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An Exploratory Study of Retirement for Cause
for Gas Turbine Engine Components

J. N. Yang* and Shiung Chent
The George Washington University, Washington, D.C.

An exploratory study is made of a probabilistic retirement-for-cause (RFC) analysi§ methodology for gas tur-
bine engine components. The initial fatigue quality is represented by both the statistical distributions of the ini-
tial flaw size and the time to crack initiation. Various statistical uncertainties in the entire RFC system, such as
nondestructive evaluations, crack growth damage accumulations, etc., have been taken into account. A
cost/risk optimization analysis has been formulated to determine the optimal inspection interval and the cor-
responding life-cycle-cost savings. It is shown that the scheduled inspection maintenance can be used to improve
the reliability of gas turbine engine components significantly, and that the application of retirement for cause life
management may result in a substantial life-cycle-cost saving. Practical examples are given to demonstrate the

application of the proposed methodology.

Introduction

RADITIONALLY, the design life of most rotor disks of

gas turbine engines, which are limited by low-cycle
fatigue (LCF) life, is determined from the crack initiation life
at an occurrence rate of 1 in 1000 disks. It is at this design life
that all LCF-limited disks are retired from service. This pro-
cedure has been very successful in preventing the catastrophic
failure in service. However, in retiring 1000 disks because one
may fail, the remaining 999 unfailed disks are not utilized.
Recently, the concept of retirement-for-cause (RFC) has been
proposed!® for screening one bad part and certifying the re-
maining 99.9% for additional safe utilization of the life
capacities of engine disks.

The retirement for cause is a procedure based on the ap-
plications of fracture mechanics and nondestructive evalua-
tion (NDE), under which each rotor disk is inspected
periodically. When a crack is detected during inspection, the
disk is retired; otherwise, it is returned to service until the next
inspection maintenance. This procedure could be repeated un-
til the disk has incurred detectable damage (crack), at which
time it is retired for that reason (cause). Retirement for cause
is, then, a methodology under which an engine disk would be
retired from service when it has incurred quantifiable damage,
rather than because an analytically determined minimum
design life had been exceeded.

To implement the retirement-for-cause life management, an
optimal inspection interval should be determined such that the
life-cycle cost of engine components is minimum and a high
level of the component reliability should be maintained. To
accomplish such an objective, an RFC analysis methodology
should be developed. The methodology should be capable of
estimating the probability of component failure, the percent-
age of replacement during each inspection maintenance, the
percentage of components to be inspected by different NDE
systems, and various costs. Furthermore,.not only is the entire
RFC system complex, but also many physical quantities in-
volve considerable statistical variabilities. These include the
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time to crack initiation, initial flaw size, crack growth damage
accumulation, service loads, stress concentration factor,
nondestructive evaluation, and others. As a result, the proba-
bilistic method is a logical approach to deal with the RFC
system.?>$ Due to the complex nature of such a system, the
method of Monte Carlo simulation has been used
exclusively.>’ Although the method of Monte Carlo simula-
tion is flexible, the associated cost of computation may be ex-
cessive. Since most disks should be designed to have very small
failure probability (i.e., high reliability), the required number
of simulations will become very large.

The purpose of this paper is to develop an analytical
retirement-for-cause methodology based on probabilistic frac-
ture mechanics. The initial fatigue quality is represented, in
general, by both the distributions of initial flaw size and time
to crack initiation. A randomized crack growth rate equation
is employed and all of the statistical quantities mentioned
above are taken into account. A preliminary cost/risk analysis
is formulated from which the optimal inspection interval and
the corresponding life-cycle-cost saving, as well as the disk
reliability in service, are determined. Two examples have been
worked out to demonstrate the significant advantage of the
RFC system over the conventional design system.

Formulation

‘The component is assumed to consist of only one critical
location and the failure of such a critical location results in the
failure of the entire component. Furthermore, when a crack is
detected in such a critical location, the component will
be retired or replaced. A gas turbine engine disk, however,
usually contains many critical locations, including bolt holes,
rim holes, web holes, etc. The engine disk will be retired and
replaced by a new one if a crack is detected in any one of the
critical locations. The solution for such a component with
multiple critical locations will be described later. For simplic-
ity of derivation and presentation, service inspection
maintenance is assumed to be periodic, i.e., the inspection in-
terval is identical, as shown in Fig. 1.

Initial Fatigue Quality

One of the most important quantities in the RFC analysis is
the initial fatigue quality (IFQ), which defines the initially
manufactured state of a critical location or detail, such as bolt
holes, rim holes, cooling air holes, web holes, etc., prior to
service. In general, it can be represented by the statistical
distributions of the intrinsic material defect sizes, and the time
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to crack initiation. The time to crack initiation (TTCI) is
defined as the time (or cycles) required to initiate a reference
crack size a,. For some materials with large a,, IFQ can be
defined by TTCI alone as described in Ref. 7.

The initial defect size @(0) has been shown to follow the
lognormal distribution reasonablly well,’

1 1 [logx—g, ]2
e I s = EC

in which f,q (x) is the probability density function of a(0),
and fi, and &, are, respectively, the mean value and standard
deviation of loga(0).

The initial flaw size is separated into two populations: one
with a crack size larger than the reference crack size a,, and
the other with a crack size smaller than a,. They are referred
to as defective and nondefective populations, respectively.
The corresponding probability density functions are denoted

bY fa (3:2) and foq (1), i.e.,
Ja (52) =f0 (%),  x=a
Jum (x51) =fq (%),  x<aqq 2

The crack size in the defective population starts to propagate
after the component is introduced into service, whereas the
nondefective population has an incubation period. As a result,
the nondefective population is represented by the time (or
cycles) to crack initiation 7, that is shown to follow the
lognormal distribution®

1 1 [ logt—jir |2
R e S m EE

in which f(#) is the probability density function of 7, ji; and
& the mean value and standard deviation, respectively, of
logT, and g the percentage of nondefective population that
can be obtained from Eq. (1).

The time to crack initiation distribution can be obtained
from the coupon specimen test results and component spin-pit
test data. The general representation of the initial fatigue
quality described above is shown schematically in Fig. 2.

Inspection Procedures

The capability of a particular NDE system in a given en-
vironment can be defined by the probability of detection
(POD) for all cracks of a given length, referred to as the POD
curve. In this paper the application of two NDE systems will
be considered, where the use of only one NDE system is a
special case. When a component is accepted by the first NDE
system, it is returned to service; otherwise, it is inspected fur-
ther by the second NDE system. The component is retired or
replaced only if it is rejected by both NDE systems. The pur-
pose of employing the second NDE system is to return good
components to service as described in detail in Ref. 7.

