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Presented article is practically a reprint of the [4] paper,
published only in polish language. Currently, several
domestic and European projects are realized aiming at
implementation of this idea. Because previously published
paper [4] defines theoretical fundamentals and organi-
zational actions defined in this method of airplane
exploitation, we decided to reprint this publication with
small editorial changes.

Structural failure of an Aloha Airlines Boeing 737 on April
28th, 1988 [5], by effect of small fatigue cracks extending from
adjacent rivet holes in a fuselage lap-splice joint

Airplanes, designed according to the Safe Life method,
have (in result of fatigue tests, performed basing on averaged
load spectra and characteristic for given airplane class) doc-
umented airplane total exploitation time (service life). It is
expressed in number of flight hours which, when reached,
demands to scrap the airplane. During that time, fatigue
failure of airplane load-bearing structure should not appear
(with specified probability), failure leading to unsafe
exploitation — of course, when manufacturing and using the
airplane in specified technological and exploitation con-
ditions.

For an extent of fatigue wear of airplane load-bearing
structure one assumes quotient of flight hours spent to
structure service life. However, this estimate of fatigue wear
does not considers immense, essential substantial dispersion
of airplane real exploitation loads. It is particularly essential
in case of airplanes, for which the main exploitation loads
are maneuver loads and pilot-induced loads. It mainly
concerns training and fighting airplanes, fighters, fighter-
bombers and agricultural airplanes.

The main sources of dispersion of exploitation loads are:
o differences in skills and pilots personal attributes,

o differences in airplanes exploitation intensity, either
between airplane exploitation units and internal in these
units.

e airplane individual attributes.

Measurements of the exploitation loads of agricultural
airplanes and preliminary load measurements of training-
fighting airplane, performed in Institute of Aviation showed
significant dispersion of exploitation loads for identical flight
tasks and flight conditions, but performed by various pilots.

The most significant differences appeared between test
pilots and combat pilots. Combat pilots treated airplane as a
work tool necessary to perform routine task without exag-
gerated esteem for it.
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Fig. 1. AVAR recorder main parts: 1 — AVAT transducer,
2 — counters, 3 — AVAS sorter, 4 — power supply, SM — airplane
center of gravity

Differences in exploitation intensity between airplane
exploitation units result mainly from the fact, that each unit
has, in general, defined range of flight tasks which it usually
performs, e.g. training in aerodrome circuit flights or navi-
gational flights, or zone flights to basic, advanced or high
pilotage training. It is evident, that although for similar flight
times, magnitude and intensity of airplane exploitation flight
loads will differ and be dependent from airplane exploitation
unit. The less essential factors are individual airplane
attributes, differentiating airplanes of the same type. They
cause that particular airplane is liked or not liked by pilots.

The fact that airplane has flown e.g. for over 30% of its
service life does not means that it depleted 30% of its fatigue
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durability, because on account of exploitation load dis-
persion caused by a.m. factors, degree of fatigue wear will
be dependent on intensity and magnitude of exploitation
loads acting on airplane load-bearing structure in its past
exploitation.

level

s /™
ﬂ
3g : counting
U level

time

<
Q

switching

signal from AVAT transducer

Fig. 2. Signal sorting: 1 — switching on, 2 — counting

If on the board of airplane the measuring device will be
mounted for recording physical values representative to
exploitation loads, such device will allow estimation of real
degree of airplane fatigue wear from exploitation loads,
acting on the airplane structure during hitherto exploitation.
Airplane Vertical Accelerations Recorder (AVAR) can be
given as an example of such device, of fatigue meter type.

Such recorder consists of the two parts (Fig. 1)

e Airplane Vertical Accelerations Transducer (AVAT)
mounted sufficiently close to airplane centre of mass (to
avoid recording of linear accelerations component coming
from airplane angular accelerations),

¢ Sorter of Airplane Vertical Accelerations (AVAS), which
classifies signal coming from transducer and records it in
memory (in counters, which record crossings for given
levels of vertical accelerations signal).

Fig. 2. shows an example of classification for one level of
accelerations — 6g.

Condition for counting of 6g level crossing is the positive
result of product of events, first term: 6g level crossing by
increasing transducer signal and second term: 3 g level
crossing by diminishing transducer signal. First term is
called switching level, because it sets the counter in
watching state, second term, crossing of which conditions
counting is called counting level. Inside such recorders, from
6 to several tenths of level pairs (switching and counting) is
used. Greater number of counters is used in electronic, not
mechanical recorder memories. The problem arises for sus-
taining stored values in electronic memory for the longer
pauses in airplane exploitation. This problem does not exist
in case of mechanical memories.

