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The optical-acoustic system (OAS) breadboard for detection and identification of internal de-
fects implementing the developed optical-acoustic method is considered. The CFRP-concrete
bonded joint sample containing the CFRP tape Sika CarboDur M514 and two elliptical debonding
defects is prepared. The elliptical optical spatial responses from these defects at the OAS output
are obtained at the fundamental resonance frequencies. The theoretical fundamental resonance
frequencies of debonding defects are calculated using the formula for elliptical orthotropic plate
and received orthotropic elastic constants of the CFRP tape. There is a slight deviation of the
theoretical resonance frequencies from the experimental ones, which is explained by the small
ratio of the sizes of defects to the depth of their occurrence. The subsurface portion of the crack
in the test concrete beam was also detected using the OAS breadboard. Based on the developed
OAS breadboard, it is possible to create simple and high-speed optical-digital systems for NDT
of CFRP-concrete bonded joints used in civil and industrial engineering.
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Ha ocHOBi po3po0JICHOTO ONTHKO-aKyCTHYHOTO METOAY CTBOPEHO MAKeT ONTHKO-aKyCTHYHOT
cucremu (OAC) st BUSBICHHS Ta iieHTHGIKALIT eMNTHYHUX ITYYHUX MiK(pa3HUX AeEKTiB
(mempoxuteiB) y kieiioBomy 3’enHaHHI “ByrierneBa kommnosutHa crpiuka (BKC)—6eron”, a ta-
KOXX TPILIMHH, PO3TAIIOBAHOI YaCTKOBO IIiJ mMoBepxHEr OeToHHOI Oanku. Maker OAC MicTHTB
JIa3epHy CHCTEMY 3 aMILTITYZAHOK MOAYJIALI€EI0, PO3ILIMPIOBAY JIa3ePHOTO My4Ka, ONTUYHY CHC-
TeMy Ta HHU(pPOBY Kamepy Uil peecTpamil CreKI-300pakeHb, LIIMPOKOCMYTOBHH TeHEepaTop
aKyCTHYHHUX XBHJIb, II'€30IIEPETBOPIOBAY, KOHTPOJIEP Ta KOMI IOTEp 3 BiJOBIIHUM HPOTrpaM-
HUM 3a0e3nedeHHsM. J[ns BurotoBneHHs kieiioBoro 3’eqHanHs “BKC—0OeTon” BHKOpHCTANIH
crpiuky Sika CarboDur M514 ta Geronny Ganky posmipamu 160x40x40 mwm, siki 3’€qHYyBanu
xieem Sikadur 30. Henpoxinei mixk BKC ta GetonHow 0ankoro (GopMyBaid 3a IOMOMOIOH0
ManepoBUX MIa0JIOHIB eNiNTUYHOI 1 KBagpaTHOi GpopMu. BuroroBneHe kieioBe 3’€IHaHHS BBO-
mn B MakeT OAC i 30ymxyBanu BKC npy)xHUMH 3rHHaNbHUMH XBUISIMH B Jiana3oHi Big 1 1o
100 xI'm. [Tixg gac mmaBHOI 3MiHU 9acToTH 30ymkeHHsS BKC BusBII€HO pe30HAHCHI 9acTOTH Ji-
JSTHKH 11 TOBEPXHI, po3TaiioBaHoi Oe3nocepeanbo Haa Hermpokieem obnacri intepecy (OI), siky
PO3TIIAIANH SIK 3aKPIIICHY MO Kpasix MeMOpaHy 3 po3MipaMu, sKi BiITIOBiTaIH po3MipaM He-
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npoxknero. Henpokiiel BUABISUIH Ta iieHTH(IKYBaIi 32 ONTHUYHUMH HPOCTOPOBUMH BiATyKaMu
Big BiOpytouoi OI, mo dhopmyBanuce Ha Buxoai makera OAC B pe3ynbTaTi HAKOIMYIEHHS cepiit
IUHAMIYHUX CHEKI-300pakeHb, IX peecTpamii y BHUDIAAI IUGPOBUX CHEKI-300pakeHb Ta
moaanbinoi 00pooku. OCKiIbKH B OKPECICHOMY MICIli PO3TalllyBaHHS KBaIpaTHOTO INAOIOHY
Ha TIOBEepXHi OETOHHOI 6anku chopMyBaBcs HENPOKIEH eninTuuHOi GOopMHU dYepe3 3armoBHEHHS
KJICEM YOTHUPHOX BY3BKHX IUISHOK OiNsl BEpIIMH BUIUICHOTO IIA0JIOHOM KBajpaTta, TO Ha
Buxoni Mmakera OAC oTpuMany Ba ONTHYHI €JIICOmoniOHI BIATYKH BiJl IBOX HENpokieiB. s
HEPEBIPKH TOCTOBIPHOCTI €KCHEPUMEHTAIBHOTO BU3HAUCHHS (DyHIaMEHTAIBHUX PE30HAHCHHUX
Y4acTOT BUSBJICHHX HEMPOKJIEIB BUKOPHCTAIN (HOPMYITY Uil PE3OHAHCHOI YaCTOTH eNMNTHYHOL
3aKpimieHol oprorpornHoi MeMOpanu. 1106 obuncnuTi TeopeTndHi GyHIaMEHTaNbHI YaCTOTH
JUISL HEMpPOKJICiB, BU3HAYaIM HeoOXigHi oproTpomHi npyxHi koHctantd BKC Sika CarboDur
M514. B pe3ynbTaTti OTpUMaiK Pe30HAHCHI YAaCTOTH, sIKi HE3HAYHO BiIXHJISIOTHCS BiJl eKcIie-
puMenTanbHUX. Taki BiIXUICHHS 3yMOBIICHI 3/1€0LIBIION0 MAJIUM CHiBBiJHOLICHHSM PO3MipiB
HenpoKIieiB 10 rubuHM 1x 3amsranss h = 1,4 mM. 3a nonmomororo makera OAC TakoX BUSIBUIIH
MiINOBEpXHEBY YaCTUHY TPIlIMHM y GeToHHil 6amnui. Po3pobaenuii maker OAC € 6a30BUM 1S
CTBOPEHHSI MPOCTOI Ta IIBHAKICHOI ONTHKO-IM(POBOI CHCTEM HEPYyHHIBHOTO KOHTPONIO 3’€Ji-
HaHb “BKC-0eToH”, IKi IIMPOKO BUKOPUCTOBYIOTH Y IMBUTEHOMY Ta MIPOMHUCIIOBOMY OY/TiBHUIITBI.

