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Abstract. This work is devoted to the analysis of the effectiveness of wavelet transformations
for the localization of deformations in composite materials obtained by the acoustic emission method.
A detailed comparison of several discrete wavelet transformations was carried out according to
energy and entropy criteria, as well as according to the n-parameter. The entropy and average
energy criteria indicate the minimum effectiveness of Dmeyers-, Coiflet-, and Haar wavelets for
detailing the deformation field. A similar exception from consideration must be made for the Dmeyers
wavelet (db 24) according to the n-parameter. It was found that only the Daubechies wavelet meets
all three criteria at the same time. The performed ranking of the density of the wavelet distribution
within the threshold values indicated the preferred choice for the n-parameter.
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Introduction.

The intensive development of technologies for the production and use of
composites as multicomponent materials, the final properties of which are better than
the properties of their components, is one of the characteristic features of recent times.
In particular, carbon fiber-reinforced composite materials (CFRP) are used extensively
in the aviation, automotive, and civil engineering industries. As a reason for the
increased interest in composite materials of this type, one can point to such properties
of the polymer matrix as high specific strength, high rigidity, and high corrosion
resistance [1].

However, the presence of two or more dissimilar phases poses challenges in
machining composite materials. The use of a multi-level operating mode of composites
often causes deformation of the composite material. Such deformations include
rupture, cracking and pulling out of fibers, crushing and cracking of the matrix,
impaired adhesion, and delamination [2]. Delamination, in particular, leads to a
decrease in strength and elastic modulus if the adhesion between the layers is not strong
enough. It should be noted that these types of deformities are indistinguishable by
visual inspection.

Technological processes for the manufacture and operation of carbon fiber
structures require a constant volume of samples for the detection, assessment, and
localization of possible damage. Acoustic emission of composite materials is one of
the methods for such monitoring. Acoustic emission is a non-destructive technique that
can provide in-situ monitoring of a structure using a network of distributed sensors and
can be used to detect damage at a very early stage, long before the structure fails. When
a structure i1s subjected to mechanical, thermal, or chemical stress, a stress field is
created in the material. As a result of the accumulation of these damages, the material
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degrades. Acoustic emission can be considered as a short-term elastic release of energy
in materials when microstructural changes occur.

Analysis of high-amplitude acoustic waves made it possible to study the process
of destruction of multilayer composites [3]. It should be noted that the acoustic waves
emanating from the processed material are usually non-stationary and contain
overlapping transients. Therefore, to characterize these processes, an appropriate
signal-processing method is required. Non-stationary signals require the use of Fourier
series to process them. However, Fourier series processing of transient components,
such as rapidly decaying frequency components, does not allow the extraction of
characteristic features, and much of the useful information is averaged out and lost
during signal conversion.

It should be noted that Fourier analysis can be considered as the basis for the use
of continuous and discrete wavelet transforms in the study of deformation fields of
composite structures. A large number of studies are devoted to expanding wavelet
analysis for processing signals obtained from processing an array of data on the kinetics
of deformations in a composite matrix. As an example, we can point to work [4], in
which the relationship between the wavelet transform of acoustic signals and the failure
modes of fiber-reinforced composites was studied in detail.

Multicomponent wavelet analysis.

In this work, the sentinel function was chosen as a quantitative characteristic of
the energy of mechanical deformation £, and acoustic emission £, at displacement x

flx)=m[E, /E,] . (1)

Rényi entropy was chosen to describe the uncertainty of the probability amplitude

distribution of the acoustic emission signal shape. An increase in Renyi entropy

indicates the occurrence of an internal change in the composite material, which may be
associated with the occurrence of damage.

n
H(S)=-InY P(S,)*, )
i=1
where P(S;) is the discrete probability distribution of the wave amplitude.
The relative energy of each subcomponent compared to the original signal can be
related to the damage mode in the composite structure using the following relationship

Ey, =S, 3

t'=4
where the subcomponent n with energy Ey; is located in level i in time interval
t’e (f 1,1 2).

The efficiency of the wavelet method was analyzed using experimental results on
acoustic emission [4]. As a final stage, an analysis of the effectiveness of wavelet
transforms was carried out to identify local damage to the composite material.

The influence of entropy on the stability of the acoustic signal was determined in
this work using the following parameter

n==E,/ H. 4)

In this work, the best wavelet was determined from a list of 24 wavelets using the

previously stated criteria. The decomposition of an acoustic signal leads to the
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appearance of components containing the spectral energy of the signal, distributed in
the time domain and located in a certain frequency band. These components correspond
to damage types such as matrix cracking, delamination, matrix-fiber bond failure, fiber
breakage, fiber pullout, and through-laminar crack growth.

The wavelet family included Haar- (Haar k= 1); Daubechies- (db k, k=2, ..., 11);
Symlet- (sym k, k=12, ..., 18) and Coiflet- (coif k, k=19, ..., 23) Dmeyers- (Dmey k
= 24); wavelets. The results of determining the average entropy, average energy, as
well as n-values are presented, respectively, in Figures 1, 2 and 3.
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Figure 1 - H-distribution for wavelets according to the average entropy
parameter.

