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Outline of presentation

@ Background on probabilistic approach to failure assessment

@ Advantages of probabilistic approach

@ New approach to equivalent initial flaw size modelling

Comparison ot Deterministic and Probabilistic prediction
of inspection intervals for military aircraft
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Fatigue failure risk analysis — what it brings to
Defence

uﬁi

* Minimise cost of &
ownership
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When does fracture failure occur?

S (cyclic)

Fracture failure occurs when :

= I{C'Ss'ﬁ(a)\/ﬁ

or
|
a {lnc:::ggmm time) " S > SRS
J
S (cyclic)

Kc : stress intensity factor

S : applied stress

a: crack size

B(a) : geometry correction factor

Sgs=residual strength [min(Fy,ﬁ(:;f/ﬁ

)]

Fy = yield strength
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Probability of Failure

G .
T (cyclic) ‘¥~ Risk - probability of failure or unstable fracture
" Failure occurs when; ¢ > Residual strength
Probability of Failure (PoF) calculation:
a (increasing with time) o SRS (a)
l POF=jf(a) 1— j f(s)ds |da
S (cyclic) 0 0

Where :
s = stress

a = crack size
Sps= residual strength

f (a)= crack size probability density function
f(s)= maximum stress probability density
function (per given time interval)
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Trend Towards Probabilistic Aprdch in Structural
Integrity Management

“In the future, structural integrity decisions will be based on
Hazard Risk Analysis (HRA) and Hazard Risk Index, like it or

»
not! - Rick Ryan, NAVAIR

AASIS 2015
Aircraft Structural Integrity Management —
MIL STD 1530D
a) The initial inspection shall occur at or before one-half the life from the Deterministic
assumed maximum probable initial damage size to the critical damage size. (|nitia| inspection)

b) The repeat inspection intervals shall occur at or before one-half the life from
the minimum detectable damage size (based on the probability of detection
established by the NDIT described in 5.1.6) to the critical damage size.

c) Risk analysis shall be used to determine if a reduction in the inspection

intervals are required to control the safety risk to an acceptable level or to Probabilistic
reduce economic or availability consequences associated with damage (R ting in tion )
repair. epeating Inspections
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Deterministic vs Probabilistic approach

“Those who will begin with certainties, shall end in doubts;
but those who will be content to begin with doubts, shall end in certainty” _ Francis Bacon

Stress
Residual Most Stress

strength

fixed
value

fixed
Crack size | V2|12

fixed
value

ri | al - qg N\ Residual
critic '/ Crack size> A strength
S

Risk
Analysis

Apply
safety
G Probabilistic
Deterministic Increasing demand
@ Well established, better understood Accurate consideration of

errors from each assumed parameter assumptions

0 Safety factor does not quantity the chierslnparameter
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Probabilistic Risk Analysis of Fracture — (Parameters)

Highest
influence to PoF

values

Peak stress exceedance curve

| | — Crack growth curve

Risk curve % Ay

[ | | | |

EBH

Residual strenﬁth curve
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Influence of EIFS distribution to the Probability of

Failure

~N

Probability of failure at time t
calculated from crack size
distribution at time t

9 Crack size distribution
attime =t,

) Risk analysis
Crack size distribution _rESUIt highly
_ attime=t, .~ influenced by
Crack size EIFS distribution
distribution at
N time=0 (EIFS)
‘n
X
O
©
@)
t
Flight hours
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New modelling of the Equivalent Initial Flaw Size (EIFS)
Distribution
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Innovation on Initial Flaw Size Distribution Modelling

Probability Left side (97% of the distribution
density only contribute 3% to the risk)

Right tail (3% contributes 97% to the risk)

! S —— crack size
Lognormal distribution Beta distribution
Assumption
— or
information

Data__ 1 1 ¢ 111
ate Data

Unbounded model Bounded model

max=finite

(Realistic model)
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Innovation on Initial Flaw Size Distribution Modelling

