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Failure due to catastrophic crack growth

origin if

* modified loading, changed exploitation conditions

» unpredictable loading, e.g. impact loading

« fatigue of material

* usage errors

v

uncertainty

failure modelling with uncertainty analysis
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Capturing failure in structural design

concepts
fail-safe safe-life damage-tolerance
 safe failure * no failure » predefined damage accepted
 minimal damage  predefined service life » damage till maintenance

* higher risk level accepted < low risk level accepted - higher risk level accepted
« statically indeterminate * significant structures » damage analysis
« efficient dimensioning * statically determinate * reliable damage detection

e over dimensioned

Institute for Structural Analysis
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Fail-safe design methods

* redundancy of structural parts  multiple load paths
statically indeterminate

 early failure detection:  limit crack propagation
- monitoring, sensors crack arrester, crack absorber

- leak before break concept
t T‘ttt‘T t ‘T |
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A Fall-safe design

Fail-safe design problem

* unknown/uncertain crack initiation

e uncertain crack propagation

» crack propagation limiting elements
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Coupled approach for fail-

binary genetic
algorithm
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finite element method
material force approach

fuzzy-stochastic
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Crack initiation as uncertain variable

/

crack initiation

d

random nature?

!

structural element in a system

!

crack location as result of
boundary change

J

crack initiation location
not purely random
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Failure due to boundary change

not purely stochastic character

1

polymorphic uncertainty models applicable
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Uncertainty model fuzziness

() membership fuzzy set/fuzzy variable
L function u () -
1.0 A A={(z.uz() |z e x|
0.75 - pg: X —1[0,1]
a-level
0.5 ——---mn-- S(A) = {z € X, pz(x) > 0}
0.25 —— | i
0 i —
~ - X
X | Ca(A) | Xr
[ [
s
a —level discretization: Co(Ay={z e X :pz>a}
A= (Oa(ﬁ))ae(ogl]
convexity: pz( Az + (1 = Nzq) = min(u z(x1), pz(x2))
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Fracture mechanical model

« discrete fracturing

» crack propagation based on energy minimization principle

* r-adaptive node duplication

» configurational mechanics based fracture criteria

 configurational forces — crack driving forces
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Fracture mechanics

Computation of material forces

* local spatial momentum balance

VX-PT—I-bZO P = 0p¢
P first Piola-Kirchhoff stress

b body forces
-"t;i‘ strain energy density

* |ocal material momentum balance

Vx - ET +B=0 Y. Eshelby stress
Y =l — FIp B material body forces

F deformation gradient

iSCN Institute for Structural Analysis
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Computation of material forces

* integration of physical nodal forces

elem
F = U /B(O"VmN—b-N)d?}
e=1

o Cauchy stress

}

b body forces
N shape functions

* integration of material nodal forces

elem
Frat=|J [ (£-VxN-B-N)V Fmat
e=1 Bo

Y Eshelby stress

B material body forces
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Energy minimization technique

e crack direction

it (v + A7) = e (v, 7) = F mat  Ae — min

¢ = argmin %[_%’g](ﬂm(% T) — Fmat Ae)

€ unit crack direction vector
A\ incremental crack size
¢ crack kinking angle

« algorithm

fm.a.t
— | F mat ‘

e
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Coupled approach for fail-safe design

optimization binary genetic
> FOPT(FUA(M)) algorithm

polymorphic f(x)
FUA(M) uncertainty: _

fuzzy, stochastic,
fuzzy-stochastic

uncertainty
analysis

fracture mechanical M finite element method
solution material force approach
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Fail-safe optimal design

Fail-safe design optimization

 multi-objective optimization task
min f(xdt f)n) - {fl (X{_g, f)n.)= fQ(Xda ﬁa.)? fm-(xd¢ ﬁn)} :
fi(xd,Pa) = K (Yer(Xd oy F))

subject to gk(Xa,P,) <0 k=1,2,...p,
h‘f(xd:f)a) =0 [= 1:2! s

g(Xd: pa) =

aHin.t . .

a}_}i - gC: fy > 0'.
Wit (7 + A, 1) = Mg (77,t) — F* - Ae — min!,
G

M(x4,P,) =V-Z'+B =0,

zqg € R" design variables
Do € F(R™) uncertain parameters

fracture mechanical analysis

f?; objective function
[ equality constraints
h;  inequality constraints
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Objective function with uncertain input

* single objective function
fi :R*" x F(R)"”? - F(R)

(X4, Pa) = Zi, 1 €[1,m)] Zi € F(R) fuzzy output quantity

« «a-level discretization of Z;
Zilo = min [z; € Co(Zi), p2(2i) >

Zir.o = Max [2; € Cy(Z;), 7
design space R~

XiB
1]

objective space F (R)
h)
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Multiple objective functions with uncertain input

