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A fully stochastic approach to determine the lifetime and inspection
scheme of aircraft components

Frank Grooteman

National Aerospace Laboratory NLR, Anthony Fokkerweg 2 1059 CM Amsterdam, The Netherlands

Abstract

A fully stochastic fatigue life philosophy SLAP for aircraft components is presented. This approach covers the fatigue crack
initiation and growth periods in a realistic way, and avoids important disadvantages of the current deterministic Damage
Tolerance approach, which can be very conservative and yet does not give well-defined safety levels (Probability Of Failure).
SLAP gives more realistic predictions of component lifetimes and inspection schedules, whereby the required safety level
has a primary role in the determination of the inspection schedules. This is demonstrated by an example that uses in-service

inspection data for the upper longerons of the F-16 aircraft.

Keywords: Damage tolerance; Failure probability; Fatigue crack growth; Probabilistic fracture mechanics; Stochastic

analysis
Nomenclature
A’ Anderson-Darling test statistic
a crack length
a; initial crack length
ag deterministic detectable crack length
Agets Apod stochastic detectable crack length
a,, critical crack length
Minsp number of inspections
p probability value
D threshold probability value
t life time
ty Weibull location parameter
toconomic economic life time
Yinitial time at initial inspection
Mrepear repeat inspection interval
B Weibull shape parameter
n Weibull scale parameter
u mean value
o standard deviation

: Tel.: +31-527-24-8727; fax.: +31-527-24-8210.
E-mail address: grooten@anlr.nl (Frank Grooteman).
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ADIS Adaptive Directional Importance Sampling
ASIP Aircraft Structural Integrity Programme
CAMS Core Automated Maintenance System
CSI Crack Severity Index
EIFS Equivalent Initial Flaw Size
FH Flight Hour
FORM First-Order Reliability Method
NLR National Aerospace Laboratory NLR, the Netherlands
POD Probability Of Detection
POF Probability Of Failure
RAP Reliability Analysis Program
RNLAF Royal Netherlands Air Force
SLAP Stochastic Life APproach
SORM Second-Order Reliability Method

1 Introduction

This paper considers a fully stochastic fatigue life philosophy, SLAP (Stochastic Life Approach), that offers an alternative
to the current deterministic and partially stochastic approaches used for fatigue lifing and inspection of military aircraft
components. Before presenting the SLAP philosophy, some background information is given about the current life

philosophies and issues related to deterministic and stochastic analysis in general.

1.1 Design Philosophies

Airworthiness regulations require proof that aircraft can be operated safely. This implies that critical components must be
replaced or repaired before safe operation can no longer be guaranteed. Different approaches can be followed to prove that a
component is safe. For military aircraft the approach followed depends on the customer requirements, the type of component
and the possibilities for inspection during service. The fatigue philosophies underlying the approaches for guaranteeing safety
are called Safe-Life and Damage Tolerance.

The Safe-Life philosophy is based on the concept that significant damage, i.e. fatigue cracking, will not develop during
the service life of a component. The actual life for which this is "true" is calculated and then checked by a suitable test
programme. Then the design safe-life is obtained by factoring the determined life by an appropriate safety factor. When the
service life equals the design safe-life the component has to be replaced. The US Navy and US Army, for example, apply this
philosophy. However, there is a major drawback, since components are taken out of service when they may still have
substantial remaining lives. Also, despite all precautions, it is still possible for cracks to occur prematurely, and this fact has
led the US Air Force to introduce the Damage Tolerance philosophy [1].

The Damage Tolerance philosophy not only recognises that damage can occur and develop during the service life of a
component, but it also stipulates that the possibility of cracks or flaws in a new structure should be accounted for. Safety is

incorporated into this approach by the requirements either that (1) any damage be detected by routine inspection before it
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results in a dangerous reduction of the static strength (inspectable components), or (2) the damage shall not grow to a
dangerous size during the service life (non-inspectable components).

