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1. Platform Level (Option Phase) Introduction

This report summarizes recent progress made on the AVIATR contract Task Order 3,
Condition Based Maintenacne plus Structural Integrity — Option Phase. In this progress
report tasks related to Structural Risk Assessment, component and system levels (Sections
2 & 2, respectively), cost benefit analysis and financial uncertainty (Section 2), maintenance
data analysis (Section 2) and higher-fidelity loads analysis (Section 4) are discussed.

Risk Analysis: Section 2, Component Risk Analysis, presents an accounting of the
refinements that have been made to the standard deterministic analysis to improve the
estimates of Single Flight Probability of Failure (SPFOF) these include, higher fidelity
damage tolerance analysis, improved crack growth description, refined definitions of Kc and
EIFS. Further, the development of a Monte Carlo routine to calculate SFPOF and
comparison with typical PROF results to the standard PROF provided examples is explored.
Section 3, System Risk Analysis, The FORM approximation application developed has
progressed and is currently in a validation stage. The application is currently set up to
handle only one inspection event, but could be extended to allow multiple inspections. The
input file contains the same information that would go into PROF or RBDMS codes. Once a
particular control point has been analyzed, the application offers an ability to store the result
in a file for use in the filtering application. Next steps are to complete the development and
demonstrate on the prescribed set of F-15 control points.

Cost Benefit Analysis (CBA): Section 4, Since the last progress report a minor update was
made to the CBA workbooks. The initial results of the Financial Uncertainty Analysis (FUA)
exposed a need for a few minor changes to be made to the analysis scheme. These
changes were implement and discussed in Section 4, as well as a description of the results
of the Financial Uncertainty Analysis. An update to the core CBA general workbook, and
user manual will be released in April/May 2013.

Field Data Analysis: Section 5, analysis of the field data continues. Access to the
government maintenane data bases has been restored previously lost during the current
reporting period. It is anticipated that this task will be completed within the next reporting
period and a final task reporting included in the August 2013 progress report.

Higher-fidelity Loads, Section 6, the purpose of this task, similar to the work with in-situ
sensors is to define the data requirements for loads as was conducted for in-situ sensor
systems. The source of the “improved” load information is agnostic, meaning it may be from
a stick2stress modeling approach, installed strain gauges or other in-situ monitoring device,
etc. The research team tried to find a long duration, on the order of about a typical flight (1-
1.5 hours) unfiltered time history to start the evaluation. Unfortunately, for this work here, we
were only able to find a approximately 70sec time history that meat the minimum
requirements for this evaluation. We continue to look for a more reasonable length time
history. However, we have proceeded with defining the analysis procedure and
demonstrating the initial process with this limited time history. The intention in the next
reporting period is to build on this intial assessment with a history of a length more
reasonablly consistent with a typical F-15 duration flight.

As of the writing of this report we are running approximately $143K under budget against the
current budget plan, however no adverse condition to deliverables is expected at this time.
Some tasks have been delayed due to access to field management data base and the
appropriate data for analysis, as these issues are resolved spending to meet the technical
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requirement execution should bring the research team back in line with planned budget
profile.
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2. Component Risk and Single Flight Probability of Failure

2.1.Introduction

Probabilistic Damage Tolerance Analysis (PDTA) is a major component of the CBM+SI
project. Such analysis provides estimates of the Single Flight Probability Of Failure (SFPOF)
for future flights and the Probability of Crack Detection (PCD) for future scheduled
inspections. Each of these quantities are highly influential parameters in the Cost-Benefit
Analysis (CBA). The SFPOF estimates are used to predict the frequency and costs due to
failures in the fleet, and PCD is similarly used to predict the frequency and costs of future
repairs. For the CBA to effectively predict the lifecycle costs and maintenance required for a
fleet, accurate estimation of both SFPOF and PCD is necessary.

The F-15 wing was selected for analysis in Phase Il. The selection process is detailed in the
March 2011 CBM+SI progress report. A number of control points were taken from the inner
and outer wing and are analyzed as if they represent a complete system. The risk analysis
and CBA are performed for the Baseline case first so that it can subsequently be compared
against alternative maintenance plans. "Baseline” refers to the current fleet maintenance
plan, which utilizes the inspection schedule and Non-Destructive Inspection (NDI) method
specified in the Force Structural Maintenance Plan obtained from the Boeing F-15 program.

The original risk analyses of the F-15 wing components, as detailed in the March 2012
CBM+SI progress report, resulted in clearly conservative results for the Baseline case. The
estimates of failure and repair frequencies (via SFPOF and PCD) are intuitively too high and
do not match observations in the fleet (according to discussions with the Boeing F-15
program). The conservatism could result from the input variables, the probabilistic damage
tolerance approach, or the software being used to conduct the analysis.

We begin by examining the risk analysis input parameters and adjusting them to more
reasonable values where possible. This is detailed in Section 2.2. We elected to liberally
reduce the conservatism in the inputs in an effort to bookend the risk reduction available
without modifying the PDTA method or software. The modifications of the inputs are detailed
in the August 2012 CBM+SI progress report, and are summarized in the next section. This
effort made the risks more reasonable for some CPs, but did not result in believable risk
estimates for many components.

Because the aggressive modification of the input parameters did not successfully reduce the
risk and maintenance predictions to reasonable levels, we began an examination of the risk
analysis itself. For example, the approach taken thus far in the CBM+SI project assumes
that, at every control point, a crack exists at time zero (the EIFS concept), and that the crack
growth process is deterministic. These are the assumptions made by the popular
probabilistic damage tolerance software PRobability Of Failure, or PROF. We have utilized
the PROF approach in this work through a Boeing tool, RBDMS, which is closely related to
PROF but offers several additional features. Abandoning the EIFS concept and utilizing
stochastic crack growth are not trivial.

Before starting from scratch, a sensible first task involves verifying if PROF is capable of
accurately estimating SFPOF and PCD under the EIFS and deterministic crack growth
assumptions. We provide a working definition for SFPOF in Section 2.3 from which we will
refer. Section 2.4 describes the methodology of the PROF software. To provide a

3
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benchmark for judging the quality of SFPOF solutions, we outline a simulation approach to
the problem in Section 2.5 and show the results for several examples from the PROF
documentation. The conclusion is ultimately that PROF’s estimates of SFPOF are not
sufficiently accurate. In Section 2.6, we present the work in progress on a potentially useful
methodology for efficient and accurate calculation of SFPOF, and we show that the results
for a PROF example problem closely match those of the simulation routine from Section 2.5.

2.2.Baseline Risk Analysis and Input Modifications

The original analysis of the Baseline case utilized the approach of the PROF software. The
following are characteristic of that analysis.

e Multiple similar locations for each control point
e K. derived from Boeing in-house testing
o Mean values were available
o A normal distribution with 10% coefficient of variation is assumed
e EIFS for aluminum and titanium obtained from Boeing in-house testing and analysis
o Combination of fatigue test data and coupon data
o Max stress per flight distribution derived from an F-15 flight spectrum
Damage tolerance analysis was conducted with LifeWorks, a Boeing tool
o Note, residual stresses due to cold-working or interference fit fasteners were
not originally included in the analysis
o LifeWorks runs originally began from crack length 0.003”
* Relatively large compared to Aluminum EIFS
o 65.2% of the Aluminum EIFS distribution is below 0.003”
= Use of this requires extrapolation at the low end of the crack growth
curve

As previously stated, the first attempt at reducing the conservatism in the Baseline risk
analysis consists of a refinement of the inputs. The goal is to identify the amount of
conservatism which could reasonably be removed from the Baseline component risk
analysis for each CP through reasonable adjustment of the input parameters. In this way we
can determine if refinement of the risk analysis input parameters could lead to acceptable
results. If this is not the case, then a reconsideration of the risk analysis methodology is
required.

The first such adjustment is in regards to the number of similar locations per control point.
Some CPs include a large number of similar locations, e.g., CP 180, a portion of the wing
skin, includes 236. This issue was discussed in several previous progress reports. In the
PROF method, SFPOF is first calculated for one location, then it is assumed that the failure
probability for each location on the CP is independent. Thus if the probability of failure of
one location is p, the probability of at least one failure amongst n locations is 1 — (1 — p)”.
This is a very conservative approach. In reality there is some dependence between the
locations and the probability of failure is somewhere between p and 1 — (1 — p)". For this
analysis we elect to reduce the number of similar locations to one to provide a lower bound
estimate of the SFPOF results using this risk analysis methodology. The reduction in
SFPOF because of this change is an analytical function of p and n. The SFPOF before and
after this change is shown below in Figure 1. Several plots similar to this figure are shown in

4
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this section. In each, the CPs are sorted in decreasing order of the before SFPOF. Please
note that the order from figure to figure is not constant.
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Figure 1. Modified Baseline Results; One Similar Location

The next adjustment involves a refinement of the deterministic crack growth analyses that
underlie the probabilistic damage tolerance analysis estimate of SFPOF. This involves
several adjustments, descriptions of which follow.

o For eight of the 44 CPs, the original LifeWorks crack growth analysis did not reflect
that residual stresses exist in the part due to cold-working or interference fit fasteners
o The crack growth analysis for these locations was fundamentally altered to
include these residual stresses
o See Appendix Section 9.2 of the August 2011 progress report
o Fidelity of LifeWorks output improved for all CPs
o Smaller starting crack size
o Runto larger K (improves PROF style risk analysis, see Section 2.4)
o More data points in the output tables (tighter spacing)

An example of the change in the fidelity of the crack growth analysis is shown Figure 2. Note
the increased range and fidelity.
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Figure 2. Increased Damage Tolerance Analysis Fidelity for CP 054B

These refinements of the underlying crack growth analysis could be performed for any
PROF-style probabilistic damage tolerance analysis. In Figure 3 we show the SFPOF before
and after this alteration for each CP; note that these results include one similar location for
each CP. These are grouped based on whether or not the CP was cold-worked or includes
an interference fit fastener (CW/IF). Note the strong reduction in SFPOF for the CW/IF
locations. We recommend incorporation of residual stresses in the crack growth analysis
when possible. Also note that SFPOF reduced by more than an order of magnitude for
several standard locations, indicating that it is good practice to utilize a refined crack growth
analysis.
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Figure 3. Modified Baseline Results; Improved Crack Growth Analysis

Two other adjustments to the inputs were made as part of this exercise, each of which was
discussed in the August 2012 progress report. First the fracture toughness K. was altered to
higher industry values obtained via literature review (the assumption of 10% coefficient of
variation is still utilized). Next, the EIFS distribution for the aluminum locations was shifted
according to Eric Tuegel's assessment that the probability of exceeding 0.05” at time zero
should be ~1e-7. Note that for these adjustments we have reason to believe that our inputs
are conservative, but we lack rigorous justification for the precise value of these input
parameters. The modified parameters are reasonable and are less conservative, but we
must stress that the results obtained from such an exercise are hypothetical in nature. The
SFPOF results before and after these changes are shown in Figure 4. Note that the
alterations to the inputs are cumulative to this point. The "before” case in Figure 4 includes
one similar location per CP and the refined crack growth analyses.
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Figure 4. Modified Baseline Results; Less Conservative K. & EIFS

Notice that some locations had a far larger reduction in SFPOF than others. We did perform
an analysis to determine if there is a characteristic common to these locations that may
explain the sensitivity to changes in K, or EIFS, but no common characteristic was
identified. The three titanium CPs did see less of a reduction in SFPOF overall, however,
considering there are only three data points and the fact that SFPOF was not very high for
these locations to begin with, the result is not particularly meaningful. There may be other
aspects of the deterministic damage tolerance analyses that we have not considered that
could better predict a reduction in SFPOF due to the refinements we have made.

Finally, in Figure 5, we show the risk reduction overall from the updates to the inputs: one
similar location, refined crack growth analysis, and altered K. & EIFS distribution
parameters.
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Figure 5. Modified Baseline Results; All Changes

It is clear from the figure that after reducing the conservatism in the inputs to the risk
analysis the SFPOF results remain unrealistically high for many locations as the SFPOF
estimates for several locations, each of which is functioning in the fleet, are above 1%.
Assuming we have considered all the reasonable adjustments to the risk analysis input
parameters, the inputs do not appear to be the sole source of conservatism in the
component risk analyses. Either the PROF analysis framework, or the software itself, may
be the cause of the poor predictive capability.

In the next section we determine if PROF adequately estimates SFPOF according to its
specified framework. If PROF significantly overestimates SFPOF when the assumptions are
true, then it may be possible to acquire sufficiently accurate component risk analysis results
without relaxing the assumptions of the existance of an initial flaw and deterministic crack
growth.

2.3.Single Flight Probability of Failure Defined

What exactly is SFPOF? To determine if PROF well estimates SFPOF, it must be defined.
SFPOF is used in several reports and many papers, but is not concisely defined in any that
we have read. The CBA models each future flight as an event, and the probability of failure
of each flight is used to estimate costs due to failure, thus our CBA requires that SFPOF
pertain to the risk for an individual flight and is not some cumulative risk measure.

