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Non-local models for quasi-brittle failure

» Propagation of macrocracks in quasi-brittle materials implies the presence of a
Fracture Process Zone (FPZ)

0\

Microcracked zone

€>>

\} macro .
crack

» This FPZ leads to typical phenomena such as size effects, boundary effects, strain
softening etc.

» Non-local interactions appear within the FPZ and the material points cannot be
seen as independent

» It may change transport properties and the FPZ may be the location of complex
multi-physics couplings (adsorption, crystallisation, etc.)
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Non-local models for quasi-brittle failure
» Strain softening materials

® e Softening = Strain localization = Mesh dependencies

© e Regularization techniques :  (Non-local models)

Integral-type non-local models Gradient damage formulations
LEOES /Q Yo(x, E)E(€)dE — { A=) A e (S
Q,x=/ X, €)d . ‘x—EVZ‘x—...=“ implicit
< ( ) Q "/)O( €) E 5 Eb SRS CLaRER) (I inftgrn)all len%th r;zgltez to the Fr:cguxrl Prt()lceEsIch)rze)
Yo(X, &) = exp (— (M) ) w Peerlings et al. (1996)

(I internat length related to the Fracture Process Zone)

= Pijaudier-Cabot and Bazant et al. (1987) The characteristic length /_needs to be calibrated

4

and a constitutive law needs to be chosen !
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Strain S
Non-local models for gquasi-brittle concrete failure .5, o om0 om 9
» Simple concrete model

Isotropic damage: oc=(1-D)C:¢

Stress (Mpa) :40
Equivalent strain: c.= [ (e} (Mazars, 1986)
ze[l 3]

Nonlocal averaging: z.(z /¢ (2, &)eeq(&)dE

Y(z, 5) with a characteristic length

Damage evolution: D(h,z) = [1 — (1 - At);(on> — A,e(=Bilh(z)=epy))
(Mazars, 1986)

I(e,h) =E€cq(e) —h, T'(e,h) <0,
h>0, hI'(e,h)=0

h = max(ep,, max(eq))

Kuhn-Tucker condition:

Remark: all the parameters have to be calibrated !
Classical values of the model parameters are provided in Mazars (1986) and
Pijaudier-Cabot et al. (1991)
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Non-local models for quasi-brittle failure
» The characteristic length must vary upon failure

® e Why ? — Effects which are not taken into account :

O

Chopped off part
of the neighborhood

Free boundary

=Y.
P
SO il'-f,"j
R

.ic | o &,c;aék C..
a) Boundary effects (/¢ \) b) Shielding effect (I \,\)  c¢) Voids growth effect (I /)
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Non-local models for quasi-brittle failure

» The characteristic length must vary upon failure

®

e Why ? — Effects which are not taken into account :

O

d CRe s
— A
Chopped off part ;
of the neighborhood

Free boundary

\_.crac
b) Shielding effect (Ic \)

G

c) Voids growth effect (I /)

v

a) Boundary effects (I; \)

() Empirical solutions: Less empirical solutions:

Enhanced non-local formulations : Other formulations :

- D : damage, D < [0, 1]
le = f(d; D) { d : boundary distance

— Stress-based non local damage model
Giry et al. et al. (2011)

Krayani et al. et al. (2009)
Pijaudier-Cabot and Dufour et al. (2010)
Grégoire et al. et al. (2012)

- Interaction-based non local model
Rojas-Solano et al. (2013)
Pijaudier-Cabot and Grégoire (2014)

v
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Non-local models for quasi-brittle failure
>

Global motivation for this talk:
Whatever is the non-local model chosen,
a characteristic length has to be identified,

even as a constant parameter.

Additionally, this characteristic length must vary
upon failure...

Grégoire et al. et al. (2012)
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* Indirect calibration methods
1) Pick load size effect laws

0.05

¥ mall size: L
S Small s e 000 F--=-=----------2--- Strength criterion
3 3 strength criterion

l

-0.05

©
=d
o
T

log(o,/Bf)
Io 1
7

Bazant size effect law
.02} = D1
1 D2
« D3
h ad e Numerical Results
.0.30 1 | | L i i i Size effect low from:
Large size: LEFM 10 08 -06 -04 -02 00 02 04 06 (BaZant, 1984)

log(D/D,)

Commonly performed: only notched specimen, only 3 sizes

Pick load size effect laws should not be used alone to calibrated model parameters
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* Indirect calibration methods
2) Softening curve (1 size)

5.E+03 7 Force (N)

m test

e c=0,03
4 E+03 -==Lc=0,04

— = Lc=0,05
3.E+03 -
2.E+03
1.E+03 A

Deflexion (m)

