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Abstract: The scientific article is the result of a study aimed at creating a mathematical model for diagnosing defects in aircraft
structural elements made of composite materials. Its feature is an innovative approach to assessing the probability of defects and
their characteristics, based on the analysis of the material properties and technical parameters of the structure. The developed model
combines methods of statistics, mathematical modeling and data analysis, which provides more accurate and reliable results. The
findings obtained from the study may be of great value in improving diagnostic and quality control methods in aircraft
manufacturing and operation. This in turn helps to improve the safety and reliability of aircraft, which is one of the main priorities
of the aviation industry. The use of mathematical modeling can significantly increase the efficiency of diagnostics and quality
control, which in turn has a positive effect on the technical operation of aircraft as a whole. Comprehensive analysis of defects in
aircraft composite structures is effective in improving detection accuracy and optimizing maintenance. In modern aviation, where
safety and reliability are crucial, the use of mathematical modeling provides the opportunity not only to identify defects, but also to
predict their further development, providing preventative measures. This approach also improves aircraft productivity by reducing
maintenance and repair time, which can ultimately increase airline revenues. Standardization of diagnostic processes and the
introduction of new technologies in the field of defect detection represent important directions for future research. However, it is
also necessary to consider the cost-effectiveness and practical applicability of the developed models and methods.
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MaremaTnyeckasi MoAeJb MPOLECCa TUATHOCTUPOBAHUA Ae(PEeKTOB
3JIEMEHTOB KOHCTPYKIMHA BO3AYIIHbIX CYJA0B, BHINIOJHEHHBIX
U3 KOMIIO3MIIHOHHBIX MATEPHAJIOB
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Canxkm-Ilemepbypeckuii 20cy0apcmeeH bl YHUBEPCUMen cpaicOaHCKoU aguayuu UMeHu
Inasnoco mapwana asuayuu A.A. Hosukosa, 2. Cankm-Ilemepoype, Poccus