In brief, our interpretation is that SFPOF is the probability that a specified future flight will be
the first flight to fail. Our structural system consists of both safety-of-flight and durability
critical control points, thus failure in our case may be defined as either loss of aircraft
(safety-of-flight), or loss of component (durability critical). All of the control points in our
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system are repairable, but there may be cases in which this is not the case. The definition of
SFPOF which we utilize in this work is as follows:

For any component or system of components, Single Flight Probability of Failure (SFPOF)
is, for a single specified future flight, the probability that at least one structural failure will
occur during the specified flight, given that the structure has survived to that flight while
allowing for preventative or restorative maintenance prior to that flight.

2.4.SFPOF in PROF v3

The PROF method utilizes several random variables, including the crack size, maximum
applied stress per flight, and the fracture toughness. The PROF approach is summarized
below.

o Assume existence of a crack at time zero
o Length governed by EIFS distribution
o Similarly, crack after repair has length determined by Repair EIFS distribution
e Deterministic crack growth
e Fracture toughness represented by a normal distribution
¢ Maximum applied stress per flight is independent from flight to flight and governed by
a Gumbel distribution
e Stress intensity is a deterministic function of crack length and applied stress
Detection capability is completely summarized by a POD curve
e Failure conditions:
1. K>K,
2. crack length reaches critical crack size a.

In the next section, we estimate SFPOF due to fatigue cracking for two cases, no
inspections or repair opportunities, and a single inspection (i.e., (inspection/repair events
limited to a single specified time in the service life). For simplicity we consider a single
structural feature and have eliminated the possibility of unscheduled repairs. The examples
shown are analyzed using both PROF and our own Monte Carlo simulation scheme, which
is detailed is the next section.

PROF estimates SFPOF as a hazard rate. The hazard rate (or hazard function) is the failure
rate over an instantaneous period of time. Suppose you have a distribution of time until first

failure with pdf f(t) and cdf F(t). The equation for failure rate, A, for a flight beginning at time t
with duration At, is:

_R() —R(t+AD)
) = At-R()

where R(t) is the reliability function at time t, or the probability of surviving to time, or 1 — F(t).
The hazard rate is derived from A(t) by letting At—0, ultimately yielding
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Note, the failure rate and hazard rate are not probabilities. For example, the hazard function
can be constant, or monotonically increasing, in either case leading to an integral over the
support (i.e., area under the curve) which exceeds 1, violating one of the axioms of
probability. It is true that an increased failure rate or hazard rate does indicate increased
risk, however, if a probability is to be approximated or otherwise represented by a quantity
that is not a probability, then great care must be taken upon interpretation.

In addition it should be noted that the hazard rate is a continuous measure. SFPOF
describes the failure of a discrete event, i.e., it is the probability that the first n — 1 flights
survive and the n" flight fails. Using a hazard rate to describe this event is necessarily an
approximation (at best).

Previous versions of PROF (e.g., v2) were known to yield conservative results. The upgrade
to version 3 supposedly removed a source of the conservatism from the SFPOF formulation
(as is stated in the PROF v3 documentation). The specific nature of the change in the
algorithm is not clear. For interested readers we also show results from PROF v2.01 for an
example problem to see if the SFPOF estimate was affected by the update from v2 to v3.

Within PROF v3, there are two complementary failure conditions. Each of these represent
the condition that crack growth has become unstable. The first is referred to as the fracture
failure mode, where K > K,. To determine if K> K;, PROF must utilize the supplied
deterministic damage tolerance analysis to find the stress intensity K that corresponds to the
crack size. If the crack size of interest exceeds the range of crack sizes in the damage
tolerance analysis, then the corresponding K is not known. The second failure condition in
PROF, the critical crack failure mode, represents the possibility that the crack has grown to
a length that exceeds the range of the supplied stress intensity table. For many problems
the critical crack failure mode is undesireable and it is hoped that this failure mode will be
secondary; were this failure mode to dominate it would suggest that the supplied
deterministic damage tolerance analysis has insufficient range.

2.5. SFPOF Through Monte Carlo Simulation

To test PROF's adequacy, we need a method which can be trusted to yield accurate
estimates of SFPOF. To directly obtain an estimate for SFPOF for a single structural feature,
we perform a Monte Carlo simulation. This simulation approach solves the probabilistic
damage tolerance problem under the framework specified by PROF (i.e., initial flaw exists,
deterministic crack growth, etc.). For a large number of imaginary planes, we simulate the
entire life cycle flight-by-flight until failure is observed for each. Each plane (trial) yields an
observation of the first flight to failure. With a large number of trials, the probability that a
given future flight will be the first flight to fail is directly estimated. For example, several trials
could go as follows:

o Trial 1: flight 1 survives; flight 2 survives; ... flight 6545 fails
e Trial 2: flight 1 survives; flight 2 survives; ... flight 4841 fails
e Trial 3: flight 1 survives; flight 2 survives; ... flight 9853 fails
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e Trial 4: flight 1 survives; flight 2 survives; ... flight 7215 fails
e ... Continue for n trials

SFPOF is most appropriately represented as the probability that a given future flight is the
first flight to fail. This is easily estimated for any selected flight given enough trials of the MC
routine. If n trials are run (n imaginary planes), then we can estimate SFPOF for flight
number X as follows.

# trials failed during flight X
total # of trials n

For example, if n = 1 billion, and flight number 2,000 is the first flight to fail in 645 trials, then
SFPOF(2000) = 645/ 1e9 = 6.45e-7.

Alternatively, one may argue that a more fair comparison to PROF’s hazard rate estimate
would involve calculating SFPOF as a failure rate. The following provides such an estimate
from the MC routine.

# trials failed during flight X
(total # of trials n) — (# trials failed prior to flight X)

The general method of the MC routine we utilize was suggested by Eric Tuegel. In the
absence of inspections, there are three random variables involved: initial crack length ao,
fracture toughness K;, and the maximum applied stress per flight, Omax. @0 and K. are each
constants which are unknown but do not change from flight to flight. 0nax is independent
from flight to flight and its value changes from flight to flight. Thus in each trial of the MC we
need to generate a single value of ay, a single value of K., and one value of 0.« for each
flight in the service life. The routine for a single trial of the MC routine is shown as a flow
chart in Figure 6.
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Figure 6. Flow Chart of a Single Iteration of the Monte Carlo, Without Inspections

The MC can be extended to include an inspection. Note the inspection time must be set in
advance for this method. Recall, for a given trial we have a randomly generated crack length
which is known to us. Also, we are utilizing deterministic crack growth. Therefore for a given
trial, the crack length at the time of inspection ainsp is known. We can use the POD curve to
determine the probability that the crack is found at this time, and by generating a Bernoulli
random variable which is TRUE with probability POD(ains,) we can determine if the crack will
be found and repaired for this trial. When a repair occurs we pull a new crack size from the
Repair EIFS distribution, then continue the MC to the end of the service life. If on the other
hand the crack is not found, we continue as before to the end of the service life. The flow
chart for a single trial which includes a single inspection follows in Figure 7.
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Figure 7. Flow Chart of a Single Iteration of the Monte Carlo, Single Inspection

We compare the results of PROF v3.1 and the MC routine through Examples CP4, CP6,
and CP7 from the PROF v3 documentation. In addition we run Example CP7 in PROF
v2.01. Note that we have adjusted the input parameters from the documentation. Most
notably, the crack growth and geometry curves were extrapolated (to a varying degree for
each problem) because PROF v3.1 gives a warning when running these problems that the
curves should be extended to improve the PROF estimates of SFPOF. The set of inputs to
PROF and the MC are shown in full in the Appendix. There were several other minor
changes, for example, the number of multiple similar locations per control point was reduced
to 1, and the POD parameter Probability Of Inspection (POI) was increased to 1. Important
inputs from Example CP7 include: K. ~ Normal(mean = 83, standard deviation = 4.15), O nax
~ Gumbel(location = 34.229, scale = 0.916), ap, ~ Weibull(shape = 0.575, scale = 0.000219),
and a, ~ Weibull(shape = 1.0, scale = 0.0072382).

The MC routine provides a point estimate of SFPOF for any given future flight. Due to the
nature of MC simulation this is not a perfect estimate. A confidence interval for the MC
estimate can be obtained by performing a bootstrap of the first flight to fail data. This
bootstrap confidence interval technique can be applied in either the no inspection or single
inspection case. The steps involved are as follows:

o Acquire a sample of size n of the first flight to fail via MC

Create a bootstrap sample of size n by re-sampling the data from Step 1 with
replacement

e Calculate SFPOF for the flight of interest using the bootstrap sample obtained in
Step 2

o Repeat Steps 2 and 3 N times, resulting in N bootstrap estimates of SFPOF

e The lower and upper bounds of the 95% confidence interval for SFPOF are the 2.5"
and 97.5" quantiles of the N bootstrap estimates of SFPOF, respectively
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For Example CP7, we show the results of PROF v2.01, PROF v3.1 and the MC at 1000
flight intervals in Figure 8. The MC was run with sample size n = 10,000,000. Note that for a
simple random sampling MC scheme, estimates below 1e-7 are not possible with this
sample size (1e-7 corresponds to 1 failure in 10 million trials). The additional point labeled
"MC (IS)” is obtained through an importance sampling procedure discussed below. Also, the
MC results utilize the first flight to fail SFPOF equation, not the failure rate version. It does
appear that some conservatism was removed from PROF in the update from v2 to v3, but it
is clear that, at least for this example from the PROF documentation, roughly two orders of
magnitude conservatism remain.
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Figure 8. Example CP7 SFPOF Results; No Inspections

The MC results shown in Figure 8 are for the most part above the ASIP recommended
threshold of 1e-7, thus is it a legitimate question whether PROF and the MC will yield a
similar discrepancy in SFPOF at lower risk levels. As previously stated estimates of SFPOF
below 1e-7 are impossible for a simple random sampling scheme including 10 million trials.
To obtain accurate estimates for earlier flights, either the number of iterations would need to
be increased (which would involve several to many days of run time), or some variance
reduction technique could be applied to increase the efficiency of the MC. For the case
without inspections, we can run a simple importance sampling scheme in which the EIFS
distribution is truncated so that only larger initial cracks will occur (leading to more rapid
failure and more data near the SFPOF threshold). One must be careful that the truncation
point is selected such that the results at the flight of interest are not biased. This can be
accomplished by observing the results of the simple random sampling MC analysis and
selecting a crack length below which failure at the early flight of interest is practically
impossible.

For Example CP7 PROF hits the 1e-7 threshold at flight number 5,946, thus we wish to
select a truncation point below which failure at flight 5,946 would be extremely unlikely. We
can plot the first flight to fail against EIFS from the simple random sampling MC routine to
help make the decision. This is shown in Figure 9; note the strong dependence of first flight
to fail on initial crack length. The truncation point of 0.004" is acceptable because for an
EIFS value below this size failure extremely unlikely occur at or before flight 5,946. For the
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truncation point of 0.004", the importance sampling scheme is roughly 200x more efficient
because the probability of an EIFS value exceeding 0.004" is approximately 0.5% for the
EIFS distribution of Example CP7. To account for the truncation of EIFS, the SFPOF
estimates obtained from the importance sampling MC run must be multiplied by the
probability of observing EIFS larger than the threshold (i.e., the complement of the CDF of
EIFS evaluated at the threshold).
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10000
|

6000
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0.000 0005 0010 0015

Initial Crack Length (in.)

Figure 9. Example CP7 MC, First Flight to Fail vs. Initial Crack Length

Bootstrap confidence interval estimates can also obtained when utilizing the importance
sampling procedure. As stated, for Example CP7 PROF estimates that the breach of the 1e-
7 SFPOF threshold occurs near flight # 5,946. The MC importance sampling estimate for
this flight is 9.84e-9 (4.92e-9, 1.57e-8). Also, the MC importance sampling routine suggests
that the 1e-7 threshold would be hit around flight 6,750, with 95% CI (8.17e-8, 1.22e-7). If
scheduling the first inspection based on the 1e-7 threshold, using PROF would result in an
inspection 800 flights early (2.67 years at 300 FH/yr).

A similar plot to Figure 9 for fracture toughness is shown below in Figure 10. The influence
of K. can be seen as a larger value of K, will likely lead to an increased life, however, EIFS
is clearly a more influential variable for this example. We return to the discussion of EIFS
and K. in the next section.
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Figure 10. Example CP7 MC, First Flight to Fail vs. Fracture Toughness
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The complete results for the no inspection case of Example CP7 are shown in Table 1, in
which the results obtained through importance sampling are marked with an asterisk. The
SFPOF results for the single inspection results are in Table 2, followed by the PCD results in
Table 3.

