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LAMMPS is distributed by Sandia National Labotories, a US Department of Energy laboratory
http://lammps.sandia.gov/index.html
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Large-scale Atomic/Molecular Massively Parallel Simulator
DEEXFZ EDT. LAMMPS EBEFR

-BEFEDIT A /NLSANDIATFD 3 A  http://lammps.sandia.gov/authors.html
Steve Plimpton, Aidan Thompson, Paul Crozier

SANDIATFZZ R LIS O BFZZH#ERI(ORNL,, LBNL., LLNL) ¥ XZIZHL Z<ORAFEB HE
MNT, LLAIESANDIAD AR B L BEHFELI-EBR DA HZ0N
(OA—FD80%NMA T E D hhoihsEINT=E5)

-S.Plimpton>AEFE L= KT D M FIMDI—F AParaDYN,1993(F77). ThEHE
LI=DHBLAMMPS99(F77). EBEERDRTU v IL O GHEBEENML THREL-DMN
LAMMPS2001(F90)

—2004F(ZFEBECHIZERLT, F=I[CLAMMPSELTY)—X

Ref. Fast Parallel Algorithms for Short-Range Molecular Dynamics,
S. J. Plimpton, J Comp Phys, 117, 1-19 (1995).




W (T BLR)) 5 F B ;1= - - - Classical Molecular Dynamics
RPN FDHEBEERAZELCETRFITFDOEEZETE (U035, MUNEE)

XEAEXIEZa2—FUAEX F=ma

KEBMNRELT, HIToNDSIE—RE (HFEHF) 5 (First Principal MD.
ab initio calculation) LWL\ FELH AN FELVTVWSARERF 2L T+ H—AEK
(FfEl&FordEikF) TELD A

HHEMMDIEH FRIBEERAZRET 2 NIGTREEBRINGE/NTA—FZHT
AELTWWADICHL, F—REBEHEILIERERMGTFETRE, TD=6H.,
FREMNSV, RE. SFEIRMIFFHENDIFEDA—F —IZLEHI,
HEEMDIENE L<IENIogNIZEE 51?2?27

- HEMDIEEHGRBEITETEL2ET DRFZEIN LGNSO T - REGIREFT
TR EIAARKEZEOLEVDDTEATIEN ATYTRITEX,

-CPU)Y—RADRNERITE R LLTDEY
115 (pair time) 80% [EFERAIEER 15% Z Dt 5%

‘FEM., FVMGZE DM EFELLERT BBELGAMAV T HRA U MILIENE F ?
SA—/N—AVE1—T4 T D/—RNI)LE . T—FR)IVEDIERHICIFRIFEEEH




Scaled-size Rhodopsin Protein

B 5D DY (P. Crozier LAMMPS tutorial 2011 wol
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(weak scaling)
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HPCx (131)
20 —@— Blue Gene Light (661) 120

2)EEN 2 E S
Solid mechanlcs\ Biophysics. chemistry,
Granular Flow, Materials Science

3)EVaA—ILAR
pair_reax.cpp. pair_reax.h
fix_nve.cpp. fix_nve.h

HEREIZEARBICY—REAYS 774)1/0)5’%1%5‘2311'&\%) ?

4) RT3 )L 0)3E F & B

RF7HRT24)L: LI, Buckingham. Morse, Yukawa, BEFiHHRToI vl
ZHRARTULUvILEAM, FS. MEAM, EIM, SW, Tersoff.

FAXRKIERT )L :DPD, GayBerne, mesorR7 34 )L :granular, peridynamics
Long-range —R> H/57E7:Ewald, PPPM

Z D IEH . bond potentials / angle potentials / dihedral potentials / water potentials
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Pair potentials : LJ., Buckingham. Morse. Yukawa

Manybody potentials : EAM. FS. modified EAM, SW. Tersoff, ReaxFF
Coarse-grained potentials : DPD, GayBerne, DLVO., colloidal
Mesoscopic potentials : granular, perdynamics. SPH

Polymer potentials : all-atom. united-atom. bead-spring. breakable
Long-range Coulombics / dispersion : Ewald, PPPM

- FE R S RE
Stochastic rotation dynamics(SRD). atom-to-continuum coupling with FEM
Coupling rigid body integration, DSMC. temperature accelerated dynamics

BRIk
OpenMP., GPU, CUDA/OpenCL. Optimize
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M add-on package

-ELBA-LAMMPS (Mario Orsi )
ELBA Coarse-grain modelzFWL\ 5= DX IRV —ILFvh

LIGGGHTS(Christoph Kloss@JKU)
Discrete Element Particle Simulator
—LAMMPSE FHRIE M E 5 LAMMPSIZ3H ADEMEREEYLE L=/ Vv —