It should be mentioned that such classification method
allows recording of loads (proportional to airplane vertical
accelerations) with relatively big magnitudes, eliminating
loads with relatively low magnitudes, which does not have
significant meaning for airplane load-bearing structure
fatigue durability. And so, e.g. in AVAR recorder (polish
designation for RPSS-2 instrument), developed by M.
Sadkowski, PhD. and Z. Dygas, M.Sc in Fatigue Strength
Group of Institute of Aviation Strength Department, eight
pair of acceleration levels was assumed for classification,
values are shown at the Tab. 1. This recorder may be used in
airplanes with permissible range of load coefficient +8, -4.

Because further technical details [ 1, 2] have no value to the

paper, we limit ourselves to broad description of exemplary
airplane vertical accelerations recorder.

Table 1.

Switching level|-2,5g|-1,5g|-0,5g|2,5g(3,5g|4,5g|6,0g|8,0g
Counting level |-0,5g(0,0g (1,0g [1,0g)|2,0g|2,5g(3,5g|4,5g

Data from recorders in form of conditioned number of
given acceleration level crossings are the actual information
about real loads spectra applied to airplane during hitherto
exploitation. Such spectra are discrete in character of course,
and it has as many points as given recorder have counters.
To every counter, a pair of levels is scripted, e.g. switching
level — crossing of which is recorded, and counting level,
crossing of which conditions counting of crossing switching
level. As the counter index, value of the switching level is
given. Together with increase of the flight time, number of
crossings of these acceleration levels will rise. Because that,
it is easy to present this spectra in such coordinate system, in
which value of the crossings count divided by actual airplane
flight time ¢ is laid on the horizontal axis (Fig. 3).

EXPLOITATION INTENSITY ESTIMATION

For every airplane with recorder installed, after certain
period of time we receive actual spectrum of exploitation
loads. Interpolating points of actual spectrum loads (curve 2
at the Fig.3) by appropriate selected curves (using least
square fit method) and assuming linear cumulative fatigue
damages hypothesis, we can write a formula describing
mean computed fatigue wear of aircraft load bearing
structure for a flight hour:

Ey
D, = d_E (1
5 N

Integral boundaries £, £}, should be selected as such, that

they embrace a whole spectrum. N — describes number of
cycles, taken from assumed preliminary fatigue airplane
load bearing structure curve.

nly, N=C 2)
Assuming that loading of airplane structure is simply pro-

portional to the load coefficient, its convenient to present a

fatigue curve in such a form, exactly.

In formula (2), value of n, ., is an equivalent airplane load

coefficient. It means, that value of fatigue damage resulting

from application of single off-zero pulsing load cycle,

equivalent to value of coefficient n, .4, is the same, as value

of fatigue damage resulting from application of one load
cycle equivalent to airplane load coefficient n, ., andn_ .,

respectively.

Example of reduction formula, used in computational
fatigue strength analyses of airplane structures is Oding rela-
tionship:

nzeqv = \/nzmax (nzm'dx - nzmin) (3)

where: n, .., — is airplane equivalent load coefficient.

Z eqv
For riveted, dural structures, it may be assumed that
exponent of power m value is equal to 4 [3].
Knowledge of constant C is not necessary for estimation
of fatigue wear intensity.
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Fig. 3. Spectrum of exploitation loads: 1 — spectrum of loads assumed in airplane fatigue test, 2 — curves, interpreting recorder data,
n,— airplane load coefficient, g = 9,81 m/s?, E — number of vertical airplane acceleration given level crossings (n; g),

mean per 1 flight hour, E, E; — integration borders, ® — recorders data (number of flight hours — 1)

Having a defined computed mean fatigue wear (1) during
hitherto exploitation we can, in a similar way define,
computed mean fatigue wear in a airplane load bearing
structure fatigue test. Therefore, if fatigue test was realized
on assumption of load spectrum, exemplary presented at
Fig. 3, that one could present, similarly to a.m. mean
computed wear of airplane structure per a flight-hour, rep-
resented in fatigue test by dependence:

_tdE
N
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This time integration is performed on curves, (curve 1 at
Fig. 3) which describe load spectrum assumed in fatigue test.
As the measure of intensity of exploitation loads fatigue
wear and, simultaneously, measure of exploitation intensity,
one can introduce coefficient, called exploitation intensity
coefficient and described by relationship:

D 4)

— DO
V=75 (%)
If, in result of fatigue test, airplane load-bearing structure
service life was defined as 7;,, maximum permissible

structure fatigue wear is equal to:
D=T,-D ©)

