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1. Introduction

Review of the problem of eliminating aircraft fatigue
failure can be seen in (Paramonov et al. 2011). Gen-
eral approaches to the inspection programme problem
are discussed by E Beichelt and P. Franken, and by
I. Gertsbakh (Beichelt, Franken 1983; Gertsbakh 2000).
Models of fatigue crack are discussed by J. N. Yang and
S. D. Manning (Yang 1980; Yang, Manning 1980).

Our paper is a development of papers in (Para-
monov 1999; Paramonov, Kuznetsov 2009, 2008, 2006;
Paramonov, Hauka 2010a, 2010b; Hauka, Paramonov
2010).

The problem is solved by using two main methods:
by discarding aircraft after a specified number of flight
hours is reached (safe-life approach) or by implementing
periodic inspection programmes that allow the fatigue
damage to be found and repaired or that allow an aircraft
to be removed from service before the damage exceeds
the regulatory mandated value (fail-safe approach). The
main approach used today is the development of an in-
spection programme that is developed using informa-
tion about full-scale aircraft fatigue test.

In this paper we consider a solution to this problem
provided that the cumulative distribution function (cdf)
of time to failure is known. We assume that some struc-
turally significant item (SSI), the failure of which is the
failure of the aircraft, is characterised by a random vector
(r.v.) (Tp, Tc), where T is a critical lifetime (up to fail-
ure) and T’ is a service time when some damage (fatigue
crack) can be detected (with probability equal to unit).
So if there are N aircraft in the fleet and r inspections are
conducted at the interval (Tp, T() then the probability of
discovering a crack will be equal to F, = 1-(1-w)", where
w is probability of detecting a crack, which depends on
the quality of the regular inspections (human factor). We
also suppose that the required operational life of the sys-
tem is limited by specified life (SL), tg; , when the air-
craft is removed from service.

Calculations of the probability of fatigue failure
should be based on a model of fatigue crack propagation
and the processing of the corresponding fatigue test res-
ult. As shown in (Paramonov et al. 2011), the following
simple exponential model of fatigue crack could be used
for approximating its dependence on time:

a(t) = age? ,

where a(t) is the size of a fatigue crack at time ¢ (the
number of flight hours), a, is the so-called equivalent
initial crack size, and Q is a parameter that depends on
the loading mode. Model parameter estimates are de-
rived from the full-scale fatigue test of the aircraft using
regress analysis as follows:

a(t) = age? ; (1)

loga(t) =loga, +Qt; (2)

loga(t,) 1t
loga(t,) 1ty | |loga,
= X 5
. Q

thus (3)

loga(t,) 1t,

where pairs of {(t,a); , i = 1,..., n} are the results of tests
(observations of real cracks). For a numerical example,
we accept that o0 =0.286132583, but In(Q) is a ran-
dom variable (r.v.) that has normal distribution. Its mean
value and standard distribution are equal to -8.58733
and 0.155689 (Paramonov et al. 2011). As soon as we
have model parameters a,and Q, we can perform crack
modelling.

2. Development of inspection programme
for one aircraft

If there is only one aircraft, then the probability of the
failure of that kind of fleet would be equal to the prob-
ability of the failure of that single aircraft. To develop
an inspection programme for that aircraft, we use the
Monte-Carlo method. We suppose that r.v. T, and T}
are defined by r.v. Q:

loga; —loga, C;

T, =—2"d_—o% _d 4
D Q Q (4)
loga. —loga, C,
To=—"———=—*, 5
C Q Q (5)

where a;,a, are a detectable and critical size of fatigue
crack.

Let us simulate one thousand times the develop-
ment of the crack on a given aircraft and calculate the
function of failure probability on the interval between
the inspections for different values of w (w = 0.9 and
w = 0.95). In a general case, the choice of time of first
inspection, t;, should have a specific base, but in this
paper, for the purpose of simplicity, we suppose that all
inspection intervals are equal. The random probability
of the failure of a specific aircraft with specific random
T;=t;, I, =t is:

Pr=(1-w)Rif T, <tg ;
Py =0,if To >t (6)

where R is a random number of inspections in the
period of time between T, and T, specifically:

AN A
5 )

where [x] is integer part of x and D is the inspection
interval. It is worth remembering that for the case when
Tc > tg; » even though a crack was not found, the SSI
will be taken out of service before the failure happens.
In that case, the probability of failure is equal to zero.
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In our example, it was assumed that t¢; =42000. Value
Pf1 is function of Q. So its mean value is:

P = [ pp@dFy (@), (8)
where E, (q) is the cumulative distribution function of
Q. As already stated, for the calculation of Pf1 we have
used the Monte Carlo method.

