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Reliability analysis of the PZL-130 Orlik TC-II aircraft structural 
component under real operating conditions

Analiza niezawodności elementu struktury nośnej samolotu PZL-
130 Orlik TC-II w rzeczywistych warunkach eksploatacji*

The theme of the paper is to present development of new methods for assessing the reliability of the aircraft structure. Based on 
the described mathematical models , the author developed the “Aircraft Structural Reliability Assessment” (AStRAss) computer 
software, which implements the realized mathematical model. The aim of the software is calculation of aircraft structure reliability. 
In this contribution the failure rate of the selected location within the structure of the PZL-130 Orlik TC-II under real operating 
conditions were calculated. For the chosen control point within the structure the sensitivity of failure rate to the input data was 
investigated.
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Tematem publikacji jest przedstawienie opracowanej metody oceny niezawodności struktury nośnej statków powietrznych. 
Wykorzystując opisane modele matematyczne stworzono autorskie oprogramowanie komputerowe Aircraft Structural Reliabil-
ity Assessment (AStRAss), implementujące opracowany model w celu obliczenia niezawodności struktury nośnej statków powi-
etrznych. W niniejszej pracy określono chwilową intensywność uszkodzeń w wybranym miejscu struktury samolotu PZL-130 TC 
II Orlik dla rzeczywistych warunków eksploatacji. Dla wybranego punktu kontrolnego przedstawiono w pracy również analizę 
wrażliwości wyników na zmiany istotnych parametrów wejściowych.
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1. Introduction

This article presents a method of reliability prediction as well as 
sustainability of selected areas of the airframe in the aspect of fatigue 
and ageing processes. Supporting structure may be classified as an 
element with strongly correlated changes of airworthiness parameter 
values with the  correct operation time  of the aircraft [28].

One of the most important issues associated with aircraft main-
tenance is durability analysis of their structure components [10, 27]. 
The previous experience in operation confirms that exhaustion of air-
craft service life cannot be unambiguously identified with its unserv-
iceability for further, reliable flights. Not always does the service life 
exhaustion results in losing the aircraft technical efficiency and ex-
ceeding the assumed dependability parameters [6, 7]. The inadequa-
cies of the traditional (service life) approach to aircraft maintenance 
used were the reason to initiate works in the field of developing new 
methods for assessing the durability of the aircraft structure, which 
will be presented in this article [21, 23].

The described mathematical model is implemented with the use 
of specialized software, created by the author of the publication, 
known as Aircraft Structural Reliability Assessment” (AStRAss). 
United States Air Force [1, 4], in order to conduct reliability analysis 
of aircraft structure, uses the Probability Of Fracture (PROF) pro-
gram [13], whose math kernel was written on the basis of the same 
equation. National Research Council Canada [12, 25] uses a similar 
mathematical approach for reliability analysis of aircraft structure in 
its ProDTA (PRObabilistic Damage Tolerance Analysis) software. 

The presented method and the results of operational experience 
make it possible to extend aircraft service life. Discussed procedures 
are not performed for aircraft owned by Polish Air Force, particularly 

for PZL-130 Orlik TC-II aircraft. Such analyses are conducted only 
by Lockheed Martin, in exploitation of F-16s.

2. Presentation of the reliability assessment model

Failure rate function [2, 9] is defined as the limit of quotient of 
conditional probability of failure occurence in time interval t t+ ∆ , 
under the condition of lasting out to time interval t by t∆ , when t∆  
leads to zero, which can be described as: 
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where T is a continuous positive random variable of device operation 
time.

If random variable T has a function of density  f(t) as well as cu-
mulative distribution function F(t), the equation (1) will take the form 
of:
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Given the failure rate λ(t) the life distribution can be calculated 
by the equation:
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In the aircraft reliability analysis to determine the probability of 
failure two independent events are taken into consideration. The fail-
ure can be recognized as a state in which:

crack length exceeds a pre-defined size –– acr,
for a crack size smaller than –– acr there will be a stress cycle, 
which will produce a stress intensity factor K exceeding the 
fracture toughness Kc. 

