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Motivation

design stage are considered.

many uncertainty reduction activities are performed.

In reliability estimation of aircraft, all uncertainties available at the

However, the actual aircraft is much safer, because after the design

N\

.

Truncated tail

«

Truncated tail

Test (pre-
design)

AN

Irlcreased _/\_
L variability _/\
Inspection,
»| Design Manufacturing Health » Maintenance
> mnnifnring
4 | Reduced
" . T
variability
Test (post-
design)

= We analyze the tradeoffs between tests, reliability and weight.
= Afirst step towards simultaneous design of structure and tests
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= Material strength predictions from coupon tests

= Structural element strength predictions
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Results

Concluding remarks




Safety measures

= Conservative design practices

Load safety factor of 1.5 (FAR-25.303)
Conservative material properties (FAR-25.613)
Redundancy

* Uncertainty reduction
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structural testing

guality control

Inspection

health monitoring

maintenance

post design improved analysis

post design improved failure modeling




Uncertainty classification

Type Spread Cause Remedies
Error L . i
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Error and variability in failure stress
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Tests reduce uncertainty (due to errors)

Aircraft structural tests are conducted in
a building block procedure.

Coupons are tested to estimate the
mean and variability in failure stress.

The mean structural failure is estimated
based on failure criteria (such as Tsai-
Wu) and this estimate is further
improved using element tests.

Components, sub-assemblies,
assemblies are tested.

Finally, full-scale test of the entire
structure is conducted.
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Simplified three-level tests




Errors in coupon testing

= Due to finite number of coupon tests, statistical characterization of

strength has errors.
= Mean and the standard deviation will be uncertain.

(acf )CalC — Normal [(cif )calc - Std (acf )calc:|

(5,)  =Normal| &,; std (o) standard deviation distribution
f Jeale Jn, also close to Normal for N g,00n>25
= Allowable stress T =Ky (5cf )calc
kB__|
knock-down  k, =1-k, (ccf )Calc
Calculated c.o.v.
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Using element tests to reduce error

= Calculated mean failure stress (5ef )calc = (l_eef )(5cf )Ca.c

Kk (5— )Updated corresponds to the maximum PDF
d ef ' nrur
cale of the updated (Bayesian) distribution

Structural Element
test loading

— Original failure surface

——— Updated via Bayesian
technique

—-—- After applying knockdown
factor, kd

e Testresults




Bayesian updating

Probability density function
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bl test VA The initial distribution
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A Bayesian updating trick

Probability density function

= Error bounds can be applied in Bayesian updating after updating
for test results.
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= (Obtain good fit via “Johnson unbounded”

= So, the distribution for quartiles of Johnson is what we want.
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Quartiles of mean failure stress after future
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= Distribution in future of quartiles can be represented via normal

distribution
= No clear effect of number of coupon tests
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Simulation of future tests

Tests with a small
number of samples

Tests with a large
number of samples

/\ /\ Distribution /\

- 4 0

of parameters

MCS

failure stress

/
y y
/\ /\ Distributions of
i i

Mean values of the quartiles (Q;.y) Standard deviation of the quartiles (Q,.)

o) 0, G 2, std(Qy) | stdiQy) | stdi ) | stdi Q)
testl 0.901 0.970 1.051 1.146 0.092 0.098 0.106 0.115
test2 0.929 0.980 1.036 1.100 0.078 0.082 0.087 0.092
test 0.940 0.982 1.028 1.078 0.073 0.076 0.080 0.084
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Redesign based on element tests

If very large or very small failure stress values are obtained
from the element tests, the company may want to increase
or reduce the thicknesses of the elements.

B-basis from
coupon tests

GCB.

_ Oy >1.05 O ]

B-basis from
element tests

Gea

reduce thickness
by Gca /O-ea

0.980,, < O, < 1.05 Gca] No redesign

iIncrease thickness

O <0.98 O ]
ea ca by ., /O_ea

Lower tolerance
for safety
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Errors at the structural level

Errors in structural strength predictions (5f )Calc = (1—ef )(Eef )

calc

Errors in load calculation P..=0+¢)P,

| | i
Error in stress calculation Ocalc = (1-|— ea) cale assumed negligible!
design
Error n geometry VVbuilt—av — (1+ eW ) Wdesign tbuilt—av — (1+ et )tdesign
Error factors Distribution Tvpe Mean Bounds
Error in load calculation, eg Uniform 0.0 =+ 10%
Error in width, e, Uniform 0.0 =+ 1%
Error in thickness. e, Uniform 0.0 =+ 3%
Error in failure prediction, & Uniform 0.0 = 10%
Error in failure prediction. e Uniform 0.0 = 10%
Average built area
S, P
_ F'd 1+e, )(1+e )(1+e
Abuilt—av — (1+ Cootal ) Cotal = ( i )( t)( W) -1
ea (l_ € )