Flight # SFPOFpuoeyz SFPOFpporys 1 A(t) e SFPOF,. SFPOF,. 95% CI
5946  7.76e-7 1.00e-7 *9.84e-9 *9.84e-9 *(4.92e-9, 1.57e-8)
7000  7.0le-5 9.1le-6  2.00e-7  2.00e-7 (0, 5e-7)
8000  7.12e-4 1.33e-4  2.20e-6 2.20e-6 (1.30e-6, 3.20e-6)
9000 4.07e-3 7.87e-4  1.30e-5 1.29e-5 (1.08e-5, 1.5le-5)

10000 2.16e-2 2.62e-3  4.07e-5  3.94e-5 (3.58e-5, 4.35e-5)
11000  6.3le-2 5.84e-3  7.54e-5  6.89e-5 (6.36e-5, 7.40e-5)
12000  1.33e-1 9.46e-3  1.26e-4  1.04e-4 (9.71le-5, 1.10e-4)
13000  2.35e-1 1.32e-2  1.79e-4  1.27e-4 (1.20e-4, 1.34e-4)

Table 1. Example CP7; No Inspection, SFPOF Results

Flight # SFPOFprops SFPOFpmores 1 A(t)ye  SFPOF,. SFPOF,. 95% CI
9000  2.56e-5 5.50e-6 2.00e-7  2.00e-7 (0, 5.00e-7)
10000  3.17e-4 5.70e-5 1.10e-6 1.10e-6 (5.00e-7, 1.80e-6)
11000  1.49e-3 3.73e-4  5.52e-6  5.50e-6 (4.20e-6, 7.00e-6)
12000  7.6le-3 1.15e-3  2.03e-5 2.00e-5 (1.74e-5, 2.27e-5)
13000 2.7le-2 3.84e-3  6.28e-5  5.95e-5 (5.44e-5, 6.43e-5)

Table 2. Example CP7; Single Inspection After Flight 8,000, SFPOF Results

Flight # PCDgprorv2 PCDgrorv3.1 PCDyc
8000 44 3% 44 ,1% 43.2%
13000 88.6% 88.5% 88.2%

Table 3. Example CP7; Single Inspection After Flight 8,000, PCD Results

The SFPOF results for the no inspection cases of Examples CP4 and CP6 are shown in
Figure 11 and Figure 12, respectively. Tabulated results follow in Table 4 and Table 5,
respectively. Results for the single inspection cases are omitted as they don’t add to the
discussion.

In Example CP4 at the early flights there is an order of magnitude discrepancy between
PROF v3.1 and the MC simulation, where the later flights show closer agreement. In
Example CP6, there is a consistent discrepancy of between 1 and 2 orders of magnitude. It
is interesting to note that there are significant differences between the occurance of two
failure modes, K > K;, and a > a., in each of the three problems. For CP4, CP6, and CP7,
failure due to a > a. occurs in 99.96%, 48%, and ~0%, respectively. Interestingly, CP4
shows best agreement between PROF & MC, CP6 shows roughly one order of magnitude
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discrepancy, and CP7 results are two orders of magnitude apart. Thus it appears that PROF
v3.1 does a somewhat better job with the undesireable a > a. failure mode, but not with the
primary (and preferred) failure mode, K > K.
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Figure 11. Example CP4 SFPOF Results; No Inspections
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Figure 12. Example CP6 SFPOF Results; No Inspections
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Flight # SFPOFprorvs.: ML) ue SFPOFyc SEFPOFuc 95% CI
7076 1.02e-7 2.63e-8 *2.63e-8 *(1.73e-8, 3.62e-8)
8000 5.17e-6 7.00e-7 7.00e-7 (3.00e-7, 1.30e-6)
9000 4.43e-¢6 2.20e-6 2.20e-6 (1l.40e-6, 3.10e-6)
10000 1.34e-5 9.56e-6 9.50e-6 (7.50e-6, 1.15e-5)
11000 3.15e-5 2.55e-5 2.4%e-5 (2.20e-5, 2.7%=-5)
12000 5.77e-5 4.74e-5 4,.46e-5 (4.06e-5, 4.89%9=-5)
13000 1.08e-4 8.47e-5 7.45e-5 (6.89e-5, 7.99e-5)

Table 4. Example CP4; No Inspection, SFPOF Results

Flight # SFPOFprores.: ML) ue SFPOFuc SFPOFy: 95% CI
6423 1.03e-7 1.2le-8 *1.2le-8 *(0, 3.08e-8)
8000 4.5%-6 6.00e-7 6.00e-7 (0, 3.00e—¢)
9000 2.63e-5 3.8le-6 3.80e-¢6 (0, 5.00e-6)
10000 8.83e-5 l.11le-5 1.10e-5 (6.00e-6, 1.90e-5)
11000 1.63e-4 2.57e-5 2.50e-5 (1.60e-5, 3.50e-5)
12000 2.97e-4 5.21le-5 4,.90e-5 (3.70e-5, €.60e-5)
13000 4.62e-4 7.57e-5 6.70e-5 (5.10e-5, 8.40e-5)

2.6.Improved SFPOF Formulation

The PROF formulation of SFPOF has been shown to lead to conservative results. Without

Table 5. Example CP6; No Inspection, SFPOF Results

considering inspections, one possible reason for PROF’s conservatism is that the PROF
SFPOF equation (see PROF documentation) utilizes the crack size distribution f(a) as it

would be after having grown EIFS to the time of interest. However, if the initial crack size
were large, survival to the flight of interest is relatively less likely. This can be seen by

examining a histogram of the EIFS values for the MC trials which survived some number of

flights. The histogram of EIFS values for the trials which survived to the 12,000" flight is

shown in Figure 13 for Example CP7, along with the original EIFS curve in red. Clearly those
trials for which the initial crack size was larger than 0.001” have little to no chance of survival
to the 12,000" flight, thus when we are calculating the probability that flight 12,000 is the first
flight to fail we should incorporate the very strong evidence that the initial crack size must
have been relatively small. The crack size distribution at flight 12,000 is in actuality the result
of growing this histogram for 12,000 flights, not the result of growing EIFS for 12,000 flights.
If the crack size distribution resulting from growth of the original EIFS distribution is used to

estimate SFPOF for the 12,000" flight, the result will be an overestimate.
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Figure 13. Example CP7 MC, Initial Crack Length For Trials Surviving 12,000 Flights

A similar plot can be generated for K. However, because the influence of K. on survival is
not as strong as that of EIFS, to see a difference between the initial distribution of K, and
the distribution of K, for only those iterations which survived to a later flight, one needs to
examine a later flight. The histogram of K, for trials which survived 14,750 flights is shown in
Figure 14, along with the curve of the original PDF of K. in red. Note that survival indicates
that the initial crack size was likely smaller, and that the fracture toughness is likely higher.
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Figure 14. Example CP7 MC, Fracture Toughness For Trials Surviving 14,750 Flights

The histograms in Figure 13 and Figure 14 are obtained through the MC procedure, thus
requiring a significant amount of run time to acquire. SFPOF for any flight can be accurately
calculated if one knows the distributions of crack length and fracture toughness at that time.
If we can reliably and accurately find these survival-incorporated distributions analytically,
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we could obtain accurate estimates of SFPOF without needing to run the expensive MC
routine. We show in this section that it is possible to use Bayes’ rule to simultaneously
update the distributions for EIFS and K. given survival to the flight of interest, and that once
these distributions are obtained they can be used to accurately calculate SFPOF. First we
demonstrate that simultaneous updating of multiple variables can be accomplished with
Bayes’ rule through a much simplified example.

Suppose that EIFS is a random variable A with only two possible states: a; (small) and a»
(large). Similarly, fracture toughness is a random variable K (the subscript ¢ is dropped for
this discussion to simplify the notation; please do not confuse K with stress intensity) with
two states: k; (low) and k. (high). We have in effect discretized the distributions of both A
and K to two states each. The third random variable is that of survival, S, with states T (true)
and F (false). Our goal is to obtain the joint distribution of A and K given survival (S=T). We
utilize the following version of Bayes’ formula.

Pr(A,K,S=T) _Pr(S =T|A K)Pr(4,K)

Pr(A,K|S=T) = Pr(S=T) a Pr(§=T)

Assume for the time being that the probability of survival to the flight of interest can be
calculated if the states of A and K are known; this is Pr(S = T|A, K). In our actual example
we describe how this is found. We arbitrarily specify the relevant distributions as follows. In
Bayesian terminology Pr(A4) and Pr(K) are the prior distributions for A and K, respectively.

pr(a) = [preed] = [0
Pr) = [preo] = [03]

Pr(S =Tlay, k1) Pr(§S=T|ay, k) 0.7 09
Pr(S =TIAK) = |pr(s = T|ap ky) Pr(S = T|ay k)| — [0.6 0.8]

Note that the distribution of Pr(S = T|A4, K) has a been defined such that the probability of
survival is highest when the initial crack size is small and the fracture toughness is large,
and lowest when the reverse is true; this is consistent with the realistic situation. The joint
distribution of A and K can be easily determined because these variables are independent.
For example, Pr(a,, k;) = Pr(a,)Pr(k;) = 0.6 * 0.7 = 0.42. The joint distribution can be
conveniently obtained through matrix multiplication as follows.

Pr(a,)
Pr(a,)

0.6

0.18 0.42]
0.4

Pr(4,K) = AK =[ 0.12 0.28

][Pr(kl) Pr(k,)] = ][0.3 0.7] =

Lastly, we require the probability of survival, Pr(S = T). This is calculated as follows.

Pr(S=T) = 2 Z Pr(ai:kj)Pr(S = Tlai'kj)

i=12 j=1,2
=0.18%0.7+0.12 0.6 + 0.42 « 0.9 + 0.28 = 0.8
=0.8
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Bayes’ rule can now be applied one cell at a time as follows.

PF(S = Tlai, kL-)Pr(ai, kl)
Pr(S=T1)

Pr(a;, k;|S=T) =

The overall result is as follows. In Bayesian terminology this is referred to as the posterior
joint distribution of A and K, where Pr(4, K) is the prior joint distribution.

0.1575 0.4725

Pr(4, K|S =T) = [0_0900 0.2800

The marginal posterior distributions of A and K are found by summing across the columns
and rows of Pr(4, K|S = T), respectively. These are: Pr(4|S =T) = [0'63] and Pr(K|S =

0.37
T) = [8;;};2] Survival indicates that relative to the prior distributions of A and K the smaller

initial crack size and the larger fracture toughness are more likely the truth, as expected. It is
more correct to calculate SFPOF using the updated distributions of A and K.

In the simple example just shown we discretized the naturally continuous distributions of
EIFS and fracture toughness to two possible states for each random variable. Such coarse
discretization is clearly not adequate to accurately represent these random variables. We
can discretize to a large number of states and perform the identical calculation above to
estimate SFPOF for Example CP7 using Bayes’ rule. Note that any continuous distribution
can be approximated with a discrete distribution, with perfect representation as the number
of states n — oo.

Note that in the simple example we did not show how to calculate the probability of survival
of either a flight or an interval of flights as a function of the crack size and the fracture
toughness. We need this capability to calculate SFPOF for Example CP7 using Bayes’ rule.
Note that from this point forward K denotes stress intensity and K. denotes fracture
toughness. The following assumptions are sufficient for this discussion.

o EIFS, fracture toughness, and maximum applied stress per flight are mutually
independent random variables

¢ Maximum applied stress per flight is Gumbel distributed and independent from flight
to flight
Crack growth is a deterministic function of time elapsed

e The normalized stress intensity K/o is a determinstic function of crack length

e The maximum stress intensity encountered during a flight, Knax, is a function of crack
length and the maximum applied stress for that flight

When calculating the probability of failure for a single flight given crack size and fracture
toughness, Pr(S = F|a, k.), a and k. are each known values. Because K/o is a determinstic
function of crack length, K/o is known with certainty. The distribution of the maximum stress
intensity for a flight, is Kinax = (KIO) * Omax, Where onax is Gumbel(location=y, scale=p). It
can be shown through variable transformation that with K/o constant the distribution of Ki,ax
is Gumbel(u*K/o, scale=B*K/o). Failure occurs if Kiax > K, thus if Fxmax() is the cdf of Kinax,
then we have: Pr(S = Fla, k.) =1 — Fg__ (K.), recalling that K. is a fixed value for this
calculation. Using this formula we can fill out the matrix for Pr(S = F|A4, K,.) by evaluating at
each possible value of A and K.

22
Approved for public release; distribution unlimited.



For example, suppose a = 0.4089” and K. = 80 ksi*in"?. Consulting the normalized stress
intensity table for Example CP7 in Table A.2, K/lc = 1.4557. For Example CP7, Omax ~
Gumbel(p = 34.229, B = 0.916). We have Kn.x ~ Gumbel(u*K/o = 49.827, 3*Klo = 1.333).
The complement of the CDF of K.,.x evaluated at K. is the probability of failure for this flight:
1-Fg,, (80) = 1.488e~1°, This calculation must be performed for all combinations of a and

k. to generate a matrix Pr(S = F|A,K).

Note that we have implicitly assumed that the amount of crack growth over the course of a
flight is neglible because we have represented the crack length for a flight as a constant. For
a 1.3 hour flight, this assumption can be shown to have almost no effect on SFPOF results.
If a much longer flight were being considered (such as for a reconnoisance drone) this
assumption would require evaluation. Similarly we have represented a range of K,
(generally a short interval) by a single value. The discretization must be sufficiently fine such
that the discretization error introduced is acceptably low.

