=x/2 @O0=r
®O0=37/2 @O=2r

0.6 T T ; T T T 0.6
@ 5 @
051 1 05}
(®)

04r @ § 04 @
~N ~N
E E
5 0.3 E 0.3

> >

= @ = @

021 1 02}

@ )
01r Analytical i 01r Analytical
o  Proposed shell o  Proposed shell
0 : : : : : : x107 0 . : : : : : x107
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
ﬁ<1> (m) ﬁ<2> (m)
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Numerical examples #2

s Two-layer cantilever plate

=  Material property
+  EM=200 GPa, E®=50 GPa
o vih=y@=03

=  Geometry condition o_f
P .. . e L=2m,b=1m,/ =1"=0.002 m

10x5 shell mesh t )
(462 DOFs) % B

I;lterlayer' 1> n Boundary condition
Layer (2) &\f +  Clamped one side
Layer (1) \

2 » Loading condition
| * P =50 N/m (linear analysis)
X

=  Three interlayer connection stiffness cases

K =1,10, and 100 MN/m’

-y,
/////// "y
.

//// 7
7)) g
W%%%%Wﬁw
i ///////4//// e
V) %,%WM”/%M//M
777 W/%%W/”’WW///AW
//////////////////’7////4’/// //////////////////J’/J//////////////J//”///
Ui i) i i
7 Wit /0 7
4@///‘(,////;'%, i /

)
1)

7
7 Wi 2y, Interlayer <1
7 A
Z, 7 *

77

7
2

L
{ )

Wy
100x10x5 solid mesh 74

(139,293 DOFs) k
X

7
i)
//,,,,////f//@, Wi

Wi
N4
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Numerical examples #2

s Two-layer cantilever plate

= Vertical displacement and interlayer slip along AB

2
Proposed shell
" Interlayer Case I 161
" Interlayer Case 11
m Interlayer Case II1
12
— ~
E E
S S
Solid element model 081
Interlayer Case I
Interlayer Case 11
Interlayer Case III 0.4
' . t 0 . - - x107
0 0.2 0.4 0.6 0.8 0 0.3 0.6 0.9 1.2
A g R
w (m) [T 2<% (m)
. . y o ~7y )
Vertical displacement i~ LA AT Interlayer slip
&J"" - ; V. 1/l‘b Interlager <1
105 shell mesh iV, Y ¥ fli=8g
(462 DOFs) ’4

100x10x5 solid mesh
(139,293 DOFs)
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Numerical examples #3

¢ Five-layer cantilever plate
C

D B *  Material property
«  EM®=200 GPa, E®=150 GPa, E®=80
GPa, E®=120 GPa, E®=50 GPa
«  vin=0.3

=  Geometry condition
-+ L=1m,/["=0.001 m

*  Boundary condition
*  Fully clamped (Symmetric BC)
(1) : Laver number ™ Loading Condition
1(5)1 __(';_)__>1t-1--\4v . — -1 KN/ 2 li Tt
_ :*: gy terlayer <4 gmax = -1 kN/m™ (nonlinear analysis)
. (3) ¥,
: Hez) =
/o i\ Jory ™ Interlayer <1> =  Four interlayer connection stiffnesses
[‘ K =8MN/m’, K =20MN/m’,
g
K =10MN/m’, (K =100 MN/m’
=
= _
== ) {~——- Interlayer <4>
,__é; /[= A\ .
);‘ z/ \\
52 — | ——> Interlaver <1>
:E \ /
f: 3

40x40x 1;1 solid mesh
(570,807 DOFs) 26 / 65



Numerical examples #3

¢ Five-layer cantilever plate

» [oad-displacement curve for vertical displacement at Point A

0.75
s Proposed shell

Solid element model

051

9/ qinax

0251
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Numerical examples #4

¢ Quarter cylinder shell

=  Material property
*  EM=1 GPa, E®=5 GPa, E®=2 GPa

vn=0.3
& Layer (3) ———
% ) Ty \ T »  Geometry condltlon)
: - Interlayer <1> n
0 el -+  L=R=1m, ["=0.002m

*  Boundary condition
e Clamped one side

» Loading condition
# o 'max = i i
20x 10 shell mesh P 4 N/m (linear analysis)

