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Abstract

A fail-safe structure requires inspection,

since otherwise the risk of complete failure due

to inadequate residual strength of a member with
extensive fatigue damage will soon become too

large. It is a strong interest for the operator,

however, to minimize the number of inspections,

which are very costly. This is especially the

case for the unscheduled inspections carried out

on a whole fleet of aircraft when a serious crack

has been found in an aircraft of the same model.

Based on a method of evaluating the relia-
bility of fail-safe structures, developed earlier

at FFA, a theoretical investigation, applicable

to an aircraft wing, has been made of the influ-

ence of the length of inspection intervals which
are both constant and varying. An optimum study

shows that the least number of regular inspec-

tions during the service life is obtained by making

especially the first interval considerably longer

than the following ones. This result presupposes

that all fatigue cracks occurring may be statis-

tically anticipated. Unexpected cra( ks are likely

to appear, however, during an initial "debugging

period", and have to be considered when deter-

mining the first inspection intervals.

Unscheduled inspections, randomly distrib-

uted in time, decrease the risk of total failure

but are shown to be much less effective than reg-

ular inspections. This is also demonstrated in a

numerical example assuming cyclic inspection on

a fleet of 100 aircraft with a sampling ratio of
0.25 for the regular inspections and further extra

random inspections. It is concluded that unsched-

uled inspections should not be carried out, unless
a completely unexpected crack has been found,

which will mainly happen during the first part of

the service life.

I. Introduction

Fatigue cracks cannot be entirely eliminated
in primary aircraft structures of aluminium al-

loys, which are subjected to a large number of

load cycles during a long service life, The risk
of total failure due to fatigue should not be allowed

however, to rise too much above the risk of static
failure during the whole service life. (1),(2)

It may even be maintained that the risk of fatigue

failure should be lower, due to psychological
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reasons, since the general public will probably
be more inclined to acc-ept the inevitableness of a

static failure during a violent thunderstorm than

of a fatigue failure, which usually occurs as a

consequence of a gust of quite ordinary intensity.PI

The latter type of accident is more difficult to
explain and may initiate demands that somebody

be made responsible for it, although both types are

stochastic events, During the period 1946-1960

the average rate of fatigue failures for civil air

carriers n U.S.A. amounted approximately to

one in 10 hours of flight. Within a big fleet of
heavy bombers the frequency of complet6fatigue

failures was about five times as large. Con-




sidering a service life of the order of magnitude
of 10,000 hours for the civil transport aircraft

and 2000 hours for the bombers, the probability

of fatigue failure during the service life would be

in both cases around 10-). This figure is un-
acceptably high, at least for the civil transports,

Discussions within the ICAO has resulted in an

agreement of a tentative eolue of the probability
of failure of PL = 10-5. ‘-/ In practice it might

not be possible to achieve a risk lower than 10'

within the near future.

The prevailing method at present of securing

an aircraft a long ser\ice life with a satisfactory

safety against fatigue failure is built on the fail-

safe principle. All details where cracks may be
anticipated, are designed to be damage tolerant

and easily inspectable. The combination of a

slow crack propagation and careful inspections at

short intervals may, in principle, render a very

low risk level for indefinite time, provided that

all cracks discovered are repaired in such a way
that the original ultimate strength is restored,

A modern airframe contains, however, a large

number of fatigue sensitive points, For service

lives approaching the mean life until crack ini-

tiation the number of repairs will eventually b e so

large that it is no longer economical to keep the

aircraft in operation. It is obvious, therefore,

that the manufacturer should not aim in the design
at a higher risk of crack initiation during the

whole service life than at most 10 per cent in any

single point. Assuming normal scatter, this

implies that for a logarithmical mean value of

50,000 hours until crack initiation the service

life must not exceed some 30,000 hours. Even

with this limitation it is necessary to carry out

quite a large number of inspections of the fatigue

sensitive parts in order to keep the risk of com-
plete failure below a level PL = 10-5 - 10-4.

Inspections are expensive, however. The direct

cost of fatigue crack inspections and resulting
repairs and modifications during the service life

seems to be able to amount to a sum of the same

order of rytignitude as the initial price of the
aircraft. To this cost must be added the lost
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revenue during the extra ground time for inspec-
tions and repairs which do not fit into the normal
scheme of operation. It is necessary, therefore,

to take the cost of the inspections into account in
an analysis of the optimum length of the service
life from the economical point of view. The aim
of this investigation is to provide a basis for such
an economical analysis by studying a statistical
method for determining the length of the inspec-
tion intervals with regard to the safety against
complete failure. Earlier investigations have
treated periodic inspections. (6), (7) This report

covers also inspection intervals of varying length,
including the problem of minimizing the total num-

ber of inspections during a fixed life.

It is not feasible to inspect simultaneously
all aircraft of a certain model within the fleet of
an airline even if they were delivered simultane-
ously and thus should reach their inspection ages
at the same time. Both from operational view and

in order to provide a continuous employment of
the overhaul capacity available, it is necessary
to spread the inspections in time as evenly as

possible. This means that one has to start the
inspection of the first aircraft much earlier than
would be required with respect to safety, in order
to be able to finish the last aircraft within due
time. After the first inspection, however, it is
possible to apply for each separate aircraft the

regular inspection intervals determined. The
fact that only one or a few samples from a large

fleet are selected for inspection on each occasion
has given birth to the idea that one might use
the statistical procedure developed for industrial
quality control in order to reduce tm tqW number
of inspections for the whole fleet. OhThis

procedure utilizes the information obtained from
a small sample size to judge the properties of the

whole population. At the sample inspections an
information is obtained whether there is a crack
in the airframe or not. If a crack is found, all
other aircraft of the same model are supposed to

be inspected as soon as possible. This does not
apply only to the fleet of the particular airline

under consideration. The crack is usually re-
ported to the manufacturer, who may distribute

a service bulletin to all operators of the same
model, prescribing inspections and possible modi-

fications, if the crack is serious. This practice
results in a large number of nonscheduled extra
inspections which occur at random intervals. The
extra inspections obviously contribute to reduce
the risk of complete failure making it possible to

increase the intervals between the regular in-
spections. If the number of aircraft of the same
design is large, the number of regular inspections
could be made very small. It might be questioned,
however, if it is a rational approach to rely main-

ly on extra inspections. A comparison has there-

fore been made between the total number of in-
spections required for the two systems:

Regular inspections only
Regular inspections + extra random
inspections

The comparison has been performed in the first
place assuming the regular inspections to be even-

ly distributed in time on the various aircraft of
the fleet, which means that there is practically
a continuous inspection all the time. So called

cyclic inspection has also been studied numeri-

cally in an example where the inspections were

divided into four blocks. A particular detail of

an aircraft is thus inspected at every fourth
occasion an inspection takes place.