0 -E+00 L] T 1 L)
0.E+00 2.E-05 4.E-05 6.E-05 8.E-05

(Le Bellégo et al., 2003)
A model cannot be calibrated from inverse analysis of a single load deflexion curve.
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* Indirect calibration methods
2) Softening curves (3 sizes) (most studies)

1200 Force (c) lc =40mm
D 1000 |(daN) o mmercal
800 F
600
400

D; =320 mm 200
D, =160 mm 0 &

Dy = 80 mm 0 005 01 015 02
Deflexion (mm)

(Le Bellégo et al., 2003)

Q .",
;" !((('(‘((\(‘(' ,
(7 (({/
T LU L@
| | « PP

T T G QT L (LT YT RRRTRRL TR YR

Most of the time, no problem for a good calibration on three sizes...

... but things get more difficult for four sizes.
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* Indirect calibration methods
2) Softening curves (4 sizes)

| | Boundary
i =1 f i =2 { i=3 conditions
' ‘ >
P Ln = 3.5 Dn R
n=1 D,
[ In" =ao;D, I
T
n=>2 I .
n=3 ] N ]
n=4 - i - I
v |
Sizes D

D,=52% : Dy=400mm ; (a,asa3)=(0.5,0.2,0) ; width:50mm

(Grégoire et al., 2013)

34 three bending tests
see also (Hoover et al., 2013)

+ 51 characterisation tests
(Compressive strength, splitting tensile strength, Young’s modulus, Poisson ratio)
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* Indirect calibration methods
2) Softening curves (4 sizes)

Remark: if you really want to use a size effect law, use a universal one with notched
and unnotched specimens but still not the best for failure model calibration...

Half-notched (i=1) @
Fifth-notched (i=2) @
Unnotched (i=3) @

oy [MPa]

@
1

Size effect law from:
(Bazant and Yu, 2009)

O =~ N WHUoO N

o = N W d» 00 O N
T T T T T T

(Grégoire et al., 2013)
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* Indirect calibration methods
2) Softening curves (4 sizes)

30

Experirﬁental

Expérimental

Force (kN)
Force (kN)

0.8 1 0 0.2 0.4 0.6 0.8
CMOD (mm) CMOD (mm)

(Grégoire et al., 2013)
Perfect for model calibration but. ..
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* |Indirect calibration methods

3) Example of calibration failure = NL model with constant length

Classical non local model with constant |

16 T T T
Experimental
Numerical
14 }
z
<
3
S
L
0.4 0.6 0.8
CMOD (mm) (Grégoire et al., 2013)

3 sizes - fifth notched - not so bad (and may have been better fitted)
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Indirect calibration methods

3) Example of calibration failure = NL model with constant length

Classical non local model with constant |,

Force (kN)

16 T T

david.gregoire@univ-pau.fr

24/01/2018
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14 |

Expérimental

Numerical

0 0.2 0.4
CMOD (mm)

4 sizes - fifth notched - completely lost

0.6

0.8
(Grégoire et al., 2013)
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* Indirect calibration methods
3) Example of calibration failure = NL model with constant length

Classical non local model with constant |,
30 '

Experimental
Numerical

Force (kN)

0 0.2 0.4 0.6 0.8
CMOD (mm) (Grégoire et al., 2013)

4 sizes - unnotched - even worse !
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Non-local models

* Indirect calibration methods
3) Example of calibration success — Mesoscale lattice model

But some calibration may work !!!

[ 6 1 1 T T
Mesoscale lattice model el 60 tam
y experiments 50 mm
5 ! ‘model 100 mm =~ |
interface NN experiments 100 mm ------
4 e model 200 mm e - -
} RS experiments 200 mm - - -~
4r / NN model 400 mm =&

experiments 400 mm ---------

load [KN]

matrix inclusion

CMOD [mm]
(Grassl et al., 2012)
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* |ndirect calibration methods

3) Example of calibration success — Mesoscale lattice model

But some calibration may work !!!

Mesoscale lattice model

interface

inclusion

matrix

(Grassl et al., 2012)

Direct calibration Evolving charac. length Conclusion
35 1 1
model 50 mm g
experiments 50 mm -
30 + model 100 mm +-<o—-=
experiments 100 mm ------
model 200 mm e
25 + A experiments 200 mm -~ -
i model 400 mm -4~
ity experiments 400 mm -
Z 20 7 4.
=, ;1
3 S
S 15t | )
i"f*-.':-'
10 F# "%
SN .
5 s, Tl N
oy By el TTTmel
0 1 -3 o T R Pt R I SECREES SR8 LOa0 )
0 0.1 0.2 0.3 0.4 0.5
CMOD [mm]
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Non-local models

* Indirect calibration methods
3) Example of calibration success — Thick level set model

But some calibration may work !!!