Two interlayer connection stiffnesses

K =80MN/m®, K =200 MN/m’

=  Meshes
T 7 e Shell element : 2N xN elements
} &\g--‘» Interlayer <2> (N=3,5, 10)
{ | 7 Tertver =t (252, 594, and 2,079 DOFs)

*  Solid element : 2NxNx 8 elements
(N=10,20,40)
(43,911, 169,371, and 665,091 DOFs)

—

160x80x8 solid mesh
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Numerical examples #4

¢ Quarter cylinder shell
= Convergence test
= Relative errors in the vertical displacement at point D

3
i:“:, _ta” f) PG S T— S
@) ) lwe@ \ s
Y Layer (1)

4

H

Proposed shell N=3 N=5 N=10

(2N XN mesh) (63 mesh) (10X5 mesh) (20x10 mesh)

DOFs 252 594 2,079

Relative errors 0.76 % 0.31 % 0.05 %

Solid element model N=10 N=20 N =40

(2NX N8 mesh) (20 10% 8 mesh) (40x20% 8 mesh) (80x40x 8 mesh) ﬂ’lﬁ:::i:f:
DOFs 43,911 169,371 665,091
Relative errors 13.26 % 2.46 % 0.70 %

Reference solution = -0.105 (Solid element model, 160 % 80X 8 fine mesh)

» The proposed shell model gives more accurate solutions than the solid element model
even with fewer DOFs.
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Numerical examples #5

+* Shallow shell

L)

e 0
Lt 7~
....‘,#.I........

7~
Ay
......A".....

(1)

=  Material property
«  EM=300 MPa, E®=800 MPa, E®=1.5
Gpa, viV=0.3

. Layer number

(___, felnverih Geometry condition

e L=1m, R=5m, ™=0.002 m

)m* Interlayer <1

R 10° >'B

Y 30%30 shell mesh
X (8,649 DOFs)

z Boundary condition
b | *  Clamped two side

Loading condition ,
e gmax =30 N/m" (nonlinear analysis)

Two interlayer connection stiffnesses

K =2MN/m’, (K> =10MN/m’

{
| Interlayer <2

™~—"1

\

T~

\\*+ Interlayer <1
)

y 60x60x8 solid mesh
(746,691 DOFs)

T
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Numerical examples #5

+* Shallow shell

= Load-displacement curve for vertical displacement at point E

025

0 0.3 0.6 0.9 1.2 1.5

-wg (m)

=  von-Mises stress distribution

-

<Proposed shell>

= Proposed shell

—— Solid element model

x1072

<Solid element model>

W) To [\ e
o e

I
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Numerical examples #6

¢ Hemispherical shell

=  Material property
«  EM=] GPa, E®=5 GPa, E®=2 Gpa,
vm=0.3

=  Geometry condition
- R=10m, /"=0.002 m, ¢, =18

*  Boundary condition
*  Symmetric boundary conditions

40x40 shell mesh »  Loading condition
(15,129 DOFs) I i il e Pmax=25 kN (nonlinear analysis)
f Hi ; 3 '\_ e o
SR @l N E:ll::ll =  Two interlayer connection stiffnesses

S P i K =100MN/m®, ,K> =40 MN/m’

=

80x80x & solid mesh
(1,321,971 DOFs)

i /

! . Interlayer <2

| e / \\ —- Interlayer <1~

[ |

——
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Numerical examples #6

¢ Hemispherical shell

* Load-displacement curve for radial displacements at point A and B

1 T T T L T T _—
0.75 R
VB i = Proposed shell
é Solid element model
& 051 1
~ .
L
0.25f - —_ .
0 j . ; ; ; . ; .

Displacements (m)

= Deformed shapes

P=P

max

<Proposed shell> <Solid element model>

(n) : Layer number

777777 Interlayer <2>
— == Interlayer <1>

I |
i 1 » [nterlayer <2>

/ A~ Interlayer <1>
L ]
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Numerical examples #7

** Mode II delamination

= Two-layer AS4/PEEK carbon-fiber reinforced composite connected by cohesive
interlayer with an initial delamination

