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Major discussion points...

» Why even consider Multiscale ?
» What do we mean by consistent deformation ?
» Solver design for Multiscale modeling

» Can explict-to-implicit scale coupling be
considered ?

Ref:  Heinstein M.W. “A Finite Element Multiscale Capability for Nonlinear Quasistatic
stress Analysis,” Finite Elements in anlysis and Design, Vol 4. April 2005, pp. 800-
817

Fish, J., Chen, W. 2001, “Higher-order homogenization of Initial/Boundary value
problem,” Journal of Engineering Mechanics, Vol 127, No. 12, pp. 1223-1230
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Motivation for Multiscale Modeling

Computational Simulation & Parallel Computing:

» Routine models are now (O 10°-107),

and are run on many processors (O 10?-

103)

Observation: as problem sizes 1t, # processors {t

» QS: solvers loose scalability (complexity

increases greater than compute cycles)

» ETD: Courant limited time integrators stagnate
(cost increases extra (h) with refinement)

fh
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Performance: Solver scalability

Emerging strategy for
Solver scalability:
Multi-level FETI & GDSW solvers

3-level

NN Level 3
Y Coarse
problem
()]
E Level 2
O Coarse problem
Level 1
Sub-domain problem
(Schur-compliment)
100 103 105

# cores
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Physics Modeling: Failure

Failure modeling is inherently a multilength scale phenomenon that requires a
failure model and a computational method that solves for solution gradients at
interesting locations.

Although, adaptive mesh refinement (h-adaptivity) allows us to capture solution
gradients for a class of problems, there is another class of problems where
structural idealizations made in the reference calculation require a fine length
scale with a different mesh topology, e.g.:

Failure of a bolted joint

Thermal cycling of a
solder joint

Fine Length Scale
\_// Model with bolted connection
Reference Length Scale
Model with solid connection
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Multilength scale modeling is a computational
technique aimed to provide detailed strain and
stress results where failure prediction is critical.

The ability to “freely insert” a fine length scale mesh
requires a solution of a coupled boundary value
problem.

We anticipate that for many applications, multiscale
modeling & mutiscale material modeling (e.g. RVEs)
determines ultimately how well failure can be
predicted.
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Multilength-Scale Modeling

Reference length scale (rIs) body, Q™ , with surfaces T
r? and 1’

where, the following variational principle applies

SM= [ TV su; jdv+ [px*Suzdv

ers ers
— [pb*sudv— [s*Suyda+ [(~tySgy)da eqn. (1)
ers 1—~1 1—~3
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Introducing a second length scale

Lets introduce a second length scale, called the fine
length scale (fIs) body, /s with surface I, and r”.
Note that the fIs body with exterior (boundary) surface 1?
is fully inside the ris body and consequently overlaps it.
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Domains and Surfaces

If the following sub-domains and sub-surfaces are defined...

Ty — (T A7)}

i’/ AS

= 3
F { rls mrﬂs}

) ris fls
{ers L (ers ~ Qﬂs ) j\/ {Q N }

O o — rj%,
O O™ 0N O ﬂs mrqu}
@ {ers _(ers mQﬂS)} { rlS- ( rls ml‘},s)}
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Variational statement

...then we argue that the following variational statement

holds: ) )
ers _(ers ﬁQﬂS) Qﬂs

+ | p i*Supdv+ [ p x*u,dv
ers _(ers ﬁQﬂS) Qﬂs

k k
QVS_(QVSmQ S) Q S

2 lj s*6u,da— [ s"*Suyda
et

rls ris

s | (-tyogy)da+ [(—tyOgy)da
P e T

rils ris

__ sls terms L fIs terms

1 1
ﬁFﬂS FﬂS
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FE Discretization of the

Multi-length Scale problem
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Imprinting the FE Discretizations

In order to perform the integrals in egn. (2), we need to
define the following sub-volumes and sub-surfaces via
intersection (an algorithm which we call imprinting):

3 3 3
{yfls (L yf‘ls } \ / {yrls - (yrls a yﬂs )}

el
N\ s

k

3 3
VﬂS o—e 7/]3‘13 e {les myﬂs}
l
gl £ — {1 — o OV 71}
{Vrls T (Vrls M Vﬂs )} o )/?zs """ {7/1{915 <L yf‘ls}
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Imprinting: &b <251

Imprint of ¥ onto V%s
yields nodes o and o

b
Imprint of 7 s1s onto
Vel k=12,..)