We have obtained a means for calculating the probability of failure for an individual flight.
For a sequence of flights, given the independence assumptions above, the probabilities of
failure for each flight in a sequence are independent. Also, because crack growth is a
deterministic function, the crack size, and consequentially K/o, are known with certainty for
each flight in the sequence. Thus we can find the probability of failure for each flight in a
sequence with Pr(S = Fla,k.) =1 — Fg__ (K.), where a is the crack size at the start of the
sequence. If p; is the probability of failure for the i flight in the sequence (calculated in the
manner described above), and the p;s are independent, then the probability of surviving n

flights is [T, (1 — p;).

Calculation of SFPOF for Example CP7 using Bayes’ rule can now proceed. The EIFS
distribution is discretized to 1000 states using log scaling so that the small crack sizes are
well represented (the log spacing is evident in Figure 15 as the bins are more tightly spaced
at the lower end of crack sizes). K. is discretized to 200 states using standard spacing out to
8 standard deviations from the mean. Discretization involves first partitioning the support of
the distribution into a number of intervals, then evalutating the CDF of the continuous
distribution at the lower and upper bounds of each interval to determine the probability mass
located in each bin of the partition. This problem is identical to the simple two state example
shown above; the only complication is that there are far more than two states to represent
EIFS and K..

Consider the plot below in Figure 15, which is related to Figure 13. In the earlier figure a
histogram of the EIFS values which survived 12,000 flights in the MC routine was shown in
which the histogram was composed of several dozen crack size bins. We show a similar
histogram below which bins over the same intervals used to discretize EIFS, and we overlay
the prior distribution of EIFS as well as the distribution of Pr(4|S = T) obtained by updating
EIFS for Example CP7 using Bayes’ rule to reflect survival for 12,000 flights. Bayes’ rule
matches the MC result very well, thus we are confident that the application of Bayes’ rule is
behaving. A similar plot for Kc is shown in Figure 16, as before extending the interval to
14,750 flights so that the shift in the distribution is visible.
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Figure 16. Example CP7 MC, K. Updated With Bayes Rule; Surviving 14,750 Flights

We perform the calculation of SFPOF for Example CP7 for the same flights as Figure 8.
Note that after updating for survival, the posterior EIFS distribution needs to be "grown” for
the appropriate number of flight hours to obtain the discretized crack size distribution for the
flight of interest. We then use that distribution, along with the posterior distribution of K;, to
calculate SFPOF for a single flight. The results for Example CP7 from PROF v3.1, the MC
routine with 10,000,000 iterations (importance sampling used for the first MC flight
calculated), and the Bayes’ updating approach are shown in Figure 17. Note the Bayes’
solution is obtained in a matter of moments, where the MC solution required >10 hours of
runtime.
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Figure 17. Example CP7 Results Using PROF, MC, and Bayes’ Updating

There is a slight discrepancy between the results from the MC and the Bayes’ updating
method. Note that the Bayes’ method is necessarily approximate due to discretization.
Regardless, the quality of the solution is promising.

We believe this method could also be utilized with scheduled inspections. The approach
would be as follows.

e Calculate the probability of surviving to the first scheduled inspection
Perform a Bayes’ update of EIFS and K. assuming survival to the first inspection

e Calculate SFPOF for the flight just prior to inspection using the posterior distributions
of EIFS and K,

e Utilize the POD curve to conduct a PROF-style inspection, re-weighting the crack
size distribution accordingly

o Calculate the probability of surviving to the next inspection...

e Etc.

The SFPOF concept itself is somewhat confusing. Directly calculating the probability of
surviving to the next scheduled maintenance is very straightforward and easy to interpret,
thus we find it potentially beneficial that this approach would provide that estimate. For
Example CP7, the calculated probability of surviving to flight 12,000 is 82.4%. This number
may be just as important for maintenance scheduling as is the SFPOF for flight 12,000,
1.28e-4.

2.7.Next Steps

As is discussed in another Chapter, field data has been obtained for several CPs of the F-15
wing. We intend to run several of these locations through the MC routine and the Bayesian
scheme. This will help determine if it is possible to obtain realistic estimates of SFPOF and
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PCD under the assumptions that a crack exists at time zero and that crack growth is
deterministic.

In the event that the estimates obtained do not match our intuition about the actual risk of
the structure, which we suspect will be the case, we will proceed to examine the possibility
of relaxing the above assumptions. The MC scheme presented in this chapter is immediately
applicable for this purpose. When growing the cracks from flight to flight within a trial,
stochastic crack growth can be used. Similarly, at the beginning of a trial (or after a repair)
an initiation period can occur in which the crack has not yet begun to grow. This can be

used to obtain realistic estimates of SFPOF and PCD, or to validate other methods which
incorporate stochastic crack growth and crack initiation in the analysis.

In addition, we will continue to develop the MC routine. A Fortran version is currently in work
that will, barring unforeseen difficulties, incorporate the use of multiple processors/cores to
increase the speed of the computation.
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3. System Risk Analysis

3.1.Introduction

It is well known that the failure events for structural locations are highly correlated. This allows
one to focus design, analysis and testing on a few critical components. However, as more novel
structures are developed, aircraft are produced with limited production runs, and aircraft operate
in extreme environments, it is likely that prior knowledge of critical locations based on
experience will be lacking, and that traditional deterministic criteria will be insufficient. Hence,
there is a need to research and develop more robust probabilistic-based methods that can
determine critical locations considering random variable inputs and correlation between failure
locations. This section describes the application of an AFRL-funded system reliability
methodology [24] to SFPOF calculations. The methodology is called Reliability-based Filtering
Method (RFM) in that non-critical locations are filtered based on a reliability-based relative error
indicator. The application to Single Flight Probability of Failure calculations is a new application
of RFM to aircraft structures. Preliminary results from this application are documented below.

3.2. Methodology

The limit state, g(x), is defined in terms of the failure model such that g <0 denotes failure and
X represents a vector of random variables. g(x) represents any quantify of interest at any

location or time step in the analysis, e.g., displacement at a node, applied stress less than
residual strength, etc. An ideal system-reliability-based metric would be to determine the relative
change in the system reliability should an individual limit state be filtered, e.g.,

P{Ogj(x) < 0}-1) Ogj(x) <0

7A/i = [ o
P[Ugj(x) < OJ
j=1

then compare 7, against an error tolerance, y,,,. If the 7.< y,,, the limit state is filtered.
However, this approach is not practical since calculating the system reliability of a large number
of limit states is unfeasible. As a surrogate, a pair-wise filtering method is proposed. Application
to date shows that this method is quite effective in determining the critical limit states.

The pair-wise comparison equation is shown in Eq. (2)

, - Plalg]-Plgi]
i Plg]

In this case, the relative error incurred by filtering limit state g, relative to another limit state g, is
computed. g, denotes a comparison limit state, which is the limit state with the highest POF.

i=2n (2)

P[gIUg,.] is the probability of failure encompassed by both g and g..

Once y, is computed, the decision to keep or filter a limit state is based upon a comparison of
the relative error, y,, against an error tolerance, y,,,; the decision process is shown in Eq. (3),

¥ <Vpgq  filter limit state

3
7,27  keep limit state (3)
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where y;, is the filtering error tolerance that can be set according to the preferences of the
user. In other words, if 7, <y, , the relative error in the POF incurred by filtering limit state g;
relative to the joint POF considering both g, and, g, is less than y,, and the corresponding g;
can be filtered.

The concept of pair-wise filtering is shown in Figure 18. The base of the graph shows 2 limit
states (black and red for Figure 18(a), and black and blue for Figure 18(b). The colored region
(red in a, blue in b) shows the region that will be ignored if the red or blue limit state is filtered.
The top of the graph shows the joint PDF that will be integrated to compute the probability.

It is clear from the graphs that there is a large relative error for y, as shown in Figure 18(a) (7,

=0.3) and a much smaller relative error for Figure 18(b) ( ,=0.006).

Figure 18. Examples of pair-wise filtering
a) large error if red limit state is filtered, b) small error if blue limit state is filtered

3.2.1. Subsequent Filtering

Once the initial filtering has been carried out, a pool of limit states exist each of which has an
error indicator greater than y,, relative to g,. However, some of the limit states within the pool
may filter out other limit states within the pool. Therefore, the filtering method is repeated
recursively using only the limit states remaining within the pool. For example, the limit state
within the pool with the largest POF is designated as the new g;, then the error indicators are
computed for all remaining limit states in the pool, then each limit state is filtered or not based
on Eq. (3). This is shown graphically in Figure 19. Here, the blue limit state clearly filters the
purple limit state and the green limit state filters the red limit state. The end result of this process
is another pool for which the filtering is again invoked. This process is repeated recursively until
all pools have been processed.
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Figure 19. Example of subsequent filtering

3.2.2. Calculation Methods

A critical element of this method is accurate calculation of the joint probability P[gIUg,.]. This

probability must be accurately computed for any correlation coefficient, particularly values near
1, e.9., p=0.999. In practice, one finds that the structure causes a high level of correlation
between limit states. In addition, the evaluation must be efficient since the method must scale
for a large number of limit states.

The evaluation of the joint POF can be facilitated through the transformation of the integral to
standard normal space. This transformation is a natural approach used in the First Order
Reliability Method (FORM).

w=0"[F, (x)] i=12K,n (4)

Once the integral has been transformed to standard normal space, P[g, Ugi] can be computed
as

P[&Ugi] =1-®,(4.8.p.) (5)

where @,(A,4,p,) denotes the bivariate standard normal integral, & =—®'(P[g, <0])
denotes the safety index for g, 4 denotes the safety index for g;, and p;; is the correlation

coefficient between limit states g and g.. It should be noted that the integral P[g,Ug.] is n

dimensional, where n denotes the number of random variables, whereas the right hand side is a
2 dimensional integral. Clearly, this is a very large savings in computational complexity. Also,
implicit in Eq. (5) is the fact that the correlation coefficient p,; on the left hand side represents
the correlation between the limit states whereas p,; on the right hand side represents the

correlation between random variables. This concept of the transformation of the meaning of the
correlation coefficient is demonstrated in Figure 20 below.
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Figure 20. @, calculation mapping the correlation from limit states to random variables

Evaluation of @, integral

The calculation of the bivariate standard normal integral has been well studied. However, for our
implementation, an efficient, highly accurate result is needed, particularly for high correlation.

Tong [19] presents a 1 dimensional integral for @, (n dimensional standard normal integral)
valid for n limit states with constant correlation coefficients and all correlation coefficients >0,

. _ - ﬂi _’\/;t
@, (B;p) = T¢(t)l;[®[—ﬁ ]dt (6)

where ¢ and @ are the one dimensional standard normal PDF and CDF, respectively. For two
limit states, Eq. (6) reduces to

,B:p)= | ¢(r)®[@:/§‘]®[ﬂ Q:/f‘]dr @

Solution of this integral using Gauss-Hermite quadrature shows good accuracy with reasonable
computational effort. However, the effort increases significantly as p —1.

—00

—00

The best method known to integrate @, is the formulation by Drezner and Wesolowski [20] as

modified by Genz [21]. This algorithm has been tested and reproduces the author’s claim that
the maximum error is 5E-16 for all correlation coefficients using at most 20 integrand
evaluations.

3.3.Cumulative Effects

The pair-wise filtering algorithm is effective at examining 2 limit states at a time. Once the
filtering is complete, the cumulative effect of all the filtered limit states can be evaluated using
2nd order bounds [22]. If the difference in bounds between two cases a) using only the
remaining unfiltered limit states, and b) using all limit states is significant, then y,,, should be

lowered to keep more limit states and the process repeated.
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3.4.Filtering Application

The basic RFM approach has been implemented in a simple application that can be used once
either the FORM approximation or the correlations between the limit states has been
determined. The application has a simple interface which is illustrated in Figure 21.

File  Edit

(@ Alphas Number of Limit States:

i Correlations Number of Random Variables: 12

Input File: | D:\CEMSI\HotSpot\FORMFiltering\InputNew.dat | | Browse..|

Beta Max: 10.0

vl Debug

TS5 UHE90L UITEs
0.91104 0.99788 1.00006

Beta Vector after Secondary Filtering:
6 1173
5 1.374

Correlation Array after Secondary Filtering:
1.00041 0.91104
091104 1.00006

Filtering complete!

Figure 21. Interface to Filtering Application

The application allows for either the FORM approximation alphas or the correlations to be used
as input to the process.

3.5.FORM Approximation

As indicated in the previous discussion, one of the filtering approaches utilizes the information
from a FORM approximation to the various limit states. The FORM approximation involves
identifying the Most Probable Point (MPP) in standard normal space. This is the location of the
point on the linear approximation to the limit state function that is closest to the origin. The
magnitude of the distance to the origin is the value of beta, and the cosines of the angles from
the coordinate axes are the values of the alphas that are required for the filtering process.

