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1. Introduction to Meshless Methods
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What is the Meshfree/Meshless/ LSTC
Particle Method? Technology Corp.

> Physical domain is discretized with
particles.

> Approximation solution is solved at
the particles.

> Shape functions are constructed from
the particles; no mesh required.
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Meshfree Shape Function
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History and Research Trend LSTC

Livermore Software
Technology Corp.

@ Meshfree Method

@ Meshfree Collocation Method
E Smooth Particle Hydrodynamics (SPH) [Lucy1977, Monaghan 1980, Libersky1993]
B Finite Point Method [Onate et al.1996]

@ Meshfree Galerkin Method

Element Free Galerkin (EFG) [Belytschko et al. 1994]

Reproducing Kernel Particle Method (RKPM) [Liu et al. 1995]

Partition of Unity Method [Babuska and Melenk 1995]

HP-Clouds [Duarte and Oden 1996]

Free-Mesh Method [Yagawa et al. 1996]

Natural Element Method [Sukumar et al.1998]

Meshless Local Petrov-Galerkin Meshfree Method(MLPG) [Atluri et al.1998]

Local Boundary Integral Equation (LBIE) [Atluri et al. 1998]

Finite Sphere Method [Bathe 1998], Particle Finite Element Method [ldelsohn et

al.2004] ...
@ Meshfree Least Square Method, ...

@ (FEM, Control Volume, BEM ...) + Meshfree Method

B Coupled FEM/Meshfree Method [1995]
B Extended FEM Method [1999]
B Finite Particle Method [1999]
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Classification of Particle Methods LSTC

Livermore Software
Technology Corp.

/ B Implicit Meshfree Galerkin RKPM, EFG, ...
a Continuum J

-
E Meshfree Collocation
SPH, Finite point ..

E Meshfree Galerkin
RKPM, EFG, ...

E Explicit;
Hydrocode <

Particle >
Method

F Molecular Dynamics

a Discrete
B Others: Lattice Boltzmann, Discrete Element, ...

\
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Classification of Transient Dynamic LSTC
Code Toamnology Gorp.
@ Lagrangian Hydrocode

E FEM explicit
(LS-DYNA, PAM-CRASH, ABAQUS ...) structure

B Smooth Particle Hydrodynamics (SPH)

(LS-DYNA, PAM-CRASH, PRONTO3D ...)
structure, fluid, fluid-structure

B Mesh-free Galerkin Explicit Method

(LS-DYNA, TAHOE, DYNA) structure
Hydrocode< @ Semi-Lagrangian (Eulerian) Hydrocode; Adaptivity
B Mesh-free Galerkin Explicit Method

(LS-DYNA) structure, metal forming adaptivity

@ Arbitrary Lagrangian-Eulerian Hydrocode
(LS-DYNA, MSC/DYTRAN,ALE3D,CALE ...) fluid-structure interaction

@ Eulerian Hydrocode
\ (LS-DYNA, MSC/DYTRAN, ALE3D, DYSMAS ...) fluid flow
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LSTC

Meshfree Application Range =) A

“Meshfree Solution looking for problems” Technology Corp.
F Elastic Fluid «—— Equation of State Jo,
< >
EB.C. . ~—_ \ . P
| ~Solid .  Fluid Gas
Material i
Strength
ompressible fluid _
| Particle Finite fM.fl
:| 'ement Method Particle Alrbag
> \
(& R
L)
)
>
v
Momentum
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LSTC

Problem Looking for Meshfree Solution |Fimore sofware

Technology Corp.

Multi-Physics : shear band + history dependent large deformation +
failure

Numerical : multi-resolution + avoid mesh tangle + failure mechanics

Spectral element method ALE Damage mechanics
The variationl multiscale method Eulerian Cohesive model
Partition of unity method Adaptivity Discrete element method
(stronqg discontinuity) Mesh-free
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Large Deformation Simulation LSTC

Livermore Software
Technology Corp.

n=65728

EFG

AL LTS
O e L

EFG
Adaptivity

Time = 0, #nodes=27117, #elem=6572§ Fringe Levels
Contours of Effective Plastic Strain : 50
max ipt. value 0.000e+00
at elem# 100001 ] .
at elem# 100001 0.000e+00 _ -A Adaptive EFG
; | B EFG