In the analysis of the probability of total fail-
ure for different inspection intervals it has been
assumed that realistic fatigue tests in full scale
have been carried out, before the aircraft was
introduced in service, to such an extent that all

fatigue sensitive points are known and that the
mean of the service life until crack initiation as
well as the crack propagation rate may be fairly
well estimated. This is an ideal assumption which

never holds true entirely in practice. During a

"running-in" period it is probably inevitable that
quite unexpected fatigue damage will occur which
might rapidly lead to complete failure. Such a
serious crack should absolutely be followed up by

an inspection of the entire fleet, since one will

need, in this case, all information acquirable to
be able to satisfy the safety requirements. During
this initial period the operator will also be prepar-
ed to accept the disturbance caused by extra crack

inspections more easily than later on in the serv-

ice life, since breaks will frequently occur, never-
theless, due to trouble with the engines, the hydrau-

lic or electric systems etc. A systematic proce-
dure for determining the risk of complete failure
due to unexpected fatigue cracks has not been
developed, but a discussion is carried out regard-
ing the possibilities to control the safety level
using cyclic inspections including extra inspections
when unexpected cracks are discovered.

II. Basic Assumptions

Damage tolerant structures may be achieved
in different ways. It is customary at present to
design some primary aircraft, structures, espe-
cially the wing, as a box beam with two, three, or
more longitudinal webs (Fig. 1). The bottom and

top cover skins are provided with closely spaced
longitudinal stiffeners in order to make the whole
width effectively load-carrying. It is thus avoided

to concentrate the cross-sectional area into heavy

spar booms, where cracks, difficult to detect,
might cause a very rapid reduction of the residual
strength. In the distributed, "diffuse", structure

the fatigue cracks normally are initiated at the
rivet or bolt holes of the tension skin, where the
stress is keptata level which gives a rather slow

crack propagation. When the crack reaches the
next stringer it is delayed for a considerable time
and the strength reduction is still quite moderate.
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Figure 1.Schematic section of three-spar

"diffuse" wing structure

The chance to discover the crack before it has
reached so far is further good, if inspections are
made regularly. It is also maintained that leakage

of fuel from the wing tanks may often provide an

automatic crack warning at an early stage. It is



very important, however, that the crack is re-
paired as soon as possible after its initiation.
The cross section has been given such a strength
that the risk of ultimate failure due to the highest
gust or manoeuvre loads that may be anticipated
during the service life, is extremely remote as
long as no reduction of the original strength has
occurred. This risk is called the risk of static
failure. Fatigue failure is defined as a complete
failure which takes place in a structure which has
been weakened by a fatigue crack. Where the
crack propagation rate is relatively slow, also
the fatigue failure is ultimately caused by a rather
high load. The risk of fatigue failure obviously
grows rapidly with the time th?, damaged structure
is kept in service, since, with decreasing resid-
ual strength, there is a fast increase of the fre-
quency of the loads which can cause total failure.

To be able to analyse statistically the risk of
fatigue failure it is necessary to possess know-
ledge of the distribation function of service time
until crack initiation, of the reduction rate of
residual strength and of the frequency of high
loads on the structure. It is an urgent research
object to provide more reliable information with-
in these three areas. This investigation includes
some simplified assumptions which may have to
be refined when more experimental support is
available, but both simplifications and parameter
values introduced in the numerical calculations
are believed to be quite realistic and to give a
good qp,a.liAattive estimation of the risk of fail-
ure. (9),

Crack initiation is defined as the moment when
a crack may be detected at an ordinary mainte-
nance inspection. The service time T until clack
initiation is assumed to have a log-normal distrib-
ution with a mean value pc and a standard devia-
tion cr of logln T. The probability of crack
initiation is thus written

lo T
p (S 	 g 1 0 PC  )

C
C

log10T

_ 1
0-7727

00
( 1)

In the computations is used throughout a = 0.2,
which is a somewhat conservative valuei For
tic is assumed a typical value of 4.699, coi
sponding to TcSO = 50,000 h. In the discussion
of unexpected cracks also smaller values are
introduced, The probability of crack initiation is
shown in Fig. 2 as a function of T for values of
Tc50 from 10,000 to 50,000 h.

At the crack initiation a certain reduction of
the ultimate strength has already occurred. Alu-
minium alloys of the type 2024, which are nor-
mally used for the bottom skin in aircraft wings,
show a rather insignificant decrease for a crack
of detectable length, however. It has therefore
been assumed that the original ultimate load Su
is constant until the moment of crack initiation,
t = 0, and that it then decreases linearly with t.
If the highest mean load in flight is Sm the static
margin is originally

S = S - Su m (2)

The residual static margin will decrease to zero
in R hours of flight

St = S (1 - t/R) (3)

The normalized margin, t hours after crack
initiation, may be written

st = St/S = 1 - t/11 (4)
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The crack propagation time in a fatigue test with
constant or varying amplitudes is somewhat short-
er, since the final failure is always caused by a
combination of a mean load and a load amplitude,
Sm + Sa• The parameter R is, in fact, a stochastiL
variabFe, which shows, however, considerably less
scatter than the time to crack initiation. On the
basis of available test results a constant va lue
R = 10,000 h has been chosen for all numerical
calculations as representative for a modern
transport aircraft.

The frequency of high loads on the wing depends
to a large extent on the operational use of the air-
plane. For civil transport aircraft gusts cause
the most dangerous loads. The variation is likely
to follow an extreme value distribution, but a
simple exponential distribution forms an approxi-
mation which is sufficient for the present purpose.
The expected number of times H that a normalized
load amplitude sa is exceeded, may then be written

H = Ho exp (-hsa) (5)

exp (logloT -tic)2120-cl dT
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where sa = Sa/S (6)

Ho and h are two parameters of which Ho depends
on flight profile and flight route, while h. varies
with the design stress level, speed and weight of
the aircraft. The values H = 0.2 and h = 20 have
been considered applicable for civil transport
aircraft on ranges of medium length, on the basis
of measurements from thunderstorms. (lO), (ii)
An ultimate design load factor nu = 3.75 has been
adopted. The information available concerning
extreme gust loads is not satisfactory at present,
but extensive measurement are being carriffilut
and may be expected to be published soon.

Complete fatigue failure occurs when the
load amplitude reaches or exceeds the residual
static margin

sa (7 )

Combination of Eqs. (4), (5) and (7) yields

Ht = Ho exp E- h(1 - t/R)1 (8)


Ht is the frequency of failures per hour at the
time t after crack initiation. Fircp ttie probabi-
lity of failure may be deduced v " 01/

RH°
G (t) = 1 - exp[ (1 - exp 14)exp(-h)] (9)

The functiom G(t) is presented in Fig. 3 assuming
the parameters Ho = 0.2, h = 20 and R = 10,000.