Finding the MPP in the case of no inspections is fairly straight forward, however, the process
becomes more challenging when inspections occur and repairs are made. The process of
finding the MPP involves transforming the state variables to standard normal space and then
using a constrained optimization process to find the MPP. The constraint in this process is
simply the limit state function that the variables must satisfy. For the case of no inspections, the
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process of transforming the variables to standard normal space is well defined and straight
forward. The inverse CDF function for each random variable is required in the transformation
process and this is where the inspection process complicates things. At an inspection some
cracks will be discovered and repaired so that the CDF of the crack size will become a
combination of the distribution of cracks before inspection and the distribution of cracks that
were repaired as a result of the inspection. This distribution cannot be expressed in a simple
functional form but has to be developed therefore in a digitized, or tabular, fashion.

As indicated, the density of crack sizes after inspection will be the sum of the percent of cracks detected
(P4e) times the density of repair crack sizes and the percent of cracks not detected times the density of
cracks before inspection

faﬁer(a) =Py [x(@+[1- POD(a)]fbeﬁ)i‘e(a) (8)

where

Pclc‘r - IPOD(a)fb@fm‘e(a)da
0

€))
Since the inverse CDF is required, the expression for the density must be integrated, thus:
Faﬁer(a) = PdetFR (a) + Fbefore(a) - ,T POD(a)fbefore(a)da
0 (10)

Having this result, an inverse CDF table can be created to provide the needed transformation:

_ -1
a=F_ (D)) an

This result can then be used by the FORM approximation process to provide the necessary
transformation between real space and standard normal space.

The steps in this process are relatively straight forward; however, the challenges lie in the
implementation details. This is particularly true for the process of getting the density of cracks
just before inspection. This is done using the EIFS distribution of flaws and analytically growing
them out to the time that the inspection occurs. Typically the crack growth behavior is given in a
tabular manner which must have sufficient resolution, particularly in the small crack range, so
that the EIFS distribution can be grown to a meaningful distribution at inspection time. The
EIFS distribution is typically much smaller than the crack sizes used to define the crack growth
curve, so this presents some significant challenges.

Finding a constrained optimization routine that would be useful in computing the MPP was a bit
of a challenge. The optimization package ADS (Automated Design Synthesis) that was
developed under NASA contract by Garrett Vanderplaats was chosen [23]. This package exists
as a large FORTRAN subroutine which was compiled into a static library. An interface layer
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between the Java user interface and the static library was developed in C++ and is compiled
into a dynamic linked library (dIl). This dll is used in building the Java application and allows the
Java code to execute a call to the ADS routine and pass the parameters that it requires. The
basic structure of the application is quite simple and this is a result of the architecture of the
ADS routine and the way it handles the optimization process. The structure is illustrated in
Figure 22.

Main Java
Code

Vv

Initialize starting
point

Call ADS

Evaluate function and
constraints

Figure 22. Structure of Constrained Optimization Process

The ADS source code is in the public domain and will be available along with all the other code
for these applications. The user interfaces have been kept as simple as possible while still
providing the ability for the user to easily input all information required by the code. This was
done to avoid an excessive amount of effort on the polish of the interface rather than on
developing a solid analytical framework for the methods. User convenience and other features
can always be added at a later date if there are some enhancements that are desirable.

3.6.Current Progress

The FORM approximation application has been developed and is currently in a validation stage.
The basic user interface is shown in Figure 23.
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File Edit Results

Control Point Input File: |D:\ecwnrkspace\wnrkingDir\HM-l.dat | | Browse... |

Flight Hours: 9000
First Inspection: 6000

Debug
Alphas:
SFPOF: |2.54412E-03 |
a: -0.86033
Beta: 1280139 | e
Active Filtering File: | | | Close |

Figure 23. User Interface for FORM Approximation Application

The application is currently set up to handle only one inspection event, but could be extended to
allow multiple inspections. The input file contains the same information that would go into
PROF or RBDMS codes. This input currently contains the file names of the crack growth curve
and the beta curve, both of which can be obtained from an analysis package such as Boeing’s
Lifeworks. The statistical distributions available for the various parameters are currently
constrained by the same requirements imposed by the PROF code.

Once a particular control point has been analyzed, the application offers an ability to store the
result in a file for use in the filtering application. The filtering application takes the information
from a number of limit states (in this case control points) and determines which are the most
significant in terms of the overall reliability of the total system. With that in mind, the analysis of
a particular control point can be appended to an existing file so that the user can easily build up
an input file for the filtering application without any manual intervention.

3.7.Future Efforts

3.7.1. FORM Approximation Tool

The FORM approximation tool is currently being validated and the issues relating to the tabular
form of the crack growth curve mentioned previously are being addressed. To date, the non-
inspection results have compared exceedingly well with the results obtained by Dr. Millwater in
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his development environment. The results obtained with inspections compares well also when
analytical distributions are used and solutions to the tabular lookup process are being
considered.

3.7.2. Correlations from Sampling

The filtering process can also be conducted directly with the correlations between the limit
states (control points). As an alternative to the FORM approximation, the direct calculation of
the correlations using sampling methods is being developed. This will provide an alternate
method to provide the filtering application with the information it requires.

3.7.3. System Risk Calculation

A final step in the process will be the calculation of the overall system risk once the reduced set
of limit states has been determined. The user will then have a three step process, first
determine either the correlations or FORM approximations for all limit states, then perform the
filtering, and last calculate the total system reliability.

3.7.4. F-15 Control Points

The F-15 control point data will be used to demonstrate the benefits of the filtering process.
This will proceed in a series of steps designed to demonstrate some of the behaviors of the
filtering and system risk as the service life of the fleet progresses.

First, as a baseline, the filtering process will be run assuming no correlation between the control
points and no inspections. Subsequently the filtering application will be run with the correlation,
or FORM approximation, information to show the beneficial effects of the filtering in reducing the
number of control points that need to be considered.

Second, the correlations or FORM approximations will be done after an inspection event along
with the subsequent filtering. This will potentially illustrate that the most significant control
points are changed after inspections due to some points being identified and repaired. It's clear
that the importance of the various control points will evolve over time as the aircraft ages due to
the inspection and repair process as well as to the difference in the crack growth behavior at the
different locations.
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4. Cost Analysis
4.1.Update to the models

The Cost/Benefit Analysis (CBA) contains a set of three Microsoft Excel workbooks,
and each represents the various system configurations under evaluation. There is a
workbook for the Baseline configuration, another for the Optimized Non Destructive
Evaluation (Opt NDE) configuration, and a final version for the Optimized Structural Health
Monitoring (Opt SHM) configuration. All three workbooks are structurally identical, with the
exception of a Return on Investment (ROI) calculator included in the Opt SHM version. This
extra functionality allows the Opt SHM workbook to calculate the time to recoup an
investment in either the Opt NDE or Opt SHM configuration when compared to the Baseline.
The ROI calculator performs these calculations by importing the lifecycle cost from the other
two workbooks and then uses that data to determine how many years it takes before the
incurred expense of an SHM system is more cost effective than that of the other two
configurations. It also determines the time to recoup an investment in the NDE configuration
versus the Baseline.

Since the last progress report a minor update was made to the workbooks. The
initial results of the Financial Uncertainty Analysis (FUA) exposed a need for a simple
formula to be added to the “CP Info” tab of the workbook. This was due to an inability to
validate the model’s calculations because we could not take a set of randomly generated
inputs from the uncertainty model and manually recreate that model run’s outputs in the
workbooks. It was determined that the error was an earlier version of the FUA model
independently varied both the Part Replacement Cost (PRC) and the Inflight Failure Cost
(IFFC) when in actuality the IFFC is either the total platform cost or the PRC. In other
words, the PRC and IFFC should not have both been independently varied. To remove this
error, each cell for IFFC on the “CP Info” is now either a simple formula that pulls over the
PRC from the column next to it, or it is a user input of the total platform replacement cost.
The decision to select PRC or total platform cost is based on previously conducted risk
analysis that determines whether damage to a specific CP is repairable or will cause a total
loss of the airplane. To reflect this change in the FUA model the IFFC was removed as a
varied input since it is now either a static input or a formula.

To illustrate the updates from the above section, Figure 24 shows the high level
picture of the “CP Info” tab’s format from the CBA workbooks previously provided along with
the User Manual. In accordance with the manual, yellow cells are those requiring a user
input value.
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Figure 24. Previous version of the CBA workbook’s “CP Info” tab

Figure 25 shows the new, updated version of the workbook where the IFFC
column has both yellow cells indicating a user input or green cells indicating a need for a
minor user-designated formula. All of the orange cells are inputs to the FUA.
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Figure 25. Revised version of the CBA workbook’s “CP Info” tab

For clarity, Figure 26 is a zoomed in picture of the top four rows of the revised
workbook along with the column headers shown in Figure 25.

Small Medium Large Part
Accessibilit NDE Insp Crack Crack Crack Part
cCP p Sim Locs Time Repair Repai Repl Failure |Replaceme
0546 Field 1
054C Field 1
055 Field 1
T o058 Depot 1

Figure 26. Zoomed in picture of the revised workbook

37
Approved for public release; distribution unlimited.



With the repair of the error discussed above, the structure of the Financial
Uncertainty Analysis (FUA) model is complete. The model takes approximately 6.5
hours to complete 5000 runs, and we generated a run of 15,000. Figure 27 shows the
general structure of the model.

.

tham\st\cAnﬁlys:ls

Figure 27. Structure of the Financial Uncertainty Analysis Model

The structure of the model shows how the Baseline configuration is used by both
the Opt NDE and Opt SHM configurations in order to compare the total cost of the
systems with respect to the Baseline. The model also automatically pulls the Baseline
and Opt NDE information needed for the Opt SHM workbook to perform the Return on
Investment calculations. A Monte Carlo probabilistic analysis tool is then used to select
a set of randomly generated inputs for each run of the model and consistently applies
them to all three workbooks. It then captures the resulting outputs in order for statistical
analysis to be conducted on them.

There are 225 inputs to the uncertainty model that vary general cost of
performing maintenance activities but also the cost of purchasing then supporting an
SHM system. The selection of the inputs induces variations in all three of the
configurations, including the baseline. The workbooks’ “CP Info” data for each of the
Control Points makes up the largest portion of the inputs, and each CP’s boundary
values are shown below in Table 6. Each of the values has a nominal value determined
by a Subject Matter Expert, and then centered on that value the model applies a
lognormal distribution with a 10% standard deviation within the specified boundaries.
The lognormal distribution and standard deviation was selected in order to reflect that an
established maintenance program has well defined timelines to conduct maintenance
activities. However, it is necessary to include the human element in the uncertainty
calculations, so a lognormal distribution allows us to show that some people might take
longer to conduct the task while learning the process but then have a positive learning
curve leading to most of their tasks over time being conducted according to the expected
hours. The lognormal distribution when applied over the platform’s service life also
allows us to reflect the transient, rotational nature of the military workforce. Even in the
case of experienced mechanics, when they move from one permanent duty station to
another there is a loss of corporate knowledge and a consequent learning curve for their
replacement.
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0548
054C
055
056
0578
0598
0638
097
1128
114
115
116
1248
1268
1308
131
133A
1348
1358
1378
1388
139
140
141
143
144
145
1668
179
180
181
182
183
184
187
188
191
192
194
195
196
201
202
203

NDE Time SCRT MCRT LCRT IFEC PRC
Med  low  Hi | Med low  H | Med low  Hi [ Med low  Hi Med  low  Hi | Med  low
3 2.7 6 8 7.2 16 0 - - 80 72 100 5000 4500 10000 5000 4500
3 2.7 6 8 7.2 16 0 - - 80 72 100 5000 4500 10000 5000 4500
2 1.8 4 8 7.2 16 60 54 75 160 144 184 29900000 50000 45000
3 2.7 6 12 10.8 24 84 75.6 105 160 144 184 29900000 60000 54000
2 1.8 4 8 7.2 16 84 75.6 105 160 144 184 29900000 60000 54000
7 6.3 14 12 10.8 24 84 75.6 105 160 144 184 29900000 60000 54000
3 2.7 6 12 10.8 24 72 64.8 90 80 72 100 5000 4500 10000 5000 4500
2 1.8 4 12 10.8 24 0 - - 200 180 230 29900000 100000 90000
3 2.7 6 12 10.8 24 64 57.6 80 120 108 138 25000 22500 32500 25000 22500
3 2.7 6 32 28.8 48 64 57.6 80 80 72 100 10000 9000 15000 10000 9000
2 1.8 4 8 7.2 16 32 28.8 48 72 64.8 90 5000 4500 10000 5000 4500
2.5 2.25 5 8 7.2 16 32 28.8 48 72 64.8 90 5000 4500 10000 5000 4500
3 2.7 6 8 7.2 16 60 54 75 160 144 184 29900000 50000 45000
1.8 4 8 7.2 16 32 28.8 48 100 90 125 29900000 15000 13500

3 2.7 6 32 28.8 48 64 57.6 80 80 72 100 10000 9000 15000 10000 9000
2.5 2.25 5 12 10.8 24 72 64.8 90 80 72 100 5000 4500 10000 5000 4500

