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SECTION I

INTRODUCTION

A significant percentage of the life cycle cost of a
fleet of aircraft is due to the cost required to maintain the
aircraft for the safe performance of its required mission. Let
structural cost of ownership denote that portion of the total
life cycle cost which is attributable to the inspections and
repair of the primary aircraft structure. This structural cost
of ownership depends on the loads environment that will be
encountered by the individual aircraft of the fleet as well as

. damage tolerance properties that resulted from the design and
manufacturing processes.

The routine use of an operational aircraft results in the
structure being subjected to a large number of significant load

cycles which occur randomly in time and which have randomly
varying magnitudes. These repeating load cycles can eventually
weaken the structure to the extent that an applied load which
is within the original design capability will cause failure of

the structure. The fatigue damage resulting from the applied load
E cycles is currently being characterized in terms of the growth

of cracks at the critical locations in the structure. The crack
growth depends on the material and geometry of the structural
element, the crack length at the time of a stress cycle, and the
magnitude and order of the stress cycles imposed by the random
loads on the aircraft. Thus, given a structural detail with a
crack of specified initial length and the stress history which
will be imposed on the detail, crack length as a function of
flight time can be calculated. This function plays a key role

in the decision making processes employed to insure the structural
integrity of aircraft.




Structural reliability analyses have been derived which
present methods of calculating the probability the structure will
not fail for T flight hours in an operational environment.

(References 1 through 5). These analyses take into account some
or all of the following factors: time to crack initiation; initial

flaw size distribution; random load sequences representative of

the real environment; random effect of inspections; repair quality;
and material variability. However, the practical application of
these methods require extensive data bases which, in general,

are not available. Thus, although analytical models are available
for calculating structural reliability under different inspections,
they cannot be applied.

To assure flight safety of structure, the Air Force has
adopted an inspection interval which is based on predicted crack
growth of the largest flaw in a critical location which could
pass the quality control inspection. To allow for variability in
crack growth and inspection reliability, the structure must be
inspected within half the time interval required for the maximum
flaw to grow to an unstable length. To date, this flight safety
criteria has been the determining factor in scheduling structural
inspections.

Now during the periodic inspections, all cracks which are
detected are repaired and, in general, the cost of repair depends
on the size of the crack. Thus, the structural cost of ownership
of a fleet of aircraft is the cost of all inspections and repairs
plus the cost of any aircraft which may be lost due to catastrophic
failure. Since the number of cracks that are detected and repaired
at an inspection is a random variable (depending on both the
distribution of crack sizes at the time of the inspection and the I
probability of detecting the crack for the inspection method
being employed), the structural cost of ownership is also a random
variable and should be described in statistical terms.

This report presents the results of a study to estimate
the structural cost of ownership due to the detection and repair
of cracks. A statistical model formulated by Yang (Reference 6)
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constituted the essence of the approach. This model accounted

for an initial flaw size distribution, flaw growth by a deter-
ministic equation, probability of flaw detection as a function of
flaw size, renewal of repaired fluws, and costs of inspection

and repair. The basic model was generalized to permit variability

in flaw growth due to flight to flight variation of usage
(Reference 7). Since the model simulates the growth and repair
of a distribution of cracks in a structural detail, the output
of the model is expressed in statistical terms. The results
cannot be used to infer crack size or cost of a repair for a
specific airplane tail number.

Section II presents a summary of the method of calculating
the crack size distribution at each inspection interval and the
expected cost of inspection and repair. Also included is a
discussion on the particular method selected for modeling crack
growth and for accounting for the flight to flight variation of
usage. The program for calculating predicted costs is presented
in Section III with a description of methods for estimating the
statistical parameters of the distributions of input parameters.
Examples of the use of the program are presented in Section IV.
The examples are actually a series of sensitivity studies to
investigate the effect of variations in input parameters on the

expected cost of ownership.




SECTION II

CRACK REPAIR COST MODEL

The objective of the structural cost of ownership model
is to estimate the fleet costs associated with the inspection
and repair of potential cracks at a critical location on the
airframe. Since total maintenance costs can be obtained by summing
the estimated costs for the individual locations, this study has
been restricted to a single location. The following paragraphs
present a summary of the estimation method. The basic approach is
due to Yang (Reference 6). However, the method of calculating
crack growth and the method of accounting for the effect of flight
to flight variability are different from Yang's approach and a
discussion of these features is also presented.

2.1 MATHEMATICAL FORMULATION

Assume that a fleet of: aircraft contains N structural
details which will be subjected to statistically equivalent
stress environments. There may be one structural detail (critical
location) on each aircraft or there may be multiple details on
each aircraft. The important elements are that the properties
which determine crack growth are equivalent for all of the details.
Since no two aircraft will be flown the same, the actual stress
histories endured by the aircraft will be different. However, it
is assumed that stress environments are statistically equivalent
in their effect on crack growth.

As the individual aircraft perform their operational missions,
cracks will initiate and grow at the critical point. Inspections
will be performed at increments of T flights (or an equivalent
number of flight hours) and, at each inspection, all detected 4
cracks will be repaired. The cost of repair will be a function of
the size of the crack and it is assumed that there are 4 ranges
of crack size with a constant repair cost in each range. It is
assumed that the initial quality of the details can be characterized
by an equivalent initial flaw size distribution which depends on
the initial manufacturing and quality control processes.