The probability of failum in an undamaged
section may be obtained as ki)

P (t = H t exp(-h) = 4. 1 x 10-1 °t (10)
u 0


This function has also been included in Fig. 3.
In the damaged section the probability of failure
grows rapidly with time and has almost reached
100 per cent at t = 8000 h. For t = 12/2 = 5000 h
the risk is about 0.5 per cent. Already after
2000 h the risk of failure in a damaged section
is tgn times the Tisk in an undamaged section,
10" against 10". If it is assumed, conserva-
tively, that a fatigue crack is initiated immedi-
ately after an inspection, one should not allow
the inspection interval to exceed some 20 per
cent of the crack propagation time R.

III. Risk of failure during one inspection interval

The service life of the aircraft is divided
into a number of inspection intervals. One arbi-
trary interval no. v is considered (Fig. 4).
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Figure 4. Time schedule for inspection
of aircraft
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The flight time from the first delivery of the air-
craft is denoted T. The age of the aircraft at
the beginning and end of interval v is T and

Tv respectively. This means that T0=0. The
length of the interval is

t.= Tv - T-1 (11)
v 


Since an inspection has been performed at
T = Ty_i, the structure is presumed to be free
from cracks at the beginning of the interval.
Provided that no repairs or replacements have
been made, the risk of crack initiation during
a short time increment AT from T to T +AT is
according to Eq. (1)

dP
APc = AT = pc(T)AT =

log1 oe
	 exp (logloT -tic)2/2(Tc2-JIAT (12)

ITcTITT

0 2000 4000 6000 8000 10000

SERVICE T I ME T HOURS

Figure 3. Probability of failure due to gust load
in damaged and undamaged wing stru--
ture before serl.,i( e time t
Ho - 0.2 h 20 R - 10, 000

The probabilityAP that a crack which is ini-
tiated during AT, shall result in complete failure
during the remaining part of the inspection inter-
t = Tv - T, is obtained by multiplying the quanti-
ties AP, and G(t) frornEqs. (12) and (9)
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the beginning of the inspection interval, until
Tv_i = 30,000 h. Fig. 5 reaches up to tiv =

V = 10, 000 h, while Fig. 6 provides Pi., -values for
longer inspection intervals until 20,000 h, where
only relatively low ages Tv_i are of interest.
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Numerical evaluations of Pv are preferably
carried out, however, by adding up values from
finite steps AT.

F'v= ZAP. = IG(T - T.)AP (15)
V j cj

A summation according to Eq. (15) has been
made on an IBM 7090 computer with two different
step lengths, AT = 500 h and AT = 500/3 = 166.7 h.
The error was then estimated from the difference
between the two results. The value of the func-
tion G(Tv- T.) was computed with Ti situated in
the middle ofithe step. The calculations have
been performed for ages at the beginning of the
interval Tv_i = 0, 1000, 2000, ..., 60, 000 h,
assuming inspection intervals of the lengths
t.v = 500, 1000, 1500, ... , 10, 000 h. Besides,
fOr values of Tv_i...5.12, 000 h the variation of t.v
has been extended as far as to 50, 000 h increalsing
the steps between the lengths of ti„ from 500 to
1000 h.
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AP = G(Tv - T) ,LIpc (13)

Letting .AT-••0 and integrating over the interval
gives 16)

Tv

Pv = f G(Tv- T) pc(T)dT (1 4 )

V-1

INSPECTION INTERVAL tip HOURS

Figure 5. Probability of complete failure during an
inspection interval tiv for different ages
Ty_1 at the beginning of the interval
Tc50 = 50,000 h 6 , 0.2 R = 10,000

Ho = O. 2 h = 20 
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Figure 7. Probability of complete failure during
an inspection interval tiy for different
ages Tv -1 at the beginning of the
interval
T = 50 000 h Cr = 0. 2 R = 10, 000

c50 '
Ho = 0. 2 h = 20

5



Corresponding diagrams are drawn in Figs. 7
and 8 with Pv in a linear scale, These diagrams,
which were obtained by interpolation in Figs. 5
and 6, have been used in a graphical approach
for determining the optimum length of the inspec-
tion intervals.
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IV. Risk of failure during service life with
regular inspections 


Periodic inspections
As is evident from Figs. 5-8 the risk of com-

plete failure during an inspection interval grows
rapidly with the length of the interval, approxima-
tely exponentially within the regions of practical
interest. If the aim is to limit the probability of
failure during the whole service life to a given
value PL, it is thus necessary to set limits to
the lengths of the inspection intervals in such a
way that the sum of probabilities Pv does not
exceed PL

n
P = X P P

1
(16)L

V= 

•

provided that PL is a small quantity

For short life times, Pv also grows rapidly
with the age Tv_i at the beginning of the interval.
It is obvious, therefore, that the lengths of the
inspection intervals should be decreasing, at
least the first ones, if one wants to minimize the
number of inspection intervals during a given
service life. For reasons which will be discussed
later on, it may be suitable to plan the regular
inspections with constant intervals during the
whole life. Anyhow, it is a common scheme at
present to apply regular periodic inspections,
supplemented by randomly occurring extra in-
spections. Diagrams giving the probability of
failure during the whole service life assuming
constant intervals have been presented in earlier

(7)reports. (6), These diagrams were obtained
from computations with larger step lengths in the
integrations than those employed in Chapter III.
A new, improved diagram of the probability of
failure P as a function of the service time T at
various constant inspection intervals ti has there--
fore been designed in Fig. 9. The service life
has been extended to 50, 000 h, i.e. the logarith-
mic mean of the crack initiation time. The re-
placement effect has not been considered, however,
which means that the accuracy is not so good
when Pc is approaching 50 per cent.

If a risk of complete failure, due to fatigue,
of PL = 10-'5 is considered adequate for the wing
section, which may imply a failure risk for the
entire airframe of some 10-4, or even more, and
the service life aimed at is TL = 30, 000 h. Fig.
9 indicates an inspection interval required of
4100 h. The number of intervals would thus be 8,
allowing a life of 33,000 h, or 7, if a life of
29,000 h is satisfactory.

FLIGHT T IME T HOURS

Probability of failure during whole
service life with periodic inspection

with interval till Curve n = 1 shows
risk of failure without inspection
and curve Pc gives risk of crack
initiation

- 50, 000 h = O. 2Tc50
R = 10, 000 Ho = 0. 2 h = 20
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Inspection intervals of varying length
A strict mathematical optimization of the


lengths of the inspection intervals is quite com-




plicated since the length of earlier intervals in-




fluences the risk of failure in a following interval.

