Computational & Multiscale C M 3

Mechanics of Materials
www.ltas-cm3.ulg.ac.be

A micro-model of the intra-laminar fracture in fiber-

reinforced composites based on a discontinuous

Galerkin/extrinsic cohesive law method

L. Wu (ULg), D. Tjahjanto (KTH), G. Becker (MIT),
A. Makradi (CRPHT), A. Jérusalem (Oxford),
L. Noels (ULQ)

X AVAVATAVATAVA Vg S5 % 5 AVAY;
&7 AN ;
% a04% KRR >
i av Y STV, 4 2 S TaTAY, p
A RIS/ b
5 "'m-‘;",f 8 d
" R S W5ty )
A AN ¥
e i QAT A Y B 4
KRR ISAOARI A s Ty
BSOS PR TS P\ AT
O et 2 VAV B ATavATAY
R 0
) Ve SRR
KPR
K ORIV RIS RIAZSOR
PRI DRIO0 .
0 5 X ,
SAVAR S, ) e R s

I
KK
A
KNS
AN
A

YY)

' .
X

4

<]
XY A 2
ST TAVASS, AVAY, X7, dS AV,
SREKER A B AT
NS A KK
i FavAraOAS WiAYS Va5 AVavy v
AP o v o A 2 SV
YA o

SIMUCOMP The research has been funded by
the Walloon Region under the agreement no
1017232 (CT-EUC 2010-10-12) in the context of
the ERA-NET +, Matera + framework.

CM3 June 2013 CFRAC 2013

de Liége

| |

ug




CM3

Content

Introduction
» Fracture modelling
Hybrid discontinuous-Galerkin/ Extrinsic cohesive law framework
« DG methods
* Hybrid method
« Parallel implementation

Application to intra-laminar failure of composites

 Numerical simulations
 Micro-Meso fracture model

Conclusions

June 2013 CFRAC 2013 2



CM3

Introduction

Intra-laminar fracture challenges

* Fracture can be
« At fiber interfaces (debonding)
* In matrix

« Initially there is no crack

» Cell size effect
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Introduction

» Intra-laminar fracture challenges

* Fracture can be
« At fiber interfaces (debonding)
* In matrix

« Initially there is no crack

* Caell size effect

* Numerical approach
» Cohesive elements inserted between two
bulk elements
* They integrate the cohesive Traction Separation Laws
» Characterized by
« Strength o, &

 Critical energy release rate G,

e Can be tailored for

« Debonding
* Matrix crack
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Introduction

* Problems with cohesive elements

* Intrinsic Cohesive Law (ICL)
» Cohesive elements inserted from the beginning
« Drawbacks:
« Efficient if a priori knowledge of the crack path
* Mesh dependency [Xu & Needelman, 1994]
« Initial slope modifies the effective elastic modulus

« This slope should tend to infinity [Klein et al. 2001]:
« Alteration of a wave propagation Ty
« Critical time step is reduced
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Introduction

* Problems with cohesive elements

* Intrinsic Cohesive Law (ICL)
» Cohesive elements inserted from the beginning
« Drawbacks:
« Efficient if a priori knowledge of the crack path
* Mesh dependency [Xu & Needelman, 1994]
« Initial slope modifies the effective elastic modulus

« This slope should tend to infinity [Klein et al. 2001]:
« Alteration of a wave propagation Ty
« Critical time step is reduced
» Extrinsic Cohesive Law (ECL)
« Cohesive elements inserted on the fly when

the failure criterion is verified [Ortiz & Pandolfi 1999]
« Drawback
« Complex implementation in 3D (parallelization)
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Introduction

» Solution: Discontinuous Galerkin/Extrinsic Cohesive Law method

« Embeds interface elements
 Consistent
» Highly scalable

» Successful applications

Ceramic fragmentation Failure of blast loaded elasto-plastic
thin structures

[Radovitzky et al., CMAME 2011]

[Becker & Noels., INME 2012]

1
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Hybrid DG/ECL fracture framework

« Discontinuous Galerkin (DG) methods

* Finite-element discretization

« Same discontinuous polynomial approximations for the

« Test functions ¢, and
 Trial functions ¢

Field

/

/

N\

/

(a-1)(a-1)*(a) (@)* (a+1) (a+1)*

» Definition of operators on the interface trace:

o Jump operator: [l =" -
g4
 Mean operator: ()= 2

« Continuity is weakly enforced, such that the method

« Is consistent
« Is stable
« Has the optimal convergence rate
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Hybrid DG/ECL fracture framework

« Discontinuous Galerkin (DG) methods (2)

 Formulation in terms of the first Piola-Kirchhoff stress tensor P

Vo'PT=0inQO & {

P-N=TOD5N.QO
@ = @ ondpl

« Weak formulation obtained by integration by parts on each element (¢

A
Y \
N~ Qg
15
a0 [ X xt
+ /
FEREANS
(0 5198 l

2] V,-PT-8pdQ =0
e 2%
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Hybrid DG/ECL fracture framework

« Discontinuous Galerkin (DG) methods (2)

