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The high strength-to-density ratio and specific stiffness make carbon fiber
reinforced plastics widely used in various industrial applications. However, damage is
largely inevitable during the processing, preparation, or use of composite structures
[1]. Generally, macroscopic damage modes can be reduced to a few basic types,
namely matrix cracking, delamination, fiber/matrix debonding, and fiber rupture [2].
The rather complex failure mechanism of composites makes it difficult to identify
specific damage modes. Therefore, an effective damage monitoring method is needed
to ensure the safety and reliability of composites.

One of the most common technologies is monitoring the condition of a
composite structure using acoustic emission [3]. The damage signal is transmitted
as an elastic wave with a rapid energy release, and the signals collected by the sensors
are further analyzed by acoustic emission recording devices to extract characteristic
parameters. Traditional acoustic emission time signatures are used to study the failure
mechanism and explain the damage process. Due to the complexity and stochastic
nature of damage mechanisms in composites, the use of multivariable analysis to
process acoustic emission signals is necessary to improve the accuracy of damage
model identification.

Typical acoustic emission parameters include amplitude, rise time, duration,
pulse count, and energy. In addition, there are some additional acoustic emission
characteristics calculated from the basic characteristics. Amplitude and energy are
the two most representative characteristics concerning the characterization of damage
patterns [4]. In particular, the results of numerous experiments indicate that the
amplitude corresponding to matrix cracking is higher than the amplitude of
delamination, while the amplitude of fiber rupture is the lowest.

In this study, discrete average clustering methods were used to analyze the
acoustic emission data obtained from the three-point bending test of carbon-epoxy
composite to obtain clustering centers and characteristic signals. In addition,
waveform analysis was performed, including wavelet selection, wavelet packet
decomposition, and energy feature extraction, to clarify the characteristics of different
damage modes and identify the actual damage patterns of the disputed signals. Further
improvement of the methodology involved analyzing the impact of each orthonormal
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regularization step on damage pattern determination to evaluate the best clustering
method.

Identification of damage in the local volume of the composite sample was carried
out using general unsupervised clustering methods. An addition to the unsupervised
clustering method was the identification of the type of damage in the carbon-epoxy
composite, including averaging of the characteristic coefficients. The characteristic
coefficients of unsupervised clustering allow the division of the input vector into
k classes and approximation to the minimum sum of squared distances of all input
vectors to their cluster centers. It should be noted that each element of the set of vectors
IS in one-to-one correspondence with an orthogonal cluster. The total computation
time for the clustering algorithm depends largely on the quality of the random initial
cluster centers. The working principle of the fuzzy c-mean algorithm is to assign
membership to each input vector corresponding to each cluster center based on the
Euclidean distance between the cluster center and the input vector, and the values of
the membership function are between 0 and 1.

Wavelet packet analysis requires the choice of a basis function for the transform
to accurately extract the energy characteristics of each acoustic emission frequency
band corresponding to the localization of mechanical damage in the local volume
of the composite sample. The methodology used in this study included working with
discrete wavelets for acoustic emission signals and densely branched wavelet bases —
these are the Db- wavelet basis, the Symlets wavelet basis and the Coiflets wavelet
basis.

Numerical calculations using the considered methodology show that the epoxy
composite matrix cracking has the lowest range of peak frequencies, while the fiber
rupture has the highest range of frequencies. Considering the existence of the
difference between different damage types, delamination should be associated with
a lower peak frequency range, due to the fact that delamination is a progression
of matrix damage, so its frequency band is close to matrix damage. Therefore, the
peak frequency can be considered as a key parameter to characterize the damage
pattern.