« m objective functions
f:R" x F(R)"? - F(R™)

(X4, Pa) — Z z € F(R™) fuzzy objective vector

« «-level discretization of z

N
Il
2

1 22 X oo X 2m

X
s (Cfl'(kl))aE(U,ll (C(X(EQ))QE(U.I]_] X o X (C(.l'(’%’fn,))ae([]:l-

[

objective space F(R)

. pl
design space R~

XiB

@
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Uncertain output as a function

e uncertainty in time and space * uncertain functions

!

fracture - time dependent

- dependent on spatial coordinates

1\ z uncertain process

21(7)
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Uncertain output — crack propagation

e uncertain crack propagation curve

ﬁ"’cr = (Ca(;;’f:?'))ae(o__lj Co:(;‘fcr) = {”}"cr € E3 Ly > G.’}

E)l
° trajectory 0 10 20 30 40 50
or = {05;...,00,...,00 | 0, = [61,0,05] € B
,}(3'!'_{ cr**yVereenyVe | (;_[ 1,V2, 3] E }0' ‘ 1
mat ol
9(: — _ f 51 ]
Yer = Ae’ €= |f’?'n,at‘
10 4
A 4
S5 f 1
* bounding functions 20 -
~1 . _ . AT S L |
f}(_}r = lll_lel I:F}!CT' ‘ Yer € C(x:ﬂ (’7{:?’) N
0:"|; )
. ’ ) 30 + -
ﬁfr;' = max [Tm‘ ‘ Yer S Cn::(] ('?mr')_

AT 1 1 1 1 1 1
6:"1;

mat . 0. . .
F material force Y. crack direction vector

€ Unit crack direction vector
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Solution of optimization task

« application of information reducing measures

Xd, pa Z Z w 1’}" Zz +w }Cu (Mu (;;cr)]

1=1 j5=1
E)l
g b 0 10 20 30 40 50
g ) . ~ T T T T T T
Mu (’.:'(CT‘) - { Yer qcr}
0 L
» assessment of crack propagation - !
ng ST
b .
Ku My (Fer)) = Y P [de (35:¢H)] + ol
=1 A A
ng n'_ B Clgl 15 F
+Y P lds (35:¢7)
=1 20
251
. boundary conditions for (%, ¢’ 30 F
b0 0 0 . - : : : :
< - 9(:; 9(: — 1in [GF‘ ‘ 9(.‘ E Sn-:[)(pa.)’
Cb =07 07 =y P penalty function  dp Euclidean distance metric

(:Qa(:b aspired crack propagations
iSCN Institute for Structural Analysis
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Solution of optimization task — multiple arrester

« application of information reducing measures

Xd, pa Z Z w 1’}" Zz +w }Cu (M ( rcr)]

1=1 j5=1

0,
0 10 20 30 40 50
0+ i
» assessment of crack propagation !
Ny Ne g ’ $¢
o
'u -’Mu '}f'r ZZ Zp[dl* Yer 5 (;4-‘ ] 10 : T
j=11i=1LI=1 A A
o' 15 4
20 F .
25 i
» boundary conditions for (4; 30 ¢ -
4[} U O ~ 1 1 1
C (8 :9(:? 9(} € S{J[:O(pa]
C R 928; 9:;‘9 = XAi P penalty function dE Euclidean distance metric

C‘M aspired crack propagation
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Numerical realization

optimization
binary genetic algorithm

: design vector xjj= Eu, ®=1,...,gen J
h 4
fuzzy analysis \
a-level optimization
)
% —p| vector [Xy, PaleXors P, P, ]
o i .
S —
& L
S .
= .= i
g, - /
:"D e v
z s :
2.7  crack propag
no
v
fuzzy crack propagation Y., fuzzy output quantities z;, z,(t) l
A 4
aeations 2 £2 ¢
aspired crack propagations C, C, Cy;
v

evaluation of objective _f“”(x’-d, p,) ‘

termination J /

no minimum ? yes

convergence ?
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Example 1 - small strains

. : e /
 material: elastic, concrete —— = ldz

v=0.18 [1p 7 T (057
a : . = .