KuiwouoBi cioBa: onmuko-axycmuuna cucmema, Knetioge 3’€ounanns ‘‘gyenennacmux—oemon™,
ONMUKO-AKYCIUYHUIL MEMOO, 8YeNenidcmuKo8a CmpiuKka, elinmuyHuil Henpoxiell, OUHAMIYHI
CNEeKA-300padicentsl, Yu@dpose Cnexki-300paxcenns, ONMUYHUIL NPOCMOPOSUll Gi02YK, Opmo-
MPONHA eNINMUYHA NIACMUNA, PYHOAMEHMATILHA PE3OHAHCHA YACMOmA.

Introduction. Recently, carbon fiber reinforced polymer (CFRP)-concrete bonded
joints has been widely used in building industry. Strengthening of concrete, stone,
metal, masonry and wooden structures using CFRP tapes results in increased shear and
bending load-bearing capacity and enhanced ductility of structural reinforcement sys-
tems and joints in civil and industrial engineering. However, internal and, in paricular,
interfacial defects between CFRP and concrete present in these structures, including
debonding defects and cracks, can affect their durability and crack growth resistance.
Therefore, non-destructive testing (NDT) of CFRP-concrete bonded joints is a relevant
means of monitoring them during producing and operation.

There are several NDT techniques designed to detect internal defects in laminated
composite structures and CFRP-concrete bonded joints. The most popular are Ultraso-
nics, Acoustic Emission Testing, Infrared Thermography, as well as Microwave, Opti-
cal Imaging, Ground Penetrating Radar, Radiography and Superconducting Techniques
[1-3]. Among Optical Imaging Techniques, Electronic Speckle Pattern Interferometry
and Digital Shearography occupy a leading position [4, 5]. The developed optical-
acoustic method (OAM) due to its simplicity and operation speed [6-8] can be consi-
dered as an alternative to the above-mentioned interferometric techniques.

The objective of this study is to use the created optical-acoustic system (OAS)
breadboard, designed on the basis of the developed OAM, to detect and identify ellip-
tical debonding defects in an adhesive joint containing Sika CarboDur M514 tape and a
test concrete beam bonded with Sicadur-30 glue, as well as to detect a crack located
partially under the surface of the concrete beam.