Production Inspections

The POD curve for the first NDE system used in a produc-
tion inspection is expressed by the log odd function

explagtBiba)

POD(g;1,p) = v
1+exp(af + Bina) @)

and the POD curve for the second NDE system is given by the
Weibull function

POD (a;2,p) =0, a<e,

:1—exp{—<a;:0 )ao}, aze  (5)
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in which POD{a;1,p) and POD (@;2,p) are the probabilities of
detecting a crack size ‘‘@’’ by the first and second NDE
systems, respectively. The constants «g, 8§, ag, By, and ¢
should be determined from the test results for the NDE
systems under the particular inspection environment, Note
that the POD curve depends on the geometry of the critical
locations being inspected.

Thus, the probability of detecting a crack size “‘@” (or
replacing a component) using two NDE systems during pro-
duction inspections, denoted by F(a;p), is given by

Fp(a;p) =POD(a;1,p)POD (2;2,p) 6)

For the special case in which only one NDE system is used, one
has

Fp(a;p) =POD(a;1.p) )

Service Inspections

The NDE systems used for service inspections at the depot
level may not be the same as those used in the production in-
spection. However, even if they are identical, the POD curves
may not be the same. This is because the POD curve depends
on the surface condition of the critical locations being in-
spected. The surface conditions at the production stage may
not be identical to those of the disassembled components at
the depot level. The POD curve for the first NDE system used
in the service inspection is expressed by’

exp(a* +5*ha)
L +exp(o* + B*ha)’

POD(a;l) = O<a<o ®)

and the POD curve for the second NDE system is given by’

POD (a;2) =0, a<e
=1—exp{—(“;>“}, 4> ©

where o*, B*, «, 3, and e are constants.
The resulting probability of detection under two NDE
systems during service inspections is given by

F,,(a) =POD(a;1)POD(a;2) (10)

For the special case in which only one NDE system is used,
Fp(a) is equal to POD(g;l1), i.e.,

Fp(a)=POD(a;1) (11

Production Replacement and K Account

New components are introduced into service only if they are
accepted by production inspections. The probability that a
manufactured component will be replaced during production
inspections is given by

£= | fuw (OF (xip)x (12)

in which £, (x) and Fj (x;p) are given by Eqs. (1) and (7),
respectively.

The new components used for replacement should also be
inspected. Therefore, the total probability of replacement dur-
ing production inspections, denoted by R(0), is obtained as

RO =(+2+3+...= Eg“k:L (13)
k=1 1-¢

in which ¢ is given by Eq. (12).
The probability that a manufactured component will be in-
spected by the second NDE system (or rejected by the first
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NDE system) is given by
t={ fun CIPOD(1,p)dx a4

Since the new components used for replacement also may be
rejected by the first NDE system, the total probability that a
component will be inspected by the second NDE system, re-
ferred to as the probability of production K account, is ob-
tained as

K(0)=£+ER(0)=£[1+R(0)] (15)

in which £R(0) is the contribution from replaced components.

It should be noted that the probability of production
replacement, R(0), and the probability of production K ac-
count, K(0), can be interpreted as the average percentage of
production replacement and the average percentage of pro-
duction K account, respectively.

Modification of Initial Fatigue Quality

The initial fatigue quality defined by Eqgs. (1-4) has been
modified by the production inspections and replacements
described previously. If f o+, (x) denotes the probability den-
sity function of the initial flaw size @(0*) after production in-
spections and prior to service, then it follows that

fa(0+)(x) =fa(o+)(x;1), x<dy
=fao+) (X:2), XZay (16)

in which f o+ (x;1) and f,+) (x;2) represent the probability
density functions of the defective and nondefective popula-
tions, respectively, after production inspections. They are
given by
Jaor) (531) =foq (DFp(xp) /D, x<ay (A7)
Jao+)(6:2) =Sy (62)Fp(x;p)/D,  x=za
=0, x<a, (18)
where f,) (x;1) and f) (x;2) are given by Eq. (2), and
b (x;p) =1—=Fp(x;p) (19
is the probability of missing a crack size x during production

inspections. In Egs. (17) and (18), D is the normalization fac-
tor such that the integration of f,+,(x) is unity. Integrating
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Eq. (16) and using Eqs. (12) and (17-19), one obtains
D=1-¢ (20)

The percentage of nondefective population after production

inspections, denoted by 7, is given by

%
=],

Since the nondefective population is defined by the distribu-
tion of the time to crack initiation 7, the probability density
function of T should be modified by the factor vy rather than
qr, i.e.,

_ yloge {__L(logt—ﬁT)2} (=0 (2
fr(t)—me)(p 2 ———67- , =0 (22)

Fatigue Crack Propagation
A deterministic crack growth rate equation was proposéd
for the RFC analysis as follows’:

i"——QSV b @3)

1
Ffa(O) (1) Fp (x;p)dx 21

in which da/d¢ = crack growth rate; Q, V, and b are constants;
and S is the ‘‘normalized’’ maximum stress in the design spec-
trum, in the sense that S=1 represents the nominal design
spectrum.

Equation (23) is randomized using the lognormal crack
growth rate model’10

da
Rl (24
dt =2Qa" '

in which Z is a random variable accounting for the following
contributions to the scatter of the crack growth rate:

Z=H,H,H,H,S" (25)

where H,, H,, H;, H,, and S are random variables denoting
the contributions to the statistical variability of the crack
growth rate from various sources. H, represents the material
variability; H, the variability of crack geometry, such as
aspect ratio, stress intensity factor, etc.; H; represents the
variability of crack modeling, e.g., two-dimensional crack
model, etc., and H, represents the variability of crack growth
damage due to each equivalent cycle. For instance, two stress
records may be modeled by the same number of equivalent
cycles, but the corresponding crack growth damages are not
identical. Finally, S denotes the variability of the induced
stresses resulting from variabilities of the service loads,
temperature profile, and the stress concentration factor X, in
each hole.

All of the random variables H,, H,, H,, H,, and S are
assumed to follow the lognormal distribution with the median
value equal to unity (i.e., taking values around unity). It
follows from Eq. (25) that the random variable Z is lognormal
with the median value Z equal to unity, i.e., Z=1.0. Thus, the
deterministic crack growth rate equation, Eq (23), represents
the median. crack growth behavior, whereas the statistical
variability of the crack growth rate is taken care of by the
lognormal random variable Z.

