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to fuzzy stochastic analysis
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Fuzzy Stochastic Analysis

Institute for Static and Dynamics of Structures
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Fuzzy Stochastic Analysis: Mapping Operator
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Input space of the F (x), ., F Py (x) Output space of the ﬁm k(Z)’ Ao ﬁq - k(z)
AFl,a k(X) Fl,a k(z)‘
1
. Fia (%) ~ Fy o (%) )
S],(X,k \ Fl,a k(X) Gl,a k
a Fl,a r (X) s
> X > Z
elements Fl g (2o Ky ) (2) = g(Fl o (X)s e By, ak( )) eleElents
of § Stochastic analysis MCS plus of o
- Mapping model
A F, o (@}
S 1
nl,ock
A Fp 0l (X)
Sk,OL Kk

Slide 4



Fuzzy Stochastic Analysis
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Institute for Static and Dynamics of Structures

Fuzzy Stochastic Finite Element Method

FSFEM

from fuzzy stochastic sampling to
fuzzy stochastic finite element method
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FSFEM:

Institute for Static and Dynamics of Structures

Fuzzy random . F. X(t) = Z(t) (1 A {Q,T, 9}) Fuzzy random

input variables result variables

Differentional equation of motion
4 () V+d, () V+Kk()-V=f() VteT

Discretization
' 4 Fuzzy Stochastic Finite Element Method (FSFEM)

M(.)-¥+D()-v+K()-¥=F()

K(.)-¥=F()
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FSFEM:
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OUTLET:

Fuzzy random
input variables

. B

Fuzzy stochastic
structural analysis

. B

Fuzzy random
result variables

1 Fuzzy random fields

2 Discretization of
fuzzy random fields

3 Numerical techniques of fuzzy
stochastic sampling

4 Result evaluation
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FSFEM: Fuzzy random fields
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fuzzy random field
X©®={X¢=X(®) |0 BR" |

time invariant fuzzy random variables

x(6,, ez)A
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FSFEM: Fuzzy random fields

Institute for Static and Dynamics of Structures

fuzzy random field fuzzy random variable of P,(0,, 0,)
X(6) = { Xo=X(6) |8 B R" } X(6,,0,): Q3F(X)={X|XeR!}
time invariant fuzzy random variables
x(0,, 8,),
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FSFEM: Fuzzy random fields

Institute for Static and Dynamics of Structures

fuzzy random field fuzzy random variable of P,(0,, 0,)
X(9)= { Xo=X(8) |8 BCR" } X(6,,0,): Q3F(X)={X|XeR!}
time invariant fuzzy random variables realization of }2(91, 0,)
X(6;, 0, ©,~%, 0.0 1.0 p(x,)
—
!
X,
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FSFEM: Fuzzy random fields

Institute for Static and Dynamics of Structures

fuzzy random field fuzzy random variable of P,(0,, 0,)
X(0)={ Xo=X(®) | 0 B R"} X(0,,0,): QFF(X)={%|XeRr!)
time invariant fuzzy random variables realization of }2(61, 0,)

x(6;, ) ©,~%, 0.0 10 u(x)
realization of the —
fuzzy random field

X
i ——
XV
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FSFEM: Fuzzy random fields
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representation with fuzzy bunch parameters §s: i(@) = X(s, 9)

pes),  Si€S.  Fa@Mp Xj@)e X,0)  Fx@)p Xj@)e X,0)
1.0 1 S 1.0 1 1.0 1
o+ - >
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realization of one original function
of the fuzzy random field
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FSFEM: Fuzzy random fields

Institute for Static and Dynamics of Structures

representation with fuzzy bunch parameters §s: i(@) = X(s, 9)

pe),  S€S.  Fa@DA Xj@)e X,0)  Fx@)A X@)€ X 6)
1.0 + S 1.0 + 1.0 1
o+ —— >
> :
0.0
X(Q1) X
numerical evaluation with o-discretization

X(3,0) = { (Xq (0); (X, (0))) }

X, (0)= {}_((g, Q) Vs ‘ SES s € (0,1]}

WX (8)) =V o € (031]

realization of P,©) P,(9,)

one original of the fuzzy random field
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FSFEM: Fuzzy random fields
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£ N Representation of continuous fuzzy random fields by a
finite number of discrete fuzzy random variables

£\ Discretization
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FSFEM: Fuzzy random fields

Institute for Static and Dynamics of Structures

Fuzzy covariance function for X(0,) and X(6,)
K(6,,6,)=COV|[X(8,),X(6,)]
Special case: stationary isotropic fuzzy random field

IR{(Ql’ﬂz) = 6;Ex (Ln)
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FSFEM: Fuzzy random fields

Institute for Static and Dynamics of Structures

Fuzzy covariance function for X(0,) and X(6,)
K(6,,6,)=COV|[X(8,),X(6,)]
Special case: stationary isotropic fuzzy random field