(References 8 and 9). Similarly, the repaired details are
characterized by an equivalent repaired flaw size distribution.

At the ith inspection cycle (after i T flights), the cost
associated with the inspection and repair of the detail under
consideration is given by

c, = L. +

i i O B e e (1)

1

N~

j
where

44

L}

cost of ith inspection

n(i,j) number of level j cracks discovered and

repaired at the ith inspection

c(i,j) cost of repairing one level j crack at

ith inspection
Since n(i,]j) depends on the distribution of crack sizes immediately
prior to the ith inspection and the probability of crack detection
for the inspection method, the cost of the maintenance action is
a random variable and must be described in statistical terms.

To model the random variable n(i,j), assume that crack
growth and the probability of crack detection are statistically
independent across structural details. Let p(i,j) denote the
probability of detecting (and repairing) a level j crack at the
ith inspection. Then, n(i,j) will have a binomial distribution

T, ST WP AAT, T 1€ ) 7

with parameters (N, p(i,j)). The expected value and variance
of the number of detected j level cracks at inspection i are given

by

n (i,j) = N p(i,])

(2)

2

Sn (i,j) =NP (irj) [1‘P (ilj)]

Thus, the expected value and variance of the maintenance costs
at the ith inspection are given by
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§7(C;) = ¥ C7(i,j) N p(i,j) [1-p (i,3)]
j=1

and the expected value and variance of the total maintenance costs
through the ith inspection (for all i T flights) is given by

(4)

var (Cpop(i))
If N p(i,j) and N (1-p(i,j)) are both greater than 5, then the
normal distribution may be used to approximate the binomial and
the distribution of costs at the ith inspection and for the total
of all inspections can be characterized by the normal distribution
with parameters as specified in (3) or (4).

The calculation of p(i,j) depends on the distribution of
crack sizes at the ith inspection and the probability of detecting
a crack as a function of crack size for the particular inspection
technique being used. Let f; (a) represent the density function
of crack sizes immediately before the ith inspection. Let H(a)
denote the probability of detecting a crack of length a. Then

au

J
P (i,3) =f H(y) £; (y) dy (5)

aj_l

where the aj, j =0,1,2,3,4 define the crack size levels and ao=0,

a,= o™

4 ’

Immediately after the repair of the cracks the density
function of the crack sizes is a mixture of the density function
of the cracks which were not found and the equivalent repaired
crack size density function. If f; (a) represents the density
function of crack sizes immediately after repair, then

f{ (@ =P (1) £ (a) + l-H@] £} (@ (6)
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where fR (a) = equivalent repaired crack size density
function
and
P(i) = proportion of all cracks which were repaired
4
4 =0 B {1.3)
i=l
(7)
= f H(y) £] (y) dy
o
A Using equations (4) through (7), the expected value and
: variance of the inspection and repair costs can be obtained at
each inspection period and the distribution of the crack sizes

immediately after the inspection can be calculated. The only

remaining element which must be modeled is the density function
of the crack sizes immediately before the inspection. This
distribution is obtained iteratively by assuming cracks grow

in accordance with the equation

a (T) = a; eb x (T) (8)

crack length after ith inspection and repair

[}
]

where
constant depending on material and detail geometry

o
]

x(T) = normally distributed random variable with parameters
} Hep and Orp which accounts for the random stress
environment encountered by a particular detail

F during the T flights.

This crack growth model is discussed in detail in paragraph 2.2.

Given the distribution of flaw sizes immediately following

an inspection and repair, f; (a) , and the crack growth equation,

(8) , the density function of flaw
next inspection (after T flights)
First the cumulative distribution

sizes immediately before the
can be obtained as follows.

of flaw sizes after~ T flights




is calculated

Fia (@) =P {a;,; = a}

P {ai exp (b x ) < a}

a exp (-b x)

f f’i'(y)dy g(x) dx (9)
-0 (o]

where g (x) is the normal density function

1 2 2
g (x) = ———— exp - [(x-u,,) /201 (10)
vam O & *

The density function is then obtained as

= d

£i41 12} = =3Py (@)

o2}
./r exp (-b x) f; (a exp(=b X)) g(x)dx (11)
- 00
Further, letting
z = x-uT/oT
then, for all practical purposes

3
fi;l(a) =/ exp(-b (uy + 20.)] f; (a exp [-b (up+z3g)1)g(z)dz

3 (12)

with
1

g(z) = exp - (z 2/2)

m

The above mathematical model for simulating crack growth,
inspection, and cost of repair has been programmed to provide
output at each of the pre-specified inspection cycles through a
pre-defined lifetime. The simulation process starts with an
equivalent initial crack size distribution from which the distribution

8
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of flaw sizes immediately before the first inspection is calculated,
equation (12). The costs of inspection and repair for this first
inspection cycle are calculated using equations (5) and (3).

(At subsequent inspections, total costs are also calculated

using equation (4).) Equations (7) and (6) then provide the
density function of flaw sizes immediately after the first
inspection and this density is used to initiate the sccond cycle
of simulated operation. The process is repeated for a specified
number of cycles (aircraft life). This process is described in
greater detail in Section III,which presents a description of the
computer program and its use.