The mean value fi; and standard deviation &, of logZ are
obtamed from Eq. (25) as, fiz=logZ=0, ¢%=0% a},z +
ot +aH4+ V20%, where oy, 0y, Ony, and oy, are the stan-
dard deviations of logH,, logH,, logH;, and logH,, respec-
tively, and oy is the standard deviation of logS.

Thus, the probability density function of Z, denoted by
fz(z), is given by

I 1 /1
fz(Z)=Tof—zea—exp{—-—2—< Zgzy}, 0sz<o (26)

z z
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Nonreplacement Policy (Nonrenewal Process)

First, the nonreplacement policy shall be considered, in
which components are not replaced when they fail in service or
are retired during service inspection maintenance. Thus, the
fleet size decreases monotonically as a function of service
time. This is referred to as the nonrenewal process. Solutions
under the nonreplacement policy will be derived in this subsec-
tion, from which solutions under a replacement policy will be
derived later.

Consequently, the probability density function of the crack
size described later is not normalized, in the sense that the in-
tegration does not result in a unity, because the crack popula-
tion reduces monotonically.

First Service Interval (0,7)

At the end of the first service interval, 7, the probability
density function of the crack size in the region a=a, is con-
tributed by both defective and nondefective populations, see
Fig. 2.

The contribution from the nondefective population comes
from those cracks initiated in (0,7). Such a contribution,
denoted by f7,, (x;2) =f$, (x;2), has been derived in Ref. 7

S (x62) = S;fz (W=t 10— fr(0)dt,  x=a,
@7

in which f7(¢) is the probability density function of TTCI
given by Eq. (22), and

W(x;r—ty=[cQ(r—1)] "M (agc—x~°)
I(x;r—1) =[Q(r—1)]1" " (x) ¢! (28)

where
c=b-1 29)

and b is the crack growth rate parameter [see Eq. (24)].

The contribution from the defective population, denoted by
Jan (x32), can be obtained by integrating Eq. (24) from a(0")
to a(r),

a(r)=a(0*)/[1—a‘(0*)eQrZ]e (30)

in which both a(0*) and Z are random variables. The condi-
tional probability density function of a(7) given Z=z is de-
rived first from f,4+) (x;2) of a(0*) given by Eq. (18) through
the transformation of Eq. (30). Then, the theorem of total
probability is applied, with the following results:

Fitr 0520 = | o) [V (6,202 (im0 (2042, w24y
° Gy

in which
Y(x;7,2) =x/(1+7¢Qzx)V¢
J(x;7,2) =1/(1 +7¢Qzxc)/e+! (32)

It should be noted that f,,+,{Y(x;7,2);2] =0 for Y(x;7,2)
<ay, as indicated in Eq. (18).

The probability density function of the crack size, a(¢) at
any service time ¢, in the region smaller than the referenced
crack size a,, is denoted by f,(, (x;1). It is contributed ex-
clusively by the nondefective population. An approximate
solution has been suggested in Ref. 7 as

yloge
x;l) =———¢€x
Ny a(n ( ) \/mxﬁr p

y {_ 1 [—(l/v)log(x/aot”)—ﬁr
2

]2}, x<a, (33)

or
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in which
v=5,/6r (34

where &, and &, are given by Egs. (1) and (3), respectively,
and the correction factor v, Eq. (22), denoting the percentage
of nondefective population has been incorporated.

Thus, the probability density function of the crack size at 7
prior to inspection is given by

Jay (X)) =foy (62),  x=a
=fa(ny (X31), x<ag (35)
in which f,,, (x;1) is given by Eq. (33) with 7=7, and
Sain 62) =Ffon) (632) +£7r) (352) 36)
where £, (x;2) =, (x;2) is given by Eq. (27).

The probability of failure in the first service interval (0,7) is
given by

0= fun () (7)

in which a, is the critical crack size. The probability of retire-
ment or crack detection during the first service inspection
maintenance at 7, denoted by G(1), is obtained as

6= | uir IFp (01x 39)

where Fj (x) is given by Eq. (10) or (11).

The probability that a component will be rejected by the
first NDE system (i.e., will be inspected by the second NDE
system) is referred to as the probability of K account. The
probability of K account during the first inspection
maintenance at 7 is obtained as

K= | Fup (0POD (xi1)dx (39)

in which POD(x;1) is given by Eq. (8).

nth Service Interval [ (n—1)7,n7]
The probability density function of the crack size at the end

of the nth service interval n7 prior to inspections can be de-
rived as follows:

fa(m) (X) =fa(nv) (X;Z)

=fanry (X51)

forx=a,

forx<a, 40)
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in which f,,,, (x;1) is given by Eq. (33) with t=n7, and
Jatnry 062) =Sa(an) (62) +Fan (x;2) “41)

where f; .. (x;2) and f,,,) (x;2) are contributed by the defec-

a(nr) N
tive and nondefective populations, respectively. )
The contribution from the nondefective population has
been derived in Ref. 7 as

Lo (52Y = 3 D,y (52) 42)
i=1

in which %9, (x;2) is the contribution from those cracks ini-

(nr)

tiated in the ith service interval,

fg?,,,, (x;2) = S; Ij_[1 {Fy[B(x;mr—t(n—i+1)7—1)]}
X fIWx(n—i+ 1)r—0) ] I{x;(n—i+1)7—¢]

X friti=Dr+1]de (43)

and
Fp(x)=1-Fp(x) 44)

is the probability of missing a crack size x. In Eq. (43),
F5[B]=0for B=a, and

n—i
I Fs1Bosmr—t,(n—i+1)r=1)1=1 for n=i (45
m=1

Blx;mr—t,(n—i+1)7—¢]
_  mret 4 ]vc
_ao/{[l (n—i+1)r—¢ (1 xc) } “6)

Wix;(n—i+1)7—t] ={cQ[(n—i+1)7—1]1} 1 (agc~x"¢)

Ix;(n—i+ D=t ={Ql(n—i+ Dr—1t]} " 1(x)"! @7

The contribution from the defective population is derived as
follows: Integrating Eq. (24) from a(0*) to a(nr), one
obtains

a(nr)=a(0*)/[1~a*(0*)Q(nr)Z]!* (48)