1 0.9 2 6 5.4 12 0 - - 16 14.4 32 500 450 1000 500 450

2.5 2.25 5 8 7.2 16 40 36 50 120 108 138 40000 36000 48000 40000 36000
2 1.8 4 8 7.2 16 16 14.4 32 80 72 100 25000 22500 32500 25000 22500
2 1.8 4 8 7.2 16 16 14.4 32 80 72 100 25000 22500 32500 25000 22500
2 1.8 4 8 7.2 16 40 36 50 120 108 138 40000 36000 48000 40000 36000
2 1.8 4 8 7.2 16 32 28.8 438 72 64.8 90 5000 4500 10000 5000 4500
2 1.8 4 8 7.2 16 32 28.8 43 72 64.8 90 5000 4500 10000 5000 4500
2 1.8 4 8 7.2 16 32 28.8 438 72 64.8 90 5000 4500 10000 5000 4500
2 1.8 4 4 3.6 8 32 28.8 438 160 144 184 20000 18000 26000 20000 18000
2 1.8 4 24 21.6 36 40 36 50 60 54 75 5000 4500 10000 5000 4500
3.5 3.15 7 8 7.2 16 24 21.6 36 80 72 100 2500 2250 5000 2500 2250
3 2.7 6 24 21.6 36 60 54 75 240 216 276 29900000 100000 90000
2.5 2.25 5 8 7.2 16 32 28.8 438 160 144 184 29900000 60000 54000
2.5 2.25 5 8 7.2 16 32 28.8 438 160 144 184 29900000 60000 54000
2 1.8 4 8 7.2 16 32 28.8 48 100 90 125 29900000 15000 13500
2 1.8 4 8 7.2 16 32 28.8 48 100 90 125 29900000 15000 13500
3 2.7 6 12 10.8 24 0 - - 200 180 230 29900000 100000 90000
2 1.8 4 8 7.2 16 40 36 50 160 144 184 29900000 40000 36000
2 1.8 4 10 9 20 60 54 75 160 144 184 29900000 40000 36000
2 1.8 4 8 7.2 16 60 54 75 200 180 230 29900000 40000 36000
2.5 2.25 5 12 10.8 24 0 - - 72 64.8 90 7500 6750 11250 7500 6750
3 2.7 6 8 7.2 16 32 28.8 48 100 90 125 29900000 15000 13500
3 2.7 6 12 10.8 24 64 57.6 80 120 108 138 29900000 25000 22500
2 1.8 4 10 9 20 80 72 100 120 108 138 29900000 60000 54000
2 1.8 4 8 7.2 16 24 21.6 36 48 43.2 60 5000 4500 10000 5000 4500
3 2.7 6 8 7.2 16 32 28.8 48 100 90 125 29900000 15000 13500
3 2.7 6 12 10.8 24 84 75.6 105 160 144 184 29900000 60000 54000
3 2.7 6 12 10.8 24 80 72 100 160 144 184 29900000 50000 45000

Hi
10000
10000
60000
72000
72000
72000
10000
120000
325000
15000
10000
10000
60000
22500
15000
10000
1000
48000
32500
32500
48000
10000
10000
10000
26000
10000
5000
120000
72000
72000
22500
22500
120000
48000
48000
48000
11250
22500
32500
72000
10000
22500
72000
60000

Table 6. Control Point data varied in the FUA model

The rest of the inputs to the model are included below in Table 7. These items
are more general to the costs of the performing the airplane’s maintenance as well as
the cost to purchase and then maintain the SHM sensor suite. These inputs all have a
nominal value used in the CBA to evaluate an actual system of record, and for the
uncertainty analysis they are varied uniformly within the specified limits.
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4.2.

‘Nominal Uniform Uniform

S CLEHOE Value  Low  High
Downtime Multiplier 0.6 0 1
Cost of each Ground Station 5000 3000 10000
Years Ground Stations are Replaced 25 15 30
Proportion of Inaccessibility as MMH 0.92 0.85 0.92
Inaccessibility Downtime Penalty (hrs) 8 8 48
Inaccessibility Labor Penalty (hrs) 500 400 500
Cost for Complete Sensor Set 750 500 1000
Years Sensors are Replaced 12 5 15
SHM Inspection Time (hrs) 0.5 0.0833 0.5
SHM Installation Labor Hours 5 3 7
Similarity Factor 0.5 0.2 0.8

Table 7. Non CP Info information input into the FUA model

The outputs monitored by the model are the various returns on investment calculations,
the lifecycle cost of the platform (otherwise known as Net Present Value) with and
without the cost savings of the SHM applied to the value, the recurring and non-recurring
cost of the SHM system, and the estimated time the fleet’s airplane are expected to be
down for maintenance.

How to use the CBA and FUA results to conduct analysis

With the models now structurally complete they can be used for their intended
purpose of providing a framework for showing how to use them for programmatic
decision support. The data in the models were generated using the F-15 as the case
study, but the concept and process of the analysis can be applied to any program. For
the purposes of this example evaluation the term “nominal” is used in reference to the
single run of the CBA based on the input of Subject Matter Experts. “FUA results” and
‘mean values” indicate the uncertainty analysis values based on a series of model
generated, random inputs and the calculated mean values of the outputs. To perform
the analysis it is also important to remember that all of the information contained in the
model is highly dependent on interrelated data across the model. For this reason, the
user must evaluate the results in their entirety. An attempt to change a single input in an
effort to influence a single output will likely have cascading impacts on the calculations of
all the outputs.

An example of how to interpret the results of the CBA and FUA follows:

- First, we pull together in Table 8 the results of the nominal values from the
CBA, the FUA calculated mean value, and the means’ standard deviation.

- Then we plot on the FUA output’s histogram shown in Figure 28 where the
mean value (yellow line) falls in relation to the nominal value (red line).
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- Review the histograms for each output along with the results data table. This
will allow the user to better see visually how the numbers relate to each other.

- With the results formatted and easier to interpret, the user can now determine
where the nominal values produced by subject matter experts fall in a region
of programmatic uncertainty as shown by the area under the output
histogram’s curve. In Figure 28, this area of uncertainty is the blue shaded
areas. For example, we compare the results of the Maintenance Man Hour
output of the model.

Maintenance Man Nominal Value FUA Mean FUA Standard
Hours Deviation
Baseline CBA 4.3M hours 3.9M hours +/- 182K
Optimized NDE 3.6M hours 3.3M hours +/-160K
Optimized SHM 962K hours 901K hours +/- 32K

Table 8. Comparison of Maintenance Man Hours output from CBA and FUA

CBA — Baseline MMH CBA - Optimized NDE MMH CBA - Optimized SHM MMH

Figure 28. Histogram plots of the uncertainty and the CBA nominal value

The model results show that the nominal value shown by the red arrow was in
fact very conservative, as the expert stated when submitting the inputs. When the model
ran the financial uncertainty analysis it calculated a mean value for each of the
configurations as indicated by the yellow arrows, and it could be surmised that labor
hours during execution would potentially be significantly less than planned. The area
within the histogram could be considered to be programmatic risk. Everything to the
right of the mean could be a higher level of risk and everything to left would be lower. In
this example of expected labor hours, the results allow a program office to see that their
maintenance program based on conservative estimates has accommodated for the
nearly worst case in expected labor hours and they should not be surprised if in reality it
takes less time to maintain the airplane. This result could be reported that projected
Maintenance Man Hours is a low risk with the current program’s maintenance plan.

Since the results of the projected labor hours are so conservative, it might induce
a program office to begin thinking about possible trade-offs in order to align the
airplane’s maintenance program with the center of the Maintenance Man Hours bell
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curve. This is, however, a poor rush to judgment due to the fact that the same inputs to
the model can have very different impacts on the various outputs. To show how the
model’s inputs can trigger very opposite results in the outputs the plots of the projected
total Fleet Downtime are now compared to the projected Maintenance Man Hours in
Table 9 and Figure 29. As seen below, the same set of inputs to the model generated a
very conservative, low risk, estimate for labor, but yet a potential high level of risk due to
the expected total fleet downtime. Where the nominal values for the model resulted in a
projected Maintenance Man Hour estimate near the right edge of the uncertainty curve
and outside of the 95% quantile, the exact opposite is projected for the Fleet Downtime.
This Subject Matter Expert’s inputs created a program where the labor hours could be
much less during execution, but at the same time the fleet’'s downtime could be much
higher. This example highlights the need for an analyst to evaluate all of the outputs that
result from a single set of inputs in order to gain an accurate representation of that input
set’s ramifications across the entire program.

Maintenance Man Nominal Value FUA Mean FUA Standard
Hours Deviation
Baseline CBA 4.3M hours 3.9M hours +/- 182K
Optimized NDE 3.6M hours 3.3M hours +/-160K
Optimized SHM 962K hours 901K hours +/- 32K
Fleet Downtime Nominal Value FUA Mean FUA Standard
Deviation
Baseline CBA 4.3M hours 3.9M hours +/- 182K
Optimized NDE 3.6M hours 3.3M hours +/-160K
Optimized SHM 962K hours 901K hours +/- 32K

Table 9. Comparison of two outputs’ results from the model
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Figure 29. Comparison of two outputs’ histogram from the model

To show how full results of the CBA and FUA can be used to properly evaluate a
maintenance program, below in Figure 30 are the results of all of the outputs and their
histograms. For simplicity sake, just the model’s output histograms without the
corresponding data tables are provided in order to show the comparison across the
entire analysis exercise. The actual values represented not important for this particular
discussion, because the focus area here is a demonstration of how to use the model as
a comparison tool that shows the impact of a set of inputs on all of the outputs. As
shown in the above example, the yellow lines on the histograms indicate the mean value
of the outputs calculated by the uncertainty model and the red line is the nominal value
of the output based on the Subject Matter Expert inputs.

In reviewing the results in their entirety, an analyst can view the inputs from the
their Subject Matter Experts and more easily see how the current structure of a
program’s nominal state compares in in relation to a set of mean values from an
associated uncertainty analysis using the same workbooks.
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Figure 30. View of all the model outputs’ histogram

Should the evaluator desire a deeper understanding of the relationship of the
inputs and their impact on each output in order to begin a trade study, a regression
analysis can be performed. In the case of the FUA model’s output for estimated
Maintenance Man Hours, a basic multi regression was performed to obtain simple
slopes and a Spearman’s correlation in order to show the influence of all 225 inputs on
that single output. Table 10 below shows the top six influential inputs on the
Maintenance Man Hour output, their correlation, and their individual regression
coefficients. These results show the major impacts on the calculation of the projected
labor hours expended maintaining the airplane, and the input of “Inaccessibility Labor
Penalty” by far has the most impact on the time needed to maintain the aircraft.

For our case study this is an expected result. When an airplane’s structure
needs maintenance but is not available for structural work due to other non-structural
repair impeding those actions, it is logical the delay increases the total time (and thus
maintenance labor hours) to complete the repairs. The graphs in Figure 31 show the
strong correlation of the Labor Penalty input to the output calculation for Maintenance
Man Hours. As the correlation value decreases in the other inputs the evaluator can see
in the scatterplots a decrease in the strength of the correlation of all the inputs on this
single output. Each of the six Figure 31 scatterplots shows the comparison of the
reviewed output on the Y-axis to the input value on the X-axis. The result of each set of
randomly generated model inputs and consequent outputs from the uncertainty analysis
model is plotted as a single dot. For our case study the model produced 15,000 runs,
and each of the 15,000 results of the model is then plotted to create the figures shown
below. For the Labor Penalty scatterplot, there is a very definitive correlation that shows
when the model increased the input value there was a corresponding increase in the
Maintenance Man Hour output. In each of the five successive plots there is an obvious
decreasing correlation of those inputs’ impact to the Maintenance Man Hour calculated
output. This is indicated by the relative lack of a definitive slope and wider dispersion in
the dot plots. As a final comparison, each of the nominal input values from the Subject
Matter Expert can also be included on the scatterplot as a single red dot. This provides
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another graphical depiction of where the current state of the program falls within the

uncertainty.
Top-6 Inputs impacting the . Regression
“Maintenance Man Hour” output CEElELEn Coefficient
Labor Penalty (hrs) 0.906 1012
MMH Proportion (%) 0.298 514
CP 097 Large Crack Replacement Time 0215 599
(hrs)
CP 138B Medium Crack Repair Time 0.089 1027
(hrs)
CP 131 MCRT (hrs) 0.078 442
CP 130B NDE Time (hrs) 0.062 8703

Table 10. Top-6 inputs and their impact on the Maintenance Man Hour output

5
i
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=

Labor Penalty

131 MCRT 130B NDE
Time

Figure 31. Scatterplots of Top-6 impacts and their impact on the Maintenance Man Hour output

4.3.Next steps

The User Manual for the CBA workbooks will be updated to reflect the change in
the CP Info tab.