2.2 DISCUSSION

The mathematical model presented in the previous paragraph
depends on basic assumptions regarding the process of crack growth
and repair during operational usage. The assumption regarding
independence of crack detection between details is a probabilistic
assumption which is non-controversial and permits characterization
of the cost of repairs in terms of the binomial distribution. A
second class of assumptions are those which relate to the equivalent
distribution of crack sizes. This method of characterizing initial
and repair quality has met with general acceptance in the Air
Force and the only difficulty in the application is the specifica-
tion of the proper distributional family and the values of the
parameters of the distribution. Similarly, the concept of the
probability of detection of a crack as a function of crack size
is well accepted but a specific distribution form and specific
parameter values for an NDI method may not be known. The mathe-
matics of the crack repair cost model, however, do not depend on
the specific family or its parameters for either of the latter
types of distributions.

The method of simulating crack growth in equation (8) is,
however, a different concept which requires discussion. In the

following two paragraphs, a heuristic argument is presented for
the use of this model.




2.2.1 Crack Growth

The crack growth model of Yang is based on the
assumption that incremental crack growth during the ith flight
is given by

& c
Aa; = b aj_; o @ X (13)

After t flights, a crack of initial length a, would be given by

c-1l, 1/1-c

a=a, [1 + (1-¢) b t a, ] (14)
In particular, Yang states that for aluminums, c = 2, so that
a5
a = — (15)
l1-b t a,

This model is completely deterministic in that a given initial
crack length completely determines the history of the growth of
the crack.

Now crack growth tests from simulated operational
usage have indicated that a model of the form

a =a_ exp (b t) (16)

also fits the data reasonably well for values of t less than the
design life. As an example, Figure 1 presents crack length data
(with a least squares fit of the exponential model superimposed)
from crack growth tests during the F-5 damage tolerance assessment,
Reference (10). This example is typical of the early stages of
crack growth where the growth is very slow. Thus, there is evidence

é
£
|
|
1]
¥
[

to indicate that the exponential model may provide a reasonable

(if not good) approximation for crack length as a function of time.
This is particularly true for the earlier stages of crack growth
(up to half crack life) which are the periods of major interest in
the calculation of the expected cost of crack repair.

The exponential model results from the assumption
that the crack growth during flight i is directly proportional to

10
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Figure 1. Crack Length Data From Tests of F-5 Structure.
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the crack length at the start of the flight: 1

ba; = b a;_, (17)

Thus, the exponential model is the special case of equation (13)
with ¢ = 1. Given a crack-length versus number-flights data set
for a detail of interest under the anticipated loading history,
the parameter of the model can easily be calculated, e.g.,by a
least squares estimate.

To consider the crack growth model from another
approach, assume that

da _ m

g b (AK) (18)
where

AK = B (a) ¥ ma Ao (19)

B (a) = factor dependent on crack length and geometry.

This crack geometry model has often fit empirical data in the mid
ranges of crack growth and provides an acceptable fracture mechanics
model for fleet modeling where actual stress time histories in each
aircraft will not be available (Reference 1l1). For aluminum,

values of m in the range of 3 to 4 are commonly observed.

During flight i an aircraft will experience ng load
cycles and the crack will grow an increment Aai where
nj
ba; = jil A 24,3 (20)
Assuming negligible error results if crack length at start of
flight is used to calculate all increments during the flight,
substituting from (18) and (19) fields

nj
Aa, &
1 =

b [/7 Bla;)va; ch]m
1

j

s
b ™2 (g™ (a;) a; m/2 L (Ao )™
o

12




Since the exponential model has been observed to fit crack length
data in some applications, it may be reasonable to assume that for
the Aa ranges of interest that

m m/2

8 1

(ai) a @ a.

Thus, there exists a constant b such that the crack growth during
the ith flight is given by

Aai = ba Xi (22)
where
ni =
xi = I  (ho.)
j=1 3

Since the number and magnitude of the stress cycles to be encountered
in a randomly selected flight are not known, Xj can be considered

as a random variable which accounts for the stress cycles of the
flight. If the crack growth tests for the structural detail were
based on a random spectrum which meets some baseline usage, the
exponential crack growth curves could be considered as resulting

from the statistical model

E (Aai) =Db E(Xi) a. (23)

The statistical approach introduced by equation (23) will be further
developed in the next paragraph.

2.2.2 Flight by Flight Variability

In the previous paragraph, a heuristic argument was
presented for modeling the incremental crack growth during flight i
by the equation

ba; = b a;_1 X

i (24)

where b is a constant determined from specimen test, aj1 is the
crack length after i-1l flights and X defined by equation (23),
is a random variable which characterizes the non-deterministic
stress history to be encountered during the ith flight. Using

this relation, it is easily shown that the crack length after t

PRONTPCT S S WS -3




flights is given by
a, = a, —ﬁ— (1+b X;) (25)
i=1
from whence
Ln at - &n ao ol Ln (l+b xi)
i=1
f Since b X; = Aai/ai_1 <<| over the crack range of interest, it
i can be shown that
I t
&n at - &n ao = b .Z xi
i=1l
or
€t
3 a, = a_ exp (b ‘2 Xl)
i=1
(26)
o= bX (t)
a, e
i -
where X(t) = by Xi.
i=1

By the Central Limit Theorem, when t is large (>50), X(t) can be
assumed to have a normal distribution with mean and variance given by

=
(24
1]

t E(X.)
. (27)

Q
[}

t var (xi)

Thus, it can be assumed that the random usage factor of the crack
growth model has a normal distribution as specified in equation (10).