 Formulation in terms of the first Piola-Kirchhoff stress tensor P

P-N=TOD5N.Q0
Vo'PT=0inQO &
@ = @ ondpl

« Weak formulation obtained by integration by parts on each element (¢

aN-QO 2] VOPTa(pdﬂzo
In Qg w f C Jog

N~ ag' \

dp Qg X x+ qifdo e fgg —P:Vy8dQ + 3, faﬂg 6¢ -P-NdiQ=0
+

005 &
2 5,08\
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Hybrid DG/ECL fracture framework

« Discontinuous Galerkin (DG) methods (2)

 Formulation in terms of the first Piola-Kirchhoff stress tensor P

P-N=TOD5N.Q0
Vo'PT=0inQO &
@ = @ ondpl

« Weak formulation obtained by integration by parts on each element (¢

vl
Oy QL

. W\
0
_ d;x
dp&lg X xt f
+ '
D‘Qe N I‘Qg

0
fﬂo P:V,8¢dQ + falﬂo[[&p -P] - N~doQ= faNno T - 8¢pdoQ

2] V,-PT-8pdQ =0
o

e Joe ~P:Vod@dQ + 3, [, 8¢ - P - Nd9Q=0

O¢ 5198 \

New interface terms
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Hybrid DG/ECL fracture framework

Discontinuous Galerkin (DG) methods (3)

Jo, P:VoBdQ + [, o [6¢ - P]-N~doQ=[,  T-8¢doQ
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CM3

Hybrid DG/ECL fracture framework

Discontinuous Galerkin (DG) methods (3)
fQo P:V,8¢dQ + falﬂo[[&p - P] 'N_daQ:faNgoT - 6¢doQ
e |Introduction of a consistent numerical flux

Jo, P: Vo8dQ + [,  [8¢] - (P)- N~d0Q=f, . T-8¢doQ
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Hybrid DG/ECL fracture framework

Discontinuous Galerkin (DG) methods (3)
fQo P:VydpdQ + falﬂo[[&p - P] -N‘daQ:faNQOT - 6¢@doQ
* Introduction of a consistent numerical flux
Jo, P:Vod@dQ + [, , [8¢] - (P)- N~dd0=], , T-@doQ
* Weak enforcement of the compatibility & symmetrization
Jo, P:VoB@dQ + [,  [8¢] - (P)-N=doQ+[, . [@] - (C:Vob¢g) - N~doQ

=faNQOT - 8pdaQ
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CM3

Hybrid DG/ECL fracture framework

Discontinuous Galerkin (DG) methods (3)
fQo P:VydpdQ + falﬂo[[&p - P] 'N_daQ:faNQOT - 6¢@doQ
* Introduction of a consistent numerical flux
Jo, P:Vod@dQ + [, , [8¢] - (P)- N~dd0=], , T-@doQ
* Weak enforcement of the compatibility & symmetrization
Jo, P:VoB@dQ + [,  [8¢] - (P)-N=doQ+[, . [@] - (C:Vob¢g) - N~doQ

=faNQOT - 8pdaQ

« Stabilization controlled by a parameter g, for all mesh sizes hs

. - 1. -
Jo, P: Vo8dQ + [, o [8¢] - (P)- N~doQ+[, . [@] - (C*: Vydp) - N~ d0Q

_ SCel _ _
+ [0 [9] @ N~ (B) : [69] @ N-do0 =f, T 8pdon

[Noels & Radovitzky, IINME 2006]
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Hybrid DG/ECL fracture framework

Hybrid Discontinuous Galerkin/Extrinsic Cohesive Law method

 Final DG formulation
fﬂo P:V,8¢pdQ + falﬂoﬂ&p]] - (P) - N‘daﬂ+falﬂoﬂtp]] (€ Vyb6¢) - N~dOQ

_ SCel _ _
+fy,0, 01 @ N7 (B) 1 [80] @ N=ddQ =], o T-8¢pdoQ

» Interface terms integrated on an interface element
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Hybrid DG/ECL fracture framework

* Hybrid Discontinuous Galerkin/Extrinsic Cohesive Law method
« Final DG formulation

Jo, P:Vob@dQ + [, o ﬂ&p]] +(P)- N=doa+], , [l - (C°: Vo) - N~doQ
+ 1.0 0] @ N7 (55 [69] @ N-doa=f, , T 8pdon

» Interface terms integrated on an interface element

« Taking advantage of the interface elements
« Check is fracture criterion is reached (a: 0->1)
« If so, use the extrinsic cohesive law

fﬂo P:V,8¢dQ + fa,ﬂ[[&p]] t-n"doQ+

(1 - Cl) falﬂo[[&P]] : <P> - N~ doQ+ Ly
(1) fy 0] (€7 Vo) - N-don
-0 [ [el® N <£S ): [60] ® N-ddQ =
910,
j T - 6¢doQ
INQ,

]
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Hybrid DG/ECL fracture framework

Efficient // implementation (2)

» Based on the ghost-faces method

« Partitioned mesh (METIS)

* Internal forces can be
computed

At bulk elements
* At interface elements in

the partitions
QHOE ; S % / %% EEQHIO
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CM3

Hybrid DG/ECL fracture framework

Efficient // implementation (2)

» Based on the ghost-faces method

« Partitioned mesh (METIS)

* Internal forces can be
computed

At bulk elements

* At interface elements in
the partitions

* Interface elements at
processors boundaries?

