Stochastic cracking of
composites with micromechanical
formulation of crack bridges

Rostislav Rypl Miroslav Vorechovsky
Rostislav Chudoba
Josef Hegger

RWTH

B GerRmANY By CZECH REP.



motivation

P
<« B! —




motivation

—_ - — P ACK modell

P
<« {9 Lped — o, = const.




motivation

ACK modell
0., = const.




motivation

P — _—— P ACK modell
<« {9 Lped — o, = const.
1D BENIER Curtin modell

; MNW Wi,
| (Weibull distributed)




motivation

P — _—— P ACK modell
<« {9 Lped — o, = const.
1D BENIER Curtin modell

; MNW Wi,
| (Weibull distributed)




motivation

P — __—— P ACK modell
<« {9 Lped > o, = const.
e e
1D BENIER Curtin modell
"MV o= random
| (Weibull distributed)
X

\ assumptions:

G¢ - const. shear flow

at the interface

- final crack spacing
can be evaluated




motivation

heterogeneous reinforcement (yarns, short fibers, combined reinf.)

P ~_ _— P

<« SIS —




motivation

heterogeneous reinforcement (yarns, short fibers, combined reinf.)

P ~_ _— p
~| it |-
P, P,
4 =——— — —

B




motivation

heterogeneous reinforcement (yarns, short fibers, combined reinf.)

P ~_ _— p
~| it |-
P, P,
4 =——— — —
A B
Gmﬂ‘ On

X X

homogeneous interface heterogeneous interface



motivation

heterogeneous reinforcement (yarns, short fibers, combined reinf.)

P ~_ _— P

<« SIS —

----------------------------------------------------------------------------------------------------

homogeneous interface heterogeneous interface



motivation

heterogeneous reinforcement (yarns, short fibers, combined reinf.)

P ~_ _— P

<« SIS —

homogeneous interface heterogeneous interface



micromechanical formulation of a crack

composite level X >I< w»i K_X
By I P
/ I l
yarn level LA
—>
A B
V L L

13



micromechanical formulation of a crack

composite level X X Wﬂ |<_>|<
B : Al s Py
<+ 1 1 ]
| .
yarn level LA
R) [)()
< L — >
Al B
V L L
/IV ’L A ’lv
P, pu filament level J, XVH D - P,
< A B
i Lmax :, l 0 Lmin
A L A A A

14



micromechanical formulation of a crack

R >K w X N
5 I s , homogenization
—>
/ 1) single filament response
yarn level . Ef(W, X, Ll' LT! 9)
—‘>
A B 6 vector of random variables
L ] L: ¥ 0 = (T, l,Af, Ef)
[L .
P, filament level \L L. P,
—>
< AF —1B
Lmax i l Z Lmin
L A A

15



micromechanical formulation of a crack

composite level X >I< Wﬂ H_X
| | |
: A. -B
| | |
| | L |
yarn level LA
R) [)()
< —
Al B
/IV ’L A ’ll/
P, filament level \L XVH D P,
< AF —13
i Lmax i l i -Lmin V
,L L A 2 /IV
€. &1 ee(x, 0)

___________________________________________

, homogenization

—

1) single filament response

g(w,x,L;, Ly, 0)

6@ vector of random variables

6 = (T, l, Af, Ef )

16



micromechanical formulation of a crack

X

composite level I | Wﬂ fe— |
P : A. -B
<+ 1 ] ]
| | I |
yarn level LA
R) R)
< —
Al B
V | L
/IV ’L A ’ll/
P, filament level \L XVH D P,
< AF _1B
i Lmax i l i -Lmin V
,L L A 2 /|V
E.&1 ee(x, 0)

, homogenization
—
1) single filament response
g(w,x,L;, Ly, 0)
6 vector of random variables
6 = (T, l,Af, Ef )

17



micromechanical formulation of a crack

ite | | X X w X . .
e . 2 homogenization
/ \ 1) single filament response
yarn level » Ef(W, X, Ll' LT' 6)
4 —>
A B 6 vector of random variables
K L] ] v Lr v 0 == (T, l,Af, Ef ...)
/IV ’L A /IV
) filament level \L % P,
< AF —1B
) B [ L
A L A A

18



micromechanical formulation of a crack

composite level X >I< Wﬂ H_X
P
<+
WK \4
P
—
A B
V | L
/IV ’L A ’ll/
P, filament level \L XVH D P,
< AF —1}3
i Lmax i l i -Lmin
,L L A 2 /IV
€. &1 ee(x, 0)
i3

homogenization

1) single filament response
g(w,x,L;, Ly, 0)

6@ vector of random variables

0 = (T, l,Af, Ef )

2) yarn response
= average filament response

&y = J g(w,x,L;, L., 0)g0)do
6

g(0) joint PDF for 6

19



micromechanical formulation of a crack

composite level X >I< w X . .
| e homogenization
P, ; A. B Py
. I | | —
. | L ! 1) single filament response
yarn level B ce(W.x. L. L.. 6
P, P, f( y Ay gy Loy )
< L —
Al B 6 vector of random variables
y” L] } ¥ Lr n 9 = (T, l,Af, Ef ...)
Kk ’L v
. w
P, filament level \L —>f [ P, 2) yarn response
< AF —y ’ = average filament response
i Lmax i l i -Lmin
A L A A A

&y = J g(w,x,L;, L., 0)g0)do
0

g(0) joint PDF for 6

20



crack developement

matrix stress > matrix strength

stress state in matrix

— strength
— stress

9]

stress [MPa]
W e

N

% 200

400

position [mm]

600

800

1000

21



crack developement

matrix stress > matrix strength

stress state in matrix

— strength
— stress

9]

=

stress [MPa]
w

N

% 200

400

position [mm]

