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Problem definition

Experimental results

e similar experiments

« different failure mode

|:>‘ material uncertainty ‘

reaction force

o s/ 10 15 20 25 30 .
displacement beam A — flexural failure

beam B — shear failure beam C — shear failure




Research objectives

Tackle the effect of material uncertainty

Explain the bi-modal

behavior.

experimental

Estimate reliability measures.

Solution strateqy

= .

stochastic approach
structural analysis

guantify material uncertainty

Quantifying the material uncertainty

random variables
stochastic properties
fib Model Code 2010

£ 0.006

: e .
500 550 600 650
reinforcement yield strength

cov=>5%

x10*
0.5
127
= =3
£t £04
2 : 2
208 ! E
Z 0.
2 t % 0.3
= ! cov =8% = — 209
206 : b 5 . cov=20%
=] 4 1 ‘5 ..
£04} £
2 : 2
02 ' 0.1
h
'

3 35 4 4.5
concrete Young s modulus

5
x10*

=)

2 3 4 5 6 7 8
concrete tensile strength

e
s
T

0.03

cov=15%

lognormal distribution

40 50 60 70 80 90 100
concrete compressive strength

s 5

cov =20%

lognormal distribution

o N & o =

0.1 0.15 0.2
concrete fracture energy mode [

0.25




Solution strategy

structural analysis

— analytical models

EC2
Model Code

— finite element modeling

stochastic approach

reaction force

Analyt

Analytical model

ical models

s vs Experimental data

= lab test

O experimental
= flexural
= shear-EC2
= shear-FIB

displacement

Monte Carlo Simulation
analytical models

- shear capacity
- flexural capacity

higher prob. of occurrence:
shear failure

failure mode transition




Solution strategy

+ structural analysis

— analytical models =4
Martek-eade

— finite element modeling calibration

e stochastic approach

Calibrating the FE model — numerical scheme
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Calibrating the FE model — numerical scheme

mesh control
Scheme  Mesh Load Convergence Irerative scheme
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convergence norm load increments size iterative method

reaction force
reaction force

displa
\ ——energy

\ force+displa
L - = expiest

displacement displacement displacement

Calibrating the FE model — constitutive scheme

Constitutive ~ Concrete Steel
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Solution strategy

+ structural analysis

— analytical models =4
Moter€ode
— finite element modeling calibration
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» stochastic approach PNLFEA
Directional Adaptive
- semi-probabilistc partiatsafetyfactor Response Surface method
globatsafetyfactor (DARS)

—  full probabilistic Maonte<Carlo

Response Surface Method

Input for PNLFEA

« random variables, (X)
— concrete: p=1.00

+ finite element model
(calibrated)

joint probability
density

* method
— Directional Adaptive
Response Surface (DARS)

e analysis parameters
— number of samples, tolerances, etc

* |imit state function




Limit state function

» reaction force capacity G(X) = Fpax(X) — Foxam

e limit state function, G(X)
- G(X)>0, safe
G(X)=<0, failure

GX)=F__ (X)-F

exam

reinforcement

probability density function

concrete stochastic capacity
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» directional sampling & line search * NLFEA
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PNLFEA - DARS

» directional sampling & line search * NLFEA
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< fitting the response surface function
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PNLFEA vs Experimental resutls
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Response surface & Reliability

* Monte Carlo on Response Surface Function ,8 =292
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Sensitivity measures

e correlation between concrete properties: (p=0.85)
» constructed response surface function:
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+ Explain the experimentally observed behavior of reinforced concrete beams without
shear reinforcement
- actual material properties of experimental members

» Tackle the effect of material uncertainty
- structural behavior for all realizations of material properties
- sensitivity measures

» Estimate reliability measures
- structural reliability
- probability of occurrence of each failure mode
- design point

Current improvements

n n n n
« Response surface function G=a+) bu+> cu*+> > duy,
- Ccross-terms i=1 i=1 i=1 j=1,j#i
- multiple limit states
- multiple design-points
- higher efficiency/robustness
« Model uncertainty factor G(X,0) =0 Fpax(X) — Foxam

- 0
- FEM uncertainty
- higher robustness
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Application

» Wide range of application
- all FEM applications
- random variables: material, geometrical, loading
- multiple limit states: reaction force, stress, strain, displacement, etc
- examination + design purposes

» Reinforced concrete bridges designed with old structural codes
» Advantages

- full probabilistic: all scenarios considered
- finite element analysis: advanced analysis, system effects
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