b

yields facets ..2.5 7ris
, b

and (YITL o] yﬂS

The discretization of the fIs boundary is imprinted onto
the rIs volume within s elements {e/*,k=12,..} .
Additionally, the rs element edges are imprinted onto 77
- thereby completing the intersection {y,, <~}
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r- ~ Imprinting:

e WAL

Elements of /" that intersect ¢
g@ﬂ VIS el k=12,
defining the imprint elfs

A<
" \.e {erls A VﬂS }

{erls ~ Vﬂs }
and 4 fis erls}

VIS el k=12, ne™

Is

A reference length scale element ¢ is intersected with
a collection of fine length scale elements {e;{ZS,k=1,2,---} :
defining the intersection {¢* v/ and (#/* meﬂ(‘%
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Imprinting:

Imprint of yfls onto 7/]3%
yields nodes o and o

3
Imprint of ¥ 7is onto 7.

yields facets $::::2 v,y

and «—e 3

The discretization of the fls interface surfacey 7 is

imprinted onto the rIs interface surface 7,

m
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Constraints between Multiscales

With these definitions in hand, there are two computational
mechanics arguments that need to be addressed:

A Boundary Constraint s.t the boundary between
the length scales described by the 2 discretizations yqu

and y%. deform consistently

An Interior Constraint s.t the material described by
both length scales /" : ¢/, k=1,2,...} and [{¢"* AV /")
deform consistently
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Multiscale Boundary Constraint

A Boundary Constraint s.t the boundary between
the Iength scales described by the 2 discretizations yqu
and y%. deform consistently

« what are the deformations descrlbed by the 2
surface discretizations y ﬂsand vy ?

« what methods are there to enforce the boundary
constraint?

« what does it mean to deform consistently?
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Boundary deformation %%

Constraints:

be /®
drls _NI drls
bO /1@
drls _NI drls
bO 1@
drls _NI drls

b
e s

b
Y ris

interface segment

The deformation of the discretized fIs boundary is dictated by the
motion of nodes @ , and the deformation of the ris imprinted

boundary is dictated by the motion of nodes @ of element ¢’

J

allowing the interface segment to deform differently on the fIs and ris

m
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Multiscale Interface BCs:
Comparison of known methods

A node-colocation algorithm for
the boundary constraint between
the length scales is an MIPC

A least-squares algorithm for the
boundary constraint between the
length scales is a mortar method

A linearly-consistent algorithm for the
boundary constraint between the length
scales admits the solution to a first order
patch test for general curved surfaces
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Multiscale Interface BCs: issues

The issues involved in the Boundary Constraint are
similar, we realized, to properly tying meshes together, e.g.

y

> .
lm Prescribed moment

-

8x80 mesh Analytic solution is

. m—— “pure bending”

8x80 mesh [HEEE "-::-
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Multi-pont Constraint Interface BC

An MPC for the boundary constraint between the length
scales enforces pointwise compatibility

In order to admit such a }‘\
solution, the deformations of
nodes on V?Zs must be

equivalent to mapped nodal

deformations on Vfls

b
yﬂs

b
dlye —d9'E 'R N (EN)d]S = Y ris

rils

pointwise values (nodal degrees of freedom)
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Mortar method as Interface BC

A mortar method for the boundary constraint between the
length scales 1s a weak enforcement of compatibility

In order to admit such a }‘\
solutlon the deformatlons segment

of 7/ s and )/ fIs must be

equivalent in a least squares

integral sense across the

interface in every ris
element € , 1.e.

b
yﬂs

b
Y ris

W= [Md g =dy)dy = IN; 2 (N;djf =N, d,f)dy = 0

7/rls 7/ s \

functional representation (interpolation of nodal degrees of freedom)
11} Sandia National Laboratories




linearly-consistent Interface BC

A linearly-consistent algorithm for the boundary constraint between
the length scales admits the solution to a first order patch test

In orQer to admit such_a , }‘\ S
solution, tt})e deformations of 7 s segment
y?%, and 7, must produce a
constant stress acting in the

) > 7
interface segment w1lth1n HN \
every rls element e .

b
yﬂs

. b . . . b
Since Vs is an imprint of ¥ /s
the work must balance, 1.e.:

W= [ n;5(d;),, dy - [ n;6(d;) g dy + [ n;8(d;).dy |=0
\ ¥ rls Y fls Vris
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Multiscale Interface BC: beam example

32 el.

