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CM3

Multi-scale modelling

Two-scale modelling
— One method: homogenization
— 2 problems are solved (concurrently)
« The macro-scale problem

* The meso-scale problem (on a meso-scale Volume Element)

@ Extraction of a meso-
Material scale Volume Element

response Macro-scale
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The pro

blem

 Material uncertainties affect structural behaviors
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The problem

» lllustration assuming a regular stacking
— 60%-UD fibers
— Damage-enhanced matrix behavior
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* Question: what does happen for a realistic fiber stacking?
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The problem

* Proposed methodology:

Micro-structure
stochastic model
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Experimental measurements

« 2000x and 3000x SEM images

 Fibers detection

2 m' Mag= 200KX Signal A=SE1 Date 17 Sep 2016 |
i CHM  wo-rzsmm EHT=2000kv  Time 7441 |
|
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Micro-structure stochastic model

« Basic geometric information of fibers' cross sections

— Fiber radius distribution pz(r)

« Basic spatial information of fibers

— The distribution of the nearest-neighbor net distance
function p,,_ (d)

— The distribution of the orientation of the undirected line

connecting the center points of a fiber to its nearest
neighbor p,,  (0)
— The distribution of the difference between the net

distance to the second and the first nearest-neighbor

Paa (d) with Ad = dan - dlst

— The distribution of the second nearest-neighbor’s
location referring to the first nearest-neighbor py(0)

Wlth A19 - 1921’1(1 - 1915'[
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Micro-structure stochastic model

« Histograms of random micro-structures’ descriptors
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CM3

Micro-structure stochastic model

Dependency of the four random variables dqq, Ad, 915, AD
Correlation matrix

Distances correlation matrix

dis+ and Ad are dependent

d1st Ad D1st

die 1.0 0.01
Ad 1.0  0.002
O1st 1.0
A9

they will have to

from their empirical copula

be generated
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CM3

Micro-structure stochastic model

d, and Ad should be generated using their empirical copula
SEM sample

Generated sample

0.0 0.1 0.2 0.3 0.5 0.6 0.7 0.8

0.4
dlst

Directly from
copula generator

Statistic result from
generated SVE
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Micro-structure stochastic model

« The numerical micro-
structure is generated

by a fiber additive
process
1) Define N seeds with

first and second
neighbors distances
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Micro-structure stochastic model

e The numerical micro-

structure is generated
by a fiber additive
process

1) Define N seeds with

first and second
neighbors distances

2) Generate first
neighbor with its own
first and second
neighbors distances
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CM3

Micro-structure stochastic model

The numerical micro-
structure is generated

by a fiber additive
process
1) Define N seeds with

2)

3)

first and second
neighbors distances

Generate first
neighbor with its own
first and second
neighbors distances

Generate second
neighbor with its own
first and second
neighbors distances

Seed k
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CM3

Micro-structure stochastic model

The numerical micro-
structure is generated

by a fiber additive
process
1) Define N seeds with

2)

3)

4)

first and second
neighbors distances

Generate first
neighbor with its own
first and second
neighbors distances

Generate second
neighbor with its own
first and second
neighbors distances

Change seeds & then
change central fiber
of the seeds

______

Seed k
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Micro-structure stochastic model

« The numerical micro-structure is generated by a fiber additive process
— The effect of the initial number of seeds N and

— The effect of the maximum regenerating times n_ ., after rejecting a fiber due to
overlap

SEM: Average V; of 103 windows;
Numerical micro-structures: Average V; of 104 windows.
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Micro-structure stochastic model

« Comparisons of fibers spatial information
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Micro-structure stochastic model

* Numerical micro-structures are generated by a fiber additive process

— Arbitrary size
— Arbitrary number

w
u

| I Generated Micro-structure
| 1 SEM image
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— Possibility to generate non-homogenous distributions
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Stochastic homogenization on the SVES

U/

« Stochastic homogenization

— Extraction of Stochastic Volume Elements
» 2 sizes considered: lgyg = 10 um & Ilgyg = 25 um
* Window technique to capture correlation