Failure rate for a place in aircraft structure is calculated using the 
equation [14, 22]:

	 1 2( ) ( ) ( )t t tλ λ λ= + 	 (4)

where:	 1( )tλ 	–	 failure rate resulting from exceeding the allowable 
crack length acr,

	 2( )tλ 	–	 failure rate resulting from exceeding the allowable 
stress in flight.

Based on the knowledge of the failure rate λ(t) failure function can 
be calculated using the equation (3) for a single location.

Function g which defines the relation between crack length from the 
quotient of stress intensity factor by stresses can be expressed as [8]:

	 K a a g a/ ( ) ( )σ π β= = 	 (5)

where:	σ	 –	 stress,
β(a) –	geometry correction factor specified for a cracks 
length a.

For the material under consideration and a specific location in 
the aircraft supporting structure, the critical crack size acr is a value 
corresponding to a mean value of the fracture toughness cK  and the 
modal value of stresses occurring in flights for the place under discus-
sion, which can be mathematically represented as:
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where 1g−  is the inversion of function (5).

The probability of component failure during a time period (0, )t  
caused by exceeding the allowable crack length can be described as:

	 *( ) 1 ( ( ))A cLcr rF t F a t t= − − 	 (7)

where:	 AF 		 –	 the distribution function of the initial crack length,
*( )a t 	–function of crack length corresponding to the time to  

the occurrence of failure f crt t t= − ,
crt 	 –	 the time, when crack size will reach the predefined 

value acr.

Failure rate associated with exceeding the permissible crack size 
acr  might be calculated by the following equation (2):

	 1
( )( )

1 ( )
Lcr

Lcr

f tt
F t

λ =
−

	 (8)

where:	 Lcr
Lcr

dFf
dt

= .

The probability that the stress value will cause a failure during a 
flight at time t for cracks smaller than acr can be calculated with the 
following equation:

	 P t H a k f a da f k dkN

a

cr c A K c c
cr

c
( ) ( ( , )) ( ) · ( )= ∫∫

∞

00
σˆ 	 (9)

where:	 H H P K a acr c= − = > ={ }1 σ σ β π/ ( )ˆ  is the exceedance 

probability for the peak load per flight,

( )Af a  	 is the density of the flaw size distribution at time in-
terval t,

( )
cK cf k  is the density distribution of fracture toughness,

POF(t) is the probability that a peak load will cause a failure 
during a flight at time t.

Failure rate due to a large stress can then be approximated by:

Fig. 1. Graphical representation of the applied mathematical model
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where t is the average flight length.

A method of assessing the reliability of the aircraft airframe has 
been developed for the purpose of reliability analysis of PZL-130 Or-
lik TC-II aircraft. It was necessary also to create the innovative Air-
craft Structural Reliability Assessment (AStRAss) software, which 
implements the method developed by author, in order to calculate the 
reliability of the selected control points in aircraft airframe under real 
operating conditions.

Numerical implementation of failure rate for the place in the air-
craft structure, calculated on the basis of equation (4), was completed 
according to the scheme shown in Fig. 1.

Failure rate depending on exceeding the allowable crack length 
acr is calculated on the basis of initial crack size distribution function 
FA(a) and the crack growth function a(t).

The critical crack length is calculated according to formula (6) 
using linear interpolation. In case, when the search value exceeds 
the values from the input array K/σ,as a critical values one assumes 
the smaller value of the crack length from an array of function a(t) 
or K/σ.

For each value of the crack length ai from the array of cumulative 
distribution function of the initial crack size,  the time ti in which this 
crack length will be obtained and time to failure tfi are assigned, as 
shown graphically in Figure 2.