June 2013 CFRAC 2013
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CM3

Hybrid DG/ECL fracture framework

Efficient // implementation (3)
» Based on the ghost-faces method

» Create ghost elements

* |Internal forces can be
computed at processors
boundaries interfaces

» If deformation of ghost
elements is correct

Ql
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Hybrid DG/ECL fracture framework

Efficient // implementation (4)

» Based on the ghost-faces method

QII
0
« Update positions of ghost
elements nodes

* Only exchange

June 2013 CFRAC 2013
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Application to intra-laminar failure of composites

« Composite materials
* UD carbon-fiber (60%) reinforced epoxy

« Elasto-plastic matrix

« Transverse anisotropic fibers

* Interface failure:
* oc=45MPa, G, =100 J/m?

* Intra-matrix failure:
*  o0c =83 MPa, G, = 78 J/m?[sato et al., 1986]

« Transverse loading experiments

CM3 June 2013 CFRAC 2013 23 m;



Application to intra-laminar failure of composites

* Micro-models
« Study of the cell size effect (3D random cells)

DOD @b’@@g% S
©) ™) oS

OGO B ()
LD%(W@@\ OCH 5)),\ Yol

« Consider a transverse loading éu™ on the cells

l :

RIS,
11OQ
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Application to intra-laminar failure of composites

Imulations
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Application to intra-laminar failure of composites

Micro-Meso fracture model for intra-laminar failure
Epoxy-CF (60%), transverse loading

3 stages captured
Cell size effect

Elastic response
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O 4 fibers
* 16 fibers
——64 fibers

F

* Experimental
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Application to intra-laminar failure of composites

 Micro-Meso fracture model for intra-laminar failure
« Epoxy-CF (60%), transverse loading

« 3 stages captured
» Cell size effect

Elastic response
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Damage due to debonding

O 4 fibers
* 16 fibers
——64 fibers

* Experimental
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Application to intra-laminar failure of composites

« Micro-Meso fracture model for intra-laminar failure
« Epoxy-CF (60%), transverse loading 60 L L
« 3 stages captured [ I3 I
» Cell size effect

——64 fibers
* Experimental —

F

% * 16 fibers
5

& [%]

Elastic response Damage due to debonding
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Application to intra-laminar failure of composites

Micro-Meso fracture model for intra-laminar failure (2)

CM3

Scale transition after softening onset
Should not depend on the RVE size
60

c [MPa]

N S !
Rt 2}
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x 16 fibers
——64 fibers

* Experimental
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Application to intra-laminar failure of composites

* Micro-Meso fracture model for intra-laminar failure (2)
« Scale transition after softening onset
« Should not depend on the RVE size

* The displacement su™ of the RVE needs to be corrected
I I3 I
« Mesoscopic surface traction directly obtained 20 i
_ E 7-”!;,\3‘; PSP SARAMHATT
ot =0 ey s |
« Compute a mesoscopic opening (increment) © 0.4 .
1 é‘ x 16 fibers
SuM = Su™ — L 1C® ey ® ey - 8t — Sul ] T 64 fibers
_ _ 3 * Experimental]
which accounts for the change in the % ) 4 ;
. . . 0
structural stiffness C due to irreversible e [Vl
50 r T T T
processes 4 Tbors
m _ -1 _ el_l). . ST 408 % 16 fibers
SuF! = Lean (€71 = €17 ) rex ® ey - 6 LY e
~— O
[Verhoosel et al., IINME 2010] < 30¢ 7
2,
= 20¢
10
%
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Application to intra-laminar failure of composites

* Micro-Meso fracture model for intra-laminar failure (2)
« Scale transition after softening onset
« Should not depend on the RVE size

* The displacement su™ of the RVE needs to be corrected
I I3 I
« Mesoscopic surface traction directly obtained 20
: g
ot =0 ey s |
« Compute a mesoscopic opening (increment) © 50l Xy
1 é‘ x 16 fibers A
SuM = Su™ — L 1C® ey ® ey - 8t — Sul ;i — 64 fibers ~
_ _ 3 * Experimental]
which accounts for the change in the % ) 4 ;
- - - 0
structural stiffness C due to irreversible e [Vl
rocesses 50 :
P O 4 fibers
m _ -1 _ el_l). . SF 406 x 16 fibers
SuF! = Lean (€71 = €17 ) rex ® ey - 6 LY e
~— O
[Verhoosel et al., IINME 2010] < 30 ,. 1
: =
« Corresponds to a meso-scale cohesive law = 20}
« Area converges to the apparent energy 1ol
release rate of the composite: 122 J/m2
0
0

« To be compared to G of epoxy (78 J/m2)
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Application to intra-laminar failure of composites
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Conclusions

Hybrid DG/ECL method
— Efficient parallel computational method

— Can be used to simulate micro failure
Micro-meso model

— Meso-scale cohesive law can be extracted from simulations
— Small cells can provide accurate results
Perspectives

— Loading direction effects

— Computational multiscale failure
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