SIEXT

I -73.0

.o

o .
1

mm !

ey =

o ]

S1EXY

?KFB I
n .D D
t\-.'li:l M

I -%E2.9
121.1
83E.1

Mortar method mesh tying: linear interpolation of interface tractions, no modes are
unresisted but cannot pass patch test for general curved interfaces

I -o7E.4
128.5
o ocaay

Consistent mesh tying: A constant stress field is accurately transmitted across the interface,
but higher order modes are left stress-free (analogy: mean strain modes , hourglass modes)
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Multiscale Interface BCs: summary

Linearly consistent approach
+ properly treats non-zero interface volume
- currently only allows for a constant interface stress

mortar method

+ allows for a linear variation of the interface traction (converges at the
same rate as the displacements)

- the unknown Lagrange multiplier is a traction and not a stress (cannot
pass the patch test for general curved surfaces)

Bottom line: the appropriate interface BC depends on the problem

When there is initially gaps or overclosures on the interface, a consistent
tying approach is the only known method to properly handle the work
done by the non-zero interface volume

When the interface has zero initial “volume” a mortar method
is preferred because of its linear variation (and hence higher order rate of
convergence)
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Interface BCs:

A linearly-consistent
algorithm or a mortar
method for the boundary
constraint requires an
imprinting of one
discretization on the other.

Must be parallel, scalable

“imprinting” algorithm
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Mutliscale Interior Constraint

An Interior Constraint s.t the material described by
both length scales [y .o/ r=12,.1
deform consistently

and

{erls ~ Vﬂs }

what are the deformations described by the 2

volume discretizations?

what does it mean to deform consistently?
why do we want consistent deformations?
what methods are there to enforce the interior

constraint?
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~ - Element Deformations . % s.z..

Deformation of a reference
length scale element is
decomposed into two parts:

D s = ¢ o iy B Ay ﬂs)

el"lS el"lS _(el"lS mVﬂS) (el"lS mVﬂS)
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- Element Deformations @ ¢ s..
e L. =
AN
Deformation of a MLS @
reference length scale element
is re-composed of two parts: E;"j;;tﬁj}

O s - (perls _(erls mVﬂS)

rls rils rils s
EMLS e’ —(e AV )




Multiscale Internal Energy

SI1 = | TV Su; jdv+ | TV Su; jdv

ers_(erstﬂs) Qﬂs

+ | p ikSu dv+ [ p i*Su,dv
ers_(erstﬂs) Qﬂs

= [ p b Sudv— [ pb*u,dv
ers_(erstﬂs) Qﬂs

— [ s*6uyda— [s"6u,da {Vrls _ (Vrls ~V /s )} y J1s
1ﬂills _FI}ZS mFjl‘ls FJI‘ZS l

rls

] (etySey)dat [(~tySey)da tep ,L=12,.}

F};‘;Zs_r}?]s ml—WJS)‘ZS 1—?Zs {e I{ZS k — 1 2 }
” EI5)000

Z [ -“ BZEIS Tezls dv + Z ( -“ BZﬂS TeﬂS dV)]
L rls IS ~p fls k eﬂs merlsk :

L ) L
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= _‘Specific rls element contribution

Contribution of a MLS reference length scale element is
composed of two parts

Ij . T T
j T Sui, jdv = j Be”ls Te”ls dv + Z ( j Be s Te z dv)
Veltflis Vezls _(Vezls ~p Jls ) k Veljjs mezls

which is coincident w/ the deformations:

(PeﬁsL . - (Perls i erls ~V ﬂs) + (PV fls - erls S é((P eglﬁ )
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Solution strategy: separate scales

To allow a more efficient solution of the Multi-length
scale problem, it is desirable to separate the length
scales, i.e. in any ris element , L:

ITU ou; ;dv = j B ,,;ST s dv + j B ,,;ST s dv

V(ezls IMLS . zls _(V zls mVﬂS ) . zls mVﬂS

which is a proper statement iff,

| B,,,ST,,,de Z( j BT, dv)

rls mVﬂS ¢ mezls

yeL * y ok

rls element where it intersects fis elements
11/ Sandia National Laboratories




&<

make these equivalent

rls

- Separating length scales within a

specific rls element

erls . (erls N Vﬂs)

fls  rls

;( [ B;STeI{,de)

rls and fls
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Approximation within a specific rls element

Contribution of a MLS reference length scale element is
approximated by considering the mean contribution:

| BLT,av= Z( ] BT av)

1S ~p fls ﬂS s
v er a4 Ney

Vk
T.Y | B,y
k

fls m erls

y L =0

+%( | 5" (B" )y egsdv)
% higher order terms
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Enforcing the Interior constraint within a
specific rls element

