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Introduction

« Material fracture process

Damage accumulation
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Introduction

« Material fracture process I T I T

— Damage accumulation

— crack -
NSz % ?
Iy Iy
* Finite element solutions for strain softening problems suffer from:

— The loss the uniqueness and strain localization
— Mesh dependence

Homogenous unique solution

Lost of uniqueness

The numerical results change
with the size and the direction
of the mesh

Strain localized
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Non-local damage model to cohesive zone model

* Implicit gradient enhanced damage model [peeriings et al. 96, Geers et al. 97, .|

— A state variable is replaced by a non-local value reflecting the interaction between
neighboring material points

3() = [, ayw(y; x)av

— Use Green functions as weight w(y; x) ==» Implicit gradient enhanced model
oa oa
J— n J—

-7 i__o
on OX:

a-cvVia=a  Wih
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Non-local damage model to cohesive zone model

* Implicit gradient enhanced damage model [peeriings et al. 96, Geers et al. 97, .|

— A state variable is replaced by a non-local value reflecting the interaction between
neighboring material points

3() = [, ayw(y; x)av

— Use Green functions as weight w(y; x) ==» Implicit gradient enhanced model

~ - . oa oa
a_Cvza:a with —:ni—:O
on OX:
— General form for anisotropic cases
é—V-(Cg-Vﬁ):a n-(c,-va)=0

— Damage evolution D (é; t)

g-V-(c, v&)=e e:\/ >(&')

1=1,2,3
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Non-local damage model to cohesive zone model

* Energy equivalence of damage model and cohesive zone model

- Cohesive law can be constructed from damage model [Planas et al. 1993, Cazes et al. 2009...]

Non-local damage

/0T

I'p

Free energy

%jg(l—D)s:Ce cedV

Cohesive zone
/T

o A\ Ul

I'p

;1_[9(1— D')e': C*:g'dV

c=(1-D)C":¢

Y:—ls:Ce:a
2

Before damage
localization

D = D' (diffuse damage])
e=¢
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Non-local damage model to cohesive zone model

* Energy equivalence of damage model and cohesive zone model

- Cohesive law can be constructed from damage model [Planas et al. 1993, Cazes et al. 2009...]

Non-local damage Cohesive zone
[ I
/[T [T o=(1-D)C*:¢
u
S Il Y = —Es :C°:¢
2
Ip Ip

Out of damage
localization zone

I (1-D')e":C*:&'dV + = I TIul dAf p — p’(diffuse damage)

e=¢

Free energy

—j (1- D)g:C® :edV |
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Non-local damage model to cohesive zone model

* Energy equivalence of damage model and cohesive zone model

- Cohesive law can be constructed from damage model [Planas et al. 1993, Cazes et al. 2009...]

Non-local damage Cohesive zone
[ I
/T [T o =(1-D)C°:¢
u
S Lu] Y = —18 :C':¢g
2
I'p I'p
Free energy Out of damage
1 localization zone
E-[Q (1-D)g:C®:edV I (1-D")e":C°:e'dV += I TIul dAf p — p’(diffuse damage)
e=¢

Increment of dissipated |

energy

e = |, (YdD)dV

4D, = % [, (TdIul -[u] dT)dA

I
|
|
|
j
|
Dissipated energy :
|
|

[.(] -yaD)av [ T turdA
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Non-local damage model to cohesive zone model

« 1D case analysis X

A — cross section of the bar L |

|= O

€hom--

L Xe)

NSAONN AN\
oS oo

o — tensile stress
u; — the displacement at right end of <
[u]
the bar

A\ 4

dos
bs

Transition at D’
L
[u] = | (&= &om)L

[u]
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Non-local damage model to cohesive zone model

« 1D case analysis X
A — cross section of the bar 2@ L | |= O
& --
o — tensile stress A hom = &
u; — the displacement at right end of g > <[[u]]
thepar N
A = O
At( [[u]]DT
dos
AO‘T (I)S
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Transition at D’
L At
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Transition at Dr ;N
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Non-local damage model to cohesive zone model

« 1D case analysis X
A — cross section of the bar 2@ L | |= O
o — tensile stress 2F‘ “hom-- = &
u; — the displacement at right end of g > <[[u]]
thepar N
A AL = 0

At( [[u]]DT
dos
Al S
|
[ult [ul

Transition at D’

[u] = [(& ~ Epom)dL

¢
Transition at Dr \
bs

Tulorz [u]

Key issue: ¢g !!!
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Non-local damage model to cohesive zone model

1D case analysis At
- Numerical solution

dos

[ul
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Non-local damage model to cohesive zone model

1D case analysis At

- Numerical solution

- Approximation at high damage
Aot

When damage is rather high:

[Dufour et al. 2008, ...]