Material property
«  E3=122.7 GPa, E(y=10.1 GPa,
GIV=G=5.5 GPa, G'=3.7 GPa,
vI)=0.25
=  Geometry condition

e L[=51 mm, b=25.4 mm
"=1.56 mm, g, =39.3 mm

*  Boundary condition
*  Simply supported

/@ Layer (2) * Loading condition
I Y X Layer (1) *  Pure mode II loading condition

A 0 e

»  Bi-linear load-slip relation
e OKi<1> =10° N/mm3, s<1> =100 MPa
y
L — : Gy =1.719 kJ/m’

K
| OK[<]>(1_d)
1 1

» A<]>
>

A<]> ~<]>
u

0 4 34 /65



Numerical examples #7

+* Mode II delamination

= [oad-displacement curve for vertical deflection at point C

P (N)

800

700 r

600

500

400

300

200

100 |

%107

0 1 2 3 4 5
w (m)

®  Experimental [71]

—8— Numerical [71] : solid element with cohesive element

—&— Numerical [35] : layered beam element

—a— Proposed shell element

1(2)1 Layer (2)
0] y b Layer (1)
b "//>c a4y 2
f<]>
A
f<l> 7777777777777
N i
K‘<l>
0%
i oK (1-d)
T
E > 1>
A<I> A<I>
U Uy
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Numerical examples #8

+» Mixed mode II-II1 delamination

= Two-layer T300/HS 160 REM carbon-epoxy composite connected by cohesive
interlayer with an initial delamination

Material property
- E3P=130 GPa, E})=8.2 GPa,
GIV=G=GP=4.1 GPa, v3P=0.27

=  Geometry condition
e [=170 mm, b=120 mm
. 1M=1.95 mm, a, =40 mm
*  Boundary condition
*  Four pin supported

P/2 P/2 P/2 . .
% Lz 150 mm * Loading condition
c 0 Ry 1 . . ..
o T | . e ®) ; *  Mixed mode II-III loading condition
wl Layer (1) y x Layer (1)
f%;, 100 mm /?} /)‘Qf 20 mm r)% *  Bi-linear load-slip relation
\ \ \ | 1
P - K =10° N/mm®, fi =80 MPa
- 2 _ 2
r G, =08kJ/m", G,.=0.9 kl/m
fS<1> ------------- i
oK ,
§ oK (1=d)
1+ 1
' >
uf\;b 12;1>
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Numerical examples #8

¢ Mixed mode II-III delamination
= [oad-displacement curve for vertical deflection at point A

3000
2500
2000
z
P/2 /
~ 1500 65 mm s . L 150 mm PJ :
_ i [ R v v
oF Layer 2) | Layer (2) |
1000 IS Layer (1) y X Layer (1) |
%" 100 mm #‘5 ’A’ 80 mm A
500 ‘ 5 - |
<1>
o x107 A
<> femmmme e
w (m) fs
e Experimental [73]
—&— Numerical [74] : solid element with cohesive element Kéb
" K (1-d)
—&— Proposed shell element P
3 » |[A<1>
<I> A<] 'Hui H
u, u;
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Closures & Future works (Topic 1)

+* Closures

= Layered shell element for multi-layered composite shells was proposed.
* Arbitrary number of layers and interlayers were modeled as a single shell.
* In-plane interlayer slips and the corresponding partial effects were properly considered.
*  Geometrical nonlinear behavior and complex load-slip relation at interlayers were well predicted.
* The proposed element showed the accurate performance with efficient analysis for utilizing fewer DOFs.

% Future works
= More general interlayer behaviors including normal mode I
= Modal analysis and dynamic response
= Elasto-plastic analysis

» Thermal analysis
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Topic 2 : Improvement of self-updated solid finite element

Towards improving the 4-node solid FE solutions using SUFE & load decomposition method
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Overview

¢ Target element

= 2D 4-node plane stress element

¢ Objectives
= Utilize the mode based formulation of the self-updated solid finite element (SUFE)
to alleviate shear locking
= Robustly improving FEM solutions using a load decomposition algorithm

¢ Shear locking
= The displacements calculated by the FEM are frequently much smaller than they should be,

and it 1s called “locking”.