Under the condition that the random variable Z takes a value
z, i.e., Z=z, the conditional probability density function of
a(n7) can be obtained from the probability density function
S0+ (%32) of a(0*) through the transformation of Eq. (48).
However, such a conditional density function should be
modified by a product term

n—1
I s iyomnz))

m=1

that indicates the probability of survival (not being retired) for
a component during all previous service inspection
maintenances. Note that the crack size at mr is equal to
Y(emr,z), ie., a(mr)=Y(x;mrz), for m=12,...n—1,
when the crack size at nr is equal to Xx, i.e., a{(n7) =x. Then,
with the application of the theorem of total probability, it can
be shown that .

wg N1
Jain (62) = SO {H FplY(x;mr,2) ]}fa(0+)

m=1

X [Y(x;n7,2);2]1J (x3n7,2) f7 (2)dz (49)
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where
Y (x;n1,2)=x/ (1 +nreQzx )¢

J(xnr,z) =1/(1 + nreQzxc)/e+1 (50)

In Eq. (49), F5{Y(x;m7,2)]1 =0 for Y(x;mr,z) >a,, because
the component would have failed if the crack size
a(m7) =Y (x;mr,z) is greater than the critical crack size ..
Likewise, f,o+)[Y(x;n7,2);2] =0 for Y(x;n7,z) <a,, since
Jao+) (x;2) is defined in the region x=aqy, see Eq. (18).

The probability of failure in the nth service interval is given
by

5= fuy G205 n=12,.. 5

The probability of retirement, G (n), and the probability of
K account K(n), during the nth inspection maintenance at n”,
are given by

6 = | T VFp A%, n=12,... 52)
R(n)= Socf,,(,,,j (x)POD (x;1)dx (53)

Replacement Policy (Renewal Process)

Under the replacement policy, when a component fails in
service it is replaced by a new one at the end of that service in-
terval. Likewise, a component is also replaced by a new one
when it is retired during each service inspection maintenance;
thus, a constant fleet size is maintained. The new component
for replacement is referred to as the renewal population and
the replacement policy is also referred to as the renewal pro-
cess. Let R(j)=the probability that a component will be
replaced during the jth inspection maintenance, p(j)=the
probability of failure in the jth service interval under the
replacement policy, and K (j) =the probability that a compo-
nent will be inspected by the second NDE system at jr, i.e., the
probability of K account. These quantities can be derived
from the results obtained previously under the nonreplace-
ment policy.

The probability of replacement R (1) at the end of the first
service interval, 7, consists of the probability of failure and
retirement.

R()=GM)+p(1) (54

At the end of the second service interval, 27, the probability
of replacement consists of the probability of failure in (7,27),
and the probability of retirement at 27 for both the original
and renewal populations introduced at 7,

R(2)=[GQ@) +p2)] + RGO +p(1)] (%

in which [G(1)+ p(1)] is the probability of replacement at 27
for the renewal population introduced at 7 [with probability
R(1)].

In a similar manner, the probability of replacement at the
end of the jth service interval, jr, can be obtained as

Ji=1

RG)=[GU)+pUN1+ Y RN IGG—k) +5( k)]

k=1
for j=23,.. (56)

Equation (56) is a recurrent solution that can be computed
starting from R(1) given by Eq. (54).

The probability of K account at jr and the probability of
failure in the jth service interval under the replacement policy
can be similarly obtained as follows: '
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i1

K1) =KQ); K()=K()+ Y, RUR(—Fk)
k=1

for j=2,3,...

j=1
pQ)y =p)y;, pQ) =pU)+ E R(K)p(j—k)
k=1
for j=2,3,... 57)

The cumulative probability of failure in the first j service in-
tervals, (0, j7), denoted by P(j7), is obtained as
J

pyn=1-1T11-po1,

k=1

Jj=12,... (58)

The probabilities of replacement, R(j), and K account,
K (), derived above can be interpreted as the average percent-
ages of replacement and K account, respectively. If the pro-
duction replacement, R(0), and production K account, K(0),
for all new components are taken into account, then the total
average percentages of replacement and K account, denoted
by R* (/) and K* (j), respectively, are given by

R*())=R()[1+RO0)] 1
J=1,4,...
K* () =K () [1+R(0)]K(0) (59

in which R(0) and K(0) are given by Egs. (13-15).

Cost/Risk Analyses

One objective of the RFC analysis is to determine the op-
timal inspection interval 7 (or optimal return to service inter-
val), such that the life-cycle cost (LCC) is minimum, and at the
same time a high level of component reliability in service is
maintained. For the preliminary retirement-for-cause
demonstration, a cost/risk analysis to evaluate the RFC cost
saving for each component is presented herein. The life-cycle
cost under the RFC system is minimized and compared with
that of the conventional design system.

Let Tp=the total design life of the engine; DL =the low-
cycle fatigue (LCF) life of a component based on the conven-
tional design; mp=(Tp/DL)—1=the number of replace-
ments for a component during the engine design life (0,7p),
based on the conventional design; 7 = the service inspection in-
terval; and nj, = T, /7 =the total number of scheduled inspec-
tion intervals in (0,7 ).

Without adjusting the interest rate for simplicity, the ex-
pected (or average) RFC life-cycle-cost saving for one compo-
nent in the engine design life, T), can be expressed as

"D
EC=mpC, +C/P(DL) — ( Y, Cp()

=1

np-1 "D¥1 )
+C(np—1)+ E CK () + E C,R(;)) (60)

j=i j=t

where C,=the cost of one component (e.g., disk); C,=the
cost of consequence of failure (it may be the cost of one engine
or one airplane); P(DL) = the probability of failure of a com-
ponent based on the conventional design; p (/) = the probabil-
ity (or average percentage) of failure of a component in the jth
service interval, which is a function of the inspection interval
7; C, =the cost of inspecting one component using the first
NDE system, including the cost of maintaining the NDE
system; and C, =the cost of inspecting one component using
the second NDE system, including the cost of maintaining the
NDE system. The second inspection may involve replication
and, hence, the inspection cost is more expensive; K (j) =the
probability (average percentage) of the K account for a com-
ponent during the jth inspection maintenance, which is a func-
tion of 7; R(j)=the probability (average percentage) of
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replacement for a component during the jth inspection
maintenance, which is a function of 7.