EC ~ ED (ghom’ [[u]])
Stress equivalence: €hom

(1_ DI)E‘c"hom = (1_ D(EC)) Ee

[u] = j:(g — Epom )AL E €hom.-

dos

| K “bs |

_ Tuly [u]

______ Gl

2 _ = O

£\
2 —>—1< |»0-

[2]
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Non-local damage model to cohesive zone model

1D case analysis At
- Numerical solution dd
- Approximation at high damage >
Ao KL > e
When damage is rather high: \
[Dufour et al. 2008, ...] O\ \ :
~ ~ u [ul
&c = &p(Enom» [u]) = lul
Stress equivalence: €hom.____ S/ N\
(1-D')Es,,. =(1-D(.))Es % = = o
L €p
[ull = [(& — Ehon)dL o = -
[u]
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Non-local damage model to cohesive zone model

1D case analysis At
- Numerical solution dd
- Approximation at high damage >
Aor | K< > e
When damage is rather high: \ \
[Dufour et al. 2008, ...] O\ :
~ =~ Tul [ul
&c = &p(Epomr [u]) = T
Stress equivalence: fhom S/ \_
] _ -~ ; G
(1—D')Espom=(1—D(Z.)Es 4 - =
r "D\
&
[ul = | (&= &hon)dL , Chom-
Zi mj X6
Example: [Geers etal. 1999, ... T
pie: [ ] . [[u]]
Ki\P (ke — K .
D=1- (;) pa— k{x} = max[&(x,T)|T < t]
46[;_0 l. - - : : . 20.0
E  3.2[GPa
v 0.28 30.0¢ 150
= 3
ki 0.011 S 2007 1 100
ke 0.5 © <
a 5.0 10.0¢ 5.0f
B 0.75
¢, = diag{2.0} mm? R P b e b b
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Discontinuous Galerkin / Cohesive Extrinsic Law Framework

 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
» Critical time step is reduced

CM3 June 2013 CFRAC 2013
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Discontinuous Galerkin / Cohesive Extrinsic Law Framework

 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
» Critical time step is reduced

— Extrinsic Cohesive Law (ECL)
» Cohesive elements inserted on the fly when
failure criterion is verified [Ortiz & Pandolfi 1999]
« Drawback
— Complex implementation in 3D (parallelization)

 Solution

— Use discontinuous Galerkin methods embedding interface elements
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Discontinuous Galerkin / Cohesive Extrinsic Law Framework

« Discontinuous Galerkin (DG) methods

— Finite-element discretization
— Same discontinuous polynomial approximations for the

 Test functions u,, and

Field

* Trial functions du

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

— Definition of operators on the interface trace:

« Jump operator; [o] =e" — e~
ot | o
2

« Mean operator: (e) =
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CM3

Discontinuous Galerkin / Cohesive Extrinsic Law Framework

Discontinuous Galerkin (DG) methods

— Finite-element discretization

— Same discontinuous polynomial approximations for the
 Test functions u,, and

* Trial functions du

Field

S

/

N\

/

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

— Definition of operators on the interface trace:

« Jump operator; [o] =e" — e~

* Mean operator:

(o)

ot | o
2

— Continuity is weakly enforced, such that the method

* |s consistent
* |s stable

« Has the optimal convergence rate

June 2013
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Discontinuous Galerkin / Cohesive Extrinsic Law Framework

« Governing equations

{ V-6' =0 { c-n=t

e —V. (Cg . Vg) — @ Boundary conditions n- (Cg .Vé): 0

« Weak formulation obtained by integration by parts on each element Q¢
dn )