Optical-acoustic method (OAM). The OAM is based on generating a series of
dynamic speckle patterns (DNSPs) of the surface of a composite plate excited by
elastic flexural waves. The DNSPs series after accumulation by a digital camera are
used to produce the optical spatial responses from internal defects located below the
composite surface [7, 8].

To apply the OAM for the CFRP-concrete bonded joint, an elastic wave with a
smoothly increasing or decreasing frequency in both the ultrasonic (US) and sonic
ranges is applied to the CFRP tape. At the same time, the surface area of the tape is
illuminated by an expanded laser beam. The expanded laser beam is scattered on an
optically rough surface of the tape, and an optical system containing a lens generates
speckle patterns in the plane of the digital camera photodetector matrix. A series of
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DNSPs formed in the plane of the photodetector matrix are recorded by a digital camera
at equal time intervals with a duration t, which is less than one fourth of the period Tew
of the flexural elastic wave oscillations. The digital camera records N pairs of digital
speckle patterns (DSPs) with intensity distributions ln.(i, j) and In2(i, j), where n=1,...,N
is the number of the DSP pair In1 and In, (i, j) are the coordinates of pixels in the DSPs.
Each n™ pair of DSPs In1 and Iy, is recorded with the same exposure time t by accumu-
lating P DNSPs for both DSPs In; and In2 by a digital camera, with opposite polarities
of the elastic wave amplitude A. To register the first DSP I, from the n™ pair, the DNSPs
are accumulated at equal time intervals t, the half-duration moments of which fall on
the decline of the amplitudes of the elastic wave of one polarity. To register the second
DSP Iy from the n'" pair, the DNSPs are accumulated at the same time intervals t, the
half-duration moments of which fall on the decline of the amplitudes of the elastic
wave of the opposite polarity. When a desired internal defect, in particular a debond,
enters in the field of view of the digital camera, a section of the CFRP tape located di-
rectly above the defect, i.e. the region of interest (ROI), vibrates at its own fundamental
or multiple resonance frequencies during excitation of the tape by flexural elastic waves.
The ROI can be considered as a thin membrane with clamped edges coinciding with
the edges of the internal defect [6-8], that is, the ROI dimensions correspond to the
dimensions of the defect. The obtained DSPs are subtracted from each other and form
the difference DSPs. This procedure can be repeated N times, and, summing all the dif-
ference DSPs pixel by pixel, the final difference DSP, or the flaw map, is formed [7, 8].
The resulting flaw map is analyzed for the presence of local zones of increased bright-
ness, i.e. the optical spatial responses that display internal defects. The optical spatial
response arises from the oscillating ROI, and its dimensions are commensurable with
dimensions of the ROI and, accordingly, the internal defect. The size and area of the
internal defect are determined by calculating the size and square of optical spatial res-
ponses. During a smooth and monotonous change in the frequency of flexural elastic
waves in the field of view of the digital camera, optical spatial responses can appear in
different places and at different frequencies. This indicates the presence of several de-
fects on the composite tape surface area, which is in the field of view of the digital camera.

Optical-acoustic system. To implement the OAM, the OAS breadboard was de-
veloped. The block-diagram of the breadboard is shown in Fig. 1. The breadboard works
as follows. The laser beam generated by the amplitude-modulated laser system 1 falls
on the laser beam expander 2 to illuminate the surface area 3 of the CFRP tape 4, bonded
by a layer of glue 5 to the concrete beam 6. If the surface area 3 is optically rough, then
the light scattered on it, passing through the lens 7 of the digital camera 8, forms DNSPs
in the field of view of this camera. If the surface of the CFRP tape is optically smooth,
the white paint or other light-colored paint is sprayed onto it to form DNSPs in the plane
of the photodetector matrix.