Now the crack growth rate parameter, b, will be
estimated from a baseline spectrum which represents the anticipated
stress environment. Rather than calculate E(xi) for this spectrum
to obtain a growth rate parameter that is independent of the baseline
spectrum, a single growth rate parameter which includes the baseline
environment can be calculated and the flight by flight variation can
be expressed in terms of the coefficient of variation. Thus, if b is




calculated from the baseline spectrum and the aircraft of the fleet
are flying this spectrum, then

g

* (28)
g

o, = T .
E(Xj)

In the absence of specific stress history data, neither E(xi) or

oxi can be known. However, coefficients of variation of the Miner's
damage/ flight have been calculated in a few cases and these values
provide an indication of the relative magnitude of the variability
of crack growth per flight. These values range from about unity
(o=p) for specific well defined missions to approximately 4 (o=4u)
for composites of several missions of a fighter/attack aircraft.
Such large coefficients of variations would also be expected for the
random variable X0 equation (23), since both metrics are a function
of the number and magnitude of the same random number of random
stress cycles.

Since the crack growth model is directly dependent
upon E(xi), equation (27) suggests a simple test of equality of
sample means as a method for determining if operational usage is

|

different from that of the baseline spectrum. Sample size considera
tions could also be expressed in terms of number of flights to be
monitored to obtain a pre-determined precision in the value of
E(xi)’ These statistical considerations have been considered in
Reference (12) which used average Miners damage/flight as the
monitoring parameter. However, the statistical considerations would
transfer directly to the new parameter E(xi).

Note that the model for accounting for flight to
flight variability in crack growth during operational usage depends
on the assumption that the stress environment encountered by a
particular aircraft during a flight is a random selection of all
such flights of all aircraft of the fleet. 1If a particular aircraft
flies a gnectrum that is biased toward the severe side, it will, of
course, experience crack growth greater than that predicted by the

15




model. Individual aircraft tracking is required to account for
specific aircraft usage.




SECTION III

APPLICATION OF MODEL

A computer program was written to calculate the predicted
crack repair costs (PCRC) in accordance with the model expressed
in the previous paragraphs. Figure 2 presents a schematic of the
calculations and indicates the iterative nature of the computation.
The issue specifies a set of input data related to flaw sizes,
cost of inspections and repairs, and number of inspection cycles.
At each inspection, the program outputs the percentage of cracks
in each repair interval which was identified by the inspection
process, the total percentage of cracks found, the expected value
and standard deviation of the inspection and repair cycles, and
the cumulative cost totals. At the users option, the program will
also print out the density functions of the crack sizes immediately
before and after the inspections.

In writing the program, specific assumptions regarding the
equational form of distributions had to be made. 1In the following
paragraphs, all of the input parameters required by the program
are discussed. The input parameters are considered in three

groupings: (1) flaw size parameters, (2) inspection and repair
parameters, and (3) program parameters. The last paragraph of
this section presents the program and its user's manual.

3.1 FLAW SIZE PARAMETERS

The input parameters related to flaw size are the equivalent
initial and repaired flaw size distributions and the crack growth
parameters. Each of these is discussed in the following.

3.1.% Initial Flaw Size Distributions

The equivalent initial flaw size distribution is
a concept used to quantify the concept of manufacturing quality.
Direct measurements of initial flaw sizes cannot be made so that

the distributional family that is used to represent initial quality
must be inferred from other data. One method is to measure the
cracks in a structural item after exposure to a stress environment
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and using that stress environment to back calculate the "initial"
crack size at time zero. Reference 8 presents the distributions
obtained from A-7D and F-4 C/D aircraft. The A-7D initial hole
quality data is represented reasonably well by the Weibull family
of distributions. The F-4 C/D data deviate from the Weibull family
particularly for the very small crack sizes. (The F-4 C/D have
been fit by a Johnson Su model but the use of this particular 4
parameter family cannot be justified for any other data set.
Further, there is some question regarding the homogeneity of the
data points of the F-4 C/D data set (Reference 7).)

Since the two parameter Weibull family of distri-
butions provides four different slopes of the density function, since
it is a commonly accepted and used distribution, since it is
analytically easy to manipulate, and since it is a reasonable
model for at least one data set (the A-7D), this family was
programmed in the model for the specification of equivalent
initial hole quality. If the user prefers another two-parameter
distribution a new FORTRAN equation must be entered for the FUNCTION
FO(X) subroutine with the parameters defined as FOALPH and FOBETA.

If a distribution with three or more parameters is desired,

additional changes to the input logic will be required.

The density function and cumulative distribution

function of the two-parameter Weibull distribution are given by

£(y) ly/81%"" exp - [y/81% (29)

=
B

F(y) = 1 - exp - [y/8]°

The shape of the distribution is determined from a while B is a
scale parameter and 63 percent of the distribution is always less
than B (i.e.,F(B) = 0.63). B is also known as the characteristic
value. Figure 3 presents plots of the Weibull density functions
for 5 values of the shape parameter. For each value of o, the E

P W, et 957

scale parameter, B, was determined such that

F (0.050) = 0.999
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This vlaue was selected since it is representative of the type of
equivalent initial quality that is required by Mil Std 1530A.