600

800

1000

22



crack developement

matrix stress > matrix strength

stress state in matrix

— strength
— stress

9]

=

stress [MPa]
w

N

% 200

400

position [mm]

600

800

1000

23



crack developement

matrix stress > matrix strength

stress state in matrix

— strength
— stress

9]

=

stress [MPa]
N w

o

200

2

400

position [mm]

600

800

1000

24



crack developement

matrix stress > matrix strength

stress state in matrix

— strength
— stress

9]

=

stress [MPa]
w

N

% 200

400

position [mm]

600

800

1000

25



crack developement

matrix stress > matrix strength

stress state in matrix

— strength
— stress

9]

stress [MPa]
W e

N

% 200

400

position [mm]

600

800

1000

26



crack developement

matrix stress > matrix strength

stress state in matrix

— strength
— stress

9]

stress [MPa]
W e

N

% 200

400

position [mm]

600

800

1000

27



stress — strain curve

the tensile test is load driven

1 l
eC = 7] SF(P; x; Ll, LT'I H)dx
0

28



stress — strain curve

stress - strain diagram

[=)]

u

the tensile test is load driven

&

N

1 l
Ec = 7] e (P,x,L;, L., 0)dx
0

composite stress [MPa]
w

=

Bo 05 10 15 20 25 30 35
composite strain [-]

0.0040 strain in matrix and reinforcement

— reinforcement

0.0035} —  matrix

0.0030}
—0.0025
E 0.0020¢
% 0.0015|

0.0010}

0.0005¢

0.00005 200 400 600 800 1000

position [mm] 29



stress — strain curve

the tensile test is load driven

1 l
Ec = 7] e (P,x,L;, L., 0)dx
0

0.0040

0.0035/
0.0030|
—0.0025
E 0.0020¢
©0.0015|
0.0010}

0.0005¢

0.0000

[=)]

composite stress [MPa]
w n

=

IS

N

8.

stress - strain diagram

0 05 10 15 20 25 3.0 3.5
composite strain [-]

strain in matrix and reinforcement

— reinforcement
— matrix

~

200

400

position [mm]

600

800 1000
30



stress — strain curve

the tensile test is load driven

1 l
eC = 7’[ SF(P; x; Ll, LT'I H)dx
0

0.0040

0.0035}
0.0030¢

—0.0025]

c
© 0.0020

“0.0015/}
0.0010}

0.0005¢

0.0000

[=)]

composite stress [MPa]
w n

=

IS

N

8.

stress - strain diagram

0 05 10 15 20 25 3.0 3.5
composite strain [-]

strain in matrix and reinforcement

— reinforcement
— matrix

200

400

position [mm]

600

800 1000
31



stress — strain curve

the tensile test is load driven

1 l
gC = 7] SF(P; x; Ll, LT'I H)dx
0

0.0040

0.0035|

0.0030¢

—0.0025

c

5 0.0020}

“0.0015|
0.0010}

0.0005}

0.0000,

[=)]

composite stress [MPa]
w n

=

stress - strain diagram

IS

N

8.

0 05 10 15 20 25 30 35
composite strain [-]

strain in matrix and reinforcement

— reinforcement
— matrix

200

400

position [mm]

600

800 1000
32



stress — strain curve

stress - strain diagram

[=)]

wu

the tensile test is load driven

IS

N

1 l
gC = 7] gr(P; x; Lll LT'I H)dx
0

composite stress [MPa]
w

=

8o 035 10 15 20 25 30 35
composite strain [-]

0.0040 strain in matrix and reinforcement

— reinforcement ]

0.0035 —  matrix

0.0030| ! V V

—0.0025|

c

5 0.0020}

“0.0015|
0.0010}

0.0005}

. O . U Ut Wt S . N S a Y. SN
0.0000; 300 400 600 800 1000

position [mm] 33



p-study

correlation

autocorrelation function R
1.0 : , . ‘

0.8 l,=10.0 mm
0.6 1/

0.4}
l[,=3.0 mm

0.2

0.0

0 5 10 15 20 25
distance [mm)]

30

6.5
— 6.0

[MPa

= 50

t

=
en 4.5¢
O ‘

matrix str

3.0
2.5

autocorrelated random field

5.5¢

4.0f
3.5

- l,=3.0mm
— [,=10.0 mm

200 400 600

long. position [mm]

800

34




p-study

autocorrelation function R

autocorrelated random field

1.0 6.5
? 6.0 |
0.8} l,=10.0 mm & , e il
s 5.5} | (Al Co
g ‘/ = I | ‘ Al ',1 | TWHINY
 p— | | i [ | | ,-‘N \ Ty
E 0.6} § 5'07 | ‘ ‘1 | Iil | Y " (B (1
) g0 450 \/! (T | | " . .,
b (] | | . ’ . Il | ! '1 (] ’
80.4’ 4% 404 ‘ ‘ 1,’1‘ A | ’ || ' "‘l \ | !
[p=3.0 mm < " A I | \, Y
‘= 3.5)
0.2 £ 77— 1,=3.0mm s |
|
B 300 |— | =10.0mm
0.0 2.5
0 5 1(? 15 20 25 30 0 200 400 . 600 800 1000
distance [mm)] long. position [mm]
8 8 2N on 2N
7 7t M 0. = R R
= s g £
A 6 6 3} Q )
z,
& 5 5
7] \
w
g4 8o/l = 200 4 ” h _
m p
g 3 5O/lp= 4.0 3
w2
(&) —
g 5 (50/[0 1.0 5
3, variable autocorrelation .
length [, |
O.Q)OO 0.001 0.002 0.003 0.004 0.005 0.006 00 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

composite strain £,

r[mm)]

r[mm]

T [mm)]
35



Thank you for your attention

mm "l ).