= Shear locking occurs when an element is subjected to bending.

b 4 » 4 »
Ml /‘/:7\:'_\_ % YRy ——ET\ ) M
D A e S i
<Exact displacement> <Shear locking>
Ve = 0 Yy %0
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Related study

¢ Self-updated solid finite element (SUFE)

= Mode based formulation for constructing the strain-displacement matrix (B)

Translational rigid body mode, @,

Translational rigid body mode, @ Rotational rigid body mode, €3

Stretching mode, @4

<Kinematic modes of the 2D 4-node element>

u, ¢1’1 ¢1’2 ......
u, _ ¢2,1 ¢2,2 """
V4 _¢8,1 ¢8,2 """

ge=BU=ByQ=BQ

0001 00!e
B=|0 0 0 0 1 0'e
00000 1!

q,

q,
S

or U=yQ

Assumed modal strains are imposed for

e=By'U=B, U

bending modes defined by local coordinates.
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Related study

¢ Self-updated solid finite element (SUFE)

= Optimal bending direction

Assumed deformed shape  Assumed deformed shape
0; 04

Bending direction angle (@,,), and assumed deformed shapes for bending modes ¢, and ¢

T
2 2 2 2
., o, X tvy X vy
lel )C4y4 2— 2—
[0} o]=
2 2 12 12
_V'xl +yl _Vx4 +y4 X’y' X’y’
—_— ... B — M 4Y4
2 2

Bending modes can be chosen differently according to the bending direction

a, = minimize £ where U is given a, (°<a, <90°) determines the optimal bending direction of element m

a"’l
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Related study

¢ Self-updated solid finite element (SUFE)

= [terative solution procedure

= Stiffness matrix updating (bending modes updating) to the given displacement

( Start )
¥ . o« e .
KA K. ] Solving the optimization problem
Solve KU=R
E-R'D requires high computational cost
l i=0 — Preliminary stage
a,=0 form=1to N
KO =AY K
E=U'K"U

No

Yes
Solve K”U"” =R
E(” — RTU(”

>

l i<i+l
_ s (i-nHT (i), (i=1)
@, =minu K, u

=l | Deep learning approach is needed
¥ — Iterative stage
K® — AsvilK(i) 10-layered fully connected network
Solve KU® =R S : . A o
E(i) = RTU(”
- E E |
G" Bl Bl FBE_,F‘B‘:“
-0.001 (default) [ 1e] U N@"CNQ Chlg
U«U
£e=B,u | U<« U, ¢=B"u |
I N | | I I i | n i
( Stop ) 320 320 320 320 320 320 320 320 320 320
<Fl h fthe i . luti dure> Network input Network output
owchart of the iterative solution procedure Geometry, displacement, and Poisson’s ratio Bending direction
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Related study

¢ Self-updated solid finite element (SUFE)

= SUFE clement showed promising ability in accuracy
= Excellent bending performance in numerical benchmark problems

u %'v )M (E=1500,v=0.25, L=10,H=2, M = 2000, thickness = 1)

l¢ »le »|
[ > >

2/L 2/L
<Cantilever beam modeled using two elements with distortion parameter>

2 1 ++Q4 T T T o, o, o,
- 88 QM6 o
L cers Standard (Q4) | G_—— , -
g 15 ST Commercial Sy E— ==
g 27 CM4 1 S———— 700
- pes-i software (QM6) e — =,
S SUFE -3000
S . ° ¢
5 \\?ﬁﬁ
> reference
8
S
g 05 1 <Stress distributions with distortion parameter, e = 4.9>
z ™ Reference solution : Q9 element with 4x20 regular mesh.

i . : : —

0 1 2 3 4 5

Distortion Parameter, e
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Motivation

¢ Self-updated solid finite element (SUFE)

= Preliminary stage of iterative solution procedure for SUFE

= 2 (i=D) Ty (i), (i—1)
a, =minu""K}'u

v The preliminary stage determines whether or not the iterative
il Start D) solution procedure proceeds based on the presence of the
v - bending modes.
K=A _K,
Solve KU=R
E=R'T v’ Standard four-node finite element (Q4)
vi=0 r Preliminary stage  -------------- > * Accurate constant strain modes
% =0 for ’f\f=' o * The solution accuracy deteriorates due to shear locking
K;):ﬁ/:l;"(jﬁ.)'%&"') when the displacements contain bending mode.
@ B p o e v" Self-updated solid finite element (SUFE)
\'eS _ * Excellent bending performance
SM;,_'?;‘ET R * It can be face difficulty in directly representing accurate
~ l o constant strain modes.