Two requirements are necessary for this approach to be successful. First, it must be possible to define either a minimum
crack length a, that will not go undetected during routine inspections, or else an initial crack length a; based on pre-service
inspection. Second, one should be able to predict the growth of such cracks during the time until the next inspection or until
the design service life is reached. The result of a Damage Tolerance analysis is a curve presenting the crack length as
function of the number of cycles, starting from the initial crack length a; up to the critical crack length a.. (When a
component is not safety-critical a similar analysis can be done with a significantly smaller initial crack length. This is called a
Durability analysis, which is directed to assessing the economic life of a component. The US Air Force makes use of both

Damage Tolerance and Durability analyses.)

1.2 Deterministic Analysis

Safe-Life and Damage Tolerance analyses are basically deterministic. This means that the actual variability of the
parameters used in the analyses are not considered. Instead, scatter and safety factors are used to account for the variability in
material properties, service loads, fatigue test results, etceteras. For material parameters conservative lower bound values are
often used, such as the A- and B-values, which represent the 95% confidence lower limits on the first and tenth percentiles of
the property distributions [2]. Then a scatter factor of 1.5 is usually put on the limit load. Finally, a safety factor of two or
four is often applied to the obtained fatigue crack growth life or fatigue lifetime, respectively. In general, the results of such
analyses will be overly conservative life estimates and inspection intervals. Even so, the reliability (safety level) of the
structural design is not properly known. Moreover, the safety factors applied are quite arbitrary, although historically
successful probably because of the high degree of conservatism [3].

Other disadvantages of deterministic approaches are:
e The demand for lighter and more efficient structures can lead to the introduction of new materials and design
methodologies that would require different safety factors.
e Once a deterministic analysis has been done, the result is often compared with test data. However, the outcome is
questionable, most certainly when the data are limited and have significant scatter. In such cases a correlation between the
analysis and test data can be a coincidence. The only correct approach is to perform a stochastic analysis and compare the
results with the test data.
e Application of safety factors afterwards might even lead to unconservative results. For example taking into account
scatter in non-linear systems can have a considerable effect on the outcome of the model. The sensitivity of such systems for
even slight changes in the input parameters is a well-known phenomenon. A correction afterwards on a deterministically
obtained result might therefore result in an unsafe design. Non-linear models are more and more applied in the design stage

of structures, due to increased computational power and availability of these numerical tools.

1.3 Stochastic Analysis

The disadvantages of deterministic approaches, mentioned in subsection 1.2, provide a strong case for using stochastic
analysis. Good stochastic tools are now available, but there is resistance to their use. One reason is unfamiliarity with the
subject. Another, often quoted, is the lack of data for generating proper distribution functions. However, this problem often

can be overcome by combining available data with engineering judgement and allocating the distribution type on the basis of



8-
NLR-TP-2004-131

-
>
the physics of a phenomenon and goodness-of-fit tests. Even so, experimental programmes should be set up and designed to
collect sufficient statistical data, which is still not common practice in fatigue engineering.

The following steps can be distinguished in any stochastic analysis:
e Choice of random variables and their distribution functions

e Choice of failure function

e Solution of the stochastic problem, requiring a stochastic method

e Interpretation of the results.

These steps will be outlined here, paying particular attention to fatigue analyses. More information is given in Grooteman
[4].

As mentioned above, it is often possible to assign distribution functions to the analysis parameters. A sensitivity analysis
can be used to determine whether a parameter, or combination of parameters, should be treated as stochastic variables. In
other words, does the variation in these parameters cause any significant scatter in the result? If not, these parameters can be
treated deterministically.

The choice of failure function(s) is in most cases straightforward, although a more or less continuous behaviour of this
function in the stochastic domain is preferred.