Coincidentally, if actual airplane flightime is equal to ¢,
than actual load-bearing structure fatigue wear will be equal
to:

D,=t- 50 @)
and extents of fatigue wear defined as measure of per-
missible fatigue wear can be expressed as coefficient:

D, t-D,

== — 8
$=D T3 @®)

Quotient #/T;, defines, which fragment of exploitation time

was already depleted, but referring only to utilization of
defined amount of flight hours. We can call this quotient as
utilization coefficient of exploitation time.

t

Q=— 9)

T,
Relation between these three coefficients will have the form:
c=oy (10)

Therefore, degree of exploitation loads fatigue wear for
airplane load-bearing structure is not only the function of
exploitation time depletion - @ coefficient, but also function
of exploitation intensity - y coefficient.

REALIZATION OF THE CONCEPT

The requirement needed for realization of the concept of
airplane fleet uniform and controlled exploitation (i.e. con-
tinuous estimation of fatigue wear and exploitation intensity)
is the outfitting of each airplane with loads recorder, e.g.
AVAR recorder. Block schematic, shown at Fig.4 and at Fig.
4a, is the proposed activity graph, targeted on realization of
this concept. Unit is the user of the airplane fleet, enclosed in
this exploitation system; therefore their airplanes are
furnished with recorders. Unit reads periodically each
recorder data, creating in the same time a data bank 2.

From fatigue tests 3 of the airplane load-bearing structure
we receive data:

e assumed load spectrum, e.g. in the form, shown as

example at Fig.3 (curve 1),

e documented exploitation time 7.

Next, in this unit or in the central unit, appreciation of
exploitation intensity 5 is performed, assignment of y— coef-
ficient and estimation of degree of fatigue wear, therefore
designation of & — coefficient for each airplane. Data about
fatigue failures of airplane load-bearing structures, dis-
covered during hitherto exploitation 4 is gathered and
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analyzed simultaneously. Data from positions 4 and 5 are
fundamental for decision undertaking 6 about future way of
airplane exploitation. Recommendation can be issued to the
unit of exploitation referring increase or decrease of structure
loads intensity in airplane exploitation.

It may mean removal of airplane from planned flights to
aerobatic zone and designating it to planned navigational
flights. It may also mean necessity of airplane removal from
future exploitation, if value of degree of fatigue wear &
passed level of 1, despite that airplane did not reached its
exploitation age limit. Contrary situation can arise, con-
sisting of an admittance of the airplane to further
exploitation with service life hour limit passed, but with
degree of fatigue wear lower than 1. It allows of an
admittance of the airplane to further exploitation, until
degree of fatigue wear reaches value of 1. The last variant
has great possibility. Sure, realization of this concept may be
more simplified with implementation of the recorders, which
define on line, in real time values of y and & coefficients.

THE CONCEPT JUSTIFICATION

Exploitation loads, which influence on every airplane
during its service life, belong to rich spectrum of fatigue
loads. They are the random loads, dependent of each
airplane exploitation conditions and methods. For certain
simplification of these considerations, for the measure of
these loads we take an equivalent number of cycles n of
mutual load. Thus # is a random variable.

Every airplane load bearing structure fatigue strength is
also a random value, because of the random character of the
manufacturing process. So, let the randomly variable
number of cycles N of a. m. mutual load be a measure of fati-
gue strength. Figure 5 demonstratively shows probability
density function p (log n) — curve 1 and p (log n) — curve 2.

Estimations of the expected values of random variables N
and n will be respectively:

e Number of cycles N of mutual load, equivalent to fatigue
loads assumed in result of fatigue tests of whole structure
and its fragments and assumed as fatigue resistance of
airplane load bearing structure.

e number of cyclesiz = N/n , where n — reliability coef-
ficient.

Estimation of expected value N received in fatigue

research of complete structure as a result of single test may
appear to be insufficiently reliable. However, in result of this
test, fragment of the structure is fatigue destroyed, and
fatigue resistance of this fragment is assumed for fatigue
resistance of the complete structure. To receive more

credible estimate of N value and other parameters of dis-
tribution function of random variable N, it is possible to sup-
plement fatigue research of the whole structure by much less
costly fatigue tests of the structure fragments, representing
critical construction areas.

Number N corresponds to the structure fatigue resistance
T already expressed not as the mutual load cycles count but

as number of flight hours. Thus, the number#n will be
counterparted to the airplane service life) 7, = 7/n.