E[(r(x) — E@))(s(x + 1) — E(s))]
\/IE [(r — IE(r))Z] \/[E [(s — IE(S))Z]

— For each SVE y‘

SVE (x,

Rys (r) =

» Extract apparent homogenized material tensor Cy

r 1 L > < >
& = mj gmdw x lsve
w
_ 1
< oM = mjwamda)
60‘M
CM -
\ auM ® VM

« Consistent boundary conditions:
— Periodic (PBC)
— Minimum kinematics (SUBC)
— Kinematic (KUBC)
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Stochastic homogenization on the SVEsS

« Apparent properties

0.20 . ‘ . . . 0.45 ‘ . . ‘ .
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Increasing lsyg J/

When [syg increases
* Average values for different BCs get closer (to PBC one)

 Distributions narrow
» Distributions get closer to normal

. . . . . g I
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Stochastic homogenization on the SVEsS

 When [lgyg increases: marginal distributions of random properties closer to normal

— lsyg =10 pm
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Stochastic homogenization on the SVEsS

 Correlation

1.0 ' _Cross-correlation. . 1.0 | _Cross-correlation ,
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(1) Auto/cross correlation vanishes at 7 = Ilsyg
(2) When lgyg increases, distributions get closer to normal

(1)+(2) Apparent properties are independent random variables
However the distribution depend on

lSVE
« The boundary conditions
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Stochastic reduced order model

« Stochastic model of the anisotropic elasticity tensor
— Extract (uncorrelated) tensor realizations Ci,

— Represent each realization Ci; by a vector ¥ of 9 (dependent) ¥ variables
— Generate random vectors V using the Copula method
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Stochastic reduced order model

Stochastic model of the anisotropic elasticity tensor
— Extract (uncorrelated) tensor realizations Ci,

— Represent each realization Ci; by a vector ¥ of 9 (dependent) ¥ variables
— Generate random vectors V using the Copula method

Simulations require two discretizations
Random vector field discretization

Material Property

Y 4.0
3.5
Fid ¥
3.0
— Finite element discretization

2.0
1.5

1.
0.5 %
0.00.0
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Stochastic reduced order model

* Ply loading realizations
— Non-uniform homogenized stress
distributions

— Different realizations yield different
solutions
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Stochastic Mean-Field Homogenization

— Linear composites

-~

Il
Ql
Il

oM

< EMm €= Vo&g + V&

-

- CM - @M(I,Co,cl ,UI)

— We use Mori-Tanaka assumption for B€(1,C, , C; )

e Stochastic MFH

Mean-Field-homogenization (MFH)

VpOy + V107

& = BS(I, (CO 'CI ):80

o-/\

inclusions

composite

matrix

— How to define random vectors Vyr of [,Cy ,C; , vy ?
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CM3

Stochastic Mean-Field Homogenization

Mean-Field-homogenization (MFH)
— Linear composites

~
oM

Il
Ql
Il

VpOy + V107

v, EMm €= Vo&g + V&

& = BS(I, (CO 'CI ):80

Consider an equivalent system
— For each SVE realization i:

-+ Cy and v; known

— Anisotropy from Ci;

./ 0isevaluated

— Fiber behavior uniform

.+ C, for one SVE

Remaining optimization problem:

N . .
c inclusions

i composite

matrix @ =Yi @i

Equivalent
inclusion
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Stochastic Mean-Field Homogenization

/' Cy = Cy(1, Gy, C; vy, 0) \

* |nverse stochastic identification
— Comparison of homogenized @ ‘ Co |Fauivalent
inclusion

properties from SVE realizations
and stochastic MFH ‘ ‘ _/
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Stochastic Mean-Field Homogenization

« Comparison Random fields vs. Stochastic elastic MFH

Random anisotropic material tensor Stochastic MFH

Oxx [Mpa] Oyy [Mpa]
33 66

o®1[Mpa]
0 30 60
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Stochastic Mean-Field Homogenization

e Stochastic MFH model:

— Homogenized properties CM(%,EO Do v1,6;Cp)

— Random vectors Vyt
* Realizations vy = {%,EO , Vo vl,e}

» Characterized by the distance correlation matrix
» Generator using the copula method