It is possible, however, to arrive at approximate

solutions, as accurate as the diagrams of FigE. 7

and 8 allow, by trying only a few approaches. It

may be concluded from Fig. 8 that the risk of

failure during the first interval, Tv_1 = To = 0,
is very small until to = 11, 000 - 12, 000 h. For
tjj = 12,000 h the risk is P1= 0.4 x 10-6. Pro-
ceeding to interval no. two, one finds in Fig. 7
that T1 = 12, 000 h yields a risk P2 x P1 already
at ti2 = 4300 h. For t12 = 5000 h, P2 = 1.7 x 10-6,
and at ti2 = 5500 h the risk has grown to P2 =
4.5 x 10-6. This latter value is obviously toohigh
if the sum of all risks Pv must not exceed 10-5.
The discussion shows that it is quite simple to
find reasonable limits for the lengths of the in-
spection intervals.

The following numerical example has been
studied:

PL 

n = 6

Three different approaches where introduced.
The sequence of intervals giving the longest serv-
ice life was considered the optimum solution,
TL = T6 max

Same probability of failur.; in all intervals,
Risk per interval P,, = 10-D/6 = 1.67 x 10".
From Fig. 8 is obtained to = 12,840 h. The
second interval thus starts at T1 = 12, 840.
By interpolation in Fig. 7 the next interval is
determineo as ti2 = 4820 h. The beginning of
the third interval is T2 '= 12 840 + 4820 =

= 17,660 h, which gives ti3 = 4120 h, and so
on for the following intervals, see Table 1.
The total service life is obtained as the sum
of the lengths of the intervals

6
T6 = 2 t. = 32,600 hivv= ,

Same failure rate per hour during all inter-
vals.
The quotient F = Pv /ti,,, shall have a constant
value, which is, at first, unknown. If the
service life determined in approach a. is
introduced

-F = 10-5/32, 600 = 3. 1 x 1010

and PI, = 3.1 x 10-10 tiv

By trial is found that tii = 13, i60 h and the
corresponding P1 = 4.17 x 10" give the
correct failure rate. The following intervals
are determined analogously. The results
may be found in Table 1. The service life
obtained is To = 32,180 h, which is some-
what less than was assumed in the evaluation
of F. A new calculation based on a corrected
failure rate does not improve the accuracy.

Sam?. frequency of failure at end of all inter-




vals
The slope of the distribution curves

- p1 = p2 = = p6 for T = Tv .

In this approach one must first choose a
length for the first interval, say t1=13,000 h

which is situated between the values obtainod
in a. and b. Thp corresponding risk is
P1 = 2.15 x 10'. The slope of the curve
for To = 0 is in this point about 170. On an
interpolated curve for T1 = 13, 000 h a point
with the same slope is thep found, t12 =
= 4850 h, P2 = 1.85 x 10'. The same pro-
cedure is repeated until the service life has
bet_..1 determined, To = 32,900 h. The sum
of the probabilities of failure is, however

6
P = 2 = 1. 095 x 10-5

v= 1

This value is too high. A somewhat lower
first interval, t11 = 12, 850 h, is tried sec-
ondly. The result is

T6 = 32,250 h P = 0. 810 x 10-5

By linear interpolation between the,se two
results the first intenal is determined as

= 12, 950 h. The corresponding service
life is To = 32,660 h and the sum of the
failure risks is very close to 10-5. The
intervals are presented in Table 1.

Interval


V

Lengths of

a

inspection


b

intervals

c

1 12840 13460 12950

2 4820 4660 4800

3 4120 3930 4130

4 3800 3550 3780

5 3560 3350 3550

6 3460 3230 3450

T6= 32600 32180 32660

Table 1. Approaches to optimum variation of
inspection intervals

The approaches a. and c. give very simi-
lar variations of the lengths of the inspection
intervals. The service lives differ less than
100 h from each other, i.e. within the mtrgin of
error. Approach b. gives a life about 500 h
shorter, which is due to the long first interval
where too much was consumed of the total allow-
able risk.

If all the distribution curves in Figs. 7 and
8 had the same shape, irrespective of the age at
the beginning of the interval, the approaches a.
and c. would have been identical, and would also
have given the optimum lengths of the intervals.
Studying the distribution curves more closely
one finds that a small decrease of the first inter-
val, according to approach c., gives a decrease
in P1 which is somewhat bigger than the increase
of P2 caused by a corresponding lengthening of
the second interval. The first interval should
thus be shortened by a small amount less than
100 h. It seems unlikely, however, that any
other variation of the inspection intervals could
give a total service life exceeding 32,700 h.
Rounding off the values the optimum variation
may be written

7



V = 1 t. = 12900 h

	

2 4800

	

3 4100

	

4 3800

	

5 3600

	

6 3500
T6 =32700 h

This variati;on has been checked also on the
computers Bull-GE 235 and 265, using a time
sharing terminal in Stockholm. The sum of the
failure risks was calculated for ten other alter-
native solutions, where the lengths of two inter-
vals were varied by 100 h each time, keeping the
service life at 32, 700 h. The first interval was
thus increased to 13, 000 h, while the second
interval was shortened to 4700. It was then de-
creased to 12, 800 h, lengthening the second inter-
val to 4900 h. The same procedure was repeated
for the other pairs of intervals. The lowest sum
of risks was obtained for the original variation
which gave PL = 1.017 x 10-5.

In practice it is probably not convenient to
apply a continous variation of the intervals. The
following approximation seems to be more real-
istic.

A still rougher optimum solution is formed by
a first interval of 13, 000 h and all the following
equal to 4000 h. This variation gives a sum of
the risks of 1.4 x 10-5 which is slightly too high.

In comparison with constant inspection inter-
vals the optimum variation of the lengths of the
intervals saves two inspection intervals out of
eight in the present example. This is mainly
brought about, however, by making the first
interval three times as long as in periodic in-
spection.

V. Effect of random extra inspections 


In the previous chapter it was assumed that
only regular inspections are performed, planned
in advance. The inspection of an individual air-
plane thus occurs without regard to the informa-
tion which may be obtained at the inspection of
other airplanes within the same fleet. If there
is only one airplane of the type under consider-
ation in service, it is necessary to rely on reg-
ular inspections only. On the other hand, if the
fatigue damage in a number of aircraft is re-
ported to a centre, it is possible to combine a
system of regular inspections with extra inspec-
tions which are undertaken as soon as possible
after a fatigue crack has been detected at a reg-
ular inspection. Since the time until crack ini-
tiation is a stochastic variable,although time de-
pendent, the extra inspections will occur random-
ly in time with an increasing frequency.

War inspections. It is quite clear that the safety
against failure is improved by the extra inspec-
tions. The higher the number of aircraft is, par-
ticipating in the inspection system, the lower will
the probability of failure become for a given reg-
ular inspection interval. This can consequently
be extended with regard to the extra inspections.