Thick level set (TLS)
‘ —_—it=1ln=1 —TLS
—p=ln=2 exp. envelope
y 6 " —1=1n 3 —~'lu\llli(-<-m :
Q) d— (l\ 1
o
T z
.~
d 1/ <<< o E
T T I E | s
0+
|
(Parri”a Gémez, 2017) % 10 S0 100 160 200

CMOD (pm)
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* Indirect calibration methods
3) Example of calibration success — NL model with varying length

But some calibration may work !!!

Integral non-local model with varying Lc

(Havlasek et al., 2016)

i

& 2 5 | I | 1 3 | I 4 I I I I 6 1 I

=) 5 L |

S di | 2 ST | 4

@ 1.5 F -

= 1t . T ] i |

0 1 B 2+

€ 0.5 Hg =925 — 925. =127

E g = 25.4 mm g = 25.4 mm 9 mm 1 g = 12.7 mm

g 0 1 1 1 1 1 1 1 1 1 1 0 1 1

= 0 50 100 150 200 250 50 100 150 0 20 40 60 80 100 20 40 60
u [pm] u [pm)] u [pm] u [pm]

D = 500 mm D = 215 mm D = 92.8 mm D = 40 mm

exp. from (Hoover et al., 2013)
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 Direct calibration method ?

1) Digital image correlation e.g. (Wuetal.,, 2011) (Alam et al., 2012)
(t. Skarzynski and J. Tejchman, 2016)

440 &
60 . 60 400 8487. 2 0.02
54r 154 360 7400. 6
48+ 148 o 0014
0k 440 oG 4140.6 o (JMM%
—_ ) 3054. 0 £
= 36 Crack opening- 36 = ~d - . £ 0.00
£ [ FPZ displacement | 1)) a— 1%(:4 s l
s~ 30 + / 4 30 880. 7 Q
- : L -205.9 0.00 4
24+ E 124 © '
18 I._ ] VU 40 80 120 160 200 240 2680 320 360 400 440 480 520 560 600 640 680 720 760 800 84 880
L 0.00 004 0.08 18 (b) At point P3 corresponding to the peak load -0.02-
12 W (mm)
L 12 8 4 0 4 8 12
6F Y (mm)
L (Wu et al., 2011)
-5 0 5
Y (mm)
Problems:

- Continuous DIC generally but discontinuous DIC formulation exists

e.g. (Réthoré et al., 2007), (Grégoire et al., 2009), (Grégoire et al., 2011)
- No information about non local interactions
- Difficult to use it for direct model calibration
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* Direct calibration method ?
2) X-ray tomography e.g. (t. Skarzynski and J. Tejchman, 2016)

Height above notch - h' [mm)

Specimen width b" fme)

Problem:
- Postmortem analysis (no evolution)
- Still difficult to use it for direct model calibration
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 Direct calibration method ?

3) Fracture surface roughness
) & 5 (Xenos et al., 2015)

1) Experimental fracture test

* . region influenced by
o compressive zone
200
i | 1~
F/2 T A'B F/2
L 500 R
I 100 L transient roughness
[|< :l] development zone
\ 77
. h
2) 1D non local model failure test ‘ o Standard
. 4. z
: I variation: 1Ah
3) Direct calibration N

Dissipated energy 4) Structure failure analyses
density profile

) ‘rr

Ahan=Ahexp
Standard variation

- Based on the assumption that the large majority of energy is dissipated in a rough crack

- Straight forward for constant characteristic length calibration

- Quite unique and very promising but needs to be further validated

xﬁR
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e (Calibration of an evolving characteristic length

1) Acoustic emission e.g. (Landis, 1999) (Granger et al., 2007)
(Grégoire et al., 2015) (Saliba et al., 2016)

L=35D

>
>

A

Force l Displacement

O Unnotched and notched specimen
@] o]
L (Grégoire et al., 2015)
Crack mouth
T opening displactement T
I S—25D >
; - ' 200 5
HN : FN UN

150

150 150

100

Y [mm)])

100 100

Y [mm])

50

50 50

400

250

a
250 300 350 400 450 %0 300 350 400 450

X [mm]
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* (Calibration of an evolving characteristic length

2) Acoustic emission

Force (kN)