Fig. 1. Block-diagram of the optical-acoustic
system breadboard: 1 — amplitude-modulated
p 12 laser system; 2 — laser beam expander;

i 3 — surface area of CFRP tape; 4 — CFRP tape;

5 — layer of glue; 6 — test concrete beam;
7 — lens; 8 — digital camera; 9 — broadband

4 acoustic wave generator; 10 — piezoelectric
transducer; 11 — region of interest;

12 — control unit; 13 — computer.
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The CFRP tape 4 is excited by a frequency chirping harmonic elastic wave using a
broadband acoustic wave generator 9 and a piezoelectric transducer 10. At one of the
resonance frequencies, the ROl 11 above the interfacial defect begins to oscillate.
Synchronously with the same moments of reaching the selected instantaneous amplitude
value in the period Tew of the elastic wave, the control unit 12 turns on the amplitude-
modulated laser system 1 for equal time intervals t and records the DSPs with the
intensity distributions In; and In, each of which is accumulated for the same number P
(P > 25) of periods Tew of the elastic wave at a given exposure of the digital camera 8.
The received DSPs are sent to computer 13 for further processing. The developed
software calculates the sizes of the detected defects. The OAS breadboard is controlled
using the control unit 12 and the computer 13.

Detection and identification of artificial debonds. To study the possibility of
detecting and identifying the artificial interfacial defects (debonds) in CFRP-concrete
bonded joints, the joint sample containing two debonds was prepared. This sample was
made by gluing a CFRP tape Sika CarboDur M514 with a concrete beam. The thickness
of the CFRP tape is h=1.4 mm and its sizes are 160x40 mm, which coincide with the
sizes of the surface of the concrete beam with sizes 160x40x40 mm. An elliptical tem-
plate and a square template with a thickness of 0.4 mm (see Fig. 2a) were used to create
artificial debonds No. 1 and No. 2, respectively, between the CFRP tape and the concrete
specimen. Positions and dimensions of the templates in mm are indicated in Fig. 2.

Fig. 2. Producing the artificial debonding defect (defects No. 1 on the left and defect No. 2 on the
right) between the CFRP tape Sika CarboDur M 514 and test concrete beam; two templates on the
concrete beam surface designed for making defects (a); sizes of the templates and beam in mm (b).

The CFRP tape was glued to the concrete beam using Sikadur-30 glue, and its
surface was painted by a white aerosol spray-on paint to provide the developed speckles
in generated DNSPs. In the outlined location of the square template on the concrete
beam surface, an elliptical debond was formed due to filling with glue four narrow
areas near the vertices of the square highlighted by the template. These areas have the
shape of right triangles with a curved hypotenuse concave towards the right angle. We
checked the ellipticity of the defect No. 2 by tapping the CFRP tape surface with various
instruments. In the area of the defect, the frequency (tonality) of sounds from impacts
on the tape surface changed. We also checked the effect of filling square defects with
glue along the edges visually on a composite plate with square subsurface defects at a
depth of 0.5 mm by illuminating the plate with an optical projector with a 100 W in-
candescent lamp. Then we tapped the surface over the defects to estimate their actual
size without visual inspection. The results of estimating the size of square defects both
the visual and tapping methods showed a high degree of agreement. So, as a result of
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such filling of areas near the vertices of the square with glue, we obtained an elliptical
debond No. 2. The produced CFRP-concrete bonded joint sample was inserted in the
OAS breadboard and excited by elastic waves in a wide frequency range from 0.1 to
100 kHz. Lenses SP-L-C-16HKKS (focal length F = 16 mm) and “VEGA 2/20”
(F = 20 mm) were used to record DNSPs of the studied surface area. With a smooth
and monotonic increase in the elastic wave frequency, the optical spatial responses
from the two artificial defects and from the edges of the sample appeared at their
fundamental and multiple frequencies.

Fig. 3 shows flaw maps covering the field of view of 79.3x60 mm? received in the
imaging optical system containing the lens SP-L-C-16HKKS. Fig. 3a shows the optical
spatial response from the larger elliptical debonding (defect No. 1) at the fundamental
resonance frequency fo11=14.5 kHz. The square template also produces the smaller
elliptical debonding (defect No. 2), the optical spatial response from which at the fun-
damental resonance frequency fo12,=40.7 kHz is shown in Fig. 3b. These responses
have a ring-shaped form, which is explained by dominant influence of the ROI tilts on
their creation. The optical responses at the frequency fo13=45.5 kHz indicate the pre-
sence of narrow and long debondings on the two opposite edges of the composite tape.

Fig. 3. Flaw maps of the studied areas (field of view 79.3x60 mm?) of the CFRP-concrete bonded
joint sample: optical spatial response from the defect No. 1 at the fundamental resonance frequency
for.1=14.5 kHz (a); optical spatial response from the defect No. 2 at the fundamental resonance
frequency fo1.2 = 40.7 kHz (b); optical spatial responses from narrow and long debondings on the two
opposite edges of the composite tape at the frequency for3 = 45.5 kHz (c).