for m=1to N ) —
v [ Iterative stage | E : Strain energy of standard four-node finite element (Q4)
K® =AY_K? ]
Solve K”U” =R ' : Strain energy of SUFE to the given displacement from Q4

E(i) = RTUU')

E+E > N FE solution does not contain Constant strain modes
* 0 bending mode (use Q4) (Two stretching, one shearing)

= cl

]
I
M T

; FE solution contains . f
fffffffffffffffffffffff > Yes bending mode (use SUFE) Excellent Bending performance

<Iterative solution procedure of SUFE>
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Motivation

E : Strain energy of standard four-node finite element (Q4)

¢ Motivation of proposed method
= Improvement of the preliminary stage of SUFE

[ : Strain energy of SUFE to the given displacement from Q4

FE solution does not contain

bending mode (use Q4) Constant strain modes

2/L 2/L

o
|
~v

)

I

Iy

HI %11 >A\I
A ‘ - E+E FE solution contains Excellent Bending
¢ bending mode (use SUFE) performance

modes

2/L 2/L
<Combined loads of stretching and bending>

o]
D
lu
~ ~

|

|

|

|

| E+E FE solution contains both bending and constant strain
|

|

|

|

- Under combined loads of bending and constant strain modes,
Another robust method for accurate solutions is needed!
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Concept

¢ Concept of proposed method

( Start >
v

Generating B, K and B, K
Solving KU =R

Initial Solving
total

Lol Decompos?ng the load
decomposition (R,,=R+R)
v
: Solving KU =R
Solving Solving KU =R
v
Post processing U,, = U+U
v
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Methodology

° 2l_%1 f22 2 or U=
** Flowchart of proposed method 18 R N ve
1 oy ho e ¢,&8 8
C Start ) ( Start ) ro_ | — " 1
- ) - i B. =B +B'with B'= —;L (B, ~ By, )V
K=AL_K, Generate B;, with [¢, = aq (=710 8) in Q]
Solve KU=R selve KU ~Roou a = (Relatively small compared to other modes, 1e-4)
E=R'U
----- l j = — Preliminary stage l [~ it Sage
: ! =0 i R:K’(U’_Urigid —Ucunsl)
:y | a,=0form=1to N R=R_, -R
! 0 _ AN g o
Ly K=K, Solve KU =R
LM E=UTK(1)U B LJZO -
@ ¢ EEEEEE .> Geometry dependent @,
Ves K" = A::le:.)
AN - Solve K”U® =R
Solve K( )u( U= R E(r] — RTU(I)
ED =R"UY 7 1
> i<i+
v i—i+l 2. = minu® P TKOytD
" i—IyT v i—1 m 5 m .
e =1 u VT u form=1ta N — Iterative stage
for m=1to N ) ¥
¥ , . — lterative stage KO A" KO
K(i) — A:=|K5,ly) v m=1""m
(G0 Solve KU =R
Solve KUY =R ]
] o ED =RTy®
E(I) = R'I U(I)
No
= Yes
U« U —- .
€= Em“ I U<« U", e=B)u | |£"'_"'.' = U+U", e= Bfaln)“mml
[ |
s 4
i Tae— e
<Original flowchart of SUFE> <Modified flowchart of SUFE>
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Feature of proposed method

«* Mode based formulation

= Strain-displacement and stiffness matrix generation

r”l ] ¢1,1 ¢1,2 """ ¢1,8 q,
u ......

JH2 ¢21 ¢22 ¢28 q.z L or U=yQ
vy _¢8,1 ¢8,2 """ ¢8,8 1145 )

Assumed modal strains according to local coordinates are imposed
for bending modes

000100i ¢
B=/0 00010 ¢{ ¢=BU=ByQ=BQ=By'U=B,U

00000 Lie ¢

— Utilize simple geometry dependent bending modes

for first iterative solution procedure

Stiffness matrix is obtained as

K,= | BCB,dV

KU=R with K=A" K
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Feature of proposed method

¢ Geometry dependent bending modes
= Bending modes (bending directions) can be chosen differently according to the geometry.