Z( j Ve"Tﬂde)

The mean stress is T ol e
computed as: e
P Z( jV dv)
eﬂS rls
ok °L

One method to enforce that the mean strain energy is

equivalent is to construct an equivalent hypo-elastic
material : ~

kk
T =20 oty + (K i = 1)20056;
where ALY dev(T )
o) T4 [devie )
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Enforcing the Interior constraint within a

specific rls element

Another method to enforce that the mean strain energy is
equivalent is to construct an equivalent hypo-elastic

material : - . 3 5 ée"ls N
_ 19
rls 2G ”lsgrls T (Kezls - )grlsgﬁ
where: T tr(TeﬂS) > Hdev(TeﬂS) ,
: rls — rls —
T o) T deve )|,

And to enforce the constraint that:

HU(U) [Brls] rls |:A(Bek ):|
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Multiscale Solver

‘ The solver is explored by way of the following example: ‘

reference length scale model is an isotropic
elastic material which has modus E,

symmetry | A
pkme“‘x__,:f E, —

E,
\j\ E
_'_‘—\—-_h__‘_‘_‘_‘_‘_

/ 1

fine length scale model has two element blocks composed of

isotropic elastic material with modulii E, ,and E;= E,/10

respectively
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symmelry

plane™~_¢ |

Nyl

Boundary Constraint m”‘“‘-i_ﬂ

Multiscale Solver

initialization

» imprint
of sset

e constraint
operator

a=set 200

,f/}j Interior Constraint

L~

» imprint
of blocks 1,11

+ prolongaticn
operator

e restriction

fﬁ operator
» constraint
f{}ﬁ, operator
7 ELSHBLOcks 1 6
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IMILS surface -in- volume imprinting

6\ AT
>

A |

3, e NANAN

5

T A==
o il f
A A
L~ ,.r"'f |~ |
-] A ld i 4 |-k 1{
4 4 _—
L1 I"'} |1 —
f’j ; f’df ,A’A -
| i —_—
=l ||
x"'ﬂf 17 ‘_,--*‘Jf -
1] _,.J"‘, 11 r.,d‘/ —
ol = L | —
|4 A = F‘_J.-F" 1471 |1
11 /,f |- ]
B AN —PT 1
L~ ,_.-I‘f 1
.-""" _,-""fl |
& |1 —
L1 1 |- I
H,,r"_ = 1’4/* .
11 |1 —
L= _f"f L~ i —
L~
-‘!_, .--"“| f‘_‘_.-"f‘ —
b ol

fls surface ruled surface

————— -1
.-"’drﬂ
. .
e g
i ]
-1 ""_4"'4
i L
11
T ,,_,r"‘
I‘_,- 1
! .
L f,f"
i =
L] ;,_A-"'A
v [~
L1
f"-'-‘]
|~
rls surface

The purpose of the imprint is to define
regions over which the integrand of the
boundary constraint equation is piecewise
confinuous

The triangular facets describing the regions

are actually scribed on the faces and interior
of the parent element. (The ruled surface is a
connection of the fls&rls edge of the region)

pasition & normals are defined by
interpolation within the parent element and
NOT on the triangle itself

on the face of a parent element, e.g.
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= - MLS volume -in- volume imprinting

rls volume

il B y 7
%, o &

L N A F ' b

W el / \ e B ’ Y

M, ) ol 1| | 1 X W |

I-C a7l |7 P PN ool Il (el ) f | f;r
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ol Multiscale solver: RLS solve

symmetry | | | A

ws [ L [T ns

rls sg!ve ] The rils solve to start with The fls element blocks
Y is using the user specified are all designated as
constitutive response, i.e. inactive => no F™ is

E=E,,v=03 calculated
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“."... Multiscale solver: FLS predictor

T A predicted FLS
H; incremental motion
- =__,/7 1s computed for
every node in the
fine length scale _
_——h__________ / -'_"‘""--._.__H_‘____‘_‘_H_‘_‘_
To do so requires a \
prolongation operator PEEH | /
predicted incremental motion
incremental rls P{E, ki LNI{E}NE{E}“‘NM{E}J {'} - fls (21 rl
motion, U ;- \ u,r =P
|

e LA e B
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, Multiscale solver: FLS solve

RLS

%

it
Ny L

The ris element blocks The fis salve is subjected to
are all designated as

inactive => no Fll'lt ig ﬁ‘g- solve 3 the Bounda_ry Constraint;
l 1"," = 1L-

calculated v Hmpc(u) =0

or

find 2 st Ho(u) = 0

FLS
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-~ ‘Multiscale solver: homogenization