Importance of reliability coefficient consists on assurance
of sufficiently low probability s of airplane load-bearing
structure fatigue failure. Association of fatigue strength
random variable N and exploitation loads random variable n
takes place through exploitation. Considering distribution of
random variable log N/n (curve 3 at Fig. 5), then area s
(where N/n < 1) will be equal to probability of airplane load-
bearing structure fatigue failure.

Implementation of proposed concept, which assumes con-
trolled exploitation intensity and continuous monitoring of
structure fatigue wear related to exploitation loads will result
in lowering dispersion of exploitation loads for particular
airplanes. This lowering of the load dispersion is shown
exemplary at Fig.5 (passage of the curve / (which describes
distribution of exploitation loads without implementation of
mentioned concept) into curve [’ (which describes dis-
tribution of exploitation loads with implementation of
mentioned concept). Assuring that distribution of structure
fatigue strength random variable (curve 2) will not change;
we receive distribution of random variable log N/n
(curve 3’), also with a lower dispersion.

Area s°, bordered by curve 3¢, vertical axis log N/n =0
and diagram horizontal axis is the measure of probability of
airplane load-bearing structure fatigue failure, which can be
expected in case of airplane exploitation, according to the
proposed concept. This probability is lower than s (s* < s)
probability; therefore one can expect safer exploitation
regarding possibility of fatigue failure, which may lead to
airplane crash. This advantageous effect is just obtained
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AVAR type recorders
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Fig. 4. Block diagram of idea realization
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IDEA OF CONTINOUS FATIGUE ESTIMATION AIRCRAFT STRUCTURES
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Fig. 5. Probability density function p

owing to reduction of exploitation loads dispersion of par-
ticular airplanes (curve / — curve /).

One can also allow to increase exploitation loads with
holding fatigue failure probability s at the same level, what
means shifting of the /” curve to the right in such way that

appears curve /’’ owing expected value of #n'>n . This in-
crease of admissible exploitation loads should however
result such shifting of the random variable log N/n distribu-
tion curve 3°, that obtained curve 3°’ will assure retention of
required probability of airplane load-bearing structure
fatigue failure. It leads to condition of equity of area s°’,
(bordered by curve 3”°, vertical axis log N/n = 0 and hori-
zontal axis) with area s’

" =5 (11)

This increase of fatigue exploitation loads which are
admissible in exploitation from 7 to 7" will result in increase
of exploitation time (service life) from value of 7 to value
of T)’. According to preliminary estimates, value of this
increase will be in the 20+50% range.

As can be easily seen, increase of admissible exploitation
loads will determine increase of admissible value of fatigue
wear coefficient from primary value of & =1 to value of
§=i.

A very essential factor is the relation between loads
admitted to perform a fatigue test (result of which was used in
designation of airplane exploitation time 7)) and real
exploitation loads (working on every airplane during
exploitation). Without conducting airplane exploitation
according to concept of continuous estimate of this loads
through periodic designation of & n, @ coefficients values,
practically there is no possibility of checking up real
exploitation loads, gradually diminishing every airplane load-
bearing structure fatigue strength. After all, it may manifest
itself that load spectra admitted to fatigue test and based on
relatively limited load measurements (often arranged on the
basis of not always credible exploitation profile) was to easy.
Barely then, likely accidents caused by fatigue failures
(despite that airplanes does not spend their service life) will
signal that exploitation loads appeared to be greater than
assumed. Contrary situation, meaning that load spectra were
assumed to steeply in the fatigue test might cause withdrawal

of airplanes from flight line with spent flight hours but with
fatigue service life load wise not spend. During airplane
exploitation leaded according to proposed concept, in both
cases the alert signal, which will allow estimating eventual
over load or under load of airplane structure will be the time
change of y coefficient. When this coefficient will be bound
to value greater than 1, it means that exploitation loads are
greater than expected, and conversely.

In the author’s opinion, implementation costs of proposed
concept are insignificant in relation to measurable economic
benefits, which can be expected from safe and long
exploitation of such expensive equipment as contemporary
airplane. The data received from likely implementation of
this concept will be also the priceless material to the
designers, allowing creation of more durable and lighter
structures, formed regarding fatigue durability on the basis
of probable real loads.

Nevertheless, in contemporary aeronautical designs, the
most fundamental and difficult to solve issues are fatigue
strength issues. It results from complexity of the materials
and structure fatigue phenomena, which we can’t model yet
with computations credible enough.

On account of this, to determine fatigue durability the
costly fatigue test are performed, the results and analysis of
which are priceless experience of the design bureau, hidden
from potential competition. Preparation and leading of this
research demands costly scientific background and test base.

