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Uncertainty is Certain!

Example 1

Probabilistic Model Development From Data
Considering Limited Information and Data:
Piping subject to Pitting Corrosion &
Corrosion-Fatigue

@ Copyright M. Modarres 2003



Problem Statement

Degradation of
pipeline due to

corrosion and fatigue

v

& ruptures

R

LInweanted plant

shutd owns Corrasion Inside the Pipe

Event Leaks i

Fitting and Fatigue leading to
Fipe Failure - Ductile lran

Consequences
Solution:
Fredictive

Problem: maintenance

i_ost of corrective

maintenance STERSIT,
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Corrosion-Fatigue in Pipeline
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Modeling Approach

w2 wn ) w

Pit Nucleation Pit Growth Crack Crack Growth
Mucleation
(Pit to
crack
transition)
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e Ty
Corrosion is Dominant Fatigue is Dominant
dat da
The criterion for transition : d— = a’— .
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Stress-Strength Interference Reliability

Models
i " ...
Aging Aging
—_— - -
Distribution - Distribution
of Stress 7 \ of Strength
fis) % p - 0(s)
-3 _NI#||||||||... ] o
5
Fossibility of

Failure

FP(Stress > Strength) = T j gi{x)dx; f(s)ds f

Examples:

+ Damage-Endurance Model

+ Challenge-Tolerance Model

+ Performance-Requirement Model

T

-
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Probabilistic Fracture Mechanics
Approach to Fatigue
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Crack Size

Modeling Outline
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CTF Distribution
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The Proposed crack size vs. stress, cycle, efc.
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Harsh hioderate ze- Lewe|
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Crack Size "a",m

M, Cycles

Lia) = LM, o)
M= IN(TCs;, T 19y TG

B 0182 0232 , 0248 A3 324 0377 ;. 0421 i (7105206, 0034 1
q=p- VN BT N

whera=cracksize v=loadfrequency=stresamplitudé =CurrenitensityN=cycleNa

10 2062 .0.024
L[:ﬂ:]zf[:ﬂ:]zgﬂl — exp [_21 2ﬂnﬂ_mﬁﬂ_sma:_F-u.zsa_@u.mwuz+3_53.34_F4.3??_J:yu.4:1_Nz ROy L .mjjz]
! = JERSTy
- F
3 B

18 56

| T e | =y | I
10 % S
TRYLN
@ Copyright M. Modarres 2009




The Bayesian approach

L e ... BEEEEEE = EE—

The Basic Algorithm for the WinBUGS Program to Estimate
Distribution of Uincertain Parameters A, B, and ©.

5 Fosteriar Dist.
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E
% 1 ; 1
o i E vidence |
= i Mi & ai I
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| I
AR I | WinBU G5
Prior Dist. : L |
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Informative) i Likelihood |
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The Bayesian Approach Results

- ... I
A sample: 1500 B sample: 1500
TAEH0F T.0E+21F
TOEH0R 5 ge+0k
S 00E+9r
0.0} - 0. . | | |
| | T T
1 32447E5 1 3244RES 1319 14BE19  1.5E-14
52 sample: 1500
200.0F
500.0 |
A00.0 F
200.0F A
00

02466 0.268 027 0.272

A, B, and ¢ (s2) Posterior Distributions as Calculated in
WinBUGS using test results for Carbon Steel X70
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Example 2

Model Uncertainty Assessment: Complex
Fire Model Codes

13
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Complex Model Output Uncertainty

T

— Fire —
/ 7 Model —

>4 o
X, — 4| (Including ! Y5 [
Sub-model ) L

i Lincertainties)
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Model Prediction, X,

Multiplicative Error Model

| g’fﬁ

BRA T I — T
————— g g
gl
p |
YAy
A
(NN

~

Result of E:-:perimlent, X,
Substituting (1) in (2) :
R = B
X E

el ml

Ao

MLl &,

LI

Independency of 7, 7 |

T

153

-

... I
X
—= = F; ) ?' E.; ™ LN(‘FJ& ?‘J.g) (1)
X&,z’ ,
- *'. =F.. i F.~ LM(b o) (2)
wﬁz?;;e?
A Eeal Quantity

A, Eesult of experiment

A, Model prediction

K, :The error factor for experiment al data

F, The error factor for model prediction s

b, Mean and 5D of expenment al error factor

b, ., Mean and 5D of model error factor

3
L= F ~LN@ _b a]o? + o
I m & m Ig__,.-‘l
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Multiplicative Error: Bayesian Posterior

T

1] l:bm“::rm} < L{XE,!"XMJ’E}E’ '::re |‘E:'m="::rm:|
(b, T) LI, X 8,0, |8, 0 db da,

f(bmrgm |Eej=Xm,i=be=Je} = J- J-f
1]