Note that for a<l, the density function is asymptotic to the
vertical axis and a high percentage of the cracks is very small.

For a=1, the exponential distribution results. For a>l, the density
function will have 1 or 2 points of inflection and as o increases,
the scatter about the median decreases and the median increases.

The data from the A-7D and F-4 C/D initial hole quality studies
result in values of a between 2 and 3.

Given a set of equivalent initial hole quality
data which is applicable to the structural detail of interest,
the Weibull parameters can be estimated through graphical (Weibull
probability paper) or analytical (maximum likelihood) methods.
Given the data points the appropriateness of the Weibull family
could also be tested. In the absence of data, however, the values

of the parameters must be inferred from other information. For

example, if a quality control process has been shown to be effective
at detecting flaws of a given magnitude with a high probability,
this information can be interpreted as a point on the cumulative
function.

In general, either a or B can be calculated from

a specified value of the other and from one specified point on
the cumulative distribution functions. Given a and the point
F(Yp) = P, then

. B = - (30)

(-2n(1-p) 11/ @

For example, if it is assumed that the shape parameter, a, is
two in accordance with the A-7D data and it is shown that 99.9
percent of all initial flaws are less than 50 mills, i.e., flaws
greater than 50 mills are eliminated by quality control, then

F(0.050) = 0.999
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and

i 0.050

[ -!Ln(l—0.999)]l/2
= 0.019 inches

Given B and the point F(yp) = P, then

¢n [~%n (1-p)]
n yp - n B

(31)

For example, if assumed as before that 99.9 percent of all initial
flaws are less than 50mills and that the characteristic value of

an initial flaw size is 20 mills, then

¢n[-4n (1-0.999)]
2n(0.050)-2n(0.020)

a=

= 2.11

If two points on the cumulative distribution
function are specified (yl, Pn) and (yz, Pz) then

&n yl-ln Y2

B=exp ( ] (32)
A-1
where
Ln[-2¢n(1-P)]
A = £
Rn[-ln(l—Pl)]
and

ln[-zn(l-Pl)]

o= (33)
n Yx- n B

For example, if 99.9 percent of initial flaws are less than 50 mills
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and 50 percent of the initial flaws are less than 20 mills, then

< 4nl-2n (0.001)]
¢n[-2n (0.50)]

= -5.27306

g =(_Atn (0.020)-2n (0.050)
A-1

0.0231

¢n_ [-%n (1-0.50)]
¢n (0.020)-2n (0.0231)
= 2.51

In the program, the shape and scale parameters
of the initial crack quality distribution are denoted by FOALPH
and FOBETA, respectively.

3.1.2 Crack Growth Parameters

There are four parameters in the program which
are identified as crack growth parameters. These are (1) the
number of flights between inspections, UT; (2) the average crack
growth rate constant for the baseline usage, UB; (3) the bias
factor which reflects change in usage from baseline, UM; and
(4) the flight by flight variability factor which is the coefficient
of variation of the flight by flight measure of the stress environ-
ment, US.

The number of flights between inspections is
entirely at the discretion of the user. If inspection intervals
are planned in terms of flight hours rather than number of flights,
the average flight length provides an acceptable conversion to
number of flights. This parameter is considered as a crack growth
parameter since it is required in the statistical distribution
which describes effect of flight to flight variability on crack
growth, equations (28) and (12).
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I

The crack growth rate parameter b, or UB in the
program, can be estimated from the results of random, flight by
flight crack growth tests. A least squares fit of equation (16)
would provide an estimate of b and if multiple specimens were
tested to the same spectrum, an average of b values would be
used in the model. Similarly, a crack length vs. number of flights
curve could be generated by a cycle by cycle crack growth equation
for the baseline spectrum and b could be determined to provide a
fit of equation (16) to this curve.

| In the absence of data or for analytical studies
not related to specific details, reasonable values of b can be
inferred from assumptions regarding the expected safe life of

a detail and the initial quality distribution of a detail. For
example, if it has been demonstrated or assumed that flaws of a
magnitude greater than a, will be detected by the manufacturer,
that ag is the critical crack length for the detail, and that the
life of a detail is TC flights, then

and

b = n acT— &n aop (34)
[ 24

If the safe life estimate Tc is conservative (short) then the crack
growth parameter will be conservative (large).

To provide an indication of the magnitude of the
crack growth rate parameter, Table I presents the least squares
estimates obtained from specimen crack growth test for the F-5 E/F
aircraft, Reference 10. Two specimens were tested under identical
test conditions so that the observed differences in b values for
the duplicates are due to uncontrolled sources of variation.

Note that each individual crack growth curve was fit very well by
the exponential model but that for some specimen types, signifi-

cant differences in estimated b values were obtained from duplicate
tests.
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The usage bias and flight by flight variability
parameters can be considered together. 1If the anticipated stress
environment is equivalent to that of the baseline spectrum, there

will be no usage bias and the usage bias factor is unity. If the
anticipated environment is different from the baseline, the ratio
of anticipated usage severity to baseline is the usage bias
parameter. Equation (23) expressing a flight by flight usage
parameter in terms of the summation of a power of stress changes
is a parameter which may provide a measure of this usage. Further
development is required on the application of this parameter.