Let us compare the experimental fundamental frequencies of the elliptical defects
No. 1 and No. 2 with theoretical ones, which can be found from the known equation for
the oscillating elliptical orthotropic plate, i.e. in our case the elliptical ROI with rectan-
gular orthotropy, given by the formula [9]

2 4152(D, 2 D D
(anmt) :W[a_:+§a2|§y2+b_4y) @

Here, p is the material density; h is the thickness of the CFRP tape and at the same time
the depth of the debondings; a and b are the semimajor and semiminor axes of the ellipse;
Dy, Dy are the flexural rigidities and D,y is the torsional rigidity for principal directions
of elasticity x and y of the CFRP tape. These rigidities are given by [10]
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where Ey and Ey are the flexural moduli for the principal directions of elasticity, vx and
vy are the Poisson’s ratios, and G is the torsional shear modulus.

After substitution of Eq. (2) into Eq. (1), we receive the working equation for
calculation of foys, that is

3.72h E, v,E, G, E,
for = 7 +t—=3 t— ot .
2np \4a*(l-v,v,) 6a’b’(l-v,v,) 3a%* 4b*(l-v,v,)

This equation contains the known characteristics of the Sika CarboDur M1214 tape,
namely, its thickness h = 1.4 mm, density p = 1600 kg/m? and Poisson ratio vy = 0.3. In
[8] we have determined the flexural moduli of the Sika CarboDur M1214 tape according
to the International Standard ASTM D790-17 [11]. Guided by this Standard, a series of
test specimens of this material with a width of 12.7 mm were cut out, and, using the
3-point bending scheme, the flexural moduli were found to be Ex = 160 + 2.5 GPa,
Ey = 9.5 £ 0.3 GPa with a 90% confidence interval. Since the Young’s moduli of the
Sika CarboDur M1214 and Sika CarboDur M514 tapes are equal, we use the obtained
values of flexural moduli of the Sika CarboDur M1214 to calculate the frequency fo1: of
the elliptical ROI located in the Sika CarboDur M514 tape, i.e., the elliptical artificial
debonding defect No. 1 of width 2a; = 33 mm and height 2b; = 20 mm, shown in Fig.
2. The Poisson’s ratio vy for the principal direction y can be found using the well-
known dependence vy/Ex = v,/Ey, based on which we obtain vy=0.0178. As shown by
Mottram [12], the individual layers of unidirectional pultruded fiber reinforced plastic
material have torsional shear moduli, ranging from 3.5 to 4.8 GPa. Substituting the
above values into Eq. (3), we receive the fundamental frequencies of an elliptical
orthotropic plate of width 2a; = 33 mm and height 2b; = 20 mm, i.e. the ROI located
above the defect No. 1, equal to fo1:1=19.0 + 19.2 kHz. As we can see, the frequencies
differ from the experimentally obtained resonance frequency fo11=14.5 kHz of the
defect No. 1. The width of the elliptical optical spatial response from this defect is
2aie= 31.4 mm, and the height is 2bie = 19 mm, which is by 5% smaller than the width
and height of the elliptical template shown in Fig. 2.

The width of the elliptical optical spatial response from the elliptical debonding
defect No. 2 is 2az. = 18.52 mm, and the height is 2bze = 16.14 mm. If to assume that
the dimensions of the defect No. 1 are equal to dimensions of the elliptical template
(see Fig. 2), the real width of the defect No. 2 is 2a, = 19.5 mm and the real height is
2b,= 17 mm. Substituting these dimensions and mentioned above values of orthotropic
elastic constants and physical quantities of the Sika CarboDur M514 tape in Eq. (3), we
obtain the theoretical fundamental resonance frequencies foi» = 46.9+47.3 kHz for this
defect, while its experimental fundamental resonance frequency isfo1.2 = 40.7 kHz.

Deviations of theoretical resonance frequencies from experimental ones can be
explained by several factors, but the main factor is the small ratio of the debonding size
to its depth of occurrence [13-15], which for the minor axis of the defect No. 1 is about
7:1, and for the minor axis of the defect No. 2 is about 6:1, which leads to a shift in the
theoretical fundamental resonance frequencies toward higher values. Such tendency of
the frequency shift is confirmed by similar experimental results obtained, in particular,
by Crosbie et al. [