AnHoTanms. Haydnast ctates sSBIsIeTCS pe3yIbTaTOM HCCIICIOBAHN, HAIIPABICHHOTO Ha CO3/IaHME MaTeMaTHYECKON MOJIEIH JUIS
JIMAaTHOCTHKA JE(EeKTOB SJIEMEHTOB KOHCTPYKIMM BO3AYIIHBIX CYIOB, H3TOTOBJIEHHBIX M3 KOMITO3WIIMOHHBIX MAaTEpHAIOB.
HccnenoBanue OTaM9aeTCs HOBATOPCKUM TIOIXOIOM K OLIEHKE BEPOSTHOCTH BO3HUKHOBEHMS NE(EKTOB M MX XapaKTEPHCTUK Ha
OCHOBE aHAIN3a MATCPHAIBHBIX CBOMCTB M TEXHUYCCKUX MAPaMETPOB KOHCTPYKIMH. Pa3paboTaHHas MOfIelib OOBEAMHSET B ceOe
METOJIbI CTATHCTHUKH, MAaTEeMAaTHYCCKOrO MOJICIMPOBAHMS M aHAIW3a JAHHBIX, YTO IO3BOJLSICT IMOJYYHTh OOJiee TOYHBIC U
HAJICXKHBIC pe3ybTarhl. [10TydeHHbIC B XO/IC MCCIICIOBAHMUS BBIBOJIBI MOT'YT OBITh BEChbMa IICHHBIMH JUIsI YJIyUIIICHUS METOZIOB
JIMArHOCTUKM W KOHTPOJISI KauecTBa B IIPOLIECCE MPOM3BOACTBA W DKCIUTyaTallMd BO3MYIIHBIX CynoOB. [loBbIllIEHHWE YpOBHS
0e30IaCHOCTH M HAJEKHOCTH BO3IYIIHBIX CYIOB SIBISCTCS OJHHM W3 TJIABHBIX IIPHOPUTETOB ABHAIMOHHON OTpAaCciu, |
pa3paboTaHHash MaTeMaTH9ecKash MOJENb CIIOCOOCTBYET IOCTIDKCHHIO OSTOH IICNH. [IpumeneHne MaTeMaTU4eCcKOro
MOJICITMPOBAHUS MOXKET 3HAUUTENHHO TMOBBICUTH 3(P(EKTHBHOCTH AWATHOCTUKH M KOHTPOJISI KadecTBa, YTO B CBOIO OYEpeb
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TMOJIOXKHUTEIFHO BIIMSICT HA TEXHHYCCKYIO SKCIUTyaTallMI0 aBUAIMOHHON TEXHUKH B 1eiioM. OOCYKIArOTCS METOIbl aHaiu3a U
MOJICIMPOBAHS, HAIPABJICHHBIC HA OOHAPY)KCHHE W KIACCU(PHKAIMIO JE(PEKTOB, a TAKKE UX BIMSHHC Ha OC30MACHOCTh U
HAJICKHOCTh BO3MYIIHBIX CYIOB. PaccMaTphBarOTCs COBPEMEHHBIC MOAXOIbl K KOHTPONIO KAauecTBa W TEXHHUYECKOMY
OOCTy’)KMBaHUIO, a TAKXKe MPEIaraloTcs pPEKOMEHIAMH 10 YIAYYIICHHIO IPOIECCOB JUATHOCTUKH W IPEBEHTUBHOT'O
00CITy>KIBaHHS BO3AYIIHBIX CYIOB IJIsl 00eCTIeueHUsI MX Oe30macHoi dKcrutyaranun. CTaHaapTH3anis IPOIECCOB THATHOCTUKH 1
BHEJIPEHIE HOBBIX TEXHOJIOTHH C IIENTBI0 O0HAPYKEHHs TeEeKTOB BaKHBI [T TATbHEUIINX HccaeaoBaHnii. OfHaKo HEOOXOANMO
TaKoKe YUIUTHIBATh (PAKTOPBI, BIMSIOIINE HA SKOHOMUYECKYIO S((QEKTHBHOCTh M MPAKTHICCKYIO IPIMEHIMOCTD Pa3paOd0TaHHBIX
MOJIEIEH U METOOB.

KinoueBble ¢j10Ba: KOMITO3UIIMOHHBIC Marepuaibl, aBHAllMA, AUArHOCTHPOBAHUE IIC(I)GKTOB, OKCIUTyaTaluss BO3OYyLIHOI'O
TpaHcopTa, TCXHUYCCKOC OGCJ'Iy)KI/IBaHI/le, MaTreéMaTH4CCKasi MOJECIIb.

st murupoBanus: J{aBbioB 11.A. Matemarideckasi MOJIeNb TIPOLIECCA TMArHOCTUPOBAHUS 1€(EKTOB JIEMEHTOB KOHCTPYKIIMH
BO3/IYIIHBIX CY/IOB, BBINOJHEHHBIX W3 KOMIIO3MIMOHHBIX MarepuanoB // Hayunsnii Bectauk MITY T'A. 2024. T. 27, Ne 5.
C.24-33. DOLI: 10.26467/2079-0619-2024-27-5-24-33

Introduction complications. Besides that, material inhomoge-
neity makes it difficult to detect exactly defect
distribution and impact on structure sustainabil-
ity and reliability.

Diagnosis methods, such as visual inspection,
ultrasonic control, X-ray, are limited, which also
affects defect detection efficiency due to compo-
site material features. Expensive equipment and

Nowadays composite materials play the key
role in lightweight, sustainable and efficient air-
craft structures [1]. Nevertheless, the crucial as-
pect of their application is the high level of safe-
ty and technical reliability provision. Diagnosis

of composite structural element defects is of par- 3 ) ¢
ticular importance in these terms. The given arti- necessity of process and its record standardiza-

cle focuses on mathematical model development tion make the diagnosis more complicated and
of the defect analysis [2, 3]. costly. Thus, the efficient composite material

defect diagnosis requires the development of
new approaches, methods and models, and wider
industry standards adoption.

