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ata-driven Computational Mechanics

new philosophy based on the intensive use of data




Data-driven Computational
Solid Mechanics

Data :geometry, loading, material
S




ata-driven Computational Mechanics

. @3 Pioneer works : Data used without Material Science
Oriizetal 206,201 7 .« Chinestaietal =2 016, 2017




-driven Computational Mechanics

@ Today works

< numerous

< many of them: hybrid

v interesting solutions but for particular situations
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Today computational approach
over|[0,T] x Q

F;(029)

Time

| Find ‘ § = (Ep, 0.) c S[O’T] I

such that
g Kinematic admissibility

ep=g —¢g¢ ¢g=K'lo

e=¢elU) Usa=U,

U, (019)

g Static admissibility

\V/Q* E %O,T]’

— / Trloe*|dQdt + / f - U dQdt + / F,-U*dSdt =0
[0,T] [0,T]xQ [0,T]x 822

| |
L z

i

\ g Constitutive relations



Today computational approach
over [0, T] x Q

Find s defined over [0,7] x Q such that:

o admissibility (exact)

o constitutive relations (from experimental data)




linear

possibly global

local

possibly nonlinear

Solution: distance(s,(IN) ) =0
or minimun




- Today computational approach-
" The Material Science approaches

®Functional approach: identification needs a lot of
experimental histories

®lInternal variable approach :identification needs
much less data

11



Classical Computational approacn-
f/nternal (hidden) variable approach

State equations State evolution laws

. :B( )

Y=AX

+ initial cond

I( )




Modelling of materials

Today

analytical model

_ » with parameters

Experimental data Experimental data
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Data-driven computation
Ideal situation

. 0, T
‘ SZ(EP,O')ES[ ] I such that:
H e admissibility (exact) §;>:::LIY e

local

e constitutive relations

possibly nonlinear

15



vata-ariven compuiation-tne soiver
LATIN

Iterative and alternative scheme l

Local stage Linear stage

Sn+1 € Ad

Iteration n+1

-~ 8, €Ad —{Sp+12 €T

Search directions

16



[he Experimental Constitutive Manifold-
' The ECM-Tests

Force [kN]
()}

Displacement [mm]
S

0 50 100 150
Time [minutes]



Data-driven modelling of materials

Data-driven

Mathematical
model




DD works in progress

B pata-driven approaches based on « 0 » physics

material functional approach (exp.data TT1

)

19



DD works in progress

N

u Data-driven approaches based on physics(at least partially)

® Deep Neural Network (material functional approach: dataT T 1)

® Internal Variable Framework

oGENERIC (hamiltonian-dissipative formulation)
Ottinger-Grmela 97, Mielke 11

; ( e B
i

oExperimental Constitutive Manifold
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A
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Come pack-

ternal (hidden) variable approach

State equations

Y=AX

State evolution laws

. :B( )

+ initial cond

22



Come back-
Internal (hidden) variable approach

® Additional internal variables : a choice

®Best choice (internal variable transformation)

Normal formulation X =Y (Ladeveze 1989,2020)



4 Come back-
~ Internal (hidden) variable approach

B Viscoplasticity with one hidden internal
variables X € Rs

Epp=80,X,p) p>0
Xy=hoXp p>0

p=flo,Xp p=0
X=0 £,=0 at t=0

+ thermodynamics constraints

24



e Experimental Constitutive Manifold-
Raw experimental data

®elasticity tensor

®a set of time-histories of pairs inelastic strain rate / stress : S "

written in term of « material time »

T
I _ ) . . :
where p —fo €pldT (cumulated inelastic strain)

ECM-definition : {s.(p)=( € ,0,p)ieN(p);pe [0,P]}

SHY




Experimental Constitutive Manifold-
Fundamentals

internal variable framework

(Thermodynamic)

26



he Experimental Constitutive Manifold-
9 Fundamentals

| B Structuring of ECM with one hidden internal
variables X < R

Epp=80,X,p) p>0
Xy=ho Xp p>0
p=fo,X,p) p=0
X=0 Ep=0 at =0

| ~ for all given time-history s(p)=(¢g, .0, p)ieN(p);pe [0, P]

SHY

?i, + thermodynamics constraints

i.-:" -
| E& 27



Experimental Constitutive Manifold-
Fundamentals

B Structuring of ECM with one hidden internal
variables X < Ra

Epp=80,X,p) p>0
p=flo,Xp p=0
X=0 £,=0 at t=0

T"(O'&‘p’p)_ XX’P =0 p > 0

4 %




The ECM-Central Problem (the
structured ECM)

to build Xand q

S

29




Tool 1 - The ECM-Central Problem

Z : internal (hidden) variable spaces Zy,2y,2y

=2Problem : Find . such f is a single-valued function

) i '_) 1 _ . .
f(z);»xli)z %/Y with I(XHYHieN}

( .