On the right-hand side of Eq. (60), the first two terms
denote the expected cost of a component using the conven-
tional design procedure. All bracketed terms indicate the ex-
pected cost of a component under the RFC life management,
including the expected (average) costs of failure, inspections,
and replacement. The optimal inspection interval 7 is deter-
mined by maximizing Eq. (60) subjected to the constraint that
the probability of failure of a component in the design service
life T, should be smaller than an acceptable value p, i.e.,

p(Tp)<p: 61y

The quantities p (), K(j), R(j}, P(DL), and P(T,) have
been derived in the previous sections. The costs C,, Cy, Cy,
and C, should be evaluated appropriately.

Multiple Critical Locations

The solutions obtained above hold for one critical location,
such as one bolt hole. A gas turbine engine disk usually con-
tains many holes and the failure of one hole will result in the
failure of the entire disk. Furthermore, a disk will be retired or
replaced if any one hole is rejected by the NDE system, i.e., a
crack in any one hole is detected. If the crack size in each hole
is assumed to be statistically independent for a conservation
estimation, then the probability of failure of a disk can be
computed easily from that of one hole in a classical manner.
The probability of retirement (or replacement) for a disk can
be determined similarly from that for a hole. Likewise, on the
basis of such a premise, the solution for a disk containing
many different types of holes, including bolt holes, cooling air
holes, web holes, rim holes, etc., can be obtained from that of
the individual type of holes. There are indications, however,
that such an approach may be overly conservative as com-
pared to field cxperience, because of possible correlations
among crack sizes in various holes, particularly when the
number of holes in a disk is in excess of 100.

Another approach is to utilize the solutions obtained for a
hole but employing different input data. The solution derived
above for a hole can be used in approximation for a disk if 1)
the distribution of the time to crack initiation is the smallest
among all holes, 2) the distribution of the crack growth
damage accumulation is the largest among all holes, and 3) the
POD curves of the NDE systems employed represent the POD
curves for a disk. This approach implies that a disk is
represented by a hole having the largest crack. The disk will
fail if the largest crack exceeds the critical crack size a,, and
the disk is retired or replaced if the largest crack is detected by
the NDE system. Such an approximation appears to be
reasonable because the probability of detection is higher for
larger cracks, i.e., the larger the crack size, the higher the
detection probability. The input distributions described in
items 1 and 2 above can be obtained easily using the extreme
value theory. However, further research effort is needed to
establish POD curves for a disk. In this exploratory study, the
latter approach will be employed.

Demonstrative Examples

Example 1: Probabilities of Failure,
Replacement, and K Account

The first-stage, high-pressure turbine disk of an advanced
gas turbine engine is considered. The disk is made of a nickel-
based superalloy in which bolt holes and cooling air holes are
critical locations where crack growth damage may ac-
cumulate, The disk is highly stressed such that the crack pro-
pagation life from the crack size of 0.03 in. to the critical crack
size of 0.37 in. is rather short.

It is mentioned that the benefits of RFC procedures depend
heavily on the crack propagation life; the longer the crack
propagation life, the more effective the RFC system. The
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propagation life can be increased by reducing the reference
crack size aq, at the crack initiation. Recently, it was found that
linear elastic fracture mechanics can be used to predict the
crack growth behavior for the crack size larger than 3 mil
(3x107? in.) for some superalloys of powder metallurgy. As
an example, a crack size of 3.3 mil is used herein as the
reference crack size for the time to crack initiation, i.e.,
ap=3.3 mil.

The improvement for crack growth predictions in the small
crack size region is not useful for RFC systems, unless the
NDE system is capable of detecting small cracks. Conse-
quently, intensive research effort has been made recently in
the area of the NDE capability. A POD curve for an advanced
eddy current NDE system is shown in Fig. 3. It is observed
that the NDE system is capable of detecting a 5-mil crack with
65% probability. Such a state-of-the-art POD curve will be
used herein.

Available test results indicate that the initial fatigue quality
should be represented by both the initial flaw size and the time
to crack initiation. This is particularly true when the refer-
enced crack size ¢, is small. The distribution of the initial flaw
size is found to follow the lognormal distribution with a
medium value of 1.85 mil and a coefficient of variation of
79.38%. Hence, the lognormal parameters appearing in Eq.
(1) are fi; = —2.733 and 4, =0.3036.

For the crack size smaller than ¢, = 3.3 mil, the distribution
of time to crack initiation should be used. For the time to
crack initiation in bolt hole locations, the median life is 4000
cycles and the coefficient of variation is 95.63%. Therefore,
the lognormal parameters appearing in Eq. (22) are jir = 3.602
and §,=0.35.

The crack growth damage accumulations for bolt holes
under the spectrum loadings $=0.9, 1.0, and 1.1 are shown in
Fig. 4 as solid curves, in which §=1.0 represents the results
under the nominal spectrum. These three curves are best-fit by
the crack growth rate equation, Eq. (23); with the results
b=1.2868, 0=1.65x10"3, and V=1.2114. The crack size
a(t) vs the service time ¢ are then reproduced from Eq. (23) us-
ing the parameter values obtained above. The results are
shown in Fig. 4 as dashed curves for $§=0.9, 1.0, and 1.1. In
Fig. 4 the dashed curves are reasonably close to the solid
curves, indicating the validity of the crack propagation model,
Eq. (23). The coefficient of variation of the crack growth rate
is assumed to be 30% and, hence, &, =0.1276, Eq. (26). Cur-
rently, the design life of such a disk is 1000 cycles. However,
the disk will be utilized up to 9000 cycles under RFC life
management.

The first NDE system used for both production inspection
and service inspection is identical, and the corresponding POD
curve is shown in Fig. 3. The POD curve is best-fit by the log
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Fig. 4 Crack growth damage accumulation in bolt hole.
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odd function, Eq. (8); with the results af=a*=27.773 and
BE=6*=5.196.

Let us consider the case in which only one NDE system is
used for service inspections, i.e., components are inspected
only once. Every component is subjected to production in-
spections prior to service using two NDE systems. The POD
curve of the second NDE system is assumed to be a unit step
function at a,=3.3 mil. The average percentages of the pro-
duction K account and the production replacement are com-
puted as K(0) =12% and R(0) = 10%, respectively. After pro-
duction inspections, the percentage of nondefective popula-
tion (crack size smaller than a;) is computed as v=287.5%,
Egs. (21) and (22).