It is necessary to describe a mathematical
model considering the complex approach for air-
craft composite material defect detection.

The purpose of the given paper is to make a
universal tool, able to predict defect occurrence
probability and to estimate their characteristics
basing on the technical parameters of the struc-
ture and its material properties. The new ap-
proach, based on statistics, mathematical model-
ling and data analysis methods complex applica-

tion is proposed to achieve the goal. Research results

The research results are expected to have a
significant impact on diagnosis and quality con- Complex approach for defect detection can
trol methods in aircraft structure and operation. be described with mathematical modelling in-
Aircraft reliability and safety increase is an im- cluding diverse methods, as there is a defect de-

portant problem, and efficient defect diagnosis  tection function F;(D;) for each of them, deter-
tools development will contribute to meet the mining detection veracity E; using the given

purpose. method [4-8].
Then defect detection veracity in aircraft S
Research methods area can be determined as a sum of veracities
using every method, considering their weight or
One faces several problems (fig. 1) during efficiency:
composite material defect diagnosis. Defect in-
visibility or insignificant impact on aircraft out- P(Ds) = XjZ w; - Fi(Dy), (1)

ward, including inner defects, for instance, blis-
ters and delimitations are the main detection
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Initialization

To start the diagnosis with research purpose and area determination

Preparation

|‘

To gain access to the aircraft structure, necessary tools and equipment for the diagnosis

Visual inspection

|‘

To inspect the aircraft surface with lights and optical devices for visible defect detection, such as fractures, blisters
and delimitations

Non-destructive methods application

To apply the non-destructive testing methods, such as ultrasonic control, X-ray, thermography and magnetic particle
control for hidden inner defects detection

Data analysis

|‘

To process data with computer software and algorithms for image analysis and defect detection

Defect estimation

|‘

To evaluate defect characterisitics, such as size, form, depth and type, considering their impact on aircraft
sustanability and reliability

|‘

Making the decision

To make the decision on further actions, including repair, replacement or extra testings feasibility the grounds of
diagnosis results

Documentation

|4-

To log the diagnosis results in corresponding documentation for further analysis and reports

Feedback

To provide a feedback on diagnosis results and recomendations on further actions for a client or aircraft operator

Fig. 1. Algorithm for a general approach to the process of diagnosing defects in composite aircraft structures
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where m — diagnosis methods quantity, w; — jth
diagnosis method weight or efficiency. Thus, the
given model considers the diagnosis complexity,
allowing to estimate defect detection in aircraft
area using its different methods. Model practical
relevance is its ability to consider different diag-
nosis methods (visual inspection, ultrasonic con-
trol, X-ray, etc.), and to estimate defect detection
veracity with each of them. It is possible to en-
hance detection processes for defects harder to
identify visually. Detection veracity is deter-
mined by Fj(D;), detection function which inte-
grates all the methods data. This function allows
to run a complex analysis and increase diagnosis
accuracy.

It is necessary to implement a range of indi-
cators for aircraft composite material defects de-
tection mathematical modelling based on certain
elements defect veracity statistics. Let there be
an aircraft made of composite elements, marked
as E; where i — is the element index. Let D; be
the E; defect parameter vector, which may in-
clude such characteristics, as defect size, form,
depth and type.

Then it is possible to determine P(D;) veraci-
ty of both defect occurrence and absence basing
on statistics.

With all the elements, defect detection verac-
ity in certain aircraft area is a multiplication of
all the defect veracities in this area.

Thus, the mathematical model may be rec-
orded as

P(Dy)=1-1I{-, P(D), 2)
where n — is a number of elements in S area.

The model allows to estimate defect occur-
rence veracity in certain aircraft areas basing on
certain element defect veracity statistics, consid-
ering the aircraft features and parameters. This
allows to predict defect veracity and implement
preventive measures.