—~ 16 ‘ . : : : :
Vj 7] E EO ?0 +
b

v, 1.0 0015 0.114 0523 0499 4
0 10 0092 0016 0014 @1y
a 1.0 0080 0.076 =
b 5«10-
E, 1.0  0.661
Vo 1.0 8| ¢ + + Direct FE

. . _ + % % Generator

Distances correlation matrix 6 e
6 7 8 9 10 11 12 13 14
Cyn1 GPa
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Stochastic Mean-Field Homogenization

 Stochastic simulations

— 2 discretization: Random field Yyt & Stochastic finite-elements
, , lF 5
% : ; gt 3 \\ii\
< P N

— Realizations to reach a given deflection &
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Non-linearity

« Non-linear SVE simulations

\

Damage in matrix
0 0.5
N

Damage in matrix
0 0.5
[
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Non-linear stochastic Mean-Field Homogenization

* Non-linear Mean-Field-homogenization

— Linear composites

& = BS(I, (CO ,(CI ):80

-

— Non-linear composites

A . .
c inclusions

composite
matrix

€
g
c inclusions
< 1
i composite
) ': : .
! matrix
Define a linear
comparison ;
composite material
_— S —> ;
Ag; Agy, Ag,
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Non-linear stochastic Mean-Field Homogenization

H . . N . .
 Incremental-secant Mean-Field-homogenization ¢ inclusions

— Virtual elastic unloading from previous state
« Composite material unloaded to reach the stress-

composite

free state matrix
» Residual stress in components
Ag}mloade !S\/(CS &€
unload é’
ASM A unload
€0
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Non-linear stochastic Mean-Field Homogenization

H . . N . .
 Incremental-secant Mean-Field-homogenization ¢ inclusions

— Virtual elastic unloading from previous state

« Composite material unloaded to reach the stress-

free state
» Residual stress in components

— Define Linear Comparison Composite
« From unloaded state

AS{/O - ASI/O + AS}J/Igoad

* Incremental-secant loading

-~

OMm = O = V0 + V(0]
) Agy = Ae = voAgf + viAg]
Agf = B%(1, C3, C7): Aef

-

* Incremental secant operator

s Aoy = Cy(1,C3, CP,vp): Aely

composite

maitrix

l nload !
u
ASI <

unload <~
Agy

o inclusions

:“;'vcgl

unload
Ag

composite

matrix
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Non-linear stochastic Mean-Field Homogenization

. . . . . N . .
« Non-linear inverse identification o inclusions

— First step from elastic response _
composite

o

/v I matrix
@ Cy Equivalent
inclusion . ! g
‘ ‘ —/ As}mloade !S\/(CS E
unload é’
‘ ASM A unload
€o
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Non-linear stochastic Mean-Field Homogenization

* Non-linear inverse identification c ) inclusions
— First step from elastic response

composite

matrix

@ Cy Equivalent
inclusion

/ 180
€5 = C3(R(Po); C§H 160/
140t
— Second step from the LCC m
- - - Q-‘ 120 I
* New optimization problem = 100!
Aoy = Cy(1,C3, €7, vy, 0): Aely ~ 80|
. . . ~ A <Q, 60| |
Extract the equivalent hardening R(p,) from the & vl £ . Effective matrix |
incremental secant tensor 50 Linear EXP
S _ AS,Bra . Ael —— Matrix (EXP)
Co = (Co(R(po), (CS )

$00 0.0z 004 006 008 0.10
Po
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Non-linear stochastic Mean-Field Homogenization

 Non-linear inverse identification
— Comparison SVE vs. MFH

Equivalent
inclusion

\\\\
NN

200 a00l Inverse_MFH s
_ Envelope of Direct FE W
© 300 o 300} '
o o
= =
= j=
=200} =200
- : \\\\\\\
S 5l AR
100} 1000 QR
\ “".‘:.
d)- (5).00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
EM11 EM11
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Non-linear stochastic Mean-Field Homogenization

. . . N . .
- Damage-enhanced Mean-Field-homogenization ¢ inclusions
— Virtual elastic unloading from previous state