0.000e+00 a0
0.000e+00

0.000e+00
30

0.000e+00
0.000e+00
0.000e+00

™

20
0.000e+00 |

Resultant Force (E+3)

0.000e+00 _

P/ \
0.000e+00 _ 10 W—/J

Time

Force
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Overview on LSTC

Livermore Software

Element Free Galerkin Method (EFG)  Technology corp.

u"(x) = ZW[”](x X, )u(x, )Ax,

Moving Least-Squares approximation
or Reproducing Kernel approximation

[n](x xl) H[n]T(O)M[n] (X)H[n](x xI)W (X x})‘

n—th order completeness welghtlng function

Wa[lnj (xJ) e 5[]

A"MA'Ad + A" KA"'Ad=—-ATR

Higher-order approximation

More neighboring nodes

«  Complicated domain
integration

Special treatment on B.C.

«  Special treatment in nearly
incompressible limit

Shape Function
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Overview on LSTC

Livermore Software

Smooth Particle Hydrodynamics (SPH) echnology Corp.
Basic SPH Equation of

Motion
Weak Form
Strong Form
dp., m,
. o B, ¥
_'0__ v % S
g Lo | @=Tus] we—suds| p=Xmp,
dv* 1 0c” Kernel approximation | ;.- T \/
dt __; ox” g dt :_me( P = Wis
J i
dE O'aﬂ ava dvl-a :_Z m; (O_iaﬂ iUfﬂ)leﬁ
71‘:_ o, axﬂ dt j PiP; ’
dEi Giaﬂ a a
di P} ;mj A \/

J in LS-DYNA 960, 970, 971
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Comparison of SPH and EFG

LSTC

Livermore Software

Technology Corp.
SPH EFG
Explicit Lagrangian Explicit/implicit
Collocative method Lagrangian/Eulerian
Galerkin method
Impact/penetration Manufacturing
compressible flow Crashworthiness
Fracture
2D and 3D 2D, 3D and shell
Efficient Accurate
Difficult Boundary Slow
condition
LS-DYNA Seminar 13



Computational Challenges LSTC

Livermore Software
Technology Corp.

@ Advantages of Using Meshfree Method

\/ ® Large material distortion, e.g., crashworthiness, hyper-velocity
impact

\/ ® Moving boundaries, free surface, e.g., fluid and structure interaction
\/ ® Adaptive procedure,e.g., forging and extrusion

® Multiple-scale phenomenon, e.g., shear band
\/ ® Moving discontinuities, e.g., crack propagation

@ Disadvantages of Using Meshfree Method
® High CPU and memory in implicit/explicit analysis (EFG)
® Complicated in parallel (EFG)
E Tensile instability and zero-energy mode (SPH)
e Difficult essential boundary condition treatment (SPH)

E Does not pass Patch Test (most mesh-free methods); Dispersed
wave properties in coarse model
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Livermore Software
Technology Corp.

2. EFG and SPH in LS-DYNA
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Element-Free Galerkin Method LSTC
in LS-DYNA Teohmology Corp.

1 Applied to solids, shell and fluid (trial version)
4 Fully coupled with finite element model

1 Easy change from finite element formulation to EFG
formulation

 Various formulations for industrial applications
1 More effort spent on improving efficiency
4 Available in SMP and MPP; Explicit/Implicit solver
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Representative EFG Applications LSTC

Livermore Software
Technology Corp.

("« Rubber industry
] /  Highly compressible foam
EFG Basic Features . Solid - Defense and safety design
EFG Plane strain #43| * Human dummy and barrier
 Adaptive forging simulation

1. Smoother stress and strain EFSFAGX%'VZQ;T;Z?M\ « Fracture simulation
2. Less sensitive to the #42
discretization (
3. No hourglass control
4. Higher accuracy * Shell * Metal Forming
5. Natural in adaptivity < EFG shell #41 * Crashworthiness
6. Higher CPU EFGshell #42 |
/. More memory
8. Difficult in parallel
9. More difficult in theory
10. More developments and .
refinements on theory * Fluid « Compressible fluid flow

EFG 3D fluid #41
\ (limited version)
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™ Current EFG Formulations for Industrial | STC
Applications s e

«Metal materials in Forging/Extrusion analysis: Adaptive formulation

«[Foam materials: Semi-Lagrangian kernel formulation\
r Stabilized Method

*[Rubber materials: Lagrangian kernel formulation

«[Meshfree Shell: Lagrangian kernel, adaptivity

*|Quasibrittle material fracture: Strong discontinuities formulation

« E.O.S. materials: Eulerian kernel formulation (trial version)
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Current Practice in Crashworthiness !—§TSEW
\\| /L

Technology Corp.