Design parameter (taken 0.95 here) 15



Variabilities

Variables Distribution tvpe Mean Scatter
Actual service load, P, Lognormal Ps=2/3 10% c.ov.
Actual built width, w,, . Uniform Wi sir—ay 1% bounds
Actual built thickness, £, Uniform L aid oy 3% bounds
Failure stress, oy Normal 1.0 £§% c.o.v.
v, Uniform 0 1% bounds
v, Uniform 0 3% bounds
Variability in thickness tbuilt—var — (]__|_ V, )tbuilt—av

Required area

A

req

(1+v,)(1+v,)

A

ed

where 'Aqu = P/Gf
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Reliability Calculation using Separable MCS

Generate random errors

v Use a separable limit-state

Do coupon tests and compute B-basis o,

¥ Abuilt—av - Y,eq <0
\ )
| |

Generate random quartiles /

v errors variability

Fit Johnson and compute B-basis 0.,

v

Compare O¢ to O
If needed, redesign the element tests

Generate random

v

variabilities

v

Compute design thickness

Compute required

Simulate certification tests [ i
thickness

v

Compute probability of failure
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Results: Number of coupon tests, n o,

ncounon tmean 1:cov I:)f PFCT
30 1.268 | 0.116 1.02x104 0.0576
50 1.253 | 0.114 1.27x104 0.0654
80 1.245 | 0.113 1.44x104 0.0711

PFCT: Probability of failing in certification tests

reduces, weight increases, Pf and PFCT reduce.
B-allowable is conservative!

= As ncoupon

r]coupon tmean I:)f PFCT*
30 1.256 | 1.27x10% | 0.0666
50 1.253 | 1.27x10% | 0.0654
80 1.250 | 1.27x10% | 0.0670

Current
practice

RBDO

= |f we want to do away with 30 element tests only,
= Need to put 0.5% extra weight
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Number of element tests

1.60 \ 0.085
1.50 \\ 0.080
G 140 NG _, 0075 \\
2 1.30 £ 0.070
E 1.20 \*<, ™ 0.065 \
1.10 0.060
1.00 0.055
0 1 2 3 4 5) 0 1 2 3 4 5)
number of element tests number of element tests

Current practice

= As the number of element tests is increased

= Pfand PFCT reduces
= Rate of the reduction diminishes
For the same weight!
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What about RBDO?

N, | toean |% INCrease in P; PFCT
thickness
0 | 1.266 1.0 1.27x104 0.0653
1 | 1.263 0.8 1.27x10* 0.0656
2 | 1256 0.2 1.27x104 0.0668
3 | 1.253 1.27x104 0.0654
4 | 1.250 -0.2 1.27x104 0.0672
5 | 1.249 -0.3 1.27x104 0.0672

% change in thickness

1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4

~

AN

number of element tests

Element tests are more
influential than coupon
tests.

Aircraft companies may
reduce the number of
coupon tests by moving to
RBDO!
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Certification test

1:mpan tmv Pf
Certification 1.253 0.114 1.27x10*
No certification 1.244 0.119 2.31x104
No certification with 1.253 0.119 1.94x10*

adjusted mean thickness

= |f certification test is not performed, the
probability of failure is increased by 54%.

= The certification test is an effective way of
maintaining the reliability.
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Concluding Remarks (1)

= As the number of coupon tests is increased
* the mean allowable stress increases
* so the mean thickness reduces.

= While the standard deviation of the thickness decreases,
the probability of failure increases as does the probability
of failing certification.

- The FAA knockdown factor for compensating for small
number of coupon tests is conservative.

= |[f we want to reduce the number of coupon tests for the
same probability of failure,

* need to put about 0.5% extra weight.
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Concluding Remarks (2)

If the number of element tests is increased
* the probability of failure reduces
* the rate of this reduction decreases

If we want to dispense with element tests for same Pf
* need to put about 1% extra weight.

So, the number of element tests and coupon tests can be
selected in a better way by moving to RBDO.

If certification test is not performed, the probability of
failure is increased by 54%, so the certification test is an
effective way of maintaining the reliability.
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Future Work: Simultaneous design of

structure and tests

= Formulate an RBDO problem to

Find k,, n_, n,
Min Weight (k.,n_,n,)
Such that Pf (kg,n.,ne)<Pf e

= Will generate response surfaces for
- Weight (ki,n,,n,)
* Pf(knne,ne)
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