TABLE I

Crack Growth Parameters From
F-5 E/F Specimen Tests

Specimen Max Spectrum ~ o 4
Identification Stress ag b(X 107) r
o1l wl 32910 .020 2.93 .999
01 W 2 32910 .018 2.40 .999
02 Wl 29120 .019 2.07 .999
02 w 2 29120 .024 1.68 .999
03 W1l 30150 .029 2.62 .978
03 w2 30150 .029 2.20 .997
04 wl 33730 .027 2.62 .995
04 W 2 33730 .022 1.56 . 997
05wl 30810 .037 217 . 996
05 W 2 30810 .036 4.38 .992
06 W 1 + 29030 .054 1.12 .993
06 W 2 + 29030 .049 1.19 .994
08 W 1 36880 .023 4.63 .995
08 w 2 36880 .017 5435 .996

The flight by flight variability parameter required
by the program is the coefficient of variations of the flight by
flight usage parameter. No experience is available for the usage
parameter defined by equation (23) but Mincrs damage calculations
indicate that any realistic metric of flight by flight structural

damage will,in general, have an erratic distribution with a
standard deviation at least equal to the mean. For Miners damage
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and some mission types on fighter aircraft, coefficients of variation
greater than 3 have been observed, c.f. Reference 12. Actually, in
the examples of Section IV it will be shown that the expected cost

of crack repair is extremely insensitive to this parameter. This
point will be discussed later.

3.1.3 Repaired Flaw Size Distribution

After a crack has been detected and repaired, it
is assumed that the detail has an equivalent crack that is described
by the repaired flaw size distribution. Thus, the exact crack
size for a particular detail is not known; but knowing the distri-
bution would permit calculation of the probability that the
equivalent crack is in a specific interval. Further, if a large
group of details 1is repaired, the repaired flaw size distribution
would provide the percentage of the details that have equivalent
cracks in a specified interval.

In the program, it is assumed that the equivalent
repaired flaw size distribution is from the two-parameter Weibull
family. The reasons for choosing the Weibull family are the same
as those for selecting the Weibull family for the equivalent initial
flaw size distribution. If a different two-parameter family is
desired, the change can be accomplished by making the appropriate
changes in the FUNCTION FR(X) subroutine. The methods for
estimating the parameters of the repaired flaw size distribution
are the same as those presented for the initial flaw size distri-
bution in Paragraph 3.1.1. Note that the model assumes a constant
repair qguality for each inspection and for the repair of all crack
sizes.

3.2 INSPECTION AND REPAIR PARAMETERS

The input data which are identified as inspection and repair
parameters are the cost of each inspection, the function which
specifies the probability of crack detection, and the costs of
repair for the details identified as having cracks.
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S e Cost of Inspection

The model uses a predetermined cost of inspection
at each inspection cycle. This cost is independent of crack size
and represents a particular detail's share of the total cost of
preparing the airplane for inspection as well as the cost of the
time required to inspect the actual detail. Since the location
of the critical detail could greatly influence the time required
for its inspection, the estimate of the inspection cost can only
be based on an analysis of the total inspection plan. For example,
an accessible critical location may be easy to inspect in the field
while an inaccessible critical location may be inspected only during

a PDM at a time when many other maintenance actions are performed.

The program is designed to permit a different cost
of inspection at each cycle. This feature could be used to account
for different inspections occurring in the field or in the depot.
In order to set up an array for multiple inspection costs, the
user is asked to specify whether or not multiple inspection costs
will be specified. 1If not, the user enters the single value. If
so, the user enters one value for each inspection cycle.

Jeded Probability of Crack Detection

The non-destructive'inspection teghniques currently
in use in the Air Force are not capable of detecting all cracks
in the zone of inspection. Since the likelihood of a crack being
detected depends on a large number of factors (length, shape,
location of crack; NDI method; ability of inspector; location of
inspection; time of day; etc.) crack detection capability has
been characterized in terms of the probability of detection (POD)
as a function of crack length. The other factors which influence
crack detection are accounted for either by degrading the POD for
a particular crack length due to the scatter introduced by the
factors or by determining POD curves for major controllable
stratifications of the population of all NDI inspections. Thus,
there may be a POD curve for each combination of inspection techni-
gque and structure type but the personal factors which influence
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the inspector (time of day, day of week, mental attitude, etc)
would have to be measured in terms of scatter in POD for a crack
of fixed length.

For the computer program of the model it was
assumed that the probability of crack detection as a function of
crack length can be described by a cumulative Weibull distribution.
This family of distributions was selected since it includes the
exponential distribution which has been used in the past as a
model (Reference 6), and also since it was used to characterize
POD in a recently completed study for the Air Force (Reference 13).
Further, due to the extreme scatter in the percentage of inspectors
who detect cracks of almost equal length, there are many families
of distributions that could not be rejected as models for the data.
Since the Weibull family has an analytically simple form, it provides
a convenient and acceptable model. If the user desires,any other
two-parameter family can be substituted by making changes to the
FUNCTION H(X) subroutine. It should be noted, however, that H(X)
must approach one as X increases to insure the consistency of the
mathematics of the model. Probability of detection curves are
often shown as being asymptotic to a value less than one. If such
a curve is desired, it must be set equal to unity, at some crack
length. The incorporation of such a POD would require significant
changes in the programmed model.