¢+ CPU time
Rl FEM: SR FEM : Meshfree (8 I.P.) = 1:4: 10
¢+ Stabilized Meshfree formulation (1 I.P.) +
Switch to fully integrated (8 I.P.)
Rl FEM: SR FEM : Meshfree (8 I.P.) = 1: 4: 3~5
* 99% > Compression > 85% requires
Formulation change to Eulerian kernel + data remapping or

Smooth meshfree approximation
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Technology Corp.

Current Practice in Adaptive EFG !—§TSEW
Nz~

¢ CPU time
FEM: Meshfree = 1: 2~3

+ Global refinement behaves more robust than local
refinement

+ Adaptivity can be controlled by fixed frequency or
interactively activated by distortion triggers.

¢+ Mass scaling is allowable.

* Element erosion is allowed and surface reconstructed for
metal cutting.
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Smooth Particle Hydrodynamics | STC
in LS-DYNA Teohmology Corp.

A Lagrangian collocative method — explicit

[ Efficient

 Choices of formulations to improve accuracy

d Applied for Impact/Penetration, Inf/compressible Flow
1 Most material laws and all E.O.S are available

d Coupled with Finite Elements through 3 contacts or
hybrid element

d Implemented in MPP version
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o
~. SPH Formulations LSTC
%‘g Livermore Software

Technology Corp.

IFORM : Particle approximation theory

: standard formulation (default)
: renormalized formulation

: symmetric formulation

: elliptical formulation

0
1
2
3 : symmetric formulation with renormalization
4
5 : fluid formulation

6

: fluid formulation with renormalization
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LSTC

Livermore Software
Technology Corp.

3. EFG Applications
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Meshfree Applications in Production LSTC

Livermore Software
Level Technology Corp.

Robustness > Efficiency > Accuracy ?

Meshfree Components in Crashworthiness Model
= Barriers; bumpers
= Car seats

= Human dummies
= Crush tubes

= Windshields

= Fuel slashing

LS-DYNA Seminar 24



ODB Simulation !-SmTSCftw

Technology Corp.

Impact Force

QDB

L AFEMIEFG
_B_FEM

FEM

Resultant Force (E+3)

Time

FAST ODB BARRIER

L A FEMIEFG
_B_FEM
L_FEM+high visco.

w

FEM/Meshfre
| FEM + high e

Resultant Force (E+3)
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Livermore Software
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whd
(&)
C
Q.
E
()
=
(/p
L
=
S
>
S
S
=
o

-
)
X7
@)
(©
)
O
g
7))
©
)
o
()
o
>
I
[
-
(7))

Time =

1338

T

Solid Foam Ribs

R
ATV
iy

)
wivawal

AR
R
gesy

P
5
o
i

Courtesy of GM

LS-DYNA Seminar

26



LSTC

Foam Compression Simulation Livermore Software

Technology Corp.

FEM EFG EFG +
Semi-Lagrangian Kernel

Foam materials : Semi-Lagrangian kernel
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Rubber Bushing Analysis LSTC
using Stabilized EFG Method Toammology Corp

Mooney-Rivlin Rubber

Poisson’s =0.4995

Stabilized EFG explicit analysis
Switched to full integration at t=100
Completion at t=150

CPU comparison at t=50

Methods | S-FEM(#1) | F-FEM(#2) | EFG S-EFG
> CPU 1.0 4.1 5.4~12.9 2.6
28
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Crushing Tube LSTC

Livermore Software
Technology Corp.

- FEM Meshfre

-A_Meshfree
B _FEM

?
oo y s
% LI W
=}
£
2
=
&
0.05
0 L L L
Time = 0 Fringe Levels
Cnnll_lurx of Effective Plastic Strain 5.000e-01
max ipt, value
min=0, at elem# 1 4.500e-01
max=0, at elem# 1
4.000e-01
3500e-01 _
3.000e-01 _
2 500e-01 _|
o
2.000e-01 jz,é:‘.
1.500e-01
1.000e-01 _
5.000e-02
0.000e+00
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Cross Joint Forging LSTC

Livermore Software
Technology Corp.