Probability function of component deterioration FLcr(t) is created 
from the array of time to failure tf and an array of 1-FA, as shown 
in Figure 3. Polynomial interpolation of the probability function of 
component deterioration in selected time points, which is given as an 
input parameter, is based on finite differences. The probability density 
function fLcr is calculated using numerical differentiation.

It is possible that when using  polynomial interpolation or numeri-
cal integration, the probability function of component deterioration 
FLcr(t) or the probability density function fLcr will locally have a value 
lower than zero. In this case, the minimum allowed by the decimal 
type variable value (amounting 10-28) is generated. In the case where 
there is a correct value for the previous time instant, this value in-
creased by 10-28 is assumed. An appropriate message in the text mes-
sage field of AStRAss software is then displayed.

Failure rate caused by exceeding the maximum stresses in flight 
shall be calculated using equation (10). The probability that the 
stress value will cause damage during flight at the time t for failures 
of the crack length less than acr, described by equation (9), can be 
calculated by:
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The above equation can be represented as:

	
0
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where:	 ( )AP a  is the probability of failure for a specified crack 
length, expressed by:
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Equation (12) is an analytical formula to determine the probability 
of failure in flight for a particular stress value. Numerical implemen-
tation strictly from formula (12) is susceptible to inaccuracy, because 
probability density function fA(a) of the crack length at the time t is 
derived from the tabular cumulative distribution function of the crack 
length FA(a) and not from the clearly defined mathematical formula. 
In order to minimize numerical errors change of variables has been ap-
plied. If the variable u is a uniform random variable from the interval 
(0, 1), then the variable 1

1 ( )Aa F u−=  has the cumulative distribution 
function FA(a1) [3, 13]. Equation (12) can therefore be expressed as:
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where:	 ( ) ( )cr A cru t F a=  at time t,
1( )AF u−   is the inverse of cumulative distribution function of 

crack length at time t.

Equation (13) was calculated on the basis of definition by apply-
ing integration of trapezium method. Interval (0, +∞) was limited to 
the (μ − 4 · σ, μ + 4 · σ), where μ is the mean value and σ is a standard 
deviation, which covers more than 99.7% of the entire range.

3. Reliability analysis – input data

Reliability analysis has been performed for the area situated on 
the fuselage, for a possible failure in the area of the upper left side 
canopy longeron at the middle lock cut out. During the full-scale fa-
tigue test a cracked left upper longeron was observed in this place. 
The defect was classified as PTC (Plate Through Thickness Crack) 
[5] (shown in Fig. 4).The finite element method (FEM) model study 
area is shown in Fig. 5.

The parameter values determining  the normal distribution of con-
stant KIc  which define the fracture toughness for flat samples across 
the grain (L-T reference directions) made of 2024-T351 alloy, which 
correspond to the damage at control point, have been adopted on the 
basis of the literature [19]: 

mean value 36,7 –– MPa m ,Rys. 3. Function graph of the probability of component deterioration FLcr(t)

Fig. 2. The crack growth function a(t)
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standard deviation 4,29 –– MPa m . 

FEM analysis was performed with the use of MSC Software [15]. 
Based on the FEM analysis results the following relation between 
stress intensity factor, stress (K/σ), and crack size a has been estab-
lished:

Calculations of failure propagation in AFGRWO programme 
might be performed only for models not containing holes. Due to this 
fact the crack was divided into two sections, as shown in Figure 5.

Based on flight data records covering the period from the begin-
ning of operation of Orlik aircraft in the Polish Air Force, the average 
length of the flight was determined to be 43 minutes.

By means of AFGROW software the curve shape was obtained. It 
is presented in black in Fig. 7. Green colour indicates an adequate fit 
to the equation (11). Red curves indicate extrapolation with the use of  
exponential function:

	 0( ) bta t a e= 	 (11)

In calculations a simple through crack propagating from one side 
of the model was used. The relation between β(a) and crack length 
as well as the load spectrum based on strain gauge measurements 
were used. Material properties for 2024-T351 aluminum alloy such 
as Young’s modulus (E) and KIC were established based on tests car-
ried out in the laboratory [19]. Model data used in calculations are 
presented in Table 1.