= The local Cartesian coordinate are differently defined for ‘15 and ‘2"¥’ bending modes.

* For the 1%t bending mode, the local Cartesian coordinate system is defined by between ‘r-axis’ and the
direction normal to ‘r-axis’.

* For the 2" bending mode, the local Cartesian coordinate system is defined by between ‘s-axis’ and the
direction normal to ‘s-axis’.

v Arbitrary geometry (Natural coordinate)

15t bending mode 2"d bending mode &, and S, (0°<a, <180°, 0°<f, <180°)

determine the bending directions of element

[o7 o]
r r r T
r r r r _(r'xl)z-"_v('yl)z _( x4)2+v( y4)2
X'y o xSy, Y—— .
s s N s _(le)2+v(5y1)2 _(5x4)2+v(fy4)2
xl yl oo .X4 y4 f e 2—

50 / 65



Numerical tests
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Basic numerical tests

«» Patch tests

= The nodal point forces on the boundary corresponding to constant stress states are applied.

= A constant stress field (stretching and shearing) should be exactly represented.

= The proposed method passes the patch test (x- and y-axis stretching, and shearing tests).

q q

.10 Ce: 193 IR R L, [

4, 7) E v il

.7) K . v I

:; qy A g

(8,3) B v I

YA (2’ 2) p E i 1
0,0 ¥ (10,0) \ A T

<Geometry> <x-axis stretching test>  <y-axis stretching test> <Shearing test>

% Zero energy mode test
= A single unsupported 2D solid element should show only three rigid body modes.

s Isotropy test

= The solution of finite element should not depend on the sequence of node numbering.
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Numerical examples
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Numerical examples #1

Symbol | Description

0:0 MacNe al,s thin C antilever be am Q4 Standard 4-node quadrilateral element

QMb6 Incompatible modes element

SUFE Self-updated finite element

Proposed | Proposed method

y 6 ‘
02 % - | I I [ Ti\ M=02 <Elements to be compared>
P=1

Mesh (a) Regular mesh

< 45°

(E=1.0x10", v=0.3, thickness =0.1)
Mesh (b)  Parallelogram mesh

450, £ 45°
Z R il N

Mesh (¢)  Trapezoidal mesh

Table. Normalized vertical displacements at point A in the MacNeal’s thin cantilever beam using different meshes.
Reference solution : Q9 element with fine mesh.

Load P Load M
Elements
Mesh (a) Mesh (b) Mesh (c) Mesh (a) Mesh (b) Mesh (¢)
Q4 0.093 0.034 0.027 0.093 0.031 0.022
QM6 0.993 0.632 0.051 1.000 0.727 0.045 The ‘proposed method’ can effectively alleviate
Proposed 0.993 0.998 0.995 1.000 1.007 1.001
Reference 1.000 (the value: -0.1081) 1.000 (the value: -0.0054)
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Numerical examples #2

¢ Cantilever beam modeled using two elements with distortion parameter

2/L 2/L

Table. Normalized vertical displacements at point A according to distortion parameter
Reference solution : Q9 element with fine mesh.

Distortion parameter, e

Elements 0 1 5 3 1 49
Q4 0.280 0.144 0.098 0.083 0.071 0.062
QM6 1.000 0.627 0.544 0.536 0.512 0.468
SUFE 1.000 1.000 1.000 1.000 1.000 1.000
Proposed 1.000 1.000 1.000 1.000 1.000 1.000
Ref 1.000 1.000 1.000 1.000 1.000 1.000

Reference (exact) solution = 100

( £=1500,v=0.25, L=10, H=2,M = 2000, thickness = 1)

Normalized vertical displacement at point A

0 1 2 3 4 5

Distortion parameter, e

o— Q4 8H— QM6 = & =SUFE B Proposed
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Numerical examples #2

¢ Cantilever beam modeled using two elements with distortion parameter

%1 ] A

HI t )M (E=1500,v=0.25, L=10,H=2, M =2000, thickness = 1)

2/L 2/L

Table. Normalized vertical displacements at point B according to distortion parameter