1) RIOBRFORBFEZETIVETESLSICEMERXILZEEER
2)CADMOLTER=ZABAY ADAVR—k N\ RYVT
)BEIAYI A

AYRIFEM7ZILTYXLDHE

5) $E il 1 F 8 D B B/ BnE

ZOIEM . FEAHF. FERIKTOEBERIAES. BEmEmtE AMIE

+ OpenFOAME M CFD-DEM 2way or 4way coupling(i It RE (X SR HE ?)
Nr—DF)—1=08 BARELNEIRICRY—IVERE. Y R— M FEE
-LAMMPS-ICMS - Axel Kohlmeyer's add-ons to LAMMPS

SATRARMR ., 37 A2/ \—D— A Dr.Kohlmeyer (temple U) BRI M) TY—REE
RAR—T Tyoutube L DENEZE BT




M Dr. Kohlmeyer's movies from youtube

Visualization with VMD
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BRUFI—7
FHEDIIU TS —UITIERSN TWBR U FIY—IREETE.
ST HE THASN - SEDOY LU ED /R TH—I U RE LB

I ANRYY

CPU: AMD Phenom I X6 1055T (6core).

memory:16GB. OS:openSUSE 11.4 x86_ 64

fHIRE- - -LIART> )L 32000atoms, 100step. NVE time integration
DR E O $1 F 24 [ & T it 51 $1 /0 (strong scaling)

PhenomII | 4coreXeon | ASClred | Mac laptop | IBM BG/L | Cray XT5
Clock rate 2.8GHz 2.66GHz P3 333MHz G4 1.0GHz | P440 700MHz | Opteron 2.4GHz
Date Mar 12 May 08 Aug 04 Aug 04 May 05 Jun 11
lcore 3.191 4.31 62.9 4.31 29.0 5.36
8(6)core 0.816 0.762 8.75 - 4.261 0.73
QA FFNIZIEL T, A—RETILHSHIFHNME (weak scaling)
PhenomII | 4coreXeon | ASClred | Mac laptop | IBM BG/L | Cray XT5
8(6)core 4.551 7.009 67.7 - 31.004 6.56
Scaled eff 70.1% 61.5% 92.9% - 93.5% 81.7%
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B Peridynamics &%
WikipediakY

Peridynamics is a formulation of that is oriented toward
with discontinuities, especially

- FEMICRRENDMEEDERA N FEBICKSRMA ARERXEKRBET S
fRETIIZRLGED R EFRGZERODEFEICEROMA =N KROONT | BIET D,
ZD=8 . WIRZTF B TIIERMIAEORYRWDICHRGFEZALTLS,
(I DI KRZRE. JIFED . THED )

Peridynamics Tl&

OMH FREXTIEGL B AR EAELS

Q& EOLNBBIZIL, TR FENFDEHRAENFEN—D3 ]
—HAROEEETHEERT OXEDES (Lo T, EfAIEERER

QEFTE. ERDERZRHHRGIMYFZNETITELL BRAICTHERTES

> The term "peridynamic," comes from the prefix peri, which means all around,
near, or surrounding; and the root dyna, which means force or power.



http://en.wikipedia.org/wiki/Continuum_mechanics
http://en.wikipedia.org/wiki/Deformation_(engineering)
http://en.wikipedia.org/wiki/Fracture

BELE

pii(x,t) = | flulx',t) —ulx,t),x" —x)dV,. .
H, Horizon for

+ b(x,1), Point x

H,: xOBER. u: ZEUANTML
b : body force density field. p : BEZRE
f . pairwise force function

SHREZERTOEMME § = X —X
FARZERL n=u(x ,t)—u(x t)

\ 4

n+¢§: 2FHDIMEDERLENVRIL

X & X D2KREDOHEE/ER = “bond”, -> special case of elastic interaction “spring”

€l >6=>f(n& =0 vn
- d=horizon. RxXMLOLLEDIEBED REDHEE/ERAIZE = cut off radius




BERE () fo

the general form of the bond force g(s)/,
s FEMTL\SEZAD =1 7
R RICHEY = e
fm & = e 17 |f(3'(t) & t) V& 5 - EER \
y=In+¢l /lFO

bond stretch s g

18k >0 3
_ e+l —IEl_y -l c=—3
€] €] c
f(S, t, f) — ,u(t, E) — ,u(t, f)c X S Proto-type Microelastic Brittle(PMB) material

—HEEMH QD) —F HGES TR
C :spring constant, u: BREKEDST A—EH#

u(t, &) = {(1) if s(t',é) <s,

otherwise

X HIFEl T DoverlapZF< DI, short-range force(repulsive only)Z &0

f(n, &) = %m n{O —(II{ + || — S)} ,ds = min{0.9]|x — x'||,1.35(r; + r',)}




B EMU code

Peridynamics D £ # D THSSANDIAFFDDr. Stewart.SillingH BAFL 1=
A4 )La—K(F90) http://www.sandia.gov/emu/emu.htm

* Membrane/barhMEZ 5., BB -FREBENEZ S EE#M OV D)— KA S
LAMMPSIZH S SN TLNS#EE +ah H S HZE FHO—F (Not free)

&

LAMMPSA DR (T FHEE DDr. M.Parks@SANDIANE ., 41 & [Zupdate?




