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Limit State Approach

* Limit states - states beyond which
the structure no longer fulfils
the relevant design criteria
e Ultimate limit states
— loss of equilibrium of a structure as a rigid body
— rupture, collapse, failure
— fatigue failure

* Serviceability limit states

— functional ability jile
— users comfort

— appearance



Uncertainties in assessment may be great

*Uncertainties (aleatoric and epistemic) Decription

Relative frequency  pensity Plot (Shifted Lognormal) - [AL_792]

- randomnetes

- statistical viilcoria

-model unceiainiies

- vagucness =Tmprec

- @rOSS eITol,, |- 1111

- ignorance - |# -

230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420

.TOOIS o Yield strength [MPa]
- theory of probability and statistics, fuzzy logic
- reliability theory and risk engineering

Some uncertainties are difficult to quantify -



Reliability Methods

Deterministic methods Probabilistic methods

Historical methods FORM Probabilistic
Empirical methods Level 11 Level 111

Calibration

l

Calibration Design point method Calibration
Level I

|

Partial Factor Method )
Level I

Reliability measures: failure probability p, and reliability index S
p; 107! 102 102 104 10> 10% 107
o 1,3 2,3 3,1 3,7 4,2 4,7 5,2
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Probabilistic models

distribution | mean | sd
R | resistance | Lognormal | 100 10
E | load effect | Gumbel 50 5

Probability density @g(x), ¢r(x)

0.06 Load effect E,
Gumbel distribution,
HE = 507 OF — 5

0.04 |

0.02

Resistance R

log-normal distribution,

MR — 100, OR — 10

40 | 60

80 100

Random variable X

120

140



Fundamental case for normal distribution
E <R
G=R-E ﬂG:ﬂR_ﬂEagé:G§+Ué
Transformation of G to standardized variable U=(G — x.)/o.
For G = 0 the standardized variable u, =(0 — ,)/o,

_ _ Hg _ Hrp — Hpg
p=-u,= - 2 2
o (Or+0f)

Reliability index :

1/2

9g(x)
Reliability Failure probability

Failure

Prubab. = P=H)

O‘ ﬂO-G ‘LlG ’ 10




An example of the fundamental case

/=R-FE

M, = Up - My = 100 - 50 =350

2 2 2
oy =0, +0, =14

B= u,/o,=3.54
P.=P(Z<0)=d,0)=0.0002 Cﬁ




Indicative target reliabilities in ISO 13822

Limit states Target Reference period
reliability
index, [
Serviceability
Reversible 0,0 Intended remaining working life
Irreversible 1,5 Intended remaining working life
Fatigue
inspectable 2,3 Intended remaining working life
not inspectable 3,1 Intended remaining working life
Ultimate
very low consequences of failure 2,3 Ls years”
low consequence of failure 3,1 Lg years”
medium consequence of failure 3,8 Ls years”
high consequence of failure 4,3 Ls years”
* Ls is @a minimum standard period for safety (e.g. 50 years) 12




Eurocode concepts of partial factors

Reliability index £

/

S

Action reliability index

Resistance reliability index

e et
Main action | Accompanying Resistance

ﬂE:-O97ﬂ /BE:'092818 IBR:ODSIB
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Partial factor of a resistance variable R
vr = R /Rybased on [, =08 x [
Normal distribution
R.= 1t — 1,645 x 0= (1 — 1,645 x V)

Ry(B)= pp — ap X Bx 0p = ttp — 0,8x Bx 0p = tip(1 —0,8x B x V)
(/) =(1—-1,645x V) /(1 -0,8 x fx Vy)

Lognormal distribution
R, = pp x exp (— 1,645 x Vy)
Ry (D)= g x exp (—ap x X Vp)
e (B)=exp (= 1,645 x Vi) /exp (—ax x B x V)

14



Partial factor of a resistance R

7o(f) =exp (— 1,645 x Vy) /exp (—ap x B x V)

2,5

VR

1,5 -

0,5 | | | | |
0 1 2 B 3 4 5

Variation of y, with £ for lognormal distribution of R



An example of the partial factor approach

distribution | mean | sd
R | resistance | Lognormal | 100 10
E | load effect | Gumbel 50 5 §

Probability density @z(x), @riay

0.06 |

0.04 |

0.02

Ly

Ry

Lpad effect E,
Ghimbel distributibn,

Resistance R

log-normal distribution,
Ur =100, org = 10

60

80 100

Random variable X

120

140
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Updating P(x|)) = P(x) P(I | x) / P(])
distributions

f(xll) = C £,(x) P(1|x)

fx(x), fx(x|1) updated prior likelithood

A

updated distribution fx(x|/)

Ask the experts!

prior distribution fx(x)

o
I I

prior x4 updated x4 17



Concluding remarks

Actual characteristics of structural materials, actions
(permanent loads), and geometric data are decisive.

Currently valid codes should be applied for actions and
resistances, previous codes may provide valuable information.

Uncertainties in assessment of existing structures may be
greater than in design of new structures.

Probability theory and statistics are useful tools.

Target reliability may be decreased depending on failure
consequences and optimization.

Relevant partial factors can be modified considering the
specified reliability index.

Updating of reliability using newly obtained data
(experimental and inspection results) 1s often useful. 18
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