« Composite material unloaded to reach the stress- iRiCﬂ . composite
free state [V effective
» Residual stress in components i ~ matrix

matrix

— ¥ U1 —Dy)CT ",
Asunloade ,;( 0)C5 €
I Aslﬁnload unload
Ag
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Non-linear stochastic Mean-Field Homogenization

. . . N . .
- Damage-enhanced Mean-Field-homogenization ¢ inclusions
— Virtual elastic unloading from previous state

« Composite material unloaded to reach the stress- iRiCﬂ . composite
free state [V effective
» Residual stress in components i ~ matrix

matrix
— Define Linear Comparison Composite
* From elastic state

. —
unloadE Q(l N DO)(CE
Asunload
M Asunload

Agj )y = Agyyo + As}%load Ag;

» Incremental-secant loading

-~

OM = O = V30 + V0]
) Agy = As = vyAgf + vAg]

Agf = BE(1, (1 — Dy)C3, C}): Ag}, COMROSIE  effective

* Incremental secant operator

. Acy = (I, (1 — Dy)CF, €7, vy): Agly
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Non-linear stochastic Mean-Field Homogenization

. . . pn . N . .
- Damage-enhanced inverse identification c inclusions

— First step from elastic response
« Before damage occurs

composite

el |
I matrix

Equivalent 4 : 1N S
inclusion < I\ el -
Ag}mloade : 0 €
unload é’
—/ ASM A unload
€0
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Non-linear stochastic Mean-Field Homogenization

. . . pn . N . .
- Damage-enhanced inverse identification c inclusions
— Second step: elastic unloading '

ng] composite
N _
Equivalent MER 1 effec_tlve
inclusion /0 REu (D) matrix

. matrix

—/

unload™ Q(l — Do)C§ /8
A81 Asunload

M Asgnload
- ldentify damage evolution D,

Ci1(D) = Ci1 (L, (1 — Do )C§', €', vy, )
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Non-linear stochastic Mean-Field Homogenization

\

- Damage-enhanced inverse identification c inclusions

— Second step: elastic unloading

| el , COmposite
N _
Ric , effective
" KC(D) matrix

| matrix

Equivalent
inclusion

—/

unloade Q(l B DO)(CSI /8
Ag; Agunload

M Asgnload
- ldentify damage evolution D,

ci(D) = €, (1 — Do )C¢, €', vy, 6) A
— Third step from the LCC inclusions

. s B S S .\, Ar L
Aoy = C(1, (1 — Dy)CS, €, vy): Aely COMPOSIte  gffective

- Extract the equivalent hardening R(p,) & damage matrix

evolution D, (p,) from incremental secant tensor:

| matrix

. ! | |: _;- 5 >

Agy r
Ag

(1- Do)(CS = (1 - ﬁo(ﬁo)) @g(ﬁ(ﬁo); @Sl)
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Non-linear stochastic Mean-Field Homogenization

« Damage-enhanced inverse identification A

— Comparison SVE vs. MFH
s

1 D,)CS

Equivalent
inclusion

—/

(1 = Do)CS = (1 = Do(Po)) CS (R (Po); €5 7

350) s Direct_FE 350f Inverse_MFH
| Envelope of Direct FE

€M1 EM11
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Non-linear stochastic Mean-Field Homogenization

One single ply loading realization
— Random field and finite elements discretizations
— Non-uniform homogenized stress distributions
— Creates damage localization

0.025 0.05

0.025
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Non-linear stochastic Mean-Field Homogenization

Ply loading realizations
(Simple) Failure criterion at (homogenized stress) loss of ellipticity
Discrepancy in failure point

250

| —
U
o

(B Vill in MPa
[
o
o

200}

(9
o

P00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

EnM11
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Conclusions

« Stochastic generator based on SEM measurements of unidirectional fibers-
reinforced composites

« Computational homogenization on SVEs
« Definition of a Stochastic MFH method

* In progress: nonlinear and failure analyzes

CM3 7 September 2018 - Statistical approaches in mechanics, University of Luxembourg 50 [ * LIEGE

université



Thank you for your attention !
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