M Peridynamics via finite element analysis

ABAQUS Coupled Displacement
In Direction of Impact

ABAQUS
é

Fig. 2. Deformations for the plate perforation example,

Bond Stretches Near Perforation
With Broken Bonds Removed

EMU

R.Macek(LANL). S.Silling
Finite Elements in Analysis
and Design. 43 (2007) 1169-1178

FEMEDAYT) T En TR
O—k~MEZ (Abaqus Explicit)
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FMORAEZFTERE

[x10°] Penetrator Acceleration Filtered at 20 KHz
0.80 I T T I I
i I | I
acc_abgq 20KHz
B acc_emu_20KHz
—~ 0.60 |- m
] b
2 I 3
E 040 |- oy .
= N
2
S
L
E \
< 020 f \‘\ —~
‘: \ \ ]
I A \\
i s
000 - | 1 NS Do
0.00 0.50 1.00 1.50 2.00 250  [x107)

Time (sec)




B examplel : impact of a sphere on a brittle target
RZaT7IIICRBE SN TS T ILETIL

100m/sec

v Smash!!




BMexamplel : impact of a sphere on a brittle target

reference(M.Parks)




BMexamplel : impact of a sphere on a brittle target
AL ET L TINGA—=RH—R A R—ZX:V=200m/s .K=14.9GPa . bond stretch=0.005
V=20m/s

bond stretch 0.5




M example2: crack growth

Soda-lime glass plate(microscope slide)
Dimensions : 3xX 1 X 0.05, Density:2.44kg/m3
Elastic Modulus: 79GPa. Time: 50usec(20k timestep)

notch at top

< )

S F. Bowden, J. Brunton, J. Field, and A. Heyes, Controlled fracture of brittle solids
and interruption of electrical current, Nature, 216, 42, pp.38-42, 1967




M example2: crack growth
Result (M.Parks@SANDIA)

Peridynamics

Physical Experiment’

Large Scale Peridynamics Simulation @ Dawn(LLNL), IBM BG/P

Size: 82million particles . 20k timesteps — 6hours on 65k cores

Weak Scaling Results

Cores Particles Particles/Core | RunTime(sec)
512 262,144 4096 14.417

4,096 2,097,152 4096 14.708

32,768 16,777,216 4096 15.275




M example2: crack growth

Critical bond stretch Sy,=5e-3 Critical bond stretch Sy,=5e-4
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B complex geometry analysis is under construction
Stanford bunny — voxel meshing(binvox http://www.cs.princeton.edu/~min/binvox/)

Pantheon — Adventure Tetmesh(http:/adventure.sys.t.u-tokyo.ac.jp/jp/software/overview.html)




B ZZ 3k

[ Reformulation of elasticity theory for discontinuities and
long-range forces| S.A.Silling

J.Mech.Phys.Solids 48 (2000) 175-209

[ A meshfree method based on the peridynamic model of
solid mechanics] S.A.Silling, E.Askari
Computers & Structures 83 (2005) 1526-1535

[ Peridynamic modeling of membranes and fibers |
S.A.Slilling., F.Bobaru
Int J of Non-Linear Mechanics 40 (2005) 395-409

['Implementing peridynamics within a molecular
dynamics code | M.Parks. R.Lehoucqg. S.Plimpton. S.Silling
Com Phys Comm 179 (2008) 777-783
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-Paraview, Visit, ensight etc
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-peridynamicsIZ DWW TIFBIRIRRICH R =Ko ELVATHNIE.
BENEREBAHENTED(AIREELHD ?)

f=t=L.

Rl BN EHDEERNELGLIDOTERET —FEDLLEAEHLLY

B2 D AV AT —HRE. SHERBREAS D

— Al 51 4b Tt RS
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HFEEDLLE

—XFEM(code-aster), EFGM(PETR KRYSL'S code), DEM(LIGGGHTYS)

HAED LR
—LAMMPSD7 Y7 T—h+aTXBMSEITHRICF YL Y

RIREFTHE
—amazon EC27? . & KEDFHE#L 2—%BYS? 7 72