Table 1. Data used in crack propagation calculations [15]

Parameter Section a Section b

Element length 0.04857 [m] 0.06283 [m]

Element thickness 0.0025 [m] 0.0025 [m]

Initial crack length 0.00143 [m] 0.00143 [m]

KIC 36.75 [MPa√m] 36.75 [MPa√m]

E 72 000 [MPa] 72 000 [MPa]

Stress Multiplication Factor 0.072 [-] 0.072 [-]

The distribution of maximum stress peak in a flight is modelled 
in terms of a Gumbel distribution of extreme values and is based on 
flight research results: 

	 H B
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where:	 σ	 -	 stress,
A	 -	 Gumbel distribution parameter determining the slope 
of the cumulative distribution function,
B	 -	 Gumbel distribution parameter determining the 37th 
percentile of maximum stress on flights.

To achieve A and B parameters of Gumbel distribution the cor-
relation between maximum vertical load values nz and stresses occur-
ring on strain gauge using 285 development flights for this purpose. 
During these flights one utilizes KAM 500 data recorder [11, 17]. The 
next step of the calculation was to obtain a transfer function relat-

where:	 T  	 –	 component thickness,
W 	 –	 component width,
D  	 –	 maximum crack length,

1L 	 –	 crack length from the upper edge,

2L  	 –	 crack length from the lower edge,

3L 	 –	 length of not cracked material.

Fig. 4.	 PTC (Plate Through Thickness Crack) type damage on the graphic 
scheme

Fig. 5. FEM model of the probable crack location [15, 16]

Fig. 6. Dependence K/σ from crack length
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ing vertical load factor nz and stress. The calculations were conducted 
with the application of the algorithm of linear approximation of the 
method of the least squares or by way of using the non-linear Lev-
enberg-Marquardt regression algorithm. Stresses resulting from the 
global model from FEM calculations for nz=1 in the region of interest 
were extracted. For calculations the coefficients of  transfer function 
and maximum exceedance of vertical load factor nz were obtained 
from on-board flight recorders mounted on PZL-Orlik TC-I and TC-
II aircrafts from the beginning of operation until 2010 were used. At 
that time more than 40 000 flights were performed. Stress values were 
estimated to the Gumbel distribution with the following coefficients:

A = 8.6 [MPa],––
B = 71.9 [MPa],––

using a fitting for flight, in which vertical load factor nz>4.6.

The initial crack size distribution was adopted pursuant to the ar-
ticle [5] (fig. 8). Data from literature were  estimated using a Weibull 
distribution:

	 F a eA
a k

( ) ( / )= − −1 λ 	 (13)

where:	 λ	 -	 scale parameter,
k	 -	 shape parameter.

The initial crack size distribution resembles the Weibull distri-
bution function, which was justified by Yang and Manning [21, 28]. 
Following parameters were assumed for calculations: λ = 0.0891 
mm, k = 1.1204.

4. Result 

For the failure section b, it is assumed that the beginning of crack 
propagation will be a time instant in which a section is damaged. For 
military aircrafts it is recommended to determine the event as unlikely 

Fig. 7. Relation of crack length from flight time

Fig. 8. Inverse of cumulative distribution function and cumulative distribution function of   initial flow sizes (EIFS) [5]

Table 2. Probability levels [14] 

Description Level Individual Aircraft Fleet

Remote D

Unlikely, but possible to occur 
in the life of an item during 
service life of the aircraft. 