0 0.1

0.2 0.3 04 05 0.6
CMOD (mm)
AG m==m=m AGy oz '
AG, Experimental

(@) HN200: Half-notched beams, D = 200 mm

Exp. AE energy [aJ/m"]

6e+09
5e+09
4e+09
3e+09
2e+09
1e+09

Q'

100
y [mm]
-60

2005,

x [mm]

(a) Agy — Experimental

e.g. (Landis, 1999) (Granger et al., 2007)

(Grégoire et al., 2015) (Saliba et al., 2016)

Unnotched and notched specimen

(Grégoire et al., 2015)

Problem:

=

Exp. AE energy [aJ/m”]

3.5e+09

$8
2

~ N
31
33

1e+09

$
.-

Not so much points !
(almost nothing prepick)

200 5,

x [mm]

(¢) Ag2 — Experimental



::;El_, MECAMAT 2019 david.gregoire@univ-pau.fr 24/01/2018

Non-local models Indirect calibration Direct calibration Conclusion

* (Calibration of an evolving characteristic length

2) Mesoscale modelling e.g. (Schlangen et Van Mier, 1992) (Delaplace et al., 1996)
(Grassl and Jirasek, 2010) (Grassl et al., 2012)

Heterogeneities are explicitly meshed

'*i%m q’ interface
% k! g RN

Isotropic damage
model for ITZ
and mortar

matrix inclusion
Concrete Local degrees of freedom b Wen

" model 400 mm ———
Stage1

A lot of damage point
may be identified !

Stage 2

load [kN]
w
\

Stage 3

(Grassl et al., 2012)

0 0.1 0.2 0.3 0.4 0.5
CMOD [mm]
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* (Calibration of an evolving characteristic length
2) Mesoscale modelling

Consistent and predictive in term of global response !
(Grassl et al., 2012)

F F
C C
meso-scale y
region "
d meso-scale d
region T y max (d, 0.15 m)
axd I 106 max T .

A A B A A A B pzas
}-—{d d
| 05d | 2.5d | 05d | | 05d | 2.5d | 0.5d |
\ \ | i [ | | |
6 T T T T 35 T T T T
model 50 mm —s&— model 50 mm &
experiments 50 mm experiments 50 mm =
5} FAd model 100 mm - 30 | model 100 mm +-o -~
PN experiments 100 mm ------ i experiments 100 mm -~
4 SR model 200 mm e~ model 200 mm -
f N experimegtsI ‘2188 mm - experiments 200 mm - -~ -
4} / mode mm - model 400 mm i---a--=
/ ‘,\g: experiments 400 mm --------- experiments 400 mm —-—--
3 . R Z
- 3 B N =
g CIS e A3
L DRI
2T a0 S
ta . Lt -.
1 TRl Srei . TRty LRy e T =
g T .
M i e e o e e O | T o T
0 1 L HEERARSSRSRES880 DDA Distaasaad
0 0.1 0.2 0.3 04 0.5 0.2 0.3 04 0.5

CMOD [mm] CMOD [mm]
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e (Calibration of an evolving characteristic length
2) Mesoscale modelling
Consistent and predictive in term of local response !

lF (Grégoire et al., 2015)
.

?;Zion [ / - l .

axd I oo Acoustic emission vs lattice model

AN A B A -

d
L 0.5d ‘ 2.5d ‘ 0 ]_|
\ \ \ |
damage
0.2

200

5 0.15

Y (m)
j=]

100

50 0.05

%0 300 350 400 350
0.25 0.3 0.35 04 0.45

X (m)
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]

™

Exp. AE energy [aJ/m

Calibration of an evolving characteristic length

2) Mesoscale modelling

3.5e+09
3e+09
2.5e+09
2e+09 +
1.5e+09
1e+09
5e+08 |

")

y [mm]

ConS|stent and predlctlve in term of local response !

35

Force (kN)

NN
\\\\\\\\\\\\\\\\\

0 0.1 0.2 03 0.4 0.5 0.6
CMOD (mm)
AG, AGy vriin
AG, Experimental ——
(@) HN200: Half-notched beams, D = 200 mm

200 6o X [mm]

(¢) Ag2 — Experimental

Num. dissipated energy [J/mz ]

(Grégoire et al., 2015)

Acoustic emission vs lattice model

18000 r
16000
14000 r
12000
10000 r
8000
6000
4000
2000

y [mm]

200

60
(d) Ag2 — Numerical

x [mm]
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* (Calibration of an evolving characteristic length
2) Mesoscale modelling

ConS|stent and predlctlve in term of local response !
_ (Grégoire et al., 2015)

/ . Acoustic emission vs lattice model

Problem: How interpreting these data
S S in a way that we can identify the
[P characteristic length evolution ?