The diagrams display the results of assessing the critical values of the threshold
values for selecting the maximum and minimum parameters “threshold max” and
“threshold min”. In addition, for a series of wavelets, the distribution density of
wavelets in the min-max band was estimated using the formula

gDW,k = NV;/I,k(NW,k o Zmin,max)’ k= HﬂEW’n’ (5)

where Ny is the total number of wavelets in the series, 2, mar 1S the number of
wavelets, whose corresponding parameters are outside the threshold values.

The H-distribution is characterized by a sufficiently large number of wavelets, the
average entropy of which is outside the threshold values.

In particular, the following wavelets are located above the maximum threshold:
Haar- and Daubechies- (subseries db &k, £k = 2, 5, 15). Three wavelets, namely:
Daubechies- (db 3), Symlet- (sym 12), and Coiflet- (coif 19) have an average entropy
value less than the minimum threshold value (= 1.52). It is quite natural that preference
in terms of the min-max parameter for entropy should be given to Daubechies wavelets
with indices k=2, 3 and 5. Accordingly, Haar- and Coiflet wavelets should be excluded
from further analysis in terms of the entropy parameter.
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Figure 2 - E-distribution for wavelets according to the average energy
parameter.
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Figure 3 - n-distribution for wavelets.

The average energy distribution is characterized by a maximum difference

Ymax, min = 4. Exceeding the maximum threshold for average energy is typical for
wavelets: Daubechies- (db & subseries, £ =10, 11) and Dmeyers- (Dmey k subseries, &
=22 - 24). Below the minimum threshold for average energy there is only one wavelet:
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Daubechies- (db 2). Preference for the min-max parameter for the average energy
should be given to the Daubechies wavelet with index k& = 2. Accordingly, Dmeyers
wavelets with indices & = 22, 23 and 24 should be excluded from further analysis for
the average energy parameter.

In turn, only one wavelet, namely, Dmeyers- (db 24), exceeds the maximum
threshold in the 7-parameter. Wavelets: Haar 1 and Daubechies- (db 2) are located
below the minimum threshold in the 77-parameter. The absence of repeating wavelets
from one, fixed series makes it difficult to select wavelets based on the min-max
parameter for the 7-value.

Conclusions. As a result of the analysis, recommendations for choosing the
optimal wavelet having average energy, average entropy, and 7-parameter, that satisfy
the min-max parameter should be pointed to Daubechies-wavelet (db 2). Ranking the
distribution density of wavelets within threshold values for average energy and
entropy, as well as the p-parameter, leads to the following chain:

@wn (= 0.875) > @yr (= 0.75) > @wu (= 0.71).

References:

1. Wu Q., YuF., Okabe Y., Saito K., Kobayashi S. Acoustic emission detection
and position identification of transverse cracks in carbon fiber—reinforced plastic
laminates by using a novel optical fiber ultrasonic sensing system. Structural Health
Monitoring, 2015 - V. 14(3) - Pp. 205-213. DOI: 10.1177/1475921714560074.

2. Ranade R., Zhang J., Lynch J.P., Li V.C. Influence of micro-cracking on the
composite resistivity of Engineered Cementitious Composites. Cement and Concrete
Research, 2014 - V. 58 - 1-12. DOI: 10.1016/j.cemconres.2014.01.002.

3. Woo S.C., Choi N.S. Analysis of fracture process in single-edge-notched
laminated composites based on the high amplitude acoustic emission events.
Composites Science and Technology, 2007 - V. 67(7-8) - Pp. 1451-1458. DOI:
10.1016/j.compscitech.2006.07.022.

4. Kamala G., Hashemi, J. and Barhorst A. Discrete-Wavelet Analysis of Acoustic
Emissions During Fatigue Loading of Carbon Fiber Reinforced Composites. Journal
of Reinforced Plastics and Composites. Journal of Reinforced Plastics and Composites,
2001 — V. 20 — Pp. 222-238. DOI: 10.1177/073168401772678265.

Anomauin. Ilpeocmasnena poboma npuceésiueHa awanizy egexmusHocmi — etignen-
nepemeopeHv 0 N0Kanizayii depopmayitt y KOMROZUMHUX MaAmepianax, OmpumManux mMemooom
axycmuynoi emicii. Ilposedeno demanvHe 3icmagnienns HU3KU OUCKPEMHUX 6eligllem-nepemeopeHs 3d
eHep2emuUyHUMY Ma eHMPONIHUMU KPUMEPIAMU, a MaKoic 3a n-napamempom. Kpumepii enmponii
ma cepedHboli eHepeii 6xazyiomv Ha MiHiManbHy egexmuenicmo Dmeyers-, Coiflet- ma Haar-
setignemis, 051 demanizayii 0eghopmayitinoco nous. AHanIoiYHUl GUHAMOK i3 PO32Ts0Y HeOOXIOHO
suxonamu i o1 Dmeyers-eetieiema (db 24) no n-napamempy. Ompumano, wo auwe Daubechies-
selignem 0OHOYACHO BION0GIOAE 6CIM MPboM Kpumepiam. Buxonawe paudicy8anus wiibHOCMi
PO3NOOINY GeligNiemie 6 MexHcax NOpo208UX 3HAYUEHb 6KA3AN0 HA NepesaddCHUll 8ubip ona 1-
napamempa.

Knwuoesi cnosa: eetienem-ananiz, KoOMno3uyiuHi mamepianiu, 8etsiem-eHmponis, aKyCmuyta
emicis.
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