2N fij“

V-oT(uy) -6udQ =0

n. Q¢
2[ —o(uh):VSudQ+z ou-o-ndoQl =0
aD-Q X~ x+ s Q¢ 5 ~0Q¢
e M ¢
p{l
e 9,0\
d;Q
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Discontinuous Galerkin / Cohesive Extrinsic Law Framework

« (Governing equations

{ V-6' =0 { c-n=t

e —V. (Cg . Vg) — @ Boundary conditions n- (Cg .vg): 0

« Weak formulation obtained by integration by parts on each element Q¢
dn )

N A2

V-oT(uy) -6udQ =0

n. Q¢
2[ —o(uy):Véu dQ + z ou-o-ndoQl =0
— e — Jgqe
dp X xt f © )
Q¢ n? e j o(uy): Véu dQ ‘ - = j t - 6udoQ)
Qe aIQe l Q . InQ
New interface termes
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Discontinuous Galerkin / Cohesive Extrinsic Law Framework

« (Governing equations

{ V-6' =0 { c-n=t

e —V. (Cg . Vg) — @ Boundary conditions n- (Cg .vg): 0

« Weak formulation obtained by integration by parts on each element Q¢
dn )

N A2

V-oT(uy) -6udQ =0

n; QY
2[ —o(uy):Véu dﬂ+z ou-o-ndoQl =0
ol N | £ = <L
NG n? e jo(uh):V(SudQ ‘ - —j t - 6udoQ)
D
Qe aIQe l Q ONQ

9,0

j o(uy): Véu dQ

[6u]  n—: (% Ce): u] @ n=dodN+

[u] - (C¢:Véu) - n=doQ

9,0 0;Q

Enforcement of the
compatibility
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Discontinuous Galerkin / Cohesive Extrinsic Law Framework

e Combining with cohesive law
f o(u,):VéudQ + j at™ ([u]) - [6u]ldoQ
Q

910
(1—a)éu] - (o) -n"doQ + (1—a)[éu]  n™: (% Cé) :[u] ® n~doq

9;0 0,0

+ (1 —a)[u] - (C&:Véu) - n~doqQ = f t - ndoQ
d1Q INQ

« Transition from damage to crack
Critical damage Dt
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Discontinuous Galerkin / Cohesive Extrinsic Law Framework

e Combining with cohesive law
f o(u,):VéudQ + j at™ ([u]) - [6u]ldoQ
Q

9,0
Bs

+j (1—a)éu] - (o) -n"doQ + f (1—a)éu]  n™: (—C®): [u] ® n~da
9;0 ) hs

12

+ (1 —a)[u] - (C&:Véu) - n~doqQ = f t - ndoQ
d1Q INQ

« Transition from damage to crack
Critical damage Dt

Effective stress t
o

~(1-Dp) bs

« TSL Characterized by A
- Strength o, &

Oc

— Ciritical energy release rate ¢g
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Application

« Compact tension specimen [Geers et al. 1999, ...]

W=50 mm F 0.25W
an=10 mm
Thickness: 3.8 mm

%W/SG 12w
[
0.325W

- 3D model |

— Results 1T
F | ¥
_n.st i

1.25W
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Application

« Compact tension specimen [Geers et al. 1999, ...]

W=50 mm F 0250
an=10 mm
Thickness: 3.8 mm
B ¥Wf50 1.2W
— 3D model o.azsw[ s
- Results T
F .
1600 - 025W
i / = = Experimental results ) 1.25W
1400 \ (Geers, 1997)
1200 - Numerical simulation
1000 -
zZ
3 800 -
5 600 -
LL \
400 - S
200 - IS
O T T T J - '- —~ =
0 2 4 6 8 10
Displacement / mm
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Application

Compact tension specimen

- Results
damage (0/1235) T
0 0.437 0.935 Lﬁé
[ -
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Conclusions

Implicit gradient enhanced damage
— Easy implementation
— Extra degree of freedom on nodes
Damage to crack

— Cohesive law needs to be constructed
« High damage (approximation)
* Low damage (nhumerical solution)
— Transition criterion from the information of damage and stress
DG method

— Computationally efficient // method
— Consistent
— EXxtrinsic cohesive law
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