It is also evident, however, that the system
employing extra inspections cannot be maintained
when the number of aircraft is approaching infini-
ty, if the regular inspections are evenly distrib-
uted in time. A large number of regular inspecticrs
would then occur every day and cracks would be
detected daily. Extra inspections would be ordered
every day, which is unreasonable. A theoretical
study of the frequency of the extra inspections and
their influence on the risk of failure at different
fleet sizes, therefore, seems to be an urgent task.

In the same way as in chapter III a regular
inspection interval with a length tip for the indi-
vidual airplane has been studied. The number of
aircraft is m. The inspections are assumed to
be evenly distributed implying that inspections
are performed in the whole fleet at constant inter-
vals tivirn. The inspection interval tiy is divided
by extra inspections into a number of L part inter-
vals of randomly varying length. The extra in-
spections are carried out when a crack is detected
at a regular inspection on another airplane, The
probability of crack initiation for the individual
airplane is Pc (Ty _1) at the beginning of the inter-
val and Pc (Tv ) at the end of it, The probability
of crack initiation during the interval v is thus

Pcv= Pc (Tv ) - Pc (Tv-1) (17)


In a fleet of m aircraft the probability that no
crack will occur and no extra inspections be or-
dered is given by

Q = (1 - )11-1-1 (18)1 cv

Index 1 means that the regular interval contains
one single part interval. The probability of .t-1
crack initiations and t.part intervals is

Q jrn-1 /1
pt-1 (1 - P )m-A. (19)-1cv

In the analysis the delay between crack detec-
tion and extra inspections has been neglected. In
practice some cracks which have been found dur-
ing interval v will not lead to extra inspection
until next interval v+ 1. This will be compensa-
ted, however, by delayed inspections originating
in interval v-1. It is also possible that the oper-
ator may exclude from extra inspection those air-
planes which have comparatively recently been
subjected to regular inspection. Such a reduc-
tion of extra inspections has not been considered.
It would give a higher risk of failure than has been
obtained. The results may thus be considered as
a lower limit for an ideal system of random extra
inspections.

If the conditional probability of failure during
the regular interval V, provided that the interval
is divided into t random parts, is P, the result-
ing probability of failure for the interval is

13000 h
4500
4500
3500
3500

 3500
T6= 32500

= 1
2
3
4
5
6

t. =

The individual airplane may be subjected to

0, 1, 2, ... extra inspections between two reg-

221

Pv = 2 Qt Pvt. (20)
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The conditional probability Pvt. is obtained from
the formula

Tv

P =2 [ G[N(T) - T]i),(T)cyd/A (21)

V-1

where the summation refers to all possibilities
for the 1 -1 extra inspections to occur at differ-
ent times, A = number of possible occurrences,
N(T) = time to first extra inspection after time T.
The functions G and pc have been defined in Eqs.
(9) and (12).

The evaluation of Pyt has been made on an

IBM 7090 computer, using two different proce-




dures, the Monte Carlo Method, and Step Integra-




tion with the trapezoidal rule. The calculations

were successively refined. In the Step Integra-




tion regular interval has been divided into k equal

parts with the integer t assuming any value from
1 to k. The number of possibilities is

A =(k - 1)
- 1

The calculations have been performed with k =
10-16 part intervals.

In the Monte Carlc Method the summation has
been made using A = 50 random simulations. Be-
tween the beginning and end of the interval, Tv_i
and Tv , t -1 random numbers have been sampled,
with a rectangular distribution, independent, and
rounded off to the closest number which is a mul-
tiple of 20. They have been arranged in rising
sequence before they were entered into Eq. (21).
In the summation values of 1. from 1 to 18 were
included.

The step length in the integration has been in
both methods AT = 20 h. The calculations have
been carried out for regular inspection intervals
with the lengths tiv = 1000, 2000, ... 12, 000 h,
adopting ages at the beginning of the interval
Tv_i = 0-30, 000 h. The number of aircraft in-
troduced was m = 10, 30, 100, 300 and 1000. In
the evaluation of the probability of total failure
during interval v from Eq. (20) the binomial
distribution of Qz was replaced by a Poisson
distribution, which is a good approximation as
long as Pcv, is relatively small.

In Figs. 10 and 11 Pv is given, in a loga-
rithmic scale, as a function of the age Tv_1 at
the beginning of the interval for different lengths
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Figure 10. Probability of complete failure
during a regular inspection interval
tiv versus age Tv_1 at the beginning
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Figure 11. Probability of complete failure
during a regular inspection
interval tiv versus age Tv_lat
the beginning of the interval.
Random extra inspections, number
of aircraft m=1000
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R = 10, 000 H = O.h = 20
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tiv of the inspection interval, assuming fleet
sizes m = 100 and 1000 respectively. The dia-
grams are based on the results of the Monte Car-
lo Method, since this proved to give the most con-
sistent values when varying the number of part
intervals.

A comparison between the probabilities of
failure Pv for different fleet sizes has been made
in Fig. 12. Curves for m = 1, 100, 300, and
1000 have been drawn considering the age Tv _1=
= 10, 000 h at the beginning of the interval. If the
probabilities are plotted versus the length of the
regular inspection interval tiv a lower risk is
obtained when the number of aircraft is increased,
as was expected, and the reduction is more pro-
nounced for long inspection intervals. In the com-

parison one should, however, take into account
also the number of extra inspections. Under the
assumptions on which the ralculations of the fail-
ure risk have been based, the expected number of
extra inspections for the individual airplane is

mPcv • During the interval v there is thus togeth-
er 1 + mPcv, inspections. The average time be-
tween two inspections, the "effective" inspection
interval, is obtained by the formula

t. = t. /(1 + mP ) (22)
iev cv

The value of ti v has been computed in Table 2 for
the age Tv_1 =9 o, 000 h.
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INSPECTION INTERVAL t tley HOURS

Probability of complete failure
during regular and effective inspec-
tion interval, tiv and tie,, respective-
ly, at age T9_1 = 10, 000 h before
interval. Different number of air-
craft m = 1, 100, 300 and 1000.Ran•
dorn extra inspections assumed.

000h CY=0.2 R=10,000

	

T =50'c50
H = O. 2 h = 20

Regular
interval

tiv

Effective inspection

m = 100 300

interval tiep

1000

1000 975 925 790

2000 1865 1640 1160

3000 2620 2080 1210

4000 3170 2240 1100

5000 3520 2200 960

6000 3670 2060 820

7000 3650 1870 690

8000 3500 1640 580

9000 3280 1450 490

10000 3000 1260 420

11000 2810 1130 370

12000 2550 990 320

Table 2. Length of effective inspection interval,
with regard to extra inspections, for
different fleet sizes. Tv_1 = 10, 000 h

The number of extra inspections at a regular
interval of 2000 h is unimportant when the fleet
consists of 100 aircraft. If the number m=1000,
however, the extra inspections will be almost as
frequent as the regular ones, implying a reduc-
tion of the effective interval to about half the reg-
ular interval, 1160 h. With increasing regular
inspection interval the number of extra inspec-
tions grows quite rapidly. The result is that tiev
reaches an upper limit 3670 h for tiv= 6000 h and
rn = 100. To further lengthen the regular interval
is senseless, since this will only result in an in-
crease of the total number of inspections at the
same time as the risk of failure rises, For m =
= 300 the maximum of tiev occurs at tiv= 4000 h
and for m = 1000 the maximum, 1210 h, is situ-
ated already at tiv = 3000 h.