IR{(Ql’ﬂz) = 6;Ex (Ln)

Ky(Ly) fuzzy correlation function EX(LH)
~ 1-Le g L, e[0,L]
k(L,)=y L,
0 otherwise
0 -
Do ' Ly
| 1 1 -
L

fuzzy correlation lenght ix
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FSFEM: Fuzzy random fields

Institute for Static and Dynamics of Structures

Fuzzy covariance function for X(0,) and X(6,)
K(6,,6,)=COV|[X(8,),X(6,)]
Special case: stationary isotropic fuzzy random field

IR{(Ql’ﬂz) = 6;Ex (Ln)

k(L) 1 ky(L1,) fuzzy correlation function EX(LIZ)
_____ [ _ 1-Xe if L eqo, L]
1 kx (le) = Lx
: - - | 0 otherwise
1
- 0L -
nlk,(Lyy)] 1 0 : ' Ly,

fuzzy correlation lenght EX
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FSFEM:

Institute for Static and Dynamics of Structures

OUTLET:

Fuzzy random
input variables

=

Fuzzy stochastic
structural analysis

. 1

Fuzzy random
result variables

1 Fuzzy random fields

2 Representation of
fuzzy random fields

3 Numerical techniques
of FSFEM

4 Result evaluation
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FSFEM: Numerical techniques
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Construction of the bunch parameter space

Fuzzy random function

Fei (X)= F(Xs@i) =F(8,X,6;) ‘
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FSFEM: Numerical techniques

Institute for Static and Dynamics of Structures

Construction of the bunch parameter space

~

Fuzzy random functions

54 51
Fo, (x) = F(x,8,) = F(3;,x,8;) s
i=1,..,p; _§P1 | Sn,
Fuzzy functions S, |
X(8;) = x(5;,9;) )| | )
i=1..p, _ipz .
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FSFEM: Numerical techniques

Institute for Static and Dynamics of Structures

Construction of the bunch parameter space

Fuzzy random functions

Fp, (x) = F(x,6,) = F(5,,x,8;)
i=1,..,pq

Fuzzy functions

X(6;) = x(5;,9;)

i=1,..,p,

Random functions
Fei x)= F(Xaﬁi) — F(§1 9§9Qi) ‘
i = 1, ...,p3
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FSFEM: Numerical techniques

Institute for Static and Dynamics of Structures

Construction of the bunch parameter space

Fuzzy random functions

Fp, (x) = F(x,6,) = F(5,,x,8;)
i=1,..,pq

Fuzzy functions

X(6;) = x(5;,9;)

i=1,..,p,

Random functions

Fei (X) = F(Xaﬁi) = F(§1 9§9Qi)

i=1,...,p;3
Dependencies

Ky; (L12) =Ky (5, L12)
i=1,..,py4
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FSFEM: Numerical techniques

Institute for Static and Dynamics of Structures

simultaneous consideration of
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FSFEM: Numerical techniques

Institute for Static and Dynamics of Structures

1(sy), - - -
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FSFEM: Numerical techniques
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Mapping model

N N

Inpu; space of the F, k(x), P Fpl,a k(x) Output space of the F, k(z), s F » k(z)
A 1,o k(X) Fl,a k(z”
1 1
X Fia (X) ~ Fy o (%) )
Sl,ak S Fl’“ k(X) -V Ol
a Fl,a r(X)
>» x > 7
elements Fi,0 (2)>-0sFqy 0 (2) = g(Fl’ak (X)s 00 By (X)) ele‘:lents
of § Stochastic finite element method with of o
- deterministic basic solution
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Snl,ock 1
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FSFEM: Numerical techniques
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A R ) ) g(Fl,ak (X, s B, (x))

Stochastic finite element method with
deterministic FEM algorithm

Perturbation Polynomial Monte-Carlo
methods Chaos Simulation

generation of n crisp
realizations for all
input variables

computing of n
result variables z,

checking of the variance of ! =~
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Monte Carlo Simulation (1)
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Method of inverse X =F4(Y)
distribution function

F(y) F(x)

equally distributed \J \4 arbitrarily distributed
random variable t(y) f(x) random variable
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FSFEM:

Institute for Static and Dynamics of Structures

OUTLET:

Fuzzy random
input variables

. B

Fuzzy stochastic
structural analysis

. B

Fuzzy random
result variables

Fuzzy random fields

Representation of
fuzzy random fields

Numerical techniques
of FSFEM

Result evaluation
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FSFEM: Result evaluation
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e random sample with n sample elements
for each result values z

e parameter estimation of the sample parameter

(mean value, variance)

e estimation of quantiles of the sample

e empirical distribution function

o test of different typs of probability
distribution functions —

determination of the parameter

AN
bunch parameter ¢ <

histogram

| @), 1@

ﬂﬂ”ﬁﬁhﬁ% .