In figure 1 the failure probability as a function of the
inspection interval for one aircraft is given.
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Fig. 1. Dependency of failure probability on inspection interval
for one aircraft

We can see that for small P; with the increasing
inspection interval the probability of failure increases.
With less qualitative inspection cases, w; < w,, the fail-
ure probability with the same interval will be higher.
We can also see some interval of non-monotonic beha-
viour of function that is expressed by a sharp decrease
in the probability of failure. This phenomenon is ex-
plained in (Paramonov et al. 2011), but we should make
the choice of D in the first interval with small Py, . As
an example, we develop the inspection programme
(make choice of D) for an allowable level of fatigue fail-
ure meax =0.05. So, if w = 0.9, then D = 9360, but
if w = 0.95, then D = 13430, where D is the interval
between the inspections.

3. Fleet without information exchange

In a fleet without information exchange, the results of
aircraft inspections are not used for aircraft SSI failure
prevention of other aircraft of the same kind. All air-
craft are inspected independently. If the fleet consists of
N aircraft, then the probability of failure of at least one
aircraft in that fleet is equal to:

Py =1-1-ppN. )

With an increase in the quantity of aircraft in a fleet,
the probability of failure increases. It depends on py,
and N (Fig. 2).
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Fig. 2. Dependency of failure probability on number of aircraft
in fleet without information exchange

To keep this probability under the specified level,
specific inspection programmes should take the size of
the fleet (number of aircraft in fleet) into account during
development (Fig. 3).
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Fig. 3. Dependency of inspection interval on number of
aircraft in fleet without information exchange for constant
failure probability (pgy = 0.05)

4. Fleet with information exchange. All aircraft begin
service simultaneously

To prevent failure in a fleet with information exchange,
it is enough to find at least one crack before the failure
of any aircraft in the fleet. The random probability of this
event is found by the formula: Py, = (1-w)R, where
R is the total random number of inspections before spe-
cific tg; of every aircraft and before first failure in the
entire fleet. Mean value of Pgyy, can be calculated in
following way. We suppose that i aircraft begin service
at ‘calendar’ time moment ¢; =(i—1)AT,i=1,..,N . In
this paper, we suppose that AT is some constant (in
general it can be, for example, the random time interval
between the events in some Poisson process).

Let Tdt =t;+T,; and chf =t +T, be the calendar
time moments when a fatigue crack and correspondingly
aircraft failure can be discovered. And let

Ig ={i:T,; <tg,i=1,..,N} be a set of indexes of
aircraft, the failure of which can take place if inspection
does not take place.

Define T} = min {TCJr e ISL} ,

i

Tflf = min(TC:f,Tff), ielg ,and finally

ielg,

where R; = max(Rif —Ri;,0), ielg;
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Ry = max([(Tf; -t;)/ D],0) , Ryy =[Ty; /D],

is the random inspection number of i aircraft from
the set Iy for inspection interval D (a specific
schedule of inspections for each aircraft is supposed:
t;+D,t;+2D,...). Random variable Q is the speed of
fatigue crack growth in the logarithmic scale. It has a
specific realisation for each aircraft, and Qp,..., Qy
are independent random variables. The mean value of
Py therefore is:

P = | o [ (A=wy@)dEy (qV)...dFy (g,), (1)
where r(q),q =(q;,...q,) is realisation of random vari-
able R. For the large number N, only the Monte Carlo
method is appropriate for calculation of p gy, . A cor-
responding PC program was used for numerical ex-
amples in this paper. But first we suppose that all aircraft
are brought into service simultaneously: AT = 0. Using
the same values of tg; , w, and D, we obtain the results
shown in figure 4.
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Fig. 4. Dependency of failure probability on number of aircraft
in fleet with information exchange and AT =0

We see that the probability of failure of any aircraft
in the fleet with information exchange programmes is
lower than in figure 2, although p¢; =0.05 for both in-
spection programmes. For the inspection programme
with the interval between inspections being D = 13430,
the increase in failure probability with growth in the
number of aircraft in the fleet is less intensive than for the
fleet without information exchange. For the inspection
programme with the interval between inspections being
D = 9360, with growth in the number of aircraft in the
fleet, the probability of failure in that fleet decreases. We
can see a comparison of failure probabilities in figure 5.
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Fig. 5. Comparison of failure probabilities of fleet with and
without information exchange for different number of aircraft
at different w, D, and AT =0

For the fleet without exchange of information, for
pg1=0.05 the function of failure probability on N for
w = 0.95/ D = 13430 and w = 0.9/ D = 9 360 are the
same since they depend only on pg,. The inspection
programmes developed (choice of D) for those fleets are
shown in figure 6.
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Fig. 6. Dependency of D on number of aircraft in fleet
with information exchange for constant failure probability

(Pwa = 005)

In figure 6 we can see that, with growth in the num-
ber of aircraft in the fleet, the effect of w on the choice of
intervals between the inspections decreases; the change
in intervals between the inspections are less intensive
than for the fleet without information exchange.