The energy content of each wavelet envelope should be regarded as a key
parameter for analyzing the differences in frequency bands related to the damage
pattern. Analysis of continuous wavelet transform algorithms indicated the existence
of a set of clustering centers.
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VY cydacHomy cBiTi pochiimkenHs 6ionoriyaux TkaHuH (bT) 13 3actocyBanHsIM
Cy4acCHUX TMOJIAPU3ALIMHUX METOJIB 3aliMae JTOBOJII Ba)KJIMBE MICIE JUIsI PO3BUTKY
MeauyHoi1 miarHocTuku. [lomspusariiiHa MIKPOCKOIsS, OCOOJWMBO y TOEIHAHHI 13
MIOJUIEp-MaTPUYHUM KapTorpadyBaHHSIM, JJO3BOJIIE€ MPOBOJUTH TOYHUN aHaNIi3
aHI30TPOIHUX BIACTUBOCTEH PIZHOMAHITHUX TKAaHWH, THUM CaMHUM J03BOJISIIOYU
BUSIBJISITA PaHHI IMATOJOTI4HI 3MiHHM. [HTerpamis 1ux MeroAiB 3 iHdopMaliitHo-
BuMiptoBasibHUMHU  cucTemMamu (IBC), ocHameHuMH anropuTMaMu IITYYHOTO
IHTEJIEKTY, CTBOPIOE Oarato HOBUX MOJKJIMBOCTEH JjIsi aBTOMAaTH3aIlii 1 omTuMizarii
JTIarHOCTUYHHUX MPOIIECIB.

[Momsipu3zamiitna mikpockorris (IIM) € moTy>XKHUM 1HCTPYMEHTOM ISl BUBUCHHS
ctpyktypu BT, 1m0 IpyHTYeTbCsI Ha 37aTHOCTI BHUSBISATH aHI30TPOITHI BJIACTHUBOCTI
MarepiajliB 3a IOMOMOTOO MOJISPU30BaHOTrO CBiTaa. Lleit MeTo 103BOIsIE aHATI3YBATH
ONTUYHI BIIACTUBOCT1 TKAHWH, TaKl K JBOMPOMEHE3IOMJICHHS, 10 € BAYKIHUBUM JIJIS
JOCIIPKCHHSI KOJIAaT€HY Ta 1HIMUX BOJIOKHUCTUX CTPYKTYD.

[IM mupoxo 3aCTOCOBYETHCS JIJIsl PAHHBO1 IIATHOCTUKH 3aXBOPIOBaHb, TAKUX 5K
pak Ta ¢idpo3, OCKUTBKU JO3BOJISIE AETATLHO OIIHUTH CTPYKTYPHI 3MIHM B TKAaHUHAX.
JlazepHa mONSAPUMETpist TO3BOJISIE BUSIBISITA 3MIHH B ONTHYHUX TOJSPU3AMIMHUX
xapaktepuctukax BT mpum X B3aemomii i3 TONAPU30BaHUM 30HIYBaJbHUM
BUTIPOMIHIOBAHHSIM TIPH 3HAYHO MEHIIUX TEOMETPUYHUX PO3MIpax CTPYKTYPHHX
3MiH, K1 BIZOyJIHCh B qocipKyBanuX bT i gac 3aXBOproBaHb.

TakuM 4YHHOM, aKIEHT HA TMOJSIPUMETPHUYHIA MIKPOCKOMIi Ta PO3BUTOK
cremianizoBanux IBC BumpaBmaHWii NMparHeHHSIM TOKPAIIUTH SKICTh JTIarHOCTHKH
Ta PO3LIMPUTU HAYKOBI 3HAHHS MPO CTPYKTYpy 1 PyHKIIi Oiojoriunux tkaHuH. [IM
TaKOX BHUKOPHUCTOBYETHCS JIJISl TOCTIKEHHS 3MiH, III0 BUHUKAIOTh Y TKAHWHAX Yepe3
3anajibHl mpolecH ado 1HIII MaTOJOTIYHI CTaHH, IO CYNPOBOMKYIOTHCA 3MIHAMHU Y
CTPYKTYp1 TKAHUHHUX CTPYKTYp [1].
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