E = 38000 MPa e AR )

=4 , :

G.= 1.0 N/mm R Al o
Y TR 2 3032 0.0 ‘

11.0 16.0 21.0

e uncertain parameter

écr
1 =<11.0,16.0, 21.0> cm

; :{Yiné

A A
S
. . ._2.:':4 1 22.86 __:| 22.86 1 e254
» design variables .~ 508 em -
a = [3.175, 8.255] cm, Na=254cm
b =[2.54, 5.08 ] cm, Ab =1.27 cm
c = [2.54, 5.08] cm, Ac=1.27cm
d =[O0, 10.16] cm, Ad =254 cm
e = [2.54, 27.94] cm, Ae =5.08 cm
f =1[2.54, 10.16] cm, Af =254 cm Yin= 1.254 cm

78 Institute for Structural Analysis




TECHNISCHE

UNIVERSITAT
UNIVERS! Example

Deterministic crack propagation
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Example

Uncertain crack propagation

30 40 50

25+

30

a=3.175b=3.81 =381 [cm]
d=0.00 e=7.62 f=7.62 [em]
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design configuration
Yap =762 Upy =7.62

Hps =762

Xpq1= 1524 [cm]

Ua1a=3175 Tppp=6985 Xpy,=1079 Xyy,=3.175 [cm)

_FE model

LVAVATAY

'A‘.’l‘ﬂl *_}L , 'Y'

& %j:“'s ﬁh XRRREREREE -

s PR
- ‘“ﬁgﬁi&‘%’%@j
e

ATATAYAY] Ay \)R‘\

v

i \1((\,..;\
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Uncertain crack propagation

0,
0 10 20 30 40 50
| | ' ' ' design configuration
of | Ao 1= 1778 Hpp = 1778 Ty =17.78 XAyy =27.94 [cm]
’j}“u} Tp12= 8255 Ypp,= 1079 Uyy,=1460 Xy, ,=13.33 [em]
f\’l‘ i
| //” FE model
10 © //;»‘f
/,?ﬁaf/f}/ o)
L /D //‘/
w15 ’/7%?/5/"'/,”
) //// i I/
- |
+ - // / // /
VC,,/////, i
25 F "//"/M\H
W
0l LI UL
a=8.255b=2.54 ¢=3.81 [cm]
=308 71778 f710.16[cm] A YNV ATA YAV YAV VATAAYAVLAVAVAVAYAVAYAVAVAYAT:
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Example

Uncertain crack propagation

0,

20

25

30

N

'|
\|I‘|l'|‘|lwlw|

a=8.26 h=3.381

d=5.08 e=17.78 f-5.08 [c

¢=5.08 [cm
m]

]

design configuration

Xap = 1778 Npp = 1778 Xy = 1778 Xy, =22.86 [cm]
XAI )= =8.26 xAE.E 12.06 XA3 ,= 17.14 XA42: 13.33 [cm]
FE model
AR A — RS R *’)@\P&;\“’m OO0k
;! AT
EEsEss S
SRR R e
ORRRRRE ]
.' : ; ‘J b 4 » ?{;
> .\ )}HM TV ; ay < J(){':(\){f i j\$
L " E%
e R0 00 K08 SABSURNE wwxw AARRRRER
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Uncertain crack propagation

0,
0 10 20 30 40 50
' ' ' ' ' ' design configuration
ol | Yag = 1778 Npp = 1778 Apy = 1778 Uy, =22.86 [cm]
Ap12=826  Appp=1206 XAyy,=17.14 %y, ,=8.26 [cm]
ST 1 FE model
8."'1.:_ i *\T ; . i ",
10 | 1 SRR G e o DR
b“a; R SRS
o 15F 1 S TR
S L
N | SRIRERERE
20 <KD %g
i ||| [l st e
i LI BRiENEe ORI
a=826 b=3.81 ¢=5.08 [cm)] RS i RN
. . d=0.00 e=17.78 f=5.08 [cm] RS .Qq)(.\;,H,‘J(,Hf\wn(,mﬁw;;,,qmﬁ

N
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S Summary

Conclusions

fail-safe optimal design method

coupled approach of optimization, fuzzy analysis and fracture analysis

uncertainties in crack initiation and propagation

failure modeling in FE framework,
discrete fracturing and configurational forces

optimization algorithm learns the features of the uncertain crack propagation

identification of optimal configuration of crack limiting elements

prevention from undesired crack growth

iSCN Institute for Structural Analysis



	Foliennummer 1
	Foliennummer 2
	Foliennummer 3
	Foliennummer 4
	Foliennummer 5
	Foliennummer 6
	Foliennummer 7
	Foliennummer 8
	Foliennummer 9
	Foliennummer 10
	Foliennummer 11
	Foliennummer 12
	Foliennummer 13
	Foliennummer 14
	Foliennummer 15
	Foliennummer 16
	Foliennummer 17
	Foliennummer 18
	Foliennummer 19
	Foliennummer 20
	Foliennummer 21
	Foliennummer 22
	Foliennummer 23
	Foliennummer 24
	Foliennummer 25
	Foliennummer 26
	Foliennummer 27
	Foliennummer 28
	Foliennummer 29
	Foliennummer 30