AG2 Expenmental

(@) HN200: Half-notched beams, D = 200 mm

Force (kN)

\\\\\\\\\\\\\\\\

\\\\

1.4e+10 |

1180 . .

o 126410 | 1 160 N§ o 5e+09 §
& 1 140 = S =
B. 1e+10 + > < 4e+09 S
1120 8 = 8

> IS N <
> 8e+09 o > o
% 1 100 B g 3e+09 g
S 6e+09 {8 8 o s
< {160 2 < 2e+09 2
g 4e+09 IS} g 3
« 14 § Y 16409 §
2e+09 | 1 20 > >

0 : 0 0 RS,
-60 -40 —20 0 20 40 60 0 50 100 150 200
x—coordinate [mm] y-coordinate [mm]

(c) Ag2 — Horizontal projection (d) Aga — Vertical projection
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* Calibration of an evolving characteristic length
3) Ripley’s function: a spatial ecology tool

We want to characterize how microcracks interact from damage patterns
that start randomly and then localise

This has been performed for years in spatial ecology:
(Ripley, 1977) - Cell migration
(Stamp, 1990) - Plant spreading
(Diggle, 1991) - Disease spreading
(Duncan, 1993) - Tree spreading
(Dixon, 2002) - Review on Ripley’s function
(Tentelier and Piou, 2011) - Anadromous fish migration

and more recently in mechanics:
(Tordesillas et al., 2012) - Diffuse granular failure
(Lefort et al., Eng Fract Mech, 2015) - Concrete failure (this work)
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* Principle of Ripley’s functions 1 .
P Pi€y K(r)=-=> "> e;H(i,j,r)
A Np ieP jeP
R, K(I") N |and H(i,j,r) = { ! %f D(l,’J,) ST
0 if D(i,j)>r
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Average number of neighbours counted in the disk of radius Ry: N, g1 = 0,50

(Lefort et al., Eng Fract Mech, 2015) => K(R;) =N, o r1 / o= 0,06
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Non-local models Indirect calibration Direct calibration Conclusion
* Principle of Rip 1 -
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(Lefort et al., Eng Fract Mech, 2015) => K(R;) = Npoyro / p= 0,78
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Non-local models Indirect calibration

Direct calibration

* Principle of Ripley’s functions

AL(F)—F L(r) —7 =

K(r)

o 4

homogeneous distribution

(Lefort et al., Eng Fract Mech, 2015)

K(r) N\ |and H(i,j,r):{l if D(i,j) <t

LxH

Conclusion

K(r) = Nipz > eyH(i,j,1)

ieP jeP

0 if D(i,j)>r
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Non-local models

* Typical shapes of L(r) functions
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 Experimental Campaign vs Numerical Model
— Taking into account the energy...

DATA
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n
%5 300 350 00

intensity coding
(here 1J=1point)

Point pattern analyzed
with Ripley’s functions

(Lefort et al., Eng Fract Mech, 2015)
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Load vs CMOD

Indirect calibration
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Direct calibration Conclusion
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SIMULATION vs EXPERIMENTAL

4 Load vs CMOD
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SIMULATION vs EXPERIMENTAL
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SIMULATION

Load vs CMOD
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 Comparision between unnotched and notched specimen
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 Direct tension

(a) | Meso-scale region
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Non-local models Indirect calibration Direct calibration Evolving charac. length

Outline
— Introduction and context: non-local models for quasi-brittle failure

— Indirect calibration methods [ -
Pick load size effect laws
Softening curves of different specimen sizes (1, 3 or 4) |
Example of calibration failure or success e

— Direct calibration method ?

Digital image correlation B
X-ray tomography

Fracture surface roughness

— Toward the calibration of an evo
Acoustic emission '
Mesoscale modelling )
Spatial ecology and Ripley’s functions

— Conclusion and perspectives
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Conclusion

— Indirect calibration methods
» Only universal USEL law may be used but softening curves are far from preferable

» Comprehensive database now exist: PLEASE USE IT !l 4ua : 52

— Direct calibration methods
» Digital image correlation and X-ray tomography are not yet enough for calibration
» Fracture surface roughness seems very promising

— Toward the calibration of an evolving characteristic length
» The mesoscale approach is consistent globally and locally
» Ripley’s functions provide indicators of the randomness of a
distribution of events
» An varying characteristic length may be directly extracted : D
using such Ripley’s functions T e
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