There exist numerous numerical techniques to solve stochastic problems Bjerager [5]. The most simple and well-known is
the Monte Carlo method, but it is not very efficient when dealing with small probabilities of failure (< 107), as for
engineering structures. More efficient methods, such as FORM, SORM and Importance Sampling methods, have been
developed in the past decades. There exist commercial tools (FPI, ST-ORM) or in-house developed tools that implement
several of these methods. At the NLR a stochastic tool has been implemented over the past seven years called RAP
(Reliability Analysis Program, Grooteman [6]) including methods as, FORM, SORM and several Importance Sampling
methods: radial based Monte-Carlo, Latin-Hypercube, Directional sampling, and Adaptive Directional Importance Sampling
(ADIS). The stochastic tools operate on top of any deterministic tool and need no modifications to do this: an interface
between the stochastic and deterministic tools is provided by the stochastic tool. The extra input compared to the
deterministic analysis consists of specification of the random variables and their distribution functions, specification of the
failure function(s) and selection of the stochastic method to be applied.

An important issue in interpretation of the results is determination of the allowed Probability Of Failure (POF). Table 1
[7] gives some target probability values for lifetimes, based on the relative costs of safety measures and the consequences of
failure. In general, the target lifetime POF will be about 10~ for engineering problems. For military aircraft structures the
POF should be of the order of 107 per flight hour, i.e. approximately 10~ for the lifetime, assuming 10* flight hours during a

lifetime.

2 Alternative Stochastic Life APproach (SLAP)

During development of the Damage Tolerance approach it was realised that defining an initial crack length a; that is based
on pre-service inspection would give very conservative results. This realisation led to the concept of Equivalent /nitial Flaw

Sizes (EIFS) for making crack growth calculations from the start of service to failure. EIFS are substitutes for any real (and
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unknown) initial damage in the structure. The problem is that EIFS values and distributions are obtained by back-calculation
from cracks found, using macrocrack growth models. The macrocrack growth models are unable to describe the real
behaviour and size distributions of cracks that grow from any (small) initial damage. The resulting EIFS distribution
therefore lacks any relation with reality, and more important, cannot be verified afterwards.

Instead of starting the life analysis at the start of the service life, another approach is to start the analysis at the end of the
service life by constructing the failure distribution. This distribution (unlike to the EIFS distribution) can be verified
afterwards using inspection data that becomes available during the service life as will be demonstrated in this paper. In the
design stage this distribution will be unknown, but with a limited number of tests and experience from the past a conservative
lower bound can be generated (Appendix A). Based on this distribution a conservative estimate of the inspection scheme can
be obtained guaranteeing the required safety level.

In order to subsequently reduce the inspection effort, the obtained conservative failure distribution has to be updated
when service life information (failure and non-failure data) becomes available. Even before reaching the initial inspection the
current service lives of the various components can be used to obtain an improved estimate of the failure distribution and
subsequently the inspection scheme, thereby reducing the conservatism of the approach. In this way an adaptive scheme can
be constructed leading to a minimal inspection effort for the required safety level.

These considerations led to the following alternative fully stochastic life approach called SLAP (Stochastic Life
APproach). The approach, presented in Figs. 1-5, enables the lifetime and inspection scheme of a structural component to be
determined and covers both the crack initiation and growth periods realistically, i.e. without the need for EIFS values and
distributions. The approach consists of the following three steps:

1. Construct the failure distribution
2. Backward crack growth analyses

3. Forward crack growth analyses, including inspections.

The basic methodology pertaining to these steps will be discussed next. Section 3 of the paper gives more details,

discussing the approach for a realistic application.
Step 1: Construct the failure distribution

First, the failure distribution has to be obtained, e.g. by means of a Weibull analysis, see Fig. 1. The initial failure
distribution should be a conservative estimate (lower bound) based on a limited set of test data, and should be updated during
the lifetime of the component by service data (failures and non-failures) as they become available, to reduce conservatism.
This will be discussed in more detail in section 3 and Appendix A.

An important concept is that the scatter introduced by material properties, load spectrum, etc., is included, de facto, in this
one failure distribution, and therefore need not be characterised separately. Moreover, an estimate of the scatter present in the
components can be updated easily by using information from service. This is a very important advantage over using the
variability of all the analysis parameters, since this information is often hard to acquire, if at all. Furthermore, a limited

number of random variables is a very attractive concept, especially for engineering use.
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