Distortion parameter, e

1 2 3 4 4.9 o, o c

0 »
, \;\7\*\\\\7
Q4 0280 0144 0098 0083 0071 0.062 o+ IT—— | —
8 = T
QM6 1.000 0.673 0.624 0.657 0.669 0648 QM6 — :..u

Elements

0

SUFE 1.000 1.000 1.000 1.000 1.000 1.000 SUFE

-3000

Proposed 1.000 1.000 1.000 1.000 1.000 1.000 Proposed

Ref 1.000 1.000 1.000 1.000 1.000 1.000 Ref

Reference (exact) solution = 100

Stress distributions with distortion parameter, e = 4.9.
Reference solution : Q9 element with 4x20 regular
mesh.
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Numerical examples #3

¢ Cantilever beams modeled using five distorted elements

pl 2 2 ] 4 TP

77N )

T ( £=1500, v=0.25,P= 150, M = 2000, thickness = 1)
P

(I —
1 1 2 3 3

Table. Normalized vertical deflection at point A and normalized stress at point B for the cantilever beam modeled using five distorted elements

Load M Load P
Elements v, o v, 5,

Q4 0.457 0.587 0.494 0.604
QM6 0.961 0.813 0.956 0.824
SUFE 1.000 1.000 0.999 1.030

Proposed 0.998 1.012 0.984 1.019
Reference 1.000 1.000 1.000 1.000
(Value:100)  (Value:-3000) (Value:102.6)  (Value:-4050)
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Numerical examples #4

¢ Thick curving beam

(E£=1000, v=0, R=10, H=5, P =600, thickness = 1)

Table. Normalized vertical displacement at point A

Elements Normalized deflection
Q4 0.643
QM6 0.939
SUFE 0.963
Proposed 0.974
Reference solution = 1.000 (Value : 90.1)
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Numerical examples #5

¢ Cantilever beam modeled using two distorted elements (combined loading)

f———— A
%ﬂ : -
| P

”I 47 \ 1)“ ( E=1500, v =0.25, L=10, H=2, M = 2000, P = 1200, e=8)

P i ) NN
X < ’ > B P

l¢ e N

[ i il

2/L 2/L

Table. Normalized vertical displacements at point A and B
The reference solutions are obtained using Q9 elements with fine mesh.

Normalized vertical displacements at point A and B

Elements Vetement ! Vret
Point A Point B
Q4 0.079 0.082
QM6 0.534 0.656
SUFE 1.373 1.371
Proposed 1.000 1.000
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Numerical examples #6

¢ Cantilever beam modeled using five distorted elements (combined
loading)

2 2 1 1 4
. D e = S S S
%
= —P‘\ P
2 M ( £=1500, v=0.25, P= 2000, M = 2000, thickness = 1)
4 4|/

Table. Normalized horizontal and vertical displacement at point A for the cantilever beam modeled using five distorted elements
The reference solutions are obtained using Q9 elements with fine mesh.

Normalized horizontal and vertical displacement at point A

Elements Utement ! Uret Vetement ! Viet
Horizontal Vertical
Q4 0.652 0.457
QM6 0.958 0.961
SUFE 1.060 0.943
Proposed 1.000 0.999
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Numerical examples #7

¢ Cantilever beam modeled using four distorted elements (combined loading)

(E =30000, v =0.0, thickness = 1, P=20)

3

L

r
$a

L

r
oD

L

~

16 20

Table. Normalized horizontal and vertical displacement at point A for the cantilever beam modeled using four distorted elements
The reference solutions are obtained using Q9 elements with fine mesh.

Normalized horizontal and vertical displacement at point A

Elements Utement ! Uret Vetement ! Viet
Horizontal Vertical
Q4 0.588 0.586
QM6 0.979 0.984
SUFE 0.980 1.009
Proposed 0.990 1.000
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Closures & Future works (Topic 2)

+* Closures

= A robust method for improving the 2D 4-node FE solutions was proposed.
* Mode based formulation of SUFE
* Load decomposition method

* The performance of the developed method was demonstrated through representative
numerical examples.
* The proposed method showed accurate results in numerical examples.

«¢* Future works
=  Extension to the 3D 8-node brick solid finite element

=  Geometric nonlinear analysis

= Dynamic analysis
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