Tool 1 - The ECM-Central Problem

B Idea (f : regular)

K ford(X,Z:X,2) <€ i a'=[d(X,Z:X,2) —d(Y,V)]x1/E

two cases

—a'=o0 (1) f:single valued
— (—alj) >> 1 f: multi valued




/ Tool 1 - The ECM-Central Problem

B Univocity indicator (variant of Kullback-Leibler
" divergence)

® ’(Ct) = (exp(-0)-1)(-a) : convex,positive,« linear » for a = 0

800
700 |-

600 .

500 H i ac [—OO, +OO]

S 400
~

300 -

200

100

0 1 4 i 1
25 0 5 10 15 20

Cu=2Z Pl (a"

32



Tool 1 - The ECM-Central Problem

separator P/ = [ / (_Z m,

where I = exp (— dFx'z'x! z)/ €)

dX.Zx' zy=0€) e PI=0(1)

otherwise Pi~ 0

Application

£ =2/100 ( N 10)

neighbors -



Tool 1 - The ECM-Central Problem

" m Construction of the internal variable Z

f:(xX4L,zhH—-Y!
ZX X ZZ Zy
o Z={X,V)!|X,YeR",ic N}

®Unknowns :Z, X,

® Tools: PUX,Z:Xi,Z); u(X,ZY)

Z=argminu(X,Z';Y)
Zl
Z : modulo a X-function

additional constraints

34



" Tool 1 - The ECM-Central Problem

B ECM -potential (X € Rv) : a solution

(X(p)eRieN(p); pe [0,P])=argminu (X)

)

X

stiff minimization problem : ( augmented lagrangian, PGD )




+ thermodynamics constraints (case where dissipation is not

~ measured)

T"(O'sb’p)— X.X,PZO Pi S 0

36



F Tool 2 : interpolation

. ECM : set of particular experimental data

Inter/extrapolation

37



Tool 2 : interpolation

Interpolation based on RKHS (Reproducing Kernel Hilbert Space)
(Belkin 2018 ,Rieger -Zwicknagl 2010,Narcowick et al 2004,...)

2
—Gaussian kernel :exp( —Bd ( X, X) )

—among efficient interpolation methods for regular functions

exponential convergence in term of the fill distance h
h =Max Mini d( 0,X; 0,,X)
(G,X)E D (OiJXi)E DN

—reproduce « exactly » given experimental data



Tool 2 : interpolation

data (experimental points)

(o'lxip)]l]1€|+=(|vp1>0)

2, 11
where GiJ=eoxp(—Bd(a,1Xn, X))
1i=p
) ..
g{0 X)=exp(—Bd(0X 0X))

1

39



Tool 2 : interpolation

Epp=80,X,p) p>0
X,=h(o,X,p) p>0

p=fo,X,p) p=0
X=0 €,=0 at =0

thermodynamics constraints (case where dissipation is not

measured)

|

T"(O'sp’p)_ XX’P =0 p > 0

40



OUTLINE
Data-driven computation(material,

1. Today approach in computational solid mechanics
“ 2. Data-driven computational approaches ( complex nonlinear materials )

: 3.A DD approach for complex materials with memory: basic features and

numerical tools

4 .A DD approach for complex materials with :illustrations

N

:., 4

5. Conclusion
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Construction of the ECM
lllustration

B Elasto-plastic materials
B Plane stress problems

B « Experimental data »: simulated




Construction of the ECM

lllustration-The Central Problem

" B Structuring of ECM with one hidden internal
variables X ¢ R¢

E — (0; X) ) >0
pp=8 PP + thermodynamics constraints

X,p:h(O',X,p) p>0
p=fo ,X ) ,b>0

X=0 Ep=0 at =0
Domain of elasticity : star-shaped
D(p)={\(0,X);Ae[0,1], p=#(0 ,X ) p>0}

Material Science

43



CONSruciion o1 tn€ £tLn

Illustration : Experimental data

A°
: >

Biaxial tests

Direction: m(a) a <[-45°,+45°]

Biaxiality coef: (a) a g[-1,+1]

44
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CONSIruciion o1 tIn€ LM
IHlustration : Experimental data

’ Biaxial tests

>

Test programl| ?ﬁ (O,P) :proportional monotonous loadings

= c > _—
e O’Onn_ Ott cItn—

(0

45



CONSIruciion o1 tIn€ cLn
IHlustration : Experimental data

Biaxial tests

Aa

Test program 2 Zp(0,P)  :non-proportional monotonous loadings

pe[0,P/2] O e(-45°+45°) a c[-1,+1]

pelPi2,P] a=0;0,, 2 0 0 =0

1
i.-:" -
| E 46
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Construction of the ECM
Ilustration

B « Experimental » data : generated by a plasticity model
with isotropic and kinematic hardening

test program 1%P(O,P): Proportional monotonous loadings

.

test program 2 %NP(O,P): Nonproportional biaxial tests

~ o~

v

Number of tests : 340

47



Construction of the ECM
IHlustration

. « Experimental » data : generated by a plasticity model
with isotropic and kinematic hardening

test programs 142 : #'p(0,P) + % \p(O,P)

48



Construction of the ECM
IHlustration

B« Experimental » data : generated by the plasticity model
of Chaboche-Marquis

test programs 1+2 : #(0,P) + % \;p(0,P)

3
BRI
BT

49



Construction of the ECM
Keypoint 1

Keypoint 1 : ECM-Identification— Test number ?