z

Z:Z:Zk’pk
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Example: textile reinforced test specimen (1)
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w(} ﬁnegrade concrete layer

wii AR glass filament yarn
. reinforcement

frTrrrrrrrey 66x310tex

-

3 reinforcement

1 layers
/ test specimen glas ~80000N/mm?*
FE-Model

200 mm

N\

;%////////////% ///////////%/X

assumption of homogeneous material leads
to simultaneous cracking - wrong

Finegrade concrete
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32
Example: textile reinforced test specimen (2)

Institute for Static and Dynamics of Structures

uncertainty of material parameters as consquence of:
different stress-strain curves for different tests

gradually cracking of the finegrade concrete

2
+ 0 [N/mm?] leads to slope
18 |,

164 lla

lIb

Test series B1-004 [1]
NEG-ARG310-01
V:=1.371

function by crips
tensile strength
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[N/mm]

Example: textile reinforced test specimen (3)

Institute for Static and Dynamics of Structures

Tensile strength and compressive strength are correlated

caused by the material law of concrete.

EE realization of the compressive strength
2= /“=(1’ Compressive strength are modeled as
~ = o= . =
2= o =0 NEG-ARG310-01 stationary fuzzy random field.
= 66 paraI_IeI laid
rovings in
B o, o 3layers Discretization yields
\ finegrade concrete | |~ [ui 10 fuzzy random variables with equal
\ — | i R .
\ i fuzzy probality distribution function.
\ i
%L— ----------------------- I ) RS
¥ 7 |y "
§ a_—
Y -
\ -
N .
200 mm
fuzzy bunch parameter G,
Inx-In6.268+°u 4
1 %
F(x,8=8,)=—— |
u
( ) NV4 o
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Example: textile reinforced test specimen (4)
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Correlation between the 10 fuzzy random variables are described
by the linear fuzzy-covariance function.

COV (Xy, X5) =E[ (X4 —E(Xq))(Xy ~E(X,))]

|_ ~
. 1-=12 jfLefo,L, VL, el
COV(Xq, Xp)=62-1 L, [0 [VLy €Ly
0 otherwise

bunch parameter

x(L12)

COV(L,;)/ 52

100
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Example: textile reinforced test specimen (5)
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Simulation with FSFEM yields fuzzy random function
for stress strain dependency.

Functional values are fuzzy random values with
fuzzy probability distribution function

AO
16 1 INimm?]

12 test series B1-004

NEG-ARG310-01

V:=1,371%
' I
4 | empirical
fuzzy probabilistic
distribution function € [%00]
0 ' >
0 5 10 15
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Example: reinforced folded plate structure (1)
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geometry finite element model

concrete C 20/25:
layer 1-7

reinforcement S 500:
layer 8 7.85 cm2/m
layer 9  2.52 cm?/m
layer 10 2.52 cm2/m
layer 11 7.85 cm?/m

0.1 m
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Example: reinforced folded plate structure (2)
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stationary isotropic fuzzy random field random field for superficial load
for concrete compressive strength
A F(B, AF
1o} (B 102 (p)
F(B,)
0.0 Y— : — 0.0 A— : >
22 26 30 B.[N/mm?] 5 6 7 p [KN/m?]
~\2 2
~ 1 = t-m 1 = t-m
F =—¥— | exp|-0.5| —— | |[dt,c=15 F(Pp)=——F | exp|-0.5 dt
(Be) c-ﬂ_{o I{ (02 ] ] (p) G.m_IOO I{ (62 J ]
p(m) n(Ly) c=0.3,m=6.0

1.0 1.0
/\ /\ L, = o, perfect correlated
0.0 ——+— 0.0 — > random field
24.5 25.5 265 m 2.0 45 20.0 L_[m]
fuzzy expected value m fuzzy correlation length L_
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Example: reinforced folded plate structure (3)
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realizations of the fuzzy random field
in dependency of the
fuzzy correlation length L_

u(Lx)A
|

2.0 4.5 200 L [m

concrete compressive strength [N/mm?]

22 29
B T 2220 s
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Example: reinforced folded plate structure (4)

Institute for Static and Dynamics of Structures

features of the deterministic finite element algorithm

physical nonlinear model on layer-to-layer basis

consideration of the governing nonlinearities of reinforced concrete
- cracking

- tension stiffening

- nonlinear material laws for concrete and steel

incremental iterative solution strategy

Slide 39



Example: reinforced folded plate structure (5)
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empirical fuzzy probability distribution function for displacement v4;(63)

F(v5(63))

A

displacement v;(63) [mm]
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Example: reinforced folded plate structure (6)
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fuzzy expected value of the displacement v;(63)

H(E[v3(63)])
A solution without
1 | e ____._ uncertainty

o

17.58 17.89 1834 pry.(63)]

[mm]
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