An option for moving forward with the program is to continue the development of
a framework for a proof of concept of a programmatic decision support tool that was
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discussed in the above section. This analysis concept can be applied to any program,
but would still keep with the F-15 use case in order to develop the tool. The current
state of the models allows us to compare the results of the contract’'s Phase | nominal or
point value cost/benefit estimates with the uncertainty framework constructed in Phase
2. To further develop the concept of a programmatic decision support tool, a system
such as a database could be loaded with the results from the uncertainty analysis as
well as the three CBA workbooks. An interface would then be constructed that allows a
user to alter various inputs but maintain the history of baseline versions and previous
CBA iterations. This facilitates use of the workbooks and uncertainty model as a “what-
if” analysis tool. It could take an adjusted series of inputs, update the nominal values of
the CBA, and show how the new results compare to not only a stored version but also to
the uncertainty mean value.

There are several benefits of a structured system such as this. It highlights via
easy to see graphs how altering a single input or altering several inputs has cascading
impacts across all of the outputs, and it reinforces the programmatic understanding that
nothing happens in vacuum. The tools would show how so no single input can be
altered in an attempt to make an isolated adjustment to single output. Also, as an
airplane program office goes through the inevitable series of budget development cycles
the tool could be used to show evaluate the impact of possible real world pricing
changes. Thus, the program office would be provided decision support that enables
them to make more informed, disciplined, risk-based decisions with respect to where
possible trade-offs can occur.

Should the development of a framework for a programmatic decision support tool
be desired, it is recommended to study various alternate software options for building the
proof of concept. The initial version of the CBA and FUA were built using Microsoft
Excel and Phoenix Integration’s ModelCenter, but these tools are nearing their limits to
the size and scope of the analysis. Due to these scope challenges it is becoming
difficult to interact with the CBA workbooks, and if all three were in a single program it
would eliminate the current risk of human error impacting the analysis results. Currently
a single input must be input into each of the three Excel files, and then the results of the
tab calculating the program’s lifecycle cost for each configuration must be pasted into
the “Optimized SHM” workbook so that it can perform the return on investment
calculations. If the CBA was all in a single program then the user could potentially only
need to input a single set of variables, and the software could then replicate all the
values into the workbooks. The risk of manual replication error leading to inaccurate
results would be significantly reduced, if not eliminated.

Beyond the user interface challenges, when the contract was initiated the
selection of Excel and ModelCenter for the analysis where logical choices. However, as
the complexity of the analysis grew over the course of the contract the complexity of the
models has also grown. There are significantly large Excel formulas due to the macros
and type of analysis required, and ModelCenter is normally needing more than 6 and a
half hours to perform 5000 runs. A shift to a different software package would allow us
to simply the formulas performing all of the calculations, and the size of the model would
not hinder the evaluation of the structure of the envisioned decision support tool. Itis
recommended that a proof of concept be conducted that takes the existing models and
programs them into a more appropriate software tool. This would allow for the
evaluation of requirements for pulling together the framework for a decision support tool
discussed above in Section 4.2 above.
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5. Maintenance Data Validation of Control Points

5.1. Task Definition

The CPs being evaluated in this study were initially identified during large scale fatigue testing
of a limited sample size of aircraft structures. As with any testing and test results the question
remains: Are the results of this testing representative of actual aircraft usage. This task
attempts to validate the CPs by evaluating U.S. Air Force inspection and maintenance records
for occurrence of faults at the study CPs.

5.2.Field Data Assessment Results To Date

We are in the process of evaluating field data of the 46 CPs selected for this study and created
an analysis spread sheet to aid in our analysis process and documented attributes of each CP
that will be used in conducting our field data analysis. As documented in our updated
assessment process (see paragraph 5.3) we completed a part number search for field
inspection criteria for each of the control points. Results were documented and in 18 are
tracked using Individual Aircraft Tracking (IAT) per 1F-15A-35. CP’s with IAT have inspection
results documented on AFTO form 3’s. These forms are loaded into a Boeing database to
support engineering investigations. There is evidence that supports the conclusion that of the
18 CPs tracked by IAT, fielded aircraft have experienced faults at or near the CP. One IAT
tracked CP has not had a flaw recorded in inspection records.

Of the remaining 28 CPs that are not tracked by Individual Aircraft Tracking 12 have been
evaluated within the Air Force REMIS data. The Air Force data does not adequately describe
fault locations such that we can definitively say that a recorded fault is located at a control point.
What we have noted is that faults and/or repairs have been recorded on the part 7 of the 12
CPs in this group evaluated to date, 5 of these CPs are on parts with no recorded flaws.

Table 11 provides a summary of results to date. The first column in Table 11 provides the
Control Point identifier; the second column identifies the Individual Aircraft Tracking number
assigned to a control point in 1F-15A-35. The presence of a “N/T” entry in the IAT column
indicates that the CP is not tracked using individual aircraft tracking. The third column contains
a brief description of the control point location. The fourth column labeled 3yr contains the
record count of records scored as indicating a fault at or near the CP location. The 3 years
used in this records search are CY2010 through CY2012. The fourth column contains the count
of records scored as indicating a fault at or near the CP when all F-15 inspection records were
searched. This column as of this writing will only contain data for CPs with individual Aircraft
Tracking. The final column provides the current status of your verification activity, a check mark
“0” indicates that our preliminary finding is that the control point has most likely experienced a
fault in a fielded aircraft. An “X” in this column indicates that we were unable to locate any
records of faults that could be attributed to this CP.
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[cP______|IAT __ [Description _______________________[3Yr| Al |Verif

53A/B 19 Lower Skin Near Large Pylon Hole 4 12 v
54B/C N/T Inner Wing Lwr Skin at Aft Pylon Hole v
55/124B 21 Main Spar Lower Flange 11 236 4
56 62 Main Spar Lower Flange 4 4 4
57B 2 Outer Wing rear Spar Lower Flange 2 103 v
63B N/T Outer Wing Lower Skin Trailing Edge 0 v
97 38 Intermediate Spar Lower Flange at Lug Backup 3 27 v
112B N/T Outer Wing Upper Skin at Stringer 5 M 4
114 N/T Outer Wing Aileron Hinge Lower Surface 0
115 N/T Outer Wing Lower Skin Aft M v
116 N/T Inner Wing Upper Skin Inboard Trailing Edge |
126B 57 Inner Wing Aft Shoulder Rib Web at Main Spar 1 14 4
130B N/T Outer Wing Inboard Aileron Hinge Fitting Inboard 0 X
131 N/T Outer Wing Lower Skin Inboard Trailing Edge 115 v
133A N/T Inner Wing — Wing Rib Brackets 31 v
134B N/T Outer Wing Trail Edge Closure Spar Xducer Hole 0 X
135B N/T Outer Wing Trail edge Closure Uppr Fing Fastener 0 X
137B N/T Outer Wing Trail Edge Closure Spar Aileron Cut
138B N/T Outer Wing Trail Edge Closure Spar Web
139 N/T Inner Wing Lwr Skin Inbd Trail Edge Fast at Pylon
140 /1 N/T Inner Wing Inboard Lower Skin Trailing Edge
143 N/T Inner Wing - Wing Faring Side Panel Rib Cap 0 X
144 N/T Inner Wing — Inboard Trailing Edge Rib 2 v
145 N/T Inner Wing — Trailing Edge Faring Support 0 X
166B 36 Inner Wing — Lwr Skin at Shoulder Rib 6 74 v
179 60 Inner Wing Upper Skin Aft Inboard at Closure Rib 0 0 X
180 56 Upper Wing Skin at Closure Rib and Main Spar 0 3 v
181 59 Shoulder rib Machining at Intermediate Spar 2 7 v
182 57 Inner Wing Shoulder Rib at Main Spar 1 13 v
183 25 Inner Wing Main Spar Lwr Cap at Closure Rib 0 67 v
184 N/T Outer Wing Lower Skin Forward |
187 48 Outer Wing Lower Skin at Front Spar 12 43 v
188 / 59B 52 Outer Wing Lower Aft Skin at Main Spar 0 2 4
191 N/T Inner Wing Outboard Hinge Lower Flange
192 N/T Aft Shoulder Rib Web at Rear Spar
194 N/T Outer Wing Lower Forward Skin
195 N/T Outer Wing Rear Spar Tooling Hole
196 N/T Inner Wing Web Splice with Intermediate Spar
201 62 Outer Wing Main Spar Upper Flange 4 4 4
202 N/T Inner Wing Ctr Shoulder Rib Web at Main Spar 16 v
203 N/T Outer Wing Front Spar Tooling Hole

Table 11. Summary of Results for Record of Faults Found

49
Approved for public release; distribution unlimited.



5.3.Field Data Assessment Process Update

Our Boeing team initially developed a process plan for evaluation of F-15 maintenance data and
presented it in the August Status report. Since then we have been evaluating a large quantity of
USAF data and have significantly revised our process to both improve its quality and speed.
Figure 32 presents our revised process flow. Key to this revision was the determination that
query of the Boeing AFTO 3 data was yielding rapid high quality results for the Control Points
that are being tracked with Individual Aircraft Tracking (IAT) per TO 1-F15A-35.

Research

Search TO 1- Query Boeing

CP’s, F15A-36 by P/N, AFTO 3
location, Identify Database by

part Inspection IAT number
numbers Criteria/

etc. Tracking

Research
Selected Control
Point, Define
Search Query

A 4

Manually
inspect and
score records

A 4

Select
/Download
Maint Data
from AF REMIS

Query Datastore
for Inspections,
Faults and Repair
Info

\ 4

MSAccess
Datastore

Document
Results

)

Figure 32. Structural Field Data Assessment Process (Updated)

5.4. Next Steps

The Boeing team will continue to evaluate the REMIS for evidence of non-tracked CP

maintenance, evaluate our flight hour data at each failure attributed to a CP and prepare and
deliver a final report on this task.
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6. High-Fidelity Loads

6.1. Motivation

Previously, we evaluated the risk sensitivity to amplitude variations in load measurements. The
various load fidelity cases were simulated simply by multiplying the FTA6 baseline spectrum by
a scaling factor and demonstrated significant changes in risk analysis results. For the latest
study, we want to define and use the load examples that could actually represent real cases in
load measurements. Sampling rate is one of the key parameters that determines information
fidelity and may impact sensor design requirements. Therefore we decided to conduct a study to
test how different sampling frequencies for observed loads can affect the risk analysis. We had
a problem the FTAG spectrum file we have used is already highly filtered to peaks and valleys,
which means we have lost significant amount load information:

= We don’t know how much time passed between data points

=  We don’t know where the true peaks and valleys were

= We don’t know the behavior between peaks and valleys

Consequently, we had to look for “unfiltered” load spectrum examples for us conduct the risk
sensitivity study to various sampling rates. Figure 33 illustrates a proposed approach of
conducting a risk sensitivity study to various load fidelities. “Lower” fidelity data would be
created by down-sampling the baseline “unfiltered” data and processed through the proposed
steps described in Figure 33.

Maximum Stress Per
Flight Distribution

Fs=20Hz

'—;S ‘: 2 |“|Z‘ Spectrum (Peak/Valley) ‘ ‘ Risk Analysis

[P
k|
o1 U

Crack Growth Analysis
W Q |

Figure 33. Proposed Approach of Risk Sensitivity Study

6.2. Preliminary Data Set

A set of wing root bending data from a Boeing F/A-18 flight test was selected as “unfiltered” data
for the preliminary analysis. Figure 34 shows the F/A-18 flight test log with various measured
parameters (dotted column indicates the wing rood bending data used for our analysis).
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Figure 34. F/A 18 Flight Load Data

6.3.Downsampling

The original data set was captured at a frequency of 20 Hz. For preliminary study we elected to
generate additional samples at frequencies of 10 Hz, 5 Hz, 2 Hz, and 1 Hz. This was done by
sampling a sequence from the original data set at the proper spacing. Also, we randomly drop
one or more values from the start of the original data to so that the starting point is not identical
for all samples. The data analysis software R was used to perform the downsampling.

For example, to generate a 5 Hz sample, every fourth data point from the 20 Hz data is kept.
The starting point is randomly set to either the 1%, 2", 3", or 4" data point (utilizing a random
number generator in the R software). The 20 Hz data set included 1513 points and the
downsampled 5 Hz data set included 379 points.

Figure 35 shows the examples of high fidelity (original) to lower fidelity (down sampled) data.
The red circles indicate extreme peaks/valleys removed during the downsampling process.
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(a) F/A-18 Wing Bending Spectrum at 20 Hz: Raw Data

(b) F/A-18 Wing Bending Spectrum at 2 Hz
T T T T

Amplitude
| I N |

T T

| | | | |
(c) F/A-18 Wing Bending Spectrum at 1 Hz

|
|

Figure 35. Examples of High to Lower Fidelity (Down-sampled) Data

Next, the raw data from each of the five data sets is filtered to a set of peaks and valleys. A data
set consisting of peak/valley pairs is required to conduct the deterministic damage tolerance
analysis, one of the required inputs for the risk analysis. This is done in a straightforward
manner as follows:

Find the first peak in the data
o This is the first point x; such that x;.s < x;
o Discard all data points prior to x;
Find the first valley
o Forj>i this is the first point x; such that x;.s > x;
o Discard all data points between x; and x;
Continue this process, alternating peaks and valleys
Discard the data which occurs after the last valley in the data set

The peak/valley pairs for each case are saved as a spectrum file in a format specific to the
Boeing damage tolerance analysis software LifeWorks. Several lines of the 20 Hz spectrum file
are below, with line numbers (note the line numbers are not included in the actual file).