Without service inspection maintenance, the cumulative
probability of failure for a bolt hole is computed as a function
of service life. The results are plotted in Fig. 5 as curve 0. It is
observed that the cumulative probability of failure increases as
the service life increases. Under scheduled inspection
maintenance, the probability of failure depends on the inspec-
tion interval 7. The cumulative probabilities of failure are
shown in Fig. 5 as curves 1-4. The number designated to each
curve represents the number of inspection maintenances in
9000 cycles. For instance, curve 2 indicates the cumulative
probability of failure with an inspection interval of 3000 cycles
(two inspection maintenances in 9000 cycles). Furthermore,
the average percentage of replacement during each inspection
maintenance as well as the total percentage of replacement in
9000 cycles are shown in Table 1.

It is observed from Fig. 5 that the scheduled inspection
maintenance drastically reduces the failure probability and
that a high level of disk reliability can be achieved with three
inspection maintenances.

Suppose two NDE systems are used in both production and
service inspection maintenances. The POD curve of the second
NDE system is assumed to be a unit step function at the crack
size a=0.0073 in. which corresponds to a 90% detection prob-
ability for the first NDE system, Fig. 3. The cumulative prob-
abilities of failure are presented in Fig. 6. The average percen-
tages of replacement and K account during each inspection
maintenance are shown in Table 2. A comparison between
Tables 1 and 2 indicates that the second NDE system is
capable of reducing the number of replacements. However,
using two NDE systems, the probability of failure increases
slightly, as observed from Figs. 5 and 6.

The same POD curves employed for bolt holes are con-
sidered for cooling air hole locations. The median life and the
coefficient of variation for the time to crack initiation are
assumed to be 4000 cycles and 95.63%, respectively. Thus, the
lognormal parameters appearing in Eq. (22) are ji;=3.6 and
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dr=0.35. The distribution of the initial flaw size is identical to
that of the bolt hole. The same two NDE systems are used in
the production inspections and, hence, the production replace-
ment and K account are also identical to those of the bolt
holes.

The crack growth damage accumulations in cooling air
holes under the spectrum loadings $=0.9, 1.0, and 1.1 are
shown in Fig. 7 as solid curves. These three curves are best-fit
by the crack growth rate equation, Eq. (23); with the results
b=1.046, Q=6.65x10"%, and V=1.0567. The crack size
a(t) vs the service life ¢ is then reproduced from Eq. (23) using
the parameter values obtained above. The results are plotted
in Fig. 7 as dashed curves for $=0.9, 1.0, and 1.1, respec-
tively. Again, the dashed curves are very close to the solid
curves. The coefficient of variation of the crack growth rate is
assumed to be 30% such that §, =0.1276.

For the case in which only one NDE system is employed in
service inspection maintenance, the cumulative probability of
failure is plotted in Fig. 8 as a function of service life. The
number designated to each curve in Fig. 8 represents the
number of inspection maintenances performed during the
design service life of 9000 cycles. The average percentage of
replacement during each inspection maintenance and the total
percentage of replacement in 9000 cycles are presented in
Table 3. It is observed that the cumulative probability of
failure increases as the service life increases. The failure prob-
ability is reduced significantly by the application of scheduled
inspection maintenance.

The two NDE systems used in service inspections for bolt
hole locations are considered herein for cooling air holes. The
cumulative probabilities of failure are displayed in Fig. 9 as a
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function of service life. The average percentages of replace-
ment and K account during each inspection maintenance are
shown in Table 4. A comparison of Tables 3 and 4 indicates
that the second NDE system is capable of reducing disk
replacements; however, the failure probability increases
slightly, see Figs. 8 and 9.

Example 2: Optimal Inspection Interval

The third-stage turbine disk of TF-33 jet engine studied in
Ref, 7 is considered. The conventional design life of the disk is
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Table 1 Average percentage of replacement based on bolt hole location: One NDE system

Inspection Average percentage of replacement
No. of interval, ith inspection maintenance
inspections cycles 1 2 3 4 S 6 7 8 Total
1 4500 46.33 46.33
2 3000 26.76 41.97 68.73
3 2250 17.45 30.27 31.52 79.24
4 1800 13.28 21.75 26.62 25.23 86.88
5 1500 11.59 15.86 22.26 22.35 21.25 93.31
6 1285 10.78 11.80 18.17 19.84 19.02 18.34 97.95
7 1125 10.13 9.13 14.60 17.40 17.21 16.48 16.06 101.01
8 1000 9.44 7.44 11.65 15.03 15.56 14.99 14.48 14.21 102.80
Table 2 Average percentage of replacement and K account based on bolt hole location: Two NDE systems
Inspection
No. of interval, ith inspection maintenance
inspections cycles 1 2 3 4 5 6 7 8 Total
Average precentage of replacement
1 4500 29.64 29.64
2 3000 13.56 36.38 49.94
3 2250 8.93 20.44 29.64 59.01
4 1800 6.01 11.96 22.80 22.40 63.17
5 1500 4.01 8.79 15.58 19.67 17.76 65.81
6 1285 2.73 7.27 10.11 16.08 16.22 14.64 67.05
7 1125 1.93 6.28 6.88 12.3t 14.35 13.61 12.36 67.72
8 1000 1.43 5.34 5.38 8.99 12.15 12.48 11.57 10.64 67.98
Average percentage of K account
1 4500 51.45 51.45
2 3000 30.20 57.61 87.81
3 2250 20.57 42.38 49.43 112.38
4 1800 15.86 31.66 44.25 41.32 133.09
5 1500 13.02 25.15 37.28 40.05 36.28 151.78
6 1285 11.18 20.70 30.56 37.42 35.76 32.77 168.39
7 1125 9.94 17.72 25.24 33.74 34.92 32.49 30.16 184.21
8 1000 9.09 15.56 21.48 29.66 33.35 32.32 29.98 28.19 199.63
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2500 cycles, i.e., DL =2500 cycles. Under RFC life manage-
ment, the design life of the engine is considered to be 12,500
cycles, i.e., Tp=12,500 cycles. Based on the conventional
design, there will be four replacements in Tp, i.e., mp=
(Tp/DL)~1=4. The cost of one disk is C, =$7500; the cost
of inspecting one disk is C; = $200; and the cost of failure of
one disk, including the possible failure of the entire aircraft, is
C;=15$2,000,000. The cost values assumed above are based on
the best estimate to-date. The probability of failure, p(j), in
each service interval, and the probability (or the average
percentage) of replacement, R(j), during each inspection
maintenance have been presented in Ref. 7. Let us consider
only the case in which one NDE system is employed for inspec-
tion maintenance; hence, the average percentage of the K ac-
count is zero.