Probability of occurrence less 
than 10-3  but greater than or 

equal to 10-6

Unlikely but 
can reason-

ably be 
expected to 

occur

Improbable E

So unlikely, it can be assumed 
that the occurrence will not 
be experienced in the life of 

an item. Probability of occur-
rence less than 10-6 

Unlikely to 
occur, but pos-

sible
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(improbable), thanks to which it might be presumed that such event 
may not be experienced, for which the failure rate is lower than 10-6 
during aircraft service life. Events that are unlikely, but possible to 
occur during aircraft service life are distinguished by the failure rate 
smaller than 10-3 but greater than 10-6 (Table 2). Another important 
criterion of events qualification is the failure probability. If the value 
F(t) exceeds 10-3 it should be considered whether the aircraft shall be 
admitted to further operation without conducting necessary overhauls 
[24, 26]. On graphs of failure rate the appropriate probability levels 
have been specified.

The figure 9 present charts of failure rate of the area in aircraft 
PZL-130 TC II Orlik supporting structure.

4.1.	 Sensitivity analysis to input variations 

A modernization programme entitled “Transition to operation 
system according to technical condition of PZL-130 TC II Orlik air-
crafts” (pol. SEWST) did not take into account the need to test all 
the input parameters essential to analyse the reliability of the Orlik 
aircraft structure. It was therefore indispensable to assume, on the ba-
sis of literature, parameters describing the fracture toughness for flat 

Fig. 9. Failure rate

Fig. 11.	 Failure rate for the section a of the control point for different values of the mean value μ and standard deviation σ of the normal distribution of fracture 
toughness KIc

Fig. 10. Fracture toughness distribution within the confidence interval for mean value μ and standard deviation σ
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samples across the grain (L-T reference directions), made of 2024-
T351 alloy, and the initial crack size distribution.

Sensitivity analysis of calculation results of structure failure prob-
ability of PZL-130 Orlik TC-II airframe on changes of input data pa-
rameters allowed to assess the impact of the parameters (which were 
assumed on the basis of literature) on final results.  

Analysis of sensitivity to the change of fracture toughness KIc
Fracture toughness, for the specified control point of the airframe, 

is defined by determining the mean value μ and standard deviation 

σ of the established normal distribution KIc. Sensitivity on fracture 
toughness variations was performed by changing the mean value µ 
and standard deviation σ to reflect potential uncertainty of parameters, 
which are often described on the basis of samples from different man-
ufacturing batches of the material.

The parameter values KIc for flat samples across the grain (L-T 
reference directions), which correspond to the damage in control point 
7, for 2024-T351 alloy, were adopted pursuant to the literature [19] 
and have been based on five samples.

Ninety-percent confidence interval for the mean value μ and stan-
dard deviation σ for five samples was calculated applying the maxi-
mum likelihood method [20] and it is as follows:

mean value (33.54; 39.86) –– MPa m ,

standard deviation (10.17; 2.78) –– MPa m .

Figure 10 shows the differences in fracture toughness distribution 
when the mean value μ and standard deviation σ are in extreme points 
of these confidence intervals.

The results of calculations are illustrated in Figure 11.Based on 
the failure rate curves (Fig. 11) it can be inferred that both the change 

Table 3.	 Weibull parameters distribution of initial crack size

[mm] [in.]

The scale parameter λ
110% · λ
90% · λ

0.0891
0.0980
0.0802

0.0035072
0.0038579
0.0031565

[-]

The shape parameter k
110% · k
90% · k

1.1204
1.2324
1.0084

Fig. 13.	 Cumulative distribution function and inverse of cumulative distribution function of equivalent distribution of initial flaw sizes (EIFS) when the shape pa-
rameter k was modified 

Fig. 12.	 Cumulative distribution function and inverse of cumulative distribution function of equivalent distribution of initial flaw sizes (EIFS) when the scale pa-
rameter λ was modified 
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in the parameter of mean value μ or standard deviation σ will signifi-
cantly affect the final results. The change of 10% of the confidence 
interval of standard deviation σ, as compared to the 10-percent change 
of the confidence interval of the mean value, in the final result will 
cause more intense disturbance. The initial, significant divergence of 
results when changing the standard deviation σ fades with time, as has 
been well shown in Fig. 11.