The probability of crack detection in the program
input requires the specification of the shape (HALPH) and scale
(HBETA) parameters. These values should be estimated for the type
of structure and NDI method that will be used during the inspections.
Figure 4 presents the probability of detection for four values of
the shape parameter and a common characteristic value of 0.1 in.
The data of Reference 13 indicate that a characteristic value of
0.1 in. would be reasonable for eddy current surface scans around
countersunk fasteners in skin and stringer wing segments. This
data also indicates that the smaller shape parameters (long tail)
are more descriptive of current capabilities than the less spread

distributions which result from larger shape parameters.

28

T

o e o

T




‘uoT3De3Ag YOeID JO SITITTTeqOoxd [TNqTaM *p 2InbTg
9218 oeid
ov°0 0g-0 0Z°0 0T°0
y
A e
5y \
/
/ "4 /
/ / \
[ 59
\ \.\.\\n.
\ \\ \. |
\\\.\c
Ve
A7,
. L
0°I=0 i . 7/ G 1=
SL°0=P—g \\\\A..\ 4 \\ . T
e = Ba-csieoly f, \.\\ \\ 0°€E=p0

2’0

Vo

9°0

uot3de3lag Jo A3TrIrTqeqoxd

29




3:.2.3 Cost of Repair

Three types of data are required in the input
related to cost of repair: the number of details in the population,
the crack sizes which determine the four levels of cost of repair,
and a cost value for each of the repair levels.

The number of details in the population is
required in the calculation of the expected value and standard
deviation of the costs of repair at an inspection. This is the
total number of details in the fleet which are being subjected
to an equivalent stress environment with equivalent crack
detection probability and inspection and repair costs. 1In the
simple case of one critical location per aircraft, this parameter
is the number of aircraft in the fleet. 1In the program, the
parameter is entered as the number of items, N.

The calculation of the expected cost of repair allows
for four ranges of crack size with a (possibly) different repair
cost for a crack in each range. This provision is based on the
assumption that it may be more expensive to repair large cracks
than small cracks. For example, oversizing a fastener hole may
be an inexpensive and viable method for repairing a small crack
but if a crack exceeds a certain length, an entire panel may
require replacement. Further, if the replacement cost of the
aircraft is entered as the cost of repair for the largest critical
flaw size, the expected costs of catastrophic failure are also
included in the model.

There are four critical flaw sizes which define the
four ranges of cost repair. 1In the input to the program, these
are denoted as AA(I), I=1,4. The four ranges are: AA(l) to AA(2);
to AA(3); AA(3) to AA(4); and greater than AA(4). If any crack
that is discovered is repaired, then AA(l1)=0. In the case of cracks
from fastener holes typical values for AA(2), AA(3), and AA(4) would
be determined such that repair is accomplished by oversize
drilling and installing a new fastener. For example AA(2)=0.016,
AA(3)=0.032, and AA(4)=0.064. For this set it would be assumed that




replacement (maximum repair) is required for cracks longer than
0.064.

The cost to repair a crack in each of the ranges
would depend on the location and would be estimated from current
experience. It is possible that different types of repair could
be performed at different costs and the result would be different
equivalent repaired crack size distributions. Cold working after

oversize drilling would be an example of increasing a repair cost
and obtaining a better repaired crack size distribution.

The repair costs are defined in the input as
COST(J), J=1,4. Four cost values are required even if some are
repeated.

3.3 PROGRAM PARAMETERS

Two other parameters must be specified as part of the data
input. These are the crack size increment, DELTA, and the number
of iterations of the inspection and repair cycle to be performed,
I CYCLE. These parameters influence only the operation of the
program.

DELTA controls the number of points at which the
f-(a) and ft*(a) functions are calculated. Since an integration
is required at each a value, DELTA should not be chosen arbitrarily
small. However, computational accuracy can be lost if DELTA is
chosen too large. A value of DELTA approximately equal to 1/100

of the crack range was judged to provide sufficient accuracy and
acceptable run times.

I CYCLE merely limits the number of iterations of
the inspection/repair calculations to the desired number. The
product of I CYCLE and UT (inspection interval) determines the
fleet life being covered in the simulation.
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3.4 PROGRAM LISTING

The program users manual and listing are presented in
Appendices A and B. The users manual is on a separate card deck
and does not necessarily have to be considered as a part of the
program. Appendix A presents instructions for calling the users j
manual if it is entered in the computer, a listing of the manual, :

and sample output from one cycle of a representative computer run.

Appendix B contains the complete program listing for PCRC
(Predicted Crack Repair Costs). This program was written for the
CDC 6600 computer located in the Aeronautical Systems Division
Computer Center, Area B, Wright-Patterson Air Force Base. It is
possible that differences in computer systems could prevent the
direct running of this program on other computers. The program
also utilizes four programs from the International Mathematical
and Statistical Library (IMSL). These routines are used in the
calculation of integrals ( DCADRE and DCSQDU) and for inter-
polation by spline function fitting (ICSICU) and evaluation
(ICSEVU) .

The first 277 lines of code control the input, execution,
and output of the program. These are followed by the definition
of 8 subroutines, of which, only 2 have not been discussed in detail
in the preceding paragraphs. Function U2D is a subroutine which
evaluates the argument in the calculation of FMINUS, egquation (12).
Function FPLIN controls the spline fitting used in interpolating
to obtain intermediate functional values in the numerical integration
routines.