50



Construction of the ECM
Keypoint 1

S

Example : construction of the elasticity domain:p=f (o, X)p>0

Test Programmes 1 and 2
Total number of tests : 25, 340

7
Discretized admissible domain (p,0,X) : 20 points
25 tests : 25 X 80 = 2000 experimental points




Construction of the ECM
Keypoint 1

) émple : construction of the elasticity domain :p=f( o, X)p>0

Verification guide

—Material Science = an ellipsoid

2
6(0,X)= lo—X [+al X |

J
|

—error = Max | e"— iInterpolated (0)

J e reference points




Construction of the ECM
Keypoint 1

Total number of tests : 25

Interpolation error on extra points

0.5 T T T T T T I ]

0.45 -

0.4} -
2

5E 9 (0, X )= | o— X | +a | X | :boundary of efasticity

0.3

domalin

normalized error
o
N
3]
T

0.15F -

0.05F -

53




Construction of the ECM
Keypoint 1

== Flasticity Domain at p= 0.008 and X — [48,4é]
== Mapping Points

10}F -

0Dt

20 30 40 50 60 70 80 90
O0D.nn
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Construction of the ECM
Keypoint 1

Total number of tests : 25, 340 I

55



Construction of the ECM
Keypoint 2

Keypoint 2: Learning process

56



Construction of the ECM
Keypoint 2

‘ Experimental data » I

57



Construction of the ECM
Illustration

B« Experimental » data : generated by the plasticity model
of Chaboche-Marquis

test programs 142 : %' p(0,P) + 7 \;p(0,P)

v
ep)= 43 <o |

58



Construction of the ECM
Keypoint 2

B« Experimental » data : generated by the plasticity model
of Chaboche-Marquis

additional test program 3

Cycling loading (4 cycles): p<[O, P]

a=0 a e[-1,+1]




Construction of the ECM
Keypoint 2

B « Experimental » data : generated by the plasticity model
of Chaboche-Marquis




Construction of the ECM

Data-driven computation

New loading scenario:

Four-steps loading

B
L 2)

B
0
, ‘
.
A -
1

[0']3
/H\ t

[o]; [o],

Prescribed stress history:

t

.
\ RN
150 |- 1 . / \
\ / \
1 7 N
\ )\ oK " r r
h A R | \ ,
\
100 | ,' \ +— § o/ \ ! \ !
' b \ I ! !
I / \ -50 | | \ I A
= "o 1 ) = ! ! ! !
e sof! \ I \ - o \ ' \ 'I
) \ ! \ \ | \ ,
! \ 1 \ -100 | \ | \ 4
1 \ ] \ \ | \ !
lo) | N d \ /— \ 1 \ l'
\ // \ 7 \ ] \\
\ A !
Ny \ // 150 [ 1 v .
N/ \ , ‘l v
_50 [ 'l 'l 'l 'l 'l \/ 'l ] 'l 'l 'l 'l 'l 'l
o 2000 4000 6000 8000 10000 12000 o 2000 4000 6000 8000 10000 12000

t
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Construction of the ECM

Data-driven computation

0 2000 4000 6000 8000 10000

ECM1: X !

—Data-Driven with ECM;

.—Refer.ence
—Data-Driven with EFC M,

0

2000 4000 6000 8000 10000
€ (t) for the two data-driven calculatloths

ECM2: XX

62



Construction of the ECM
Keypoint 3

Keypoint 3: Validation

=xt(ECM) = { experimental test si(p) ieN(p);pe [0,P]}

+ Interpolation



Construction of the ECM

Keypoint 3
Computed solution with Ext( ECM) close or not to the true
. :
s(p)pe [0,P] material response ?

@ experimental test s.( p) = ( £ b ,Xp ,0.X,p), .

J



OUTLINE
Data-driven computation(material,

1. Today approach in computational solid mechanics

“ 2. Data-driven computational approaches ( complex nonlinear materials )

numerical tools

4 .A DD approach for complex materials with :illustrations




~  CONCLUSION-potential applications

j

MThe proposed data driven approach :

.0 A new way in Material Science to build constitutive material

Two stones The ECM-Central Problem

e

A Classical Interpolation Procedure
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CONCLUSION-potential applications

' Solutions to situations for which Material Science
classical approach fails or does not work well

—easy correction or extension a first model

(addition of phenomena, modification of
ambient conditions)

Example :

Extension Plasticity Model — Viscoplastic Model (ECM)

P=f(X(0,X ),p)

interpolation of few experimental tests




CONCLUSION-potential applications

— To build explicit homogenized model from a
microstructure

FE-simulation of experimental tests on
the Representative Element Volume
(microstructure time/space)

« Experimental » data

Data-driven material model:ECM



0.4906
0.4093
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The end



Data-driven modelling of materials

a working solution

learning : parameters~”
test number?

verification/validation ?

Deep Neural Network

a working solution

| _ Interpolation: classical
Physics-compatible (RKHS,RBEF...)
hidden variable framework learning : hidden variables~

verification/validation ++++