Equivalent hypo-elastic material properties are computed for
every ris element which has fls material in it. To do so requires

a volume operator vratio and a restriction operator

4 homogenization

rily rily

£

C =(-v)C°

—E’H-‘.— —
+v - C (2G, K)

ELS

R-\\\m

|~

mean stress in a RLS element

_f 1

g. = — | g..dv

Ve y:

i

1
2

rl
= LEV'{ (e a
P

VT

ki

f
i

- n(of)

mean strain in a RLS element

A
vET

E‘r"' £

riy

e f
L)

(58] Ot Blnsimnt § abemsnbnrinn
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~_.Multiscale solver: repeat RLS solve

FLS

: RLS

T

The rls solve now uses The fls element blocks
rls solve ] the homogenized L are all designated as
Y constitutive response ¢’ inactive => no F'™ is

calculated

T
T
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= - Multiscale solver: FLS predictor

RLS

—
\/

FLS

=

A predicted FLS 72
incremental motion ) . .
is computed for predicted incremental motion
incremental every node in the ' f 1s__ T rl
1 - \ =
motion, U :EEK S fine length scale \ u.r =p (E

—— %
T \\/
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~ = Multiscale solver: FLS solve

RLS

=
T \\/

The ris element blocks The fis salve is subjected to
are all designated as

inactive => no Fll'lt ig ﬁ‘g- solve 3 the Bounda_ry Constraint;
l 1"," = 1L-

calculated v Hmpc(u) =0

or

find 2 st Ho(u) = 0

T
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-~ ‘Multiscale solver: homogenization

— 1 |

Equivalent hypo-elastic material properties are computed for
every ris element which has fls material in it. To do so requires
a volume operator vratio and a restriction operator — m(E»)

mean stress in a RLS element

ﬁf. = L a..dv
i c if
o Vi e
4 homogenization v
= LE J- {:”dr
VEF Cf
L ‘Er.h' W
C =(1-v)-C iy
& = LEV"{F‘E cr'.F.
N s _ .U.(.' F L
— wv CRGE) | L r
e | _ oy = m[{:'- ]
— where: L
mean strain in a RLS element
is ({21 i}
LA ) )
v, = - 26 = = K = E'f b, _|E.F,fl"‘1€ E"F
Fiy e — 3 -
l,,-'f dm[m[é'g;]]‘: H{m[éﬁ]] L ve T 1

(58] Ot Blnsimnt § abemsnbnrinn
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fultiscale solver: converged load step

RLS FLS

% o
—L g\\\/

equilibrium iff:  If after homogenization the residual on the
rls dofs are acceptable small

If so then update state on both length scales

\ Y
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- “MLS example: Bar with a soft inclusion




Submodeling vs. Multiscale modeling

MLS: RFCoupling oneway MLS: RFCoupling loose

g M sigx IR

727 1704 1245 2457
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Interactions between Global system model
and a local detailed model

e Boundary constraint

— Ensures that deformation of boundary of the fine length scale
(fls) mesh is consistent with the imprint of that boundary in the
reference length scale (r/s) mesh.

— Methods for enforcement:
» Multi-Point Constraint (MPC)
» Mortar Methods
» Consistent mesh tying
e |nterior constraint

— Ensures that deformation of material in fls and rls domains is
consistent.

— Methods for enforcement

» Homogenization: Effective moduli for
rls material are computed based on fIs behavior.

» Tight coupling: rls response computed from volume-weighted fis
stress divergence 111) Sandia National Laboratories




MLS Implementation in Sierra

Tempo : data manager for handoff and
coupled problems

e Flexibility in

rls and fls 5 « o e

modeling .@Q\\ & § %, N "b//b/}

approaches: L /€ % \ %,

QS: solves the class of ETD: solves the class of
nonlinear large nonlinear large
deformation quasi-static deformation dynamic
and implicit dynamics problems using explicit
problems using advanced central difference time
(Newton-like) solvers integrator
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MLS coupling approach via
homogenization has limitations

»In what is commonly referred to as a loose-coupling
approach, homogenization of the fine length scale
response (for each reference length scale element) is used
to give the reference length scale an approximate
incremental material response.

In the implicit-implicit case, any approximations in this
homogenization are sorted-out via successive solves on the
rls & fls within the same load step.

1) Sandia National Laboratories




Homogenization techniques is a simplifying
approach for MLS... but has limitations

 Limiting assumption:

—material model in ris elements must be capable of
representing fIs domain.