1) F-18 data - 20 Hz capture frequency
2) 1.000 = 669640 in-1bs

3) 12Feb2013

4) 393 100

5) 1 -0.710710232363658

6) 0.721686279194791 0.716459590227585 1
7) 0.75159787348426 0.71477211636103 1

397) 0.940176811421062 0.936010393644346 1
398) 0.952735798339406 0.941326682993847 1
399) 0
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Lines 1 is a title. Line 2 indicates that the bending moments in the file are normalized such that
1.0 in-lbs in the data is equivalent to 669,640 in-lbs. Line 3 is the date of creating of the file. Line
4 indicates there are 393 peak/valley pairs in this file and that the spectrum represents 100
hours of data (note that this value was selected by trial and error to give output from the crack
growth analysis with appropriate scaling). Line 5 gives the maximum and minimum values in the
data set, respectively. The peak/valley pairs data are in lines 6 — 398. Finally, the trailing zero in
line 399 marks the end of the file. Note that the 20 Hz data set included 1513 data points which
reduced to 786 data points, or 393 peak/valley pairs.

6.4.Damage Tolerance Analysis

The LifeWorks software utilizes the peak/valley pair spectrum file as one of many inputs. For
this study we are interested in exploring the sensitivity of the risk analysis to the alteration of the
loading, thus we need only be consistent with the other input parameters. We selected DTA 114
at random from the control points of the F-15 wing and modified the parameters to suit this
study. A summary of the characteristics of the damage tolerance analysis follows.

e Structural detail is a plate including a fastener hole

o Width=1.1"

o Thickness = 0.07”

o Hole diameter = 0.19”

o Hole edge to center 0.55”
e The flaw is a single corner crack at the hole
e Initial crack length is 0.003”
e Loaded in tension and bearing

o Reference stresses are 10 ksi for tension and 80 ksi for bearing
e Material is 2124 aluminum plate
e Stoppage criteria is fracture toughness of 50 ksi*in'?
The output from the damage tolerance analysis includes crack length and normalized stress
intensity as a function of flight hours. The rate of crack growth is strongly influence by the
downsampling, as can be seen in Figure 36 below. Note that the output is in the number of
cycles. Recall, the data obtained for this study consisted of ~72 seconds. For the spectrum
resulting from a 5 Hz capture frequency, LifeWorks calculates that from an initial crack length of
0.003”, failure will occur (i.e., K, >= 50 ksi*in"?) after just over 500,000 repeated applications of
the loads in the spectrum file. This will likely cause variability in the risk analysis from case to
case.
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Figure 36. Crack Growth Curves for Original and Downsampled Spectra

6.5.Risk Analysis

The methods of performing a probabilistic damage tolerance analysis have been discussed at
length in previous CBM+SI progress reports. In this section we limit discussion to the fitting of a
maximum stress per flight distribution and the results of the analysis.

Recall, our data set includes 72 seconds of data. This is problematic because it is difficult to
extrapolate these data to determine the distribution of peak stress over a flight with duration > 1
hour. We elected to calculate SFPOF under the assumption that a flight has a 72 second
duration. This way, similar to the use of cycles in the damage tolerance analysis as shown in the
previous section, we estimate the probability that the first failure will occur during each cyclic

application of the spectrum.

We begin by fitting a distribution to the positive peaks from the spectrum files for each of the 5
sampling rate cases. We elect to use the generalized extreme value distribution due to its
flexibility and the fact that the fits are reasonable (details omitted). The resulting density
functions are shown in Figure 37.
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Figure 37. Probability Density Functions of Individual Peak Stresses

In Figure 37 we have the distribution of stress for an individual peak. In any given flight there are
several peaks, and the distribution we seek is that of the maximum peak stress per flight. We
make the assumption that during each flight the number of peaks which will occur is equal to the
number of positive peaks in the spectrum file. Suppose there are n peaks per flight. The
cumulative distribution function for the maximum of a sample of size n from a distribution with
CDF F(x) is [F(x)]". Thus to obtain the max stress per flight distribution, we raise the values of
the CDFs (evaluated at a common set of quantiles) corresponding to the PDFs in Figure 37 to a
power equal to the number of peaks in each spectrum file.

Other important inputs to the risk analysis for DTA 114 are the fracture toughness ~
Normal(mean=40, standard deviation=4), and the initial flaw size ~ Weibull(shape=0.777,
scale=0.0028).

Having obtained the required inputs for the risk analysis, we run the five cases in PROF. The
results are shown in Figure 38 below. Note that we report SFPOF as the probability of failure
during each 72 second application of the appropriate flight spectrum.
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Figure 38. SFPOF for Various Load Capture Frequencies

Clearly the results of the risk analysis are sensitive to the capture frequency of the loads
utilized. It is interesting to note the significant drop which occurs between 10 Hz and 5 Hz.
Examination of Figure 39, which compares the peak/valley data for these two cases, reveals
that several extremes (circled) have been removed from the spectrum when sampling at a lower
rate. We speculate that the danger of decreasing the capture frequency lies in failing to capture
short term extremes in the data.
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Figure 39. Comparison of Peak/Valley Data for 10 Hz and 5 Hz Capture Frequencies

6.6. Next Steps

Additional sensitive study is being considered to include V-22 flight test that will be on the order
of at least an hour and an initial sampling rate will be 100-200 Hz.
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Appendix

A.1 PROF Example Problem Input Parameters

The input parameters utilized for Examples CP4, CP6, and CP7 are shown below in Table A.1.
The number of similar locations was altered from the documentation to 1, and the Probability Of
Inspection (POI) was altered to 1. The inspection times (in flight hours, as opposed to the MC
routine which is indexed by flight number) are also different so that the corresponding results
from the MC solution would be within the range of high fidelity. If running PROF without
inspections to verify those results, increase the first inspection interval to a large number.

Category Parameter Cp4 CP6 CP7
Initial Crack | g 11111 scale 0.0000417 0.0001534 0.000219
Length
Initial Crack .
Length Weibull Shape 0.45 0.5 0.575
Repair Crack | n ipu11 scale 0.0072382 0.0072382 0.0072382
Length
Repair Crack )
Length Weibull Shape 1 1 1
Max Stress Gumbel Scale 0.832 0.708 0.916
Distribution
Max Stress Gumbel
Distribution Location 31.079 26.461 34.229
Fracture Kc Mean 83 52.7 83
Toughness
Fracture Ke Std. Dev. 4.15 2.635 4.15
Toughness
POD Parameters Median 0.03 0.035 0.03
POD Parameters Slope 1 1 1
Minimum
POD Parameters Detectable 0 0 0
Size
POD Parameters POI 1 1 1
Inspectlon Interval #1 10400 10400 10400
Times (FH)
Inspectlon Interval #2 6500 6500 6500
Times (FH)
Aircraft Similar 1 1 1
Parameters Locations
Aircraft Reserved For 0 0 0
Parameters Future Use
Aircraft Hours Per 1.3 1.3 1.3
Parameters Flight

Table A.1. Example CP4, CP6, and CP7 Input Parameters

The table for crack growth and K /o follows in Table A.2. As previously discussed, several
additional data points are added to the tables from the PROF documentation via extrapolation.
Finally, the K /o data for each example was modified in general through linear interpolation so
that a common crack length vector could be used for both crack growth and K/o. Crack length
is expressed in inches. The units for K/c are in.
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CpP4 CP6 CP7

FH Crack K/o Crack K/o Crack K/o

0 1E-20 1E-20 1E-20 1E-20 1E-20 1E-20
500 0.0001 0.00638 0.0001 0.0050375 0.0001 0.00635
1000 0.0001636 0.01043768 0.00015 0.00755625 0.0001587 0.01007745
1500 0.00020093 0.01335334 0.0001838 0.009258925 0.0002 0.0127
2000 0.0002678 0.01708564 0.0002251 0.01133941 0.0002519 0.01599565
2500 0.0003425 0.0218515 0.0002757 0.01388839 0.0003174 0.0201549
3000 0.0004382 0.02795716 0.0003377 0.01701164 0.0003999 0.02539365
3500 0.0005605 0.0357599 0.0004137 0.02084014 0.0005038 0.0319913
4000 0.000717 0.0457446 0.0005067 0.02552501 0.0006347 0.04030345
4500 0.0009171 0.05851098 0.0006207 0.03126776 0.0007997 0.05078095
5000 0.001173 0.0748374 0.0007602 0.03829508 0.001007 0.0639445
5500 0.001501 0.0957638 0.0009312 0.0469092 0.001269 0.0805815
6000 0.00192 0.122496 0.001141 0.05747788 0.001599 0.1015365
6500 0.002456 0.1566928 0.001397 0.07037388 0.002015 0.1279525
7000 0.003141 0.2003958 0.001711 0.08619163 0.002538 0.161163
7500 0.004019 0.2564122 0.002096 0.105586 0.003198 0.203073
8000 0.00514 0.32166 0.002568 0.129363 0.004029 0.2558415
8500 0.006576 0.354992 0.003145 0.1584294 0.005075 0.31945
9000 0.008411 0.402631 0.003852 0.1940445 0.006394 0.351577
9500 0.01076 0.44864 0.004718 0.2376693 0.008056 0.38604
10000 0.01376 0.51282 0.005779 0.2911171 0.01015 0.44248125
10500 0.01761 0.57876 0.007079 0.3566046 0.01279 0.49495125
11000 0.02252 0.6541067 0.008671 0.417762 0.01le611 0.55334025
11500 0.02881 0.7344 0.01062 0.46736 0.0203 0.6215325
12000 0.03686 0.7880667 0.01301 0.509185 0.02557 0.67681395
12500 0.04715 0.7961333 0.01594 0.56668 0.03221 0.72817435
13000 0.06031 0.80831 0.01952 0.63536 0.04059 0.79299365
13500 0.07715 0.8261773 0.02391 0.712425 0.05113 0.81335868
14000 0.09868 0.85235 0.02928 0.74128 0.06442 0.82712712
14500 0.1262 0.8879143 0.03587 0.76132 0.08116 0.848305655
15000 0.1615 0.9354722 0.04394 0.78333 0.1023 0.873075323
15500 0.2066 0.99446906 0.05382 0.8095371 0.1288 0.895685806
16000 0.2642 1.064338 0.06592 0.8423 0.1623 0.9361445
16500 0.338 1.248293 0.08074 0.8760889 0.2045 1.032826923
17000 0.4324 1.331211 0.0909 0.8970909 0.2576 1.115005
17500 0.5531 1.45627 0.1211 1.022631 0.3245 1.29965
18000 0.7075 1.64748 0.1484 1.041894 0.4089 1.455712364
18500 0.9051 1.89219 0.1818 1.066789 0.5151 1.664574773
19000 NA NA 0.2226 1.099343 0.640562043 | 1.920916538
19500 NA NA 0.2727 1.142988 0.795404296 | 2.237287414
20000 NA NA 0.334 1.202 0.9829513 2.620480043
20500 NA NA 0.4091 1.284922 NA NA
21000 NA NA 0.5011 1.419031 NA NA
21500 NA NA 0.6138 1.651258 NA NA
22000 NA NA 0.6657 1.770237 NA NA

Table A.2. Example CP4, CP6, and CP7 Crack Growth and K/o Data
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Acronyms, Symbols and Abbreviations

CBA
CBM+SI
CP
DC
DIR
DTA
FSMP
FST
FUA
IATP
IFFC
IND
IND(L)
INS
LCC
LCRT
MCRT
MMH
MOQS
NDE
NDI
NMC
%NMC
NPV
PRC
PROF

POD
RBDMS

REMIS

Cost Benefit Analysis

Condition-Based Maintenance Plus Structural Integrity
Control Point

Durability Critical Aircraft part(s)
Directly-Tracked aircraft part

Damage Tolerance Analysis/Assessment
Force Structural Maintenance Plan
Full-Scale Test

Financial Uncertainty Analysis

Individual Aircraft Tracking Program
Inflight Failure Cost

Indirectly-Tracked Aircraft Part
Indirectly-Tracked Aircraft Part linked to a directly-tracked part
In-Service

Life Cycle Costs

Large Crack Replacement Time

Medium Crack Repair Time

Maintenance Man Hours

Maintenance Operational Query System
Non-Destructive Evaluation
Non-Destructive Inspection

Non-Mission Capable

% Fleet Non-Mission Capable
NET-Present Value

Part Replacement Cost

Probability of Failure; Air Force code used to determine Risk of a
part(s)

Probability of Detection

Risk-Based Design & Maintenance System; Boeing code used to
determine Risk of a part(s)

Air Force’s Reliability and Maintenance Information System
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ROI
SCRT
SFPOF
SHM
SME
TPM
WucC

Return on Investment

Small Crack Repair Time

Single Point Probability of Failure
Structural Health Monitoring

Subject Matter Expert

Technical Performance Measurements
Work Unit Code
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