0.2

J. PROPULSION

The life-cycle cost of the RFC life management depends on
the NDE system employed. With the application of the POD
curve 1 shown in Fig. 3 of Ref. 7, the expected life-cycle-cost
savings for a fleet of 1000 disks under various inspection inter-
vals have been computed. The results are presented in Table 5
along with the cumulative probability of failure, P(Tp), in
the engine design life of 12,500 cycles. It is mentioned that in a
fleet of 1000 disks, the number of disks expected to fail in ser-
vice is equal to the cumulative probability of failure P(7p)
shown in Table 5 multipled by 10°.

It is observed from Table 5 that a significant life-cycle-cost
saving can be achieved by the application of RFC procedures.
The optimal number of inspection maintenances in 12,500
cycles appears to be 2.0, i.e., the optimal inspection interval is
7=4167 cycles. The resulting LCC saving is $22.27 million and

-the probability of disk failure is 9.4 X 10~3, indicating 0.094
disks out of a fleet of 1000 disks are expected to fail in service.

If such a reliability level for the engine disk in service is not ac-
COOLING AIR HOLE . . .
ceptable, one can choose three inspection maintenances that
s result in a LCC savings of $21.22 million. The corresponding
. ) probability of disk failure is 2.81 x 106 (or 0.00281 disks out
g of a fleet of 1000 disks will fail in service).
W ot Fig. 7 Crack growth We also consider the POD curves 2, 3, and 4 shown in Fig. 3
3 damage accumulation of Ref. 7. It is mentioned that the POD curves (Nos. 1, 2, 3,
x In cooling air hole. and 4) are not in increasing capability (see Ref. 7). The results
£ oosf of the life-cycle-cost saving are presented in Table 5, along
with the cumulative probability of failure P(T}) in the engine
0025 design life. It is observed from Table 5 that there is always an
e T optimal number of inspection maintenance (or optimal inspec-
3 tion interval) at which the LCC saving is maximum. A trend
SERVICE LIFE, 10 CYCLES . . N
observed is that the optimal number of inspection
Table 3 Average percentage of replacement based on cooling air hole location: One NDE system
Inspection Average percentage of replacement
No. of interval, ith inspection maintenance
inspections cycles 1 2 3 4 S 6 7 8 Total
1 4500 52.54 52.54
2 3000 32.35 44.39 76.74
3 2250 22.05 34.18 34.05 90.28
4 1800 16.79 25.91 28.91 27.81 99.42
5 1500 13.86 19.57 24.69 24.21 23.57 105.90
6 1285 12.17 14.97 20.94 21.53 20.85 20.55 111.01
7 1125 11.25 11.77 17.64 19.30 18.88 18.47 18.33 115.64
8 1000 10.76 9.54 14.76 17.25 17.28 16.86 16.65 16.59 119.69
Table 4 Average percentage of replacement and K account based on cooling air hole location: Two NDE systems
Inspection
No. of interval, ith inspection maintenance
inspections cycles 1 2 3 4 S 6 7 8 Total
Average precentage of replacement
1 4500 40,78 40.78
2 3000 20.05 41.17 61.22
3 2250 13.23 27.91 30.72 71.86
4 1800 10.33 17.41 26.12 23.71 77.57
5 1500 8.06 11.41 20.80 21.04 19.01 80.32
6 1285 6.08 8.74 15.57 18.46 17.13 15.96 81.94
7 1125 4.52 7.77 11.22 15.78 15.61 14.49 13.75 83.14
8 1000 3.36 7.36 8.04 13.06 14.06 13.38 12.51 12.02 83.79
Average percentage of K account
1 4500 58.87 58.87
2 3000 36.42 58.79 95.21
3 2250 25.17 46.02 47.15 118.34
4 1800 19.44 34.89 43.27 39.43 137.03
5 1500 16.15 27.18 38.52 37.29 34.51 153.65
6 1285 14.02 22.33 33.18 35.42 32.96 31.32 169.23
7 1125 12.55 19.31 28.07 33.19 31.97 30.02 28.93 184.04
8 1000 11.45 17.30 23.65 30.51 30.94 29.27 27.79 27.01 197.92
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maintenances increases as the capability of the NDE system is
reduced. For instance, POD curve 3 is poorer than POD curve
2, and POD curve 2 is poorer than POD curve!. The optimal
number of inspection maintenances using POD curve 3 is §,
whereas that using POD curve 2 is 3.

One significant observation is that the LCC saving seems to
be insensitive to the number of inspection maintenances in the
design life. This is very beneficial for decision-making,
because it allows for more flexibility in choosing the inspec-
tion interval 7 without severe penalty. Of course, the trend
observed above may not hold if the input cost data are
changed. ’

The POD curves considered above indicate that the NDE
systems employed are quite reasonable. Another trend ob-
served from Table 5 is that the life-cycle-cost savings are com-
parable among all of the NDE systems considered. This im-
plies that an NDE system with a less than desirable capability
may be used for the RFC system with minimum penalty. There
has been concern in the past that the current state of NDE
technology may not be ready to meet the RFC requirements.
Such a concern may be relieved as a result of the present study.

The first-stage high-pressure turbine disk of an advanced jet
engine illustrated previously is considered. The conventional
design life of such a disk is 1000 cycles, i.e., DL = 1000 cycles.
The design life of the engine is considered to be 9000 cycles,
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i.e., Tp=9000 cycles. With the conventional design, there will
be eight replacements in T, i.e., my,=(T,/DL)—1=8. The
cost of one disk is C, = $20,000; the cost of inspecting one disk
is C; =$1000; and the cost of failure for one disk, including
the possible loss of an aircraft, is C,=$5,000,000. These input
data are assumed for illustrative purposes. The cost C,
represents the cost of a disk passing (or accepted by) the pro-
duction inspections. Hence, the cost of production inspections
is excluded in the later analysis. The probability of failure,
p(j), in each service interval, and the average percentage of
replacements, R(j), during each inspection maintenance have
been presented previously. Again, only one NDE system will
be considered for service inspection maintenances.

When bolt holes alone are considered as critical locations,
the expected life-cycle-cost savings for a fleet of 1000 disks
have been computed. The results under various numbers of in-
spection maintenances are presented in Table 6, along with the
cumulative probability of failure, P(T},), in the engine design
life of 9000 cycles. Furthermore, when cooling air holes alone
are considered as critical locations, the expected LCC savings
for a fleet of 1000 disks are shown in the same table, along
with the cumulative probability of failure, P(T)).