Fig. 12 includes also the relationships between
Pv and tivfor m = 100, 300 and 1000. Comparing
these curves with the dotted curve, m=1, which
presupposes regular inspections only, one finds
that extra inspections will give a higher risk of
failure at the same effective inspection interval.
This effect is amplified with increasing size of the
fleet. For a given probability of failure the intro-
duction of random extra inspections can evidently
not lengthen the regular interval so much that the
effective inspection interval decreases.

An inspection system which includes both
regular inspections and random extra inspections,
has thus been shown to give a larger number of
inspections than a system built on regular inspec-
tions only. This is not surprising since extra
inspections may occur at intervals with very large
scatter. Single intervals which are extremely
short do not contribute correspondingly to the
safety. As was shown in chapter IV the probabi-
lity of failure should be approximately the same
in all intervals to give an optimum number of in-
spections. The selection of the lengths of the
inspection intervals should obviously not be left
to the chance. Moreover, inspections planned in
advance are likely to be considerably cheaper
than those generated by a random occurrence.
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It may be argued that in an intelligent appli-
cation of the system of extra inspections some
inspections could be saved on airplanes which have
recently been inspected, as was mentioned before.
This would improve the efficiency of the extra in-
spections, especially for large fleets, compared
to the results of the general study presented. It
is maintained, however, that the conclusions
drawn still hold true,

VI. Cyclic inspection

Cyclic inspection, also called sampling in-
spection, implies that the individual airplane is
not subjected to a complete inspection of all fatigue
sensitive points on every occasion overhaul is
carried out. The big airlines apply a block over-
haul plan in which a portion of the overhaul is
made at each visit. Block A may include inspec-
tion of the tail area, Block B wing inspection, etc.
When the whole cycle is completepl.„ the first total
inspection has been carried out. k7) If the inter-
vals between the regular overhaul visits, the
block intervals, have a length tib and the number
of blocks within the cycle is b, the interval be-
tween two successive inspections of the same de-
tail of the airframe is

t. = b tib (23)

In case that only regular inspections are
performed, the relevant parameter to employ in
determining the risk of failure during the service
life is evidently ti and not tib. Usually the cyclic
inspection seems to be combined with extra inspec-
tions, however, prescribed when cracks are de-
tected in other aircraft.

Schematically it may be assumed that a

fleet of m aircraft of the same age are inspected

in b blocks. At the same time as block A is car-




ried out on rri/b aircraft, the other blocks B, C,

are simultaneously applied to the same number of

aircraft. If the risk of crack initiation before the

inspection is Pc = 10 per cent and b = 5, i.e. 20

per cent of all aircraft are inspected each time,

and further m = 100, the probability of finding a

fatigue damage in some of the aircraft inspected

is about 90 per.cent. (8) This may sound rather

safe, but does not, in fact, comply with the safety

level discussed in the introduction. The probabi-




lity of overlooking a crack is 10 per cent. This

figure has to be multiplied by the probability of

failure provided there is a crack in the structure

which was initiated already during the previous

interval. This probability may become rather

close to unity if the inspection intervals are not

very short, as is demonstrated in Fig. 3. The

resulting probability will then be much too high.
It cannot be expected therefore, that the extra
inspections will improve the safety against fatigue
failure considerably unless the number of aircraft
under observation is quite large, Then the number
of extra inspections will be inconveniently numer-
ous on the other hand. This was shown in chapter
V assuming that regular inspections were carried
out with very short intervals in the whole fleet.
In cyclic inspection the overhaul is supposed to
be concentrated to a few occasions within the
cycle. To study the influence of the discrete
blocks a numerical example with cyclic inspection 


has been treated.

In a fleet of m = 100 aircraft the block inter-
val is tib = 5000 h, constant throughout the service
life, TL = 30, 000 h. The number of blocks is
b = 4, which means that the regular inspection in-
terval for the individual aircraft is 20, 000 h accord-
ing to Eq. (23). Regular inspections are perform-
ed on five occasions, T = 5000, 10, 000, 15, 000,
20,000 and 25, 000 h. Each time there are two
possible outcomes.

No crack detected
Crack detected, resulting in extra inspec-
tion on the remaining 75 aircraft

In all, the number of outcomes at five inspections
is 25 = 32. They are recorded in Table 3. In
each case the probability of occurrence as well as
the conditional probability of total failure, provid-
ed the outcome occurs, have been computed. Nu-
merical results obtained earlier in chapter III
have been utilized, which implies the following
combination of parameter values:

Out-
come

no.

Crack

T =

5, 000 h

detected

10, 000 h

(x) at block

15, 000 h

inspection

20, 000 h ?5, 000 h

1






2 x





3




x





4 x x





5




x




6 x




x




7




x x




8 x x x




9





x




10 x




x




11




x




x




12 x x




x




13




x x




14 x




x x




15




x x x




16 x x x x




17





x
18 x





x
19




x




x
20 x x




x
21




x




x
22 x




x




x
23




x x




x
24 x x x




x
25





x x
26 x




x x
27




x




x x
28 x x




x x
29




x x x
30 x




x x x
31




x x x x
32 x x x x x

Table 3. Possible outcomes at cyclic inspec-
tion with 5 block inspections during
service life

The most common outcome is no. 17 where no
crack occurs until the fifth inspection. This
combination appears in 40 per cent of all cases.
Next comes no. 25 with 26 per cent and no. 9 with
13 per cent. By multiplying the two probabilities
mentioned, the probability of total failure for all
the different outcomes is obtained. They are ad-
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ded together to give the total probability of failure
during the service life

P = 0.0367

To this probability is contributed 29 per cent by
outcome no. 1, where no cracks occur at any in-
spection, while no. 17 gives 35 per cent and no.9
23 per cent. The number of extra inspections in
the whole fleet is expected to be 129, i.e. 1.29
per airplane. Since the number of regular inspec.
tions is 1.25 per plane, including the last inspec-
tion at T = 25,000 h, the effective inspection in-
terval may be computed as

tie = 25,0001(1.25 + 1.29) = 9850 z 10,000 h

Disregarding the fact that the probability
of total failure is unacceptably high, a comparison
with Fig. 9 shows that it is much higher than for
regular periodic inspections with ti = 5000 h, which
gives P = 5 x 10-5at TL = 30,000 h. It is also
higher than for ti = tie = 10,000 h, where P=0.02,
and even approaches the value obtained without
inspections (n = 1), P = 0.042. The effect of the
random extra inspections must be extremely
small, and it seems preferable, therefore, to in-
crease the number of regular inspections to twice
the present number before carrying out the extra
inspections.