Comparisons of Implicit and Explicit Analysis

LS-DYMNA user input

Contact Id
A IMPLICIT
B_EXPLICIT
15 h
Force f /
= 10
2 /
fa]
2
=2
o
=
s A
LS-D¥NA user input i
Time = 0, #nodes=160969, #elem=150163 Fringe Levels 0 ! z 3 4 s
Contours of Effective Plastic Strai
St i Pl S samesn Time (E-03)
win=0, at elems# 34001 3 600e-+00
max=0, at elem# 34001
3.200e+00 LS-DY¥YMA user input
2.600e+00 _ 024 Mat id
2.400¢-+00 _ L
: _ACIMPLICIT
2.000¢-+00 %
k| _B_EXPLICIT
15006400 || 0.238 g
1.200e+00 | @/\%
8.000e-01 |

4.000e-01 0.236 A

-y | _ \/\

o
™
L%
B

Volume (E+€)

<
n
)
n

A4

‘ " Volume change (?.0%) \

0.228 L L L
0
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Metal Extrusion LSTC

Livermore Software
Technology Corp.

LS-DYNA user input

Time = 0, #nodes=10508, #elem=13463 Fringe Levels

Contours of Effective Plastic Strain

min=0, at elem# 6193 0.000e+00

max=0, at elem# 6193 T
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00 |

0.000e+00 _|

0.0002+00 _

10410 nodes

2769 nodes EFG Adaptive EFG

fa LY
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Wheel Forging Simulation LSTC

Livermore Software

Interactive Adaptivity Toohnology Corp.

o *CONTROL_ADAPTIVE

ime = 0, #no
orbours of Effe ofi lasti
miaz ik valve R
min=0, af elend 100001 ----4-\5__!1__13?00
ma =0, at elernd 100001 4000 F00 ) 2 5
. . "
1800600 _ o
0006400 _
25008 +00 _

oy *CONTROL_REMESHING_EFG
= | 015~ 030
0.20 3.5 0.80

o j:;' 50 I T L
v ’J\ ;" =8—No interactive: Normalized CPU time 1 __
' / Purely interactive: Normalized CPU time 0.72 | _of

* SMP with 6 CPUs Traditior}al adaptivity

IAT 0’ 3

Adaptive Steps

Normalized CPU time 1.0 0.72

# Of adaptlve Steps 50 + 22 10k .................. ..................... ................... ................... i

Purely interactive adaptivity ' Time
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LSTC

Wheel Forging Simulation Livermore Software

Technology Corp.

Interactive adaptivity triggered by indicators

Interactive adaptivi iggered by rate of indicator change

s ,r:—/—/ﬂr/__‘_/___'_ __________ ;r \h ==—-r-________4 Tolerance

Shear oA _
) o5k |/ Indicator
deformation .

38 ]
]

: t (sec)

Unbalanced
nodal
distribution

Volumetric
change
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Wheel Forging Simulation !‘Sstqw

Technology Corp.
5o LS-DYNA: Interactive Adaptivity EFG: Example 2: RCFORC 5 LS-D¥NA: Interactive Adaptivity EFG:
T A i
Adaptivity type: / /
40 o a2
B AAT 0: no interactive -
B_IAAT 3: purely interactive a
30 & /
g o 4
E ‘ ~ E 20 /
/ \ E #
| & L L E
10 P | \E{ o /ﬂ/
8 | .lh _ A F/B_//
I Py TN, ;.\/£5/ IU b _,_Q_,—"'"E-_.‘f‘_'-
. 1 \A‘ ;BL’l‘-—'Hﬁ’—_ B—\— e 1 1 0- B I’ E 1 1 1
L 05 1‘ 15 2 0 O.IS 1 15 2
Time Time
Contact force Internal energy
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LSTC

Metal CUttlng Simulation Livermore Software

Technology Corp.