I:"-r-:'?‘lr-:

where

2

1 [m[:;: ]_i it J]
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L{"&rei”‘}‘:’m,i’be"jﬁ' |'E:'m='::rm:': n ¥ 1 & : Tt
Sz el el + o
b J M e

Jotb, ) Prior Jomt Distirbution of Parameters

Jlb, | X, A b, a,) 0 Fostertor JTomt Distirbution of Farameters

(wen a todel prediction such as X the distnbution of the real walue X

will be
X orven as model prediction l
B~ LN T = &~ LNIn( X )+ &,.7,) ERSI,
A=FX,
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Radiant Heat Flux Predicted by the FIVE
Model Using WinBugs
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Uncertainty in Radiant Heat Flux
Predicted by the FIVE Model

FIVYE - Radiant Heat FluX Linc ertainty
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Plots for Heat Flux (Cont.)

L e

MAGIC - Total Heat Flux
Model bias: 13%, sd: 42%
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Model Prediction, X,

Another Option: Percentage Error Model

B, ...
g X -X
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Example 3

Probabilistic Fatigue Failure Model
Development with Diverse Type of Data
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CASE STUDY: FATIGUE LIFE

T "SI
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RELIABILITY MODEL OF THE SYSTEM

— . [ —
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MODELING MATHEMATICS

£ Consider Lognormal as Distribution of Time to
failure: | IORGOR Mo
— jgj o = AtandardDevviation
f(if) - 15 .'zﬂ- € f=Time toFature

¢ Inverse Power Law relates median life
(“:Nmedian) to Stress (S)

1 i = Median
# T F, n= Constants to be deterruned from data analysis

Pl
KS & = ntress

£ Final Life Model
[]n(f}+]n{fi}+m]n{3}]2
plem

1
¢ NERSIZ,,
fo 2;?1' 3, 2
b1

| T | =y | I 1 36
25 bR 4
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AVAILABLE DATA

I —_— . [ ] I
Stress-life Chart
Eritire Lsailakle Dats
#hiateral Handbook Osta mhiatenal Lab Cata A sccelerated Lik Test Data
100.0
KK Run-out data
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7 g | |
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E 100 4 *
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1.0 T t : ' T !
0.0o01 0.010 o.100 1000 10000 100.000 000000 0000000
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oy 2

. | R, " samm .. | 1% 36
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Gray Cast Iron Fatigue Data

| T ... I
Gray Castliron Stress - Life
(AFS Data, Fully Rewars ad)
# Fully reversed, standard s amples m Fully reverzed, notched = amples
40
[
35 7
y " |
g 30 i
= ] )
J »
- oIt
‘B 20 A 1 e
5 o, QCw
ﬁ 15 - N .:: ¥ %
[l |
A 10 A (K] I::}_.'
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l:l T T T T T T
1 10 100 1,000 10,000 100,000 1,000,000 40,000,000
Cydesto failure [cyclas)
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A SEQUENTIAL BAYESIAN APPROACH OUTLINE

B, ...
Generic Data Available ;
. Specific Accelerated
in Handbooks and ‘ Material Tests
other scientific sources
K b
| |
. A . S
Bayesian i iBayesian |
n_ | _."éupgaﬁng ’_." n____w‘“m__ -.‘éupgaﬁng +
Uniform Primary Intermediate Final
Prior Posterior Posterior Posterior

At a given stress 5

—

Ft)
Stress-Life Distribution: 7 (¢t /S, K .,n,c )

wWhere K, nand o are parameters

B i —

28
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EVOLUTION OF THE MODEL PARAMETERS

24
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Example 4

Assessment of Airframe Integrity Involving
Fatigue Crack Model Assessment Based on
Inspection and NDI Observations

L BE
ﬁg]b -'r.-l"J_,.
S e
I8
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a0 % 9
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Individual Aircraft FLE Scatter As Tracked

T

FLE=Flight Life Expended (a measure of Palmgren-Miner's cumulative damage)

DESIGN-TEST

'I.I'J-%-

i
08 +

0.7 +
06 -

i

+ AVERAGE
05 - |

04 -
0.3 -
0.2 -

FATIGUE LIFE EXPENDED

0 1000 2000 3000 4000 5000 6000
TOTAL AIRCRAFT FLIGHT HOURS (HRS) ~NERSI,

FLE=1 or 100% = Miner's cumulative damage of 0.5 5,

I | e | ST ... B 43— E—

ek %
TR yL
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Interpreting FLE in terms of Probability of a > 0.01 inches

L e

Note: 0.01 inches=0.25 mm << a_.. ,

Plaz001in] =096

______________________ Clyesidud strength

SAFE Life 4"
Plaz001n]=011

f

-

a, mches

Pl z001:n] 0001

0.1 Plaz000m]=09=10" |

___é--'F ====
FLE =50% FLE =100%  FLE =150% FLE =200% FLE =300%
FLE
Challenge: Quantify the probability of exceeding residual strength
o
554 .r‘;_,?ﬂ

5t

fay
P;e

" e .. T | 1%
2
ThyL

T

J2
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Life Scatter versus Load Variability

T

Il ost severe load
out of all load
FProfiles

e M == .