A still better solution, theoretically, would
be to vary the length of the regular intervals. If
the first intervalis to = 20,000 h and the second
one is ti2 = 10,000 h, the failure risk becomes
P = 0.02, i.e. less than in the system of cyclic
inspections studied, which includes extra inspec-
tions. This is remarkable, that one single in-
spection per airplane gives a better result than
1.25 + 1.29 = 2.54 inspections per plane. The
cause may partly be the inefficiency of the random
extra inspections but partly also the fact that in
the cyclic inspection some inspections are made
in the beginning of the service life, where they
are of little importance for the safety problem
considered. Further, one fourth of the fleet is
left without inspection after 10,000 h, and another
fourth is obtaining its last inspection at an age of
15,000 h.

More extensive investigations regarding
systems of cyclic inspection are planned to be
carried out presently. The single numerical
example which has been presented cannot form
the basis for wide conclusions. It might be stat-
ed, however, that it does not contradict the re-
sults of the general study with continuous regular
inspections, which was made in chapter V.

VII. Unexpected fatigue cracks

The calculations of the probability of com-
plete failure due to fatigue damage, which have
been presented in the previous chapters, presup-
pose that the fatigue properties of the structure
are statistically well-known under current load
sequences. If this is not the case, there are no
possibilities to determine in advance the economi-
cal service life of the aircraft and to plan the
lengths of the inspection intervals. Big efforts
are therefore made to acquire this information at
an early stage. But airframes are very compli-
cated structural systems. In spite of the refined

methods of stress analysis, the accumulated know-
ledge of fatigue failure and the extensive fatigue
testing, very often on a complete airframe, that
the manufacturers employ in the development of
a new aircraft model, it is quite likely that one or
a few fatigue sensitive points have been overlooked.
The stress level may not be correctly determined
in every detail and the full-scale testing may not
be able to simulate all influences of dynamic char-
acter on the airframe in service. The risk that
both analysis and testing fail in the same detail,
according to experience, cannot be neglected.
Furthermore, errors in the production, outside
normal scatter, is also a possibility not to be
forgotten.

The airframe must normally be supposed to
possess the fatigue life parameters that were ini-
tially evaluated and the risks of total failure com-
puted from these parameters must be taken into
account. On the top of these risks of expected
fatigue failures one must also take care of the
risks due to unexpected fatigue damage, especially
during an initial debugging period. The regular
inspection intervals determined due to expected
fatigue, must be shortened and extra inspection
of the whole fleet performed when these unexpected
fatigue cracks appear. Modifications will usually
be introduced. If this is not possible, the natural
solution is to decrease the service life, originally
fixed. The question is how conservative assump-
tions must be introduced in guarding against un-
expected cracks.

If it is assumed that a crack is present in the
structure already at the delivery, the probability
of failure before a certain service time will grow
rapidly with this time according to Fig. 3. A first
inspection interval to = 5000 h gives the failure
risk G = 5 x 10-3 which is unacceptable. One has
to cut down the interval to 2000 h to attain G=10-5.
Provided that there are cracks in a large per cent
of all aircraft at T = 0, this ci rcumstance ought
to be discovered already at the inspection of the
first few aircraft. Conservatively it might be
stated that reasonable safety requirements should
be satisfied by a first block interval tib = 2000,
applying a sampling ratio of 0.20-0.25 in a com-
paratively large fleet.

In order to study the influence of a variation
of the crack initiation time, the probability of fail-
ure P, during the first inspection interval has been
plotted in Fig. 13 as a function of the length of the
interval to for different values of Tc50 from
10,000 to 50,000 h. The other parameters are the
same as were used e.g. in Fig. 5. In this diagram
may be observed that with a logarithmic mean as
low as 10,000 h, a first inspe%tion interval to =

= 6000 h yields P1 = 1.8 x 10- . If the fleet con-
tains 100 aircraft and cyclic inspection is planned
to be performed on 25 aircraft at the first block
inspection, then the risk that cracks which are
actually iniated, will be overlooked, is the follow-
ing

Rc = (1 - Pc)25 [1 - (1 - 1c)75] (24)

The probability el crack initiation is obtained from
Fig. 2, Pc = 0.134, which gives

Rc z 0.86625 = 0.027
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If the next inspection takes place at T =

= 10, 000 h the failure risk in a first interval,

to = 10, 000, will amount to Pi = 0.0042 accord-

ing to Fig. 13. The resulting risk that the crack

will not be discovered at the first block inspec-

tion and then cause failure before the second in-

spection is computed as the product

Fl x Rc = 0.0042 x 0.027 = 1,1 x 10-4

Since this value is too high, the second inspectior

must come earlier, say at 8000 h. The corre-

sponding Pi = 0.99 x 10-4 and thus

P1 x Rc = 2.7 x 10-6

If cyclic inspection is applied and the block

interval is 2000 h, all 75 aircraft remaining

from the first inspection will have been inspected

at T = 8000 h and the probability of failure before

this time will be somewhat lower than computed

above.

When the first cycle has thus been completed

all sorts of fatigue damage with a crack initia-

tion time Tc50s10, 000 h will have been detected

with a high confidence. In the analysis for the

following cycle it will therefore be possible to

assume a longer crack initiation time. The same

procedure may be repeated until the expected 


value of Tc50 has been reached.

The hypothetical discussion which has been

sketched above, refers to the case where no

cracks are detected at an early stage. The inspec-
tion intervals determined can be considered as

conservative estimates which may be useful for

the initial planning of intervals. When a crack

is found in the primary stru,:ture of one, or sever-

al airplanes, this constitutes new information,

which may, after a statistical treatment, form the

basis for a more reliable estimation of the crack

initiation than could be made before. The inspec-

tion intervals can therefore not be permanently

determined in advance but must be subjected to

continuous modifications due to the results of

earlier inspections. According to experience,

the guard against unexpected fatigue damage does

usually not need to be maintained more than during

a limited debugging period. The length of this

period is obviously difficult to determine in ad-

vance. It is believed that a value of the order of

magnitude of 10,000 h would correspond to the

parameter values used in this investigation.