Analysis of sensitivity to changes of initial crack size distribution
The sensitivity of failure rate to the initial crack size distribution 

was investigated by the change of parameters in two different ways:
the scale parameter •	 λ of the baseline Weibull distribution was 
arbitrarily increased and decreased 10 percent with a shape pa-
rameter k at baseline,
the shape parameter •	 k of the baseline Weibull distribution was 
arbitrarily increased 10 and decreased percent with a scale pa-
rameter λ at baseline.

Parameter values of Weibull distribution for sensitivity analysis 
were collected and presented in Table 3. Figures 12 and 13 illustrate 
the initial crack size distributions used for calculations of sensitivity 
analysis. The calculation results are shown in Figure 14.

Based on the graphs of failure rate (Fig. 14), it can be inferred 
that both the scale parameter λ and the shape parameter k does not 
affect the final results to great extent. In the area, which is the most 
significant in terms of reliability, where the instantaneous failure rate 
is greater than 10-3, the results slightly differ. The change by 10% of 
shape parameter k, as compared to the 10% change of scale parameter 
λ, will cause more intensive change in the final result. Since the results 
deviations are minor, therefore, it can be concluded that the reliability 
analysis of  structure is not significantly susceptible to the initial crack 
size distribution.

5. Conclusions 
The obtained simulation results indicate that a crack on the fu-

selage, on the upper left side canopy longeron near the middle lock 
cut out for 6 000 hours of service life can be described as unlikely 
(remote), since the probability of fracture, provided that the damage 
did not occur previously is less than 10-3 during the aircraft operation 
time. The shape of the obtained curve for section a shown in Fig. 9 is 

due to a moderate increase of the crack propagation curve in the initial 
periods of aircraft service life and a relatively low stress value at the 
considered control point with respect to the curve describing the rela-
tion of stress intensity factor to stresses depending on crack length. 
Assuming that the inner canopy section will start to propagate at a 
time when the previous section, located outside the canopy fails, the 
probability of failure in the next hour of flight significantly increases. 
The most important factor influencing the failure rate of section b is 
the crack propagation rate. This damage can be described as unlikely 
(remote) for 3 000 hours of aircraft service life, since the probability 
of occurrence is less than 10-3, but greater than 10 -6.

For section b a graphical comparison of relation between stress 
intensity factor, stresses (K/σ), and crack size a (Fig. 6) together with 
chart portraying failure rate (Fig. 9) demonstrated a strong influence 
of geometry correction factor (β(a)) on reliability. The fact that (K/σ) 
curve for crack length of ~ 40 mm (Fig. 6b) is not monotonic, suggests 
the decrease of the failure rate decrease of about 5 000 flight hours. 

The presented analyses have confirmed that it is possible and also 
advisable to determine the reliability at the points of the selected criti-
cal airframe locations. This kind of approach, while monitoring fail-
ures, allows to optimise the process of flight approval, while ensuring 
the safety of an aircraft during operation. 

In addition, it was possible to specify the most important input 
parameters that have the greatest impact on the final assessment of the 
reliability at the checkpoints of airframe critical locations. The present 
research suggests that in the case of airframe components, essential 
for reliability are the parameters that define the crack propagation rate 
and structural determinants expressed by the dimensionless geometry 
correction factor, which specifies the state of stress in the crack tip 
and takes into account the shape of the tested element, independent 
of the applied load.

The methodology with implementation to evaluate the reliabil-
ity of the selected control points of the supporting structure in the 
developed software has been designed in such a way, so as to allow 
implementation of any type of aircraft. Reliability analysis enables to 
determine the changes over time of the fatigue failure probability in 
the aircraft structure. The results of this analysis provide the basis for 
determining safe intervals between successive inspections of aircraft 
structures.

Fig. 14.	 Failure rate for the section a of the control point for different parameter values of scale λ and shape parameter k of Weibull distribution of initial crack 
size
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