158 load profiles ranked according to damage increment, A (Miner's Rule)

Ilost berugn load
out of all load
‘ profiles

Tnecettainty in the ry
“Blocks”-to-failure Elacks to failure Elocks to failure
18 “Epistemic”™ i ren all fichts grven all fights _
nature and due to Eiave E}:acﬂg;lthe have exactly the Iaterial Based
material propettsy! same load profile satne load profile Epistemic
fatigue life model Uncertaitity
uncettainities
Note:
Epistemic uncertainties are reducible (by more tests, better models, etc.) ]
T L] [ . I — 18
g3 %
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Uncertainty is Certain!

L e

If epistemic uncertainties could be reduced to “zero” the
“blocks’-to-fallure can be expressed “determimistroaldssiasg

b 4 14
— “Blocks”

to failure

The total uncertainty will not be significanily reduced by removing the Epistemic
uncertainties. The total uncertainty 15 dominated by the Aleatory uncertainty {Load)

Technical Challenge:

To what degree should epistemic uncertainty be reduced? In other words,
what 15 the point of diminishing return in reducing epistemic uncertainties {due to
material, testing, modeling etc)?

R, " samm .. 1% 'I .Sﬁ
34 % S
TRYLE
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NDI-BASED PROGNOSIS

T

To mitigate the risk of a rogue flaw a sensor suite and/or an
ingpection schedule would provide the feedback.

Hithout some sensor indicehon, a greater nisk
wonld be token! Fracceplable rak

Sy ANt It ¥ R B AR Rt
g T T T 78 . o e
Rogue ocomrence 77| -7 i e

e El ] .:- e

el : :
"-_'-H"'-n. I‘I"-. 1-"-.
- 5
L
1
L

Recorder Recorder Recorder Recorder Loads
Diata Data Diata Dita Dita
=
E Fhgzrt Ronmrs
I AFH, AFH, AFH, .| AFH,
m ..
d B I:]mal. Tpdate Update Lipdate Lipdate
. | R, " samm .. |

a5
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Joint Probability Density Function of
Crack Size & FLE

T

For an inspected aircraft at FLE=1%, generate random crack
growth with know loads and random material properties.

. . . ) 1YY
Fit a joint probability density function. B h":‘ﬁ'“”:"}*”"“[ﬁ]}
2 0
1
7o a, FLE )= &2
’FLE( ) G-~ 2T ‘R\
f;z,FLE (r:I | FLE = I%) Changed parameters
1 R [ L — \ k.n, & a
.

Prior Posterior

P |/l\ |
Ea ( d )FLE=1 00% e R I R R -

I:I_I:Il"- iUt SO “.“‘“-__4--* a, il'.I:]'.E:S a, il'.I:]'.E:S
et
‘ Ch )
A 1
EER%NF n
<

a, inches

/ ERSIT,
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——— * _" — ——— 56
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Results for 40 Aircraft in a Fleet

L e

1400
Crack length —  Prior
 d it i 1200 | -
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£ Q)
v TRYLE

@ Copyright M. Modarres 2009



Crack size & FLE Joint Density Function
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Comparing to Experimental Data

— I — DH;:ng -
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Example 5
A Bayesian Approach To Strain Life
Model Development




Scatter Plot of the Data

L e

Strain-Life Curve
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Probability Plot of the Data

.. I
Probability Plot
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Observations

| T L e ... I

¢ The HCF experiments suggest an
endurance limit for the strain

¢ The experimental data shows different
shape parameters for life distributions at
different levels of strain

¢ The shape parameter reduces at high
strain levels

43
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Traditional Strain-Life Approach

B, ...
StrainLife Curve
004
#Complete Failures - PSL
ARun Out
o
—
=
=)
in
1-Constant shape parameter 1=~ /
2- No endurance limit
l:ll:l:I1 1 T T 1
1 0E+032 1.0E+03 1 0E+05 1.0E+05 1.0E+07 1.0E+22
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Strain (=) or The Difference (=-y)

The Notion of Endurance Limit

T .. I
-y
R
Madiad A I S g vs. 2N
= < Y
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Pascual & Meeker Approach

L e

log(Y)= 4 + fi logle—y) £>y
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Pascual & Meeker Approach (cont.)
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Variable Shape Factor Approach
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Expected Results on (c—) Scale
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Expected Results on (<) Scale
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Results
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Conclusions

T

v"Uncertainty is real and instead of
introducing unnecessary conservatism rely
on well-established techniques and
account for it.

v'Save any conservatism for unknown-
unknowns!
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