It is observed from Table 6 that two or three inspection
maintenances in 9000 cycles can be chosen as the optimal
number for this disk. This results in a tremendous life-cycle-

Table 5 Life-cycle-cost savings for 1000 TF-33 engine disks (in $ million)

LCC Probability LCC Probability
No. of savings, of savings, of
inspections $M failure ™M failure
POD curve 1 POD curve 2
1 19.07 3.0 x1073 —49.03 3.86x 1072
2 22.27 9.40x1073 19.97 2.91x1073
3 21.22 2.81x10°6 24.31 1.73x10°¢
4 20.16 9.51%x10~8 23.94 1.08x1077
5 19.32 4.14%10°° 23.47 7.89% 1077
6 18.99 2.31%x10°10 23.06 6.75x 108
7 18.43 1.65x10~ 1 22.70 6.71x10°°
3 17.97 1.45x10° 12 22.38 7.51%x10°10
POD curve 3 POD curve 4
1 —-217.00 1.24x 107} - 1.31 1.39x 1072
2 —20.42 2.40%x 1072 18.40 1.84x1073
3 17.38 4.56x1073 19.31 2.81x10°¢
4 23.97 8.75x 104 17.85 5.11%x10°3
5 24.77 1.83x10°* 16.22 1.16x 1073
6 24.59 4.32x107° 14.59 2.59x 1076
7 24.26 1.14x 1073 13.02 6.65%x 10~
8 23.92 3.26x 1076 11.46 1.83x10°7
1 1
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Table 6 Life-cycle-cost savings for 1000 advanced engine disks in ($ million)

Bolt hole Cooling air hole
LCC Probability LCC Probability
No. of savings, of savings, of
inspections M failure $M failure

1 97.22 1.05x 102 106.51 8.40% 1073
2 142.32 5.86x 1074 141.54 2.23x1074
3 140.98 3.38%x 1073 138.91 6.37%x 1076
4 138.61 2.78x 1076 136.11 2.60x1077
5 136.34 3.13%x1077 133.82 1.63x10°8
6 134.41 425%x10"8 131.80 1.47x107°
7 132.80 6.73%x107? 129.87 1.77x10-10
8 131.44 1.17x10°° 128.06 2.51x10~ 11

cost saving for the first-stage engine disks only. Likewise, the
LCC saving appears insensitive to the inspection interval or
the number of inspection maintenances in the engine design
life.

Conclusions and Discussion

A probabilistic retirement-for-cause (RFC) analysis
methodology based on the fracture mechanics approach has
been developed for gas turbine engine components. It is
demonstrated that the scheduled inspection maintenance can
be applied to drastically reduce the failure probability of com-
ponents in service. Furthermore, the application of
retirement-for-cause life management is shown to result in a
substantial life-cycle-cost (LCC) saving, through a significant
reduction of part replacements, over the conventional design
systerm. .

The life-cycle-cost saving seems to be insensitive to the in-
spection interval (or the number of inspections in the design
service life). This is very beneficial for the decision-making,
because it allows for more flexibility in choosing an inspection
interval without much penalty. Of course, such an observation
holds for the particular c¢ost data considered herein. Another
trend observed from the example of TF-33 engine disks in-
dicates that the life-cycle-cost savings are comparable for dif-
ferent probability of detection (POD) curves, although all of
the nondestructive evaluation (NDE) systems considered are
quite reasonable. Thus, an NDE system with a less than
desirable capability may be used for the RFC system without
much penalty.

In contrast to the method of Monte Carlo simulation, the
pregent formulation and solution are analytic. The major ad-
vantage of the analytical approach lies in its ability to compute
the probability of failure p(j) easily, no matter how small it
may be, e.g., p(j)=<1075., On the other hand, the required
computer time and cost to simulate such a small failure prob-
ability with confidence may be prohibitive because of the large
number of samples required. Furthermore, the analytical solu-
tion can be used to conduct sensitivity studies to identify the
input quantities having the most significant impact on the
RFC life-cycle-cost savings. :

Although the statistical variability of most of the quantities
in the RFC system has been taken into account, the variability
of the critical crack size a,. has been neglected. This is because
the crack size increases very rapidly as it approaches a,, such
that the variability of a, has a negligible effect on the fatigue
life of a component. The variability for the number of
equivalent cycles in each service interval 7, due to possible mis-
count, is not considered herein. Such an uncertainty, however,
can be reduced by a better fleet tracking system.

For simplicity of presentation, the scheduled inspection
mairntenance is considered to be periodic. The solutions for
nonperiodic inspection maintenance have been obtained;
however, they are not presented due to space limitations.

The initial fatigue quality defined in this paper applies to
critical locations, such as bolt holes, rim holes, web holes, etc.
There are other locations in a disk where crack growth damage

may accumulate. These include surface flaws and volume
flaws (inside the material volume), and they should be taken
into account. In these cases, however, the inherent flaw
distribution should be referred to unit surface area and unit
volume, respectively, in order that scaling can be accom-
plished for applications. These distributions, however, are dif-
ficult to obtain, in particular, the tail portion of the
distribution.

Only two populations have been considered in the initial
fatigue quality representation because of simplicity in deriva-
tion. There is another population with a larger crack size that
may be introduced during the manufacturing and assembling
processes. The so-called ‘‘handling damage’’ crack size, re-
ferred to as the rogue population, starts to propagate
immediately after the component is introduced into service.
Theoretically such a population can be accounted for in the
initial fatigue quality representation in a fashion similar to the
defective population, i.e., adding additional terms similar to
that associated with the defective population. However, the
issue of rogue population is difficult to address, because it is
not only difficult to establish the distribution but also ques-
tionable as to the degree of reproductivity of the rogue flaws
in a distribution form. Further research is needed in this
regard. Likewise, further research is needed to resolve many
issues, among which the problem of multiple critical locations
is of particular importance.

The life-cycle-cost model used in the present exploratory
study is merely a crude approximation. The inspection cost for
a disk may soar if engines are taken off the wing for the sole
purpose of being inspected and it may not be independent of
the number of inspections in the design life. In fact the life-
cycle-cost model will be more reasonable by considering the
inspection cost of each engine module. Furthermore, in addi-
tion to inspection interval 7, the design service life 7, can also
be optimized simultaneously. In this connection, the objective
function to be minimized should be the expected cost per unit
time of operation, which can be obtained by dividing Eq. (60)
by Tp. More realistic life-cycle-cost models are being in-
vestigated in Ref. 5.
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