Results from the programs have been verified under a variety
of input conditions. However, due to the nature of the numerical
computations, it is possible that inconsistent, ill-defined, or
illogical input conditions could be specified which would cause
failure of the program. Since such failures would not necessarily
preclude completion of the run, the output should always be
evaluated to insure that the results are reasonable.
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SECTION IV

EXAMPLE RESULTS/SENSITIVITY STUDY

To illustrate the use of the Predicted Crack Repair Cost
computer program, a series of example problems were run which
also demonstrate the effect of variations in input parameters on
the predicted. This section presents an example for defining
an input data set and the results of the limited sensitivity
study which was conducted.

The approach taken in the sensitivity study was to define
a set of "standard" input conditions which are reasonably
realistic with respect to Air Force experience and to vary only
a small portion of the parameters during any one particular set
of runs. The large number of possible combinations of the input
parameters prohibited a more general approach in which all
possible combinations are studied. Thus, the conclusions of
this sensitivity analysis must be interpreted in this restricted
framework. In particular, the costs of inspection and repair
can greatly influence the sensitivity to some parameters and the
allocation of a portion of the total cases of inspection and
repair for an airplane to a single structural detail is not
uniquely defined. If a user prefers any major deviation from
the input "standard" conditions, a new set of computer runs should
be generated to test the variables of interest.

The crack growth parameter values for the representative
"standard" set were derived from the assumptions that the critical
crack length, ag, for the structural details was 0.24 in., that
the probability of an equivalent initial crack being greater than
0.050 in.and passing the manufacturers quality control system
was 0.001, and that the design life of the aircraft was 6000
flights. Based on these assumptions, the rationale for the
assignment of specific parameter values (in the order requested

by the program) is as follows:




Inspection interval: UT=2000; convenient fraction of
design life
Growth rate: UB=0.0002614: from equation (34) with above
assumptions
Usage Bias: UM=1.0; design usage
Flt. by flt. variability: US=3.0; representative value
observed in Miners damage
o Shape parameter: FOALPH=2; representative values
observed in F-4 data
FO scale parameter: FOBETA=0.019; from assumptions
and equation (30)
FR shape parameter: FRALPH=2; repaired flow distribution
is equivalent to initial
FR scale parameter: FRBETA=01019; repaired flaw distri-
bution is equivalent to initial
H shape parameter: HALPH=1; representative from
inspection reliability data
H scale parameter: HBETA=0.l; assumed value for
ultrasonic roto-scanner with fastener in
Crack Length Increment: DELTA=0.004; sufficient resolution
for density functions
Number of Inspections: ICYCLE=6; perform calculations
to 12000 flight lifetime
Number of Items: N=1000; assume a fleet of 1000 aircraft
Inspection flaw sizes:AA(I), I=1,4 =0.000, .0l6, .032,
.064; repair by oversize drilling unless crack
is greater than 0.064 in. which then requires
replacement of entire panel
Repair Costs: COST(j), J=1,4=3, 3, 3, 100; cost of
oversize drilling and new bolt for cracks less
than 0.064 in; proportionate share of panel
replacement (among many fasteners) for cracks
over 0.064 in.
Inspection cost: AIC=5000; assume proportionate share
of ultrasonic roto-scanner inspection with
fastener in is $5.00 per detail for each of the
1000 details.
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Variations from the above set of standard conditions
were investigated for inspection intervals, inspection capabilities,
repair quality, baseline usage, and repair costs. 1In addition,
variations in equivalent initial and repaired flaw quality were
analyzed by changing shape parameters for the fixed 99.9
percentile and also by reprogramming two other families of distri-
butions. The results of these studies are presented in the
following paragraphs. To display the changes in the crack size
density distributions, Figure 5 displays the densities for the
standard conditions immediately after the repair cycles.

4.1 COMPARING INSPECTION INTERVALS

To compare the effect of time between inspection intervals
on the expected costs of inspection and repair, all parameters
were fixed at standard values except T. In separate runs, the
cost output was generated for inspection intervals of 1000, 2000,
3000, 4000, and 6000 flights. The results are summarized in
Table II which presents the total percentage of cracks which were
identified and repaired, the expected value and standard
deviation of the cost of each inspection and repair cycle, and
the expected value and standard deviation of the cumulative inspection
and repair costs. The calculations were carried through a
lifetime of 12000 flights to include the effects of utilization
past original design life. Note that these calculations do not
include any expected costs which could arise due to catastrophic
failure from cracks exceeding the 0.24 in critical crack size.

The results of Table II indicate that inspection intervals
of 2000, 3000, 4000 and 6000 flights have essentially the same
expected value and standard deviation of total costs over a
lifetime of 12000 flights while an inspection interval of 1000
flights is slightly more expensive. Over a lifetime of 6000
flights, however, there appears to be a cost advantage to a
3000 flight inspection interval. Figure 6, which presents the
expected total costs at each inspection interval, shows these
results and also indicates that the expected cost differences
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TABLE II. Variation in Time Between Inspections-
! Standard Values for Other Parameters

Inspaction Aircraft Life (Flights)
Interval 2000 3000 4000 6000 8000 9000 10000 12000
1000 P(i) 0.219 0.241 0.254 0.262 0.260 0.259 0.258 0.257
[ 6200 7600 9200 10900 10900 1080<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>