Mathematical model based on finite elements
method for aircraft composite material structure
defect detection:

Let u be the nodal displacements vector,
f—external forces vector, K — stiffness matrix,
d — defect vector, » — reaction vector.
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Then element dynamic linear equation can be
written as

Ku-f-d=r, 3)
where Ku is the inner nodal forces sum, r is vec-
tor of reactions, compensating external effects.
The solution of individual equations for finite
elements, their further integration in terms of the
whole aircraft allows to estimate voltage, defor-
mation and reaction distribution, which provides
the opportunity of defect detection and analysis
and aircraft elements technical condition [7—10].
Application of fuzzy sets in a mathematical
algorithm for defect diagnosis in composite air-
craft structures [11, 12]. Let us assume that each
step of the algorithm (see Figure 1) is represent-
ed by a fuzzy set, where W is the ordinal number
of the step. This fuzzy set can be described by
the membership function F,,; (x), which charac-

terizes the degree of membership of an element x
to the setlW;. Let x denote the vector of data or
parameters obtained at a given step of the diag-
nosis [12—15]. At each step i of the algorithm,
where i =1, 2, ..., n, we can estimate the degree
of membership of each element x to the set K;
using the membership function F,, (x). This ap-
proach takes into account the uncertainty and
various aspects of information at each step of the
diagnostic process. Further, for each step of the
diagnostic process, a weighting coefficient K; can
be determined, which reflects its importance
or weight in the overall diagnostic process.
Weighting coefficients are established expertly and
calculated on the basis of statistical data. To com-
bine the outputs of different phases of an algorithm
using fuzzy sets and weighting factors, it is possi-
ble to use aggregation operations such as the
arithmetic mean or weighted mean [16, 17]. For
example, to estimate the overall degree of mem-
bership of an element x in a set of defects [18], we
can apply the following equation:
Faepect(x) = 2= Ki - le.(X). (4)
Therefore, we can combine the results of all
diagnosis stages, taking into account their
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Table 1
Weighting coefficient based on expert assessments and statistical data from Rossiya Airlines
Weighting | Weighting | Weighting | Weighting | Weighting | Weighting | Weighting
Diagnosis data | coefficient | coefficient | coefficient | coefficient | coefficient | coefficient | coefficient
1 2 3 4 5 6 7
Initialization 0.12 0.15 0.18 0.1 0.14 0.1 0.11
Preparation 0.1 0.17 0.12 0.15 0.11 0.14 0.21
Visual | 0.25 0.21 0.18 0.27 0.23 0.22 0.19
Inspection
Non-destructive 0.18 0.2 0.22 0.19 0.16 021 0.25
testing
Data analysis 0.15 0.14 0.16 0.12 0.19 0.17 0.15
Defect 0.1 0.11 0.13 0.11 0.1 0.13 0.1
estimation
Making 0.1 0.08 0.1 0.07 0.1 0.08 0.1
a decision
Documentation 0.1 0.14 0.11 0.09 0.08 0.15 0.08

weighting factors, to calculate the overall degree
of element belonging [19]. The weighting factors
(see Table 1) are determined based on the analy-
sis of statistical data collected during the diag-
nostics of aircraft at Rossiya Airlines. The de-
termination of the weighting factors includes ex-
pert assessments, where specialists evaluate the
importance of each diagnostic stage based on
their experience and knowledge. The use of sta-
tistical analysis methods allows us to objectively
determine the weighting factors, taking into ac-
count the frequency and importance of defect
detection at each diagnostic stage.