L crack in fls
for intact material for failed material
(no crack), A (thru-thickness crack),
- O~rls ) A()'ﬂs
modulus must be: E,, = modulus must be: i
Ae e Ac,

117! Sandia National Laboratories




MLS coupling approach
via tight coupling

Consider the following class of problems...

» Structural response of this thin flexible continuum is
predominately low-mode response

> Yet, the stress concentrations & stiffness variability in the
structure (around the support, and due to the crack tip) can only
be obtained via a detailed model

» This is an ideal case for explicit-explicit MLS.
—> consider a tight-coupling approach

ol LU
:| il lc.

AANANNNN

117! Sandia National Laboratories




Explicit-explicit MLS

concept... —

» Solve two nonlinear problems... one for the reference length
scale (rls) and one for the fine length scale (f/s)
in a tight-coupling approach

» where explicit control modes is used as a modal filter to

decompose response into low-frequency (rls) + high-frequency
(fls) modes

%lllllllllllvmvlllllllllp

70
7 z

~ ©
accurate low-frequenc
Reference length scale (rls) \ modal stiffness gbtaingd
w/ proper low-frequency ris_to_fls BC from fls response

response

A
Fine length scale (fls) w/ mass-damped
high-frequency response
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Explicit-explicit MLS

conceptual implementation... —

» Boundary constraint: use BC to tie fls boundary to rls mesh

> Interior constraint: distinguish between ris elements
rls_empty & rIs_replaced (rls inherits fls low-freq. modal response)

fls IBVP : fls response obtained via modal_decomposition

| y use fls material model to compute Flnt |  bound
proiongation i int rls If hf ris_witn_oounaary
operator p() FﬂS (v+ Aty (pla” )+a™)) > [ enforce fls to rls BC
F BC(fls_to_rls )
E | E
" Fi] _E
\/\ \/\ ®
ris IBVP : rls _empty rls_replaced
use rls materi?rlltmodel use fls material_r?odel
t te F t t L
0 COFT:IF;U e .O corr;:tu & Fﬂfnt restriction
i.e. Fg = div (o) 1.€. Fopy = (F{7 ) operator r()
t - i
o, = Cée F}rzl; = div (o f5)
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- Explicit — explicit MLS
- : beambending ecm_mls

WAL

NN

Reference length-scale mesh (3 x 40 elements)

AN

¥ 0

Fine length-scale mesh (w/ embedded crack)

v

> fls is the entire domain

> Critical time step is obtained from reference length scale

(1) Sandia National Laboratories




Explicit — explicit MLS

Stationary crack results

Kinetic energy vs time for various stationary crack lengths

I RNEENN

2.0e-06 |-

1.5e-06

1.0e-06

kinetic energy

5.0e-07

0.0e+00 -
0.0e+00 2.0e-03 4,0e-03 6.0e-03 8.0e-03

time

Note: — na crack

» stiff modal response for no crack —— crack length = 0.25%hick

* increasingly softer modal response crack length = 0.50%hick
for |onger crack Iengths — crack length = 0.75%hick

117! Sandia National Laboratories




-

Explicit solution on fls only
dt. = 6.74e-09, CPUs = 36320

2.0e-06 I

Explicit — explicit MLS

bes mbending ecm_mls Stationary crack results

SIExx

—B.Z242Z0L42

Explicit-explicit MLS
dt, = 1.683e-07, CPUs = 1759

- 41

TIME 10.0Q0E-2

1.5e-06

1.0e-06

5.0e-07

kinetic energy

| ! | ' | '
—— ETD w/ Control Modes

(O O |

"

LA DA

0.0e+00
0.0e+00

2.0e-03

4.0e-03 6.0e-03 8.0e-03

1.0e-02

TIHE 10.00E-2

nearly identical dynamics
for 1/20 of the cost:

CPUs ratio = 1759/ 36320

(1) Sandia National Laboratories
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Aoy

SN

AN

- Explicit — explicit MLS

S L beambending ecm_mls Running crack results

Crack is programmed to
run starting @ t=0.005

transitions from

t=0.0025 I fls: running crack solution
“intact” to “failed”

t = 0.005
rIs: uniform mesh
deforms with
Inherited respogse
t =0.0075
t=0.01

t=0.0125

g———— Ul

(1) Sandia National Laboratories
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mp endlng_ecm mls Running crack results
(crack-begins.torun @i=0.005)

S1GXY

-157.2
I 7.z

l 172.3 .
$2iFES Slgxy

;iah Z.204E-2

I t=0.0125 I"’