VIII. Conclusions

Assuming that one knows for a part of an air-
frame, e.g. a wing structure, the crack iniation
and crack propagation times, an extensive numeri-
cal study of the risk of complete failure has been
performed with special regard to the inspection
intervals and procedures. In th: computations

certain parameter values are introduced,y4lichl

have been motivated in earlier reports. k°). ‘71

The experimental support is not satisfactory, how-

ever, and the diagrams presented should not be

considered as directly applicable for practical

service purposes but rather as numerical exam-

ples with a realistic background.

In Figs. 5 - 8 is shown the computed probabi-

lity of failure Py during an inspection interval of

the length tiv , beginning at service time Ty_i.

The diagrams may be used to determine the risk

of failure during the whole service life of a struc-

ture which is inspected periodically or with reg-

ular intervals of varying length. Fig. 9, referred

to constant intervals from 1000 to 10,000 h, has

been obtained by adding the PI, -values in Figs. 5

and 6. In the same way Figs. 7 and 8 have been

utilized in an investi2ation of the optimum varia-

tion of regular inspection intervals during a serv-

ice life slightly over 30,000 h. Periodic inspec-

tion requires eight intervals to keep the sum of

the failure risks of the intervals below 10-5. With

an appropriate variation of the lengths of the in-

tervals their number may be reduced to six. It

can roughly be stated, however, that this reduc-

tion is achieved by making the first interval three

times as long as the constant intervals. Such a

variation is unsuitable, however, for other reasons.

The airlines must aim at such a distribution

of the inspections of their fleets that the overhaul

capacity is evenly employed and that the operations

may be maintained to the extent they are demanded.

Seasonal variations may occur, but it is probably

reasonable to assume that for a common aircraft

model inspections are carried out with short, even

intervals all over the world. When a serious crack

is detected at an inspection, this is usually re-
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ported to a centre from which prerriptions may
3 e edited of immediate extra inspections on all
air raft of the particular model. This safety sys-
tem has been treated numerically taking into
account extra inspections, randomly occurring
in time. Two different procedures have been
tried, of which the Monte Carlo Method has, so
far, given the most consistent results. The extra
inspections result in a reduction of probability of
failure during a regular inspection interval. The
reduction increases with the length of the inspec-
tion interval, the age at the beginning of the inter-
val and the number of aircraft involved. The
results of the calculations are demonstrated in
Figs. 10-12. As a comparison a curve denoted
m = 1 has been included in Fig. 12. giving the
risk of failure when information from inspections
on other aircraft is neglected.

The improved safety with random extra in-
spections is gained at the prize of increased in-
spection work. A measure of the efficiency of
the extra inspections is obtained by plotting the
three curves for m = 100, 300 and 1000 in Fig. 12
as a function of the effective inspection interval
tiey, obtained by dividing the length of the regular
inspection interval by the expected number of
extra inspections during the interval,plus one. The
three new curves to the left in the diagrani pro-
vide a clear indication that the extra inspections
are inferior to the regular ones. The result is
not unexpected, since a random distribution of
the length of the inspection intervals must obvious-
ly involve (onsiderable irregularities. Inspec-
tions at very short intervals are almost wasted.
It may be argued that such inspections will be
eliminated in practice. Rational limitations are
thus likely to reduce the differences between the
curves for m = 1, 100, 300 and 1000, but they
will not be able to change the tendency.

In ryclic inspection, which is commonly em-
ployed by the big airlines, only a certain portion
of all aircraft in the fleet are inspected in the
same detail simultaneously at each block inspec-
tion. When the cycle, usually consisting of 4-8
blocks, is completed, every part of the airframe
which is considered fatigue sensitive, has been
subjected to a thorough inspection, where all
cracks of importance may be presumed to be de-
tected. The time period of one cycle thus corre-
sponds to what has been called the inspection in-
terval ti. A variation of the length of the inspec-
tion interval during the service life may be intro-
duced but involves some complications. The nor-
mal planning seems to include only constant reg-
ular intervals, the length of which may be deter-
mined from diagrams like Fig. 9. It is main-
tained, however, that by receiving information
from other aircraft of the same type which are
inspected at the other block inspections during
the interval, practically the same safety level
may be attained as if the inspection interval were
only equal to the time between two consecutive
block inspections. This is probably correct pro-
vided the fleet under consideration is sufficiently
large. The inspection system must include extra
inspections on all aircraft when a crack is dis-
covered at a block inspection. If the number of
aircraft is very large, cracks will be detected at
almost all inspections, which will be transformed
to total inspections of the whole fleet. Thus, no
inspections have been saved by the procedure.

A realistic example of cyclic inspection has
been studied numerically. In a fleet of 100 air-
craft with a given service life of 30, 000 h block
inspections are carried out on 25 per cent of the
planes at intervals of 5000 h. The intervals be-
tween total regular inspections is thus 20, 000 h.
If a fatigue crack is found in one of the five block
inspections, the remaining 75 aircraft are inspec-
ted immediately, resulting in an expected number
of 1.29 extra inspection per plane. With the para-
meter values chosen for this investigation the pro-
bability of failure during the service life is
P = 3.7 per cent, which value is somewhat higher
than the risk of failu're obtained when only one
regular inspection on each aircraft is carried out
after 20, 000 hours flight time. Cyclic inspection
with extra inspections upon crack detection con-
sequently seems to form a rather ineffective in-
spection system. The extra inspections are pro-
bably of very little importance in this case.

If the fatigue properties of the airframe are
not completely known under service conditions,
which may be the case especially during an ini-
tial debugging period it is hardly possible to plan
conservatively in advance more than the first in-
spection interval without making the intervals un-
reasonably short. For this situation cyclic in-
spection is, no doubt, very well suited. The por-
tion of the fleet that is selected for the first block
inspection may be considered as a random sample
in a statistical quality control. On the basis of
the results of the first inspection •.he next allow-
able inspection interval is determined etc. It is
necessary to supplement the regular cyclic inspec-
tions with extra inspections in order to keep the
failure risk at a satisfactorily low level. Such a
procedure has, so far, only been discussed in
principle with some numerical illustrations.

As a summary of the conclusions it can be
stated that cyclic inspection with extra inspections,
randomly caused by the detection of cracks at
regular block inspections, forms a suitable means
of preventing total failure due to fatigue as long as
completely unexpected cracks must be taken into
account during an initial debugging period. After
this period when the fatigue properties of the
structure, in reason, ought to be known in advance,
random extra inspections implies a less effective
utilization of the inspection capacity than if the
same labour had been employed in regular inspec-
tions. Further, they usually involve a costly
disturbance of the operations. When using cyclic
inspection the interval between two consecutive
inspections of a specific detail on the same airplane
is the significant parameter, while the interval
between inspections on different airplanes is not
of direct importance. An optimum distribution of
the lengths of the inspection intervals is approxi-
mately obtained by making the risk of failure the
same in all intervals during the service life. An
initial period of at least 10, 000 hours should be
excepted from this r.ile, however.
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