During the scientific research, data on the
importance of each diagnosis stage, such as the
number of detected defects, frequency of method
use, accuracy of the method, and costs of its im-
plementation was collected. Expert assessments
of the importance of each diagnosis stage were
obtained. Basing on the collected data and expert
assessments, each stage was assigned with S;
significance criteria. The significance assess-
ments were transformed into weighting coeffi-
cients W; with normalization:

Sj
W.
J 21];’1=1 Sk,

)

28

where §; is the significance score for each ;™ di-
agnostic step, m is the total number of diagnostic
steps. These weighting factors w;are then used in
the overall defect detection probability function.
This approach allows for an objective assess-
ment of the contribution of each diagnostic
method and optimization of diagnostic and
maintenance processes.

The study of the table of weighting factors
for each stage of aircraft composite structure de-
fect diagnostics reveals several important as-
pects [20-23]. The visual inspection and non-
destructive testing stages acquire the highest
weight, which emphasizes their importance in
the overall diagnostics process. Significant
weighting factors for the visual inspection and
non-destructive testing stages (the average value
for all weighting factors is 0.22 and 0.2, respec-
tively) indicate the key importance of these stag-
es in defect detection and assessment. The data
analysis and defect evaluation stages are also
significant, as evidenced by their weighting fac-
tors (average value) of 0.15 and 0.11, respective-
ly, emphasizing the importance of thorough in-
formation analysis and objective defect assess-
ment. The preparation and documentation stages
have lower, but still significant weighting factors
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Fig. 2. Diagram of diagnostic stages with a weighting coefficient based on statistical data from Rossiya Airlines

(the average value is 0.14 and 0.11, respective-
ly), which confirms their importance for organiz-
ing and documenting the diagnostics process.
This analysis (see Figure 2) confirms the need
for a global approach to the diagnostics of de-
fects in aircraft composite structures in order to
ensure their safety and reliability.

In this case, each stage has its own weighting
factor in relation to various aspects that can be
taken into account when diagnosing defects in
composite structures of aircraft. This table helps
to take into account various factors and their im-
portance at each stage of the diagnostic process.
The use of an integrated approach and mathe-
matical modeling in detecting defects in compo-
site structures brings significant economic bene-
fits. This method ensures more precise and effec-
tive detection of defects, which reduces the like-
lihood of incidents and reduces the need for ex-
pensive repair measures. When using an inte-
grated approach, prompt detection of defects at
early stages and preliminary planning of repair

29

work can reduce downtime and reduce fleet
maintenance costs. This helps to improve flight
safety and reduce operating costs of airlines,
which ultimately increases the overall economic
efficiency of air transport. The following equa-
tion can be used to assess the economic efficien-
cy of an integrated approach to diagnostics:

EE =i, K; - E;, (6)
where EE is the economic efficiency, n is the
number of diagnostic methods, K;is the
weighting coefficient for the i method, E;is the
efficiency indicator for the i™ method.

Naturally, the combined approach to detect-
ing defects in composite structures of aircraft not
only improves the accuracy of defect detection,
but also helps to optimize the costs of mainte-
nance and repair work. This is crucial in the cur-
rent aviation industry, where safety and reliabil-
ity are put in the first place. Mathematical mod-
elling makes it possible not only to detect defects
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more efficiently, but also to predict their devel-
opment, which allows for preventive measures to
prevent emergency situations. This method also
helps to increase the efficiency of aircraft by re-
ducing the time required for maintenance and
repair, which can ultimately lead to an increase
in airline profits.

Conclusion

Aircraft composite material defect detection
mathematical model is a significant progress in
aircraft safety and reliability improvement.
Complex approach, which includes different di-
agnosis methods, increases the defect detection
precision and efficiency, and eventually decreas-
es emergency occurrence. The conclusions may
become a ground for more efficient aircraft qual-
ity and operation control strategies, which as a
result will provide greater level of aviation safe-
ty. Diagnosis process standardization and new
defect detection technology implementation are
the further research key objectives. Nevertheless,
it is also necessary to take into consideration the
factors, affecting the given model and methods
efficiency and implementation. In general, air-
craft composite material defect detection math-
ematical model development provides aircraft
safety together with operation and maintenance
enhancing prospects.
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