-Q.119€+2

l 0.596C+3

I - PRPIEC ¥
=D.9B]E+3 TIHE 12.50E-3

0.272C+2

1.506€+3 fU”y “failed”
$1onERES

1jpg, 7-502C-2
“running” I-s.?hﬁ.-a

crack

0.301E+3

. 6.356E42
£ oplEE




Explicit Tight Coupling Application

Surrogate test for laser welds connecting a component to a housing

_—
Constraint mesh Deformed MLS fine mesh Deformed comparison
1732 elements 2.23M elements model

MLS solution Comparison solution
equivalent plastic strain equivalent plastic strain

Both cases run on 200 processors
MLS critical At = 5.3e-8
Comparison critical At = 2.2e-9
.Using MLS yields 24x increase in At, 16x speedup @ Sandia National Laborsfivics
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Multiscale modeling:
Example problems

EXAMPLE
EXAMPLE
EXAMPLE
EXAMPLE
EXAMPLE
EXAMPLE
EXAMPLE
EXAMPLE

. Axial tension of a bar w/ an inclusion

. Axial tension of fiber/matrix composite
. Axial tension of a Toy-Bolt

. Coesfeld tension test w/ edge crack

. Contact patchtest

. Axial tension of a Welded Plate

. Axial tension of a Bolted Cylinder

. Rolling tire w/ belt edge crack

(1) Sandia National Laboratories




Multiscale Modeling Example

EXAMPLE : Axial tension of a bar w/ a soft inclusion

fine length scale model has modulii E, , E;=E,/10

)
i
|
)

:’
|
\

reference length scale model has initial modulus E, ===== i
...=. _

. -

fine length scale model is -==== _

embedded in the reference
length scale model

—~.
~.
~.
~.
~.
~.

~.
-
-

S
!

sym ns/:r—; B :\\/ A

plage ™ _ ] —
R - E A "