Fringe Levels
2.000e+00

Time = 1.45, #nodes=97605, #elem-486973

. . Fringe Levels Contours of Effective Plastic Strain . .
Time = 0.22215, #nodes=34091, #elem=139321 3
Contours of Effective Plastic Strain 2.000e400 max ipt. value N VV / lnteractl " e

1.800e+00

= Min=0, g =i~ +2
Tn?,.:l.pn‘: ::T:mg 131398 1.800e+00 max=13. in Conerete plale @ cons Fenge Levels 1.600e+00
max=40.77, at elemi# 24112 1.600e+00 stic Stein 20000400 _ 1.400e+00 _
T ] ‘:m...m:l M P P P
1.200e+00 _ en 1.000e+00
1.000e400 1a00e0 i 8.000e-01

10008400 _

soncemn ||

° ° 8.000e-01 6.000e-01 |
w/0 interactive sotoear st
i H000&-01
4.000e-01_| 200000 2.000e-01
2.000e-01 00006400 0.000e+00

Stop due to local distortion

0.000e+00

.'3:3.-5!-‘ ietn S B A R 280 A B I R ety A0V e s .

A
2: -A_wio material damage| |
I _B_w/ material damage
) Resultant force
0.5 I ¥ —

Time
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LSTC

Metal CUttlng Simulation Livermore Software

Technology Corp.

LS-DYNA keyword deck by 15-7]

Material
damage region

Metal cutting .
Time=  0#nodes=37337, #elen=156522 Fringe Levels
Conbours of Effective Plastic Stain 2.000e+00 _
max ipt value

min=0, ak elend# 13133&

ma =0, ot elend 13133& 1.600e+00

18008400

1. 400e+00 _

1. 200e-+00 _
1.000e+00 |
&000e-01

ent erosion

E000e-01 _|

‘Damaged’ elemen
adaptive re-mes

“000e-01

2.000e-01
0000e+00

!

R —

v, (X) : Local smoothing function

Global remeshing and Local surface smoothing
remapping and reconstruction
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LSTC

Livermore Software
Technology Corp.

4. SPH Applications
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LSTC

High VeIOCity ImpaCt Livermore Software

Technology Corp.

CONFIGURATION:

Projectile:
material: 304 L Steel
velocity: 5530 m/s
geometry :sphere, = 5 mm

Target :
material: 6061-T651 Al
Thickness : 2.85 mm
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@g‘:% Bird Strike LS quw

!}}%’/ Thlgpr

BIRD IMPACT
Time = 0
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LSTC

Automotive Applications Livermore Software

Technology Corp.

TEST MODEL
SPIN TEST

Time = 1]

Wi
i

Hydro-plane Spin test
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Hybrid Element Coupling SPH with Solid LSTC

Livermore Software
Technology Corp.

Hybrid element: Solid elements constrain SPH nodal locations. SPH elements provide
"penalty force” against solid nodal motion. Hybrid elements are used as transit layers
between SPH elements and solid elements. (shared part ID)

Advantage: We have the SPH formulation which can endure quite large deformation and at
the same time we have the solid mesh which clearly describes the material interface.

Hybrid elements Advantage: Doesn’t need extra tied
interface between solid and SPH

i T
i
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Impact Example LSTC

Livermore Software
Technology Corp.

impact 6.18 kmis alufalu
Time=  22.491

Contours of Effective Stress (v-m) 9.3540-02
min-0.000184083, at node# 1
max=0.0935444, at nodes 10006364

impact 6.18 km/s alufalu Fringe Levels
Time = [

8.421e-02
7.487e-02
6.5548-02 _
5.620e-02
4.686e-02
3.753e-02
2.819e-02
1.886e-02

9.520e-03
1.841e-04

Final shape
-

rnramas vn L s g -

min=10, at node# 1

mas=0, atnodes 1 0000400
0000400

000400 _
0000400 _

0000400

0000400

0000400

0000400

0000400

-

Coupling layers Effective stress

LS-DYNA Seminar 42



Technology Corp.

PR
g@ a : LSTC
S /4 5' Conc' usions Livermore Software
Y

d Meshfree methods can solve problems that finite element
methods have difficulties.

O EFG in LS-DYNA provides engineers a powerful tool with
robustness, efficiency and accuracy.

0 EFG has been successfully applied to crashworthiness,
metal forging/extrusion, and can be used in metal cutting
and fracture analysis.

O SPH in LS-DYNA is an efficient tool for high velocity
impact, penetration and can simulate solid, fluid
materials.
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