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FEA timeline

1960 %2) {@@ 90 2000 @ 10
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| ASTRAN > simulation
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WRONG | MARC predictions
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Finite element

“modeling”

Tuning

Unreliable
predictions

1 The first paper on FEM (1956)

2 NASA RFP for structural analysis software (1965)
3 The first mathematical papers on FEM (1972)

4 Proof of p-convergence (1981)

5 Demonstration of exponential convergence (1984)
6 Implementation of model hierarchies (1991)

7 ASME guide for Verification and Validation (2006)
8 NASA Standard for Models and Simulations (2008)
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Dangerous trends

fidwa and easy-to-use software. ..

CLUSTER CONSIDERATIONS 22
EASING INTO CAM r4x
REVIEW: BOXX APEXX 2 WORKSTATION 53

Numerical simulation is
being confused with finite
element modeling.

Recipe for generating mis-
Information on a very large
scale.
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Outline

» Formulation and application of design rules

» A new class of predictors for high cycle fatigue
®» Calibration

» The design curve: Ranking

» The case for simulation governance
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Design rules

Application of design rules  Creation of design rules

Frax < Fa What is F_,?
Solution and data verification | Solution and data verification
Expert-designed Vel
standard processes Uncertainty quantification
wherever applicable Revise and update rules
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Application of design rules
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» Designers are obligated to consider the worst case
scenario:

Foum= (17T 1) F

max

F

num O ( tl) |:aII

» Numerical errors penalize design

®» Certification of design is not possible without knowing
the numerical error
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Design rules for high cycle fatigue of metals

®» Goal: Establish design rules, given S-N data
from coupon tests
» Account for arbitrary cycle ratios
» Formulate statistical models of S-N data

®» Define predictors of damage accumulation for the
generalization of S-N data

» Estimate the value of each predictor for the objects of
Interest

®» Calibrate the predictors
» Rank the predictors (order of predictive performance)
» Update the design rules: Simulation governance
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Design/certification methodologies

®» Safe life design
®» Damage tolerant design

®» Flaw-tolerant safe life design

®» Barely detectable flaws will not initiate a propagating
crack within the service life of a component.

®» Clearly detectable flaws will not initiate a propagating
crack between inspection intervals.
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Stress

» We will consider macro-mechanical stress: Average
stress over a representative volume element (RVE)

» Metal fatigue is a highly nonlinear process: Irreversible
changes (dislocations) accumulate over time, leading to
crack initiation

®» Phenomenological models are used for correlating
failure events with macro-mechanical stress cycles.
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Classical machine design

Omax = Ktaref

Of = K fOref

where ¢ is the notch sensitivity factor:

(1+F ) Neuber(1937)

\ (1+a/r) ! Peterson(1959)

g =3

o and a are assumed to be material constants
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Peter sonos not ch sens.i

Notch Radius, r, millimeters
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Source: W. D. Pilkey, Petersonds Stress Concentrat.i
John Wiley & Sons, New York (1997) p. 39.
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SAE shaft 1 bending

i
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Formulation

A

Omax T Y
p ﬁ ﬁ m ﬁ I - Tmax — Tmin
o

VUVVY

Time

—-—

Assumption: The PDF of the number of cycles to failure is
a function of 0., defined by:

Ll ve
Ocq — VOmaxPa — Tmax (2)

where R = 0yin/0max is the cycle ratio.
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Generalization

Alternative interpretations are possible for the triaxial case.

Lo 7% 52
Pl - (Il)ma,x (T)

where [ is the first stress invariant.

Another interpretation is that o, is the maximum value of
the von Mises stress ¢ and the predictor is:

1 — 1/2
P2 = O <—2}E>
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Formulation of predictors

We investigate a family of predictors defined as:

1
G 7= =— (aPi+(1—a)P)dV, 0<a<1
Ve Jae

V., is the volume of the domain of integration defined by
Qc = {Z| 01 > Bomax}

where 8 = B(a, Vyg) is determined by calibration. Vgg is
the volume where

1 (T) > VYOmax

we use 7 = 0.85
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The effect of notches

Dogbone specimen

Double edge notched
tensile specimen
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NACA/NASA fatigue data

# | Specimen Source r (in) | (Kinom | (Ki)act | Number
1 | Unnotched | NACA TN 2324 12 1.0 1.00 85 (73)
2 | Open hole 1.5000 2.11
3 | Edge notch 0.3175 2.0 2.17 | 108 (99)
4 | Fillet NACA TN 2389 | 0.1736 2.19
5 | Edge notch 0.0570 4.43
6 | Fillet 0.0195 44 4.86 60 {52)
7 | Edge notch | NACA TN 2390 | 0.0313 5.0 5.83 47 (43)
8 | Edge notch 0.0710 4.44
9 | Edge notch NASA TN D-111 0.0035 X 4.34 37 (34)

3/22/2016

18



Specimen types #1, #8, #9

12.0 radius

w i

#1 30
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NASA test specimen type #9 (K, =4.0)

—

mNotch

i

j —| | 0.007 £ 0.001
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*1.516 + 0.002

N —

N S— U
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NACA test specimen type #6 (K, =4.0)

Specimen used for calibration

Fillet radius: 0.0195 N0.0005 inches
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Statistical models

Statistical model 1a:
log o N ~ N (p, 5)

= A — Ay logg(0eq — As).

s 18 constant

Statistical model 2a:
logo N ~ N (p, s)

p=A — A 10%‘10(%{1 — Aj),

¢ — 10B11B210g10(0eq)

Ueq > AB
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Calibration curve for Model 2a
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Profile likelihoods for A,
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Calibration for b
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Calibration for b
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Empirical and predicted CDFs (a = 0.5)
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Specimen type #9: Which a?

3/22/2016

28