Diagrams presented below show RPPS-2 recorder,
developed and produced in Institute of Aviation. Instrument
was elaborated and manufactured in frames of PZL-122
Iryda jet trainer program.

CONCLUSIONS:

Implementation of the proposed concept allows:

e increase of the exploitation safety regarding possible
fatigue failure of the airplane load-bearing structure,

e increase of the airplane exploitation time (service life)
without increase of probability of airplane load-bearing
structure fatigue destruction,

e estimation of load spectra assumed in fatigue tests, on the
basis which airplane exploitation service life was defined.
If it shows, that assumed for a.m. tests spectra is to steep,
than assuming proposed principle of airplane exploitation

CONTINOUS ESTIMATION OF AIRPLANE LOAD-BEARING STRUCTURES FATIGUGE 27



Fig. 6. Polish Aircraft Verti-cal Aéceler}ton Recorder (RPPS-2)

until full depletion of their fatigue resistance (§ = 1), one

may count on significant prolongation of their exploitation

service life. In contrary case, it will be a warning signal of
earlier than assumed possibility of fatigue failure.

o receivement of real load spectra, on the basis, which the
outstripping fatigue tests may be performed to optimize
airplane design.

e receivement at that very moment for every airplane
included in system its actual exploitation loads history,
together with actual technical state estimate. It may be the
basis for decision for future ways of airplane exploitation.
Currently, it happens that necessity of prolongation of
airplane service life is made only on the basis of its actual
technical state, without knowledge of its loads history,

o full, regarding its exploitation loads history, utilization of
airplane fleet flight service life.

The next version of the AVAR type instrument was RPPS-
2 recorder, developed in Institute of Aviation Avionics De-
partment by late Jozef Nikolezig, MSc. Instrument passed
full set of tests for conformance with Aircraft Requirements
and was accepted later to serial production. Several sets of
this instruments was produced and installed on every
airframe of PZL 1-22 Iryda jet trainer airplane. This recorder
was the fundamental element of load bearing structure con-
tinuous fatigue monitoring idea, implemented on this
airplane. Abandon of the PZL 1-22 Iryda program halted
continuance into ambitious and innovative plans in area of
Smart Structural Health Monitoring System.

Experience gained by us and innovative character of the
project gave us participation rights in domestic and
European scientific projects — actual projects and projects
already realized.
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CIAGLA OCENA ZUZYCIA ZMECZENIOWEGO
STRUKTUR NOSNYCH SAMOLOTOW

Streszczenie

W pracy przedstawiono podstawy teoretyczne i zasady
realizacji koncepcji Ciaglej Oceny Zuzycia Zmgczeniowego
Struktur Nosnych Samolotéw. Warunkiem realizacji tej
koncepcji jest ciagla rejestracja obciazen oraz znajomosc
charakterystyk zme¢czeniowych krytycznych rejonow tej
struktury nosnej.

Przyktadem rejestratoréw  ktore moga stanowié
zasadniczy element realizacji tej koncepcji jest opracowana
w Instytucie Lotnictwa rodzina Autonomicznych Reje-
stratoréw Obciazen i Zmgczenia Struktur Nosnych [4].

M. A. lemocku, 1. K. lem6cku, K. IN'omock

HEITPEPBIBHA S OITEHKA YCTAJIOCTHOI'O
N3HOCA HECYIINX CTPYKTYP CAMOIJIETOB

Pesrome

B pabore mpencTaBieHbl TEOPETUYECKUE OCHOBBI
Y IPUHLUIBI OCYIIECTBICHUS KOoHUenuun HenpepsiBHON
Onenkn VYcramoctHoro HM3noca Hecymux Crpykryp
CamoseToB. YCIIOBUEM OCYIIECTBIEHUS 3TOM KOHUEMIUN
SIBIISIETCSl HENIPEPBIBHASI PErUCTpalsl HAarpy30K U 3HaHUE
YCTAJIOCTHBIX XapaKTEPHCTHK KPUTHYECKHX 30H O3TOU
HeCYIIEeH CTPYKTYPHI.

[IpumepoM perucTparopoB, KOTOpbIE MOTYT OBITh
OCHOBHBIM 3JIEMEHTOM pEalM3allil 3TOW KOHIICTIIHH,
SBISICTCSL  pa3zpabotaHHoe B MHcTuTyTe — ABHanuu
CemeiictBo  ABTOHOMHBIX Peructpatopos Harpysok
n Ycranoctu Hecymux Ctpykryp (4).
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