- i—LLT2 E, ||
\\\\\ | ""“—-—-...__‘_‘_____H— 2

\7// T,

z ‘

~~~~~~ <o : g sigxx | . 1
P ' |~ . 1245 2457 _
e MLS solution reference solution
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Multiscale Modeling Example

fine length scale model has modulii E, , E; =10E, \

5070 &=

MLS: RFCoupling loose SLS (no MLS)

sigx D

4770 10890 dia National Laboratories




Multiscale Modeling Example

EXAMPLE : Axial tension of fiber/matrix composite

reference length scale model has initial modulii

E, for matrix (hex elements), E, >> E, for
fiber (membrane elements)

N

symmetry plane fine length scale model has modulii E for

matrix (hex elements), E, >> E for fiber
(hex elements)

MLS solution:

Deformation of fine length scale Axial stress in fiber Frictional energy between
model - displacements magnified x50 fiber & rubber

117! Sandia National Laboratories




Multiscale Modeling Example

EXAMPLE : Axial tension of a Toy-Bolt

Deformations magnified x2 Effective modulus in RLS

eqps

reference length scale model has initial modulii equal to fine length scale modulii, both

described by the same material model (elastic plastic non-linear hardening

i

Sandia National Laboratories
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~ <. Multiscale Modeling Example

EXAMPLE : Coesfeld tension test w/ edge crack

ﬁ IR

=
55 /
siiiiia

reference length scale model has initial modulii equal to
fine length scale modulii, both described by the same

material model (incompressible solid
: ) () sandia National Laboratores




Multiscale Modeling Example

EXAMPLE : Coesfeld tension test w/ edge crack

COESFELD somple

SIGYY

L

T

I 0.000

4.000

!

<
Iy

LTS
O L |

/-7

<

A
-,

-

L7
7
W O I oy

i
=

“
=

T
e
:;-«;-r-“‘-= =

g.0o00
b K= 8,248

o
o A
A ——
Heheaa

Stress in pull direction

Effective modulus in RLS

EFFMOD

EO.00

;9.7 05

4]
ha]
(o 0

B
I
o
o)

Sandia National Laboratories




“.. Multiscale Modeling Example

EXAMPLE : Contact patchtest

Reference length scale and fine length scale have identical, elastic properties

A=0 I A=A ax A=0 l A=A A=0

max A

A v

HETERO e t=0.25 t=0.5 t=0.75 t=1.0

(1) Sandia National Laboratories




SIGYY

Multiscale Modeling Example

EXAMPLE : Contact patchtest

20.0 r-

0.0

SIGYY in goll RLS elemenls
L] L] I L]

-20.0 -

-40.0 |-

-60.0 -

EPSYY in oll RLS elemenls

0.0

0.4

TIME

0.6

T - | L T - |
| 0.5 I'_ | | | | ]
0- 1 5 B - 7
; f*'/
4 / \
L 4 b
. \\
0.05 |- ' X T -
L . —0.05 L—— 1 1 \/J
0.8 0.0 0.2 0.4 0.6 0.8
TIME

m

Sandia National Laboratories




Multiscale Modeling Example

EXAMPLE : Contact patchtest

EFFMOD in all RLS elements
1 100 rr— T I T I T I T I T |

EFFMOD
%
3
i

TIME sandia National Laboratories




Multiscale Modeling Example

EXAMPLE : Axial tension of a Welded Plate

reference length scale model and fine length scale model have the same
plasticity constitutive model

Sandia National Laboratories




Multiscale

Modeling Example

EXAMPLE : Axial tension of a Welded Plate

ELEMENT ELOCKS F
10oF 2

EOF%
o.oooo

o.4000

M 5 z000
%= 0.6594

TIME 4.500E-3

ELEMENT ELOCKS
Tor 2

EOFS
o.oooo

o.4000

M zo00
¥= 1,320

TIME 3.000E-3

EOFS

I o.oooo

o.4000

M 5 s000

*= 2,279

ELEMENT ELOCKS ACT]
10F 2

10F 2

EOFS

I o.oooo

o.4000

B 0oso00
%= 2,045

2 0F 2

EOFS

I o.ooonD

o.4000

B 5 zo00
%= 2,048

TIME 20.00E-2

Equivalent plastic strain

117! Sandia National Laboratories




iscale Modeling Example

EXAMPLE : Axial tension of a Bolted Cylinder

Mult

il

-

LY L W W

LML L W Y

AnswwiAs jo aue|d

B N N N N W N " N Y RN N N W W

AiswwAs jo sue|d

fine length scale

(1) Sandia National Laboratories

( models a bolted joint )




Multiscale Modeling Example

EXAMPLE : Axial tension of a Bolted Cylinder

i
i
o
i
i
Vil
e
il
H
)
(|
-

i |41~
e et
e S o ol L1
e T S [
| |1
|1~ |1
|11 |
J I I ' |t |17
R |
| T | |4
e g [ |
- |~ |41
| 14T || [y
| A1 ' L=11
At |A— . |1
| L |1 41
1 [ |
| =TT ' o | |41
N oy lll L I
| 14— Iu |41
[ . | L1771
A L1
L =TT |
| 17
|A-17]
| | T ’___.,—-g'
e |
|11
— | L
|l
| =T | et
| | 4-+17]
| 11— | | |
I | 41T
[T | | | Lot |
H |17
R S o X | L1
Lo Lt
I ™ T |t
T - I Iy
[t [ ol L1 |17
- LT
I | 1 ol Lt oy
| =177 |1
I I et |t |4
L7 = - | -1
L =1~ L4171 {
At | 1 | |41
AT 171
1T | 1 ol |1 |11
| 7 =TT L1141
i | 1 | |1
1 |t Iy |
S |1 1 L=
1 AT L=
| || | | LA

l Displacement mag. 10x

(1) Sandia National Laboratories




Multiscale Modeling Example

EXAMPLE : Axial tension of a Bolted Cylinder

Displacement mag. 10x

Sandia National Laboratories

SIGZZ

I -5.000E+3

0.000E-+3

™ s opop+3

= -25.73L+2
#= 15.24C+3




= - Multiscale Modeling Example

EXAMPLE : Axial tension of a Bolted Cylinder

EFFMOD

I 0.00E+6

10.50E+E

21, 00E+E

TIME 1.000

L

EOFS

I 0.00E-3
34,50E-3

. E9,00E-3

*=Bb5.96L-3

TIME 1.000

(1) Sandia National Laboratories




Multiscale modeling: Summary of
Accomplishments to-date

The current capability is implemented for Quasistatic problems and has
been demonstrated on “proof-of-concept” examples

And some realistic Quasistatic applications, i.e.:

h

— =

Axial pull of a welded joint

Coesfeld test

).




Multiscale modeling: To-Do List

We need to be able to say a lot more about
e Accuracy
e Convergence rates

Homogenization of non-isotropic response
(contact, failure)

Hex fls embedded in Shell rls needs more
demonstration

Combined explicit / implicit solver is functioning

(but not yest w/ contact)

1) Sandia National Laboratories