5. Fleet with information exchange. Different
beginning of aircraft service

In reality, cases when all the aircraft in a fleet are brought
into service simultaneously do not take place. Now we
suppose that new aircraft begin service after time inter-
val AT after previous aircraft begin service. Let us see
how the fleet’s failure probability changes for different
values of AT, AT > 0. First we are going to observe the
case when w = 0.95 and D = 13430 for different AT.
Results of calculations are shown in figure 7.
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Fig. 7. Dependency of failure probability on number of
aircraft in fleet with information exchange, for different AT
for w = 0.95 and D = 13430

Now we see that if AT increases the failure probabil-
ity decreases and tends to take a value of p, . In figure 8
we see inspection interval D needed to get p oy, =0.05
as function of fleet size, N, for two values: AT = 0 and
AT = 250.
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Fig. 8. Dependency of inspection interval for constant failure
probability (ppy,, = 0.05) on number of aircraft in fleet with
information exchange, for w = 0.95 and different AT

More frequent inspections should be done when
AT = 0. The comparison with the programme developed
for the fleet without information exchange is shown in
figure 9.
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Fig. 9. Dependency of inspection interval in fleet with and
without information exchange on size of fleet for constant
failure probability (ppy, = 0.05) and w = 0.95

This comparison shows that approximately two
times more inspections for the fleet without information
exchange should be made for the same fleet reliability.

Now let us study how the fleet’s failure probabil-
ity changes when w = 0.9 and D = 9360. Corresponding
functions for different values of AT are represented in
figure 10.
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Fig. 10. Dependency of failure probability on number of
aircraft in fleet with information exchange, for different AT,
w = 0.9 and D = 9360
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It is shown that with increasing AT the failure prob-
ability tends to take a value of p¢, again.
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Fig. 11. Dependency of inspection interval on number of
aircraft in fleet with information exchange for different AT and
w = 0.9, for constant failure probability (pgy, = 0.05)

In figure 11 it is shown that more frequent inspec-
tions have to be done when AT = 9000. The comparison
with the programme developed for the fleet without in-
formation exchange is shown in figure 12.
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Fig. 12. Dependency of inspection interval in fleet with and
without information exchange on size of fleet for constant
failure probability (ppg, = 0.05) and w = 0.9

Again we see that the intervals between inspec-
tions tend to differ approximately in two times with the
growth in the number of aircraft in the fleet.

6. Conclusion

In a previous investigation (Paramonov et al. 2011), the
reliability of one aircraft was studied usually with recal-
culation for aircraft fleet reliability using equation (9)
instead of (11) without taking into account information
exchange about crack discovery and the human factor.
Of course, it is obvious that information exchange is use-
ful for increasing the reliability of a fleet of fatigue-prone
aircraft and the human factor is very important, but in
this paper a numerical estimation of these phenomena
is obtained. A necessary method and a PC program are
developed.



108 Y. Paramonov, S. Tretyakov. Reliability of fleet of aircraft taking into account information exchange about...

References

Beichelt, E; Franken, P. 1983. Zuverlagssigkeit and Instandhal-
tung. Mathematische Metoden. Berlin: VEB Verlag Technik.

Gertsbakh, 1. 2000. Reliability theory. With application to pre-
ventive maintenance. Berlin: Heidelberg, New York: Spring-
er-Verlag.

Hauka, M.; Paramonov, Yu. 2010. Inspection program devel-
opment for stationary operation of fatigue-prone aircraft
park, in Scientific Aspects of Unmanned Mobile Vehicle.
Kielce: Kielce University of Technology.

Paramonov, Yu. 1999. Defining of the service period under
two-alternative selection of life-time distribution law, Avia-
cija. Mokslo darbai [Aviation. Scientific Works] (4): 87-90.

Paramonov, Yu.; Hauka, M. 2010a. Reliability of aircraft and
airline, Transport and Telecommunication 11(4): 59-65.

Paramonov, Yu.; Hauka, M. 2010b. Semi-Markov model of air-
craft and airline reliability with minimax decision in case of
unknown parameter of fatigue crack growth, Intern. Review
of Aerospace Engineering 3(6): 329-335.

Paramonov, Yu.; Kuznetsov, A. 2006. Using of p-set function
for airframe inspection program development, Communic-
ation of Dependability and Quality Management 9: 5-51.

Paramonov, Yu.; Kuznetsov, A. 2008. Inspection program de-
velopment for fatigue crack growth model with two ran-
dom parameters, Aviation 12(2): 33-40.
http://dx.doi.org/10.3846/1648-7788.2008.12.33-40

Paramonov, Yu.; Kuznetsov, A. 2009. Reliability of fa-
tigue-prone airframe, International Review of Airospase
Engineering (IRAEASE) 2: 145-153.

Paramonov, Yu.; Kuznetsov, A.; Kleinhofs, M. 2011. Reliability
of fatigue-prone airframes and composite materials. Riga:
Aviation Institute of Riga Technical University.

Yang, J. N. 1980. Statistical crack growth in durability and
damage tolerant analyses, in Proc. AIAA/ASME/ASCE/AHS
2214 Structures, Structural Dynamics and Materials Cons.,
38-44.

Yang, J. N.; Manning, S. D. 1980. Distribution of equivalent
initial flow size, in Proceedings of Annual Reliability and
Maintainability Symposium, Jan., 112-120.