EIFS distribution, f(a) POF curves

1.0 10'2.
“ . ”
POF for “next flight .
=
—— Lognormal distribution 8
n U9 — Beta distribution o Srs(a) 5 10°
)
3] — PoF = J fla)| 1- [ f(s)ds |da = 2
Qo
0 0 g
<
a
0.6- 10° —— Lognormal distribution
—— Beta distribution
. ! ! ! 10000 ZO(I)OO 30600 40600 50(I)OO
0.000 0.005 0.010 0.015 0.020 .
] Flight hours (EBH)
EIFS (inches)

o Lognormal distribution risk
prediction way higher

= Preliminary results show use of bounded distribution
(i.e., Beta distribution) will reduce inspection cost
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When to conduct Safety Inspection ?
» According to MIL-STD1530

Deterministic method Probabilistic method

5.4.3.1.1 NDl intervals 5.5.6 Structural Risk Analysis Update
The initial inspection shall occur at or A probability of catastrophic failure at or
before one-half the life from the below 10-7 per flight for the aircraft
assumed maximum probable initial structure is considered adequate to
damage size to the critical damage ensure safety for long-term military

size. operations.

_Criicalca WhiCh one is
“more conservative?
- — nore economical? ..

Inspection f
interval 2 interval

Crack size
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Assessment of Deterministic and Probabilistic Approaches
to Inspection Intervals Specified by MIL-STD1530

Using two experimental data
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Experimental Results Used in t

Virkler Data

First failure—¢
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Validation

DST Data

First failure—¢
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Safety Inspection Prediction : Deterministic vs Probabilistic

Predicted inspection time (cycles)
Minimum

. : = —
Assessment using specimen Probabillstic roanIetic
. atigue life Deterministic Fixed Kc =25 MPaym
Virkler Data (Cycles)  [IPSSHIRIE HIN —
Kc standard
deviation
1.5 188101
1.0 210649
222798 129700 231117 08 15851
0.5 223529
50 - 110°
’é‘ 401 110"
= 30 1
o 30-
(’%l) i 10»6 LIO_ 13 . ” (13 ”
. L next flight” = “next load cycle
% 20 o 1 - 107
O Ll 110°
POF curves ——m= <&—— Time off_r%to%ailure
0 : I . 0»10
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Safety Inspection Prediction : Deterministic vs Probabilistic

Assessment using

Virkler Data First failure = - - 4
DEF STAN acceptable, - -,

P=0.001

50 - 110°
Deterministic-based prediction = = = = 20~ 110
= {10°
~ 30 _
8 6 O
= 110 &
X
n
> Probabilistic method close to DEF & 20- 4107
STAN acceptable when Kc standard ©
deviation is set to 1.5 MPaym 104 110°
- 1107
» Increasing Kc standard deviation to > PoF curves / ‘4— Time of first failure
1.5 MPa/m will give relatively 0 — 10

0 100000 200000 300000
Cycles
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Safety Inspection Prediction : Deterministic vs Probabilistic

Comparison with DST Minimum Predicted inspection time

specimen Trial

. fati lif Deterministi Probabilistic
expenmenta' data atigue life eterministic (Load block)
(Load blocks) (Load blocks) P=107
Kc=32 MPaym Kc=32 MPay7
1 7.7 9.9
2 7.6 10.4
3 7.3 9.7
_ Variable Kc, mean =32 Stdev=1.0 107 4 7.8 10.2
. 5 7.5 10.2
10
10°
10° ;o':
107 “next flight” = “next load block”
110°®
L failure
10”
o———a— 1370
0 2 4 6 8 10 12 14 16 18
Block
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Safety Inspection Prediction : Deterministic vs Probabilistic

Assessment usin
& First failure, P=0.022

DST experiment DEF STAN acceptable, -- :
P=0.001 :
\
20 2 1107
I
Deterministic-basdd prediction - - - 410*
15 -
4 10°
€ mn
E 104 110° §
© , 0
> Probabilistic based prediction close to - oo 1
DEF STAN acceptable when Kc value is - = ' 410
fixed i .<#—— First fdilure
] : 110°
> Applying Kc standard deviationwill | fj . | .
result in a relatively conservative 0 2 4 6 8 10 12 14 16 18

prediction Block
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Conclusions

*** Probabilistic based prediction consistently close to DEF
STAN acceptable risk

+»* Slight increase in the assumption of the variability of the
fracture toughness value will result to conservative
prediction from probabilistic method

Future Works

** Use of actual aircraft teardown crack data in the analysis

+*»* Consider aircraft single flight hours as the metrics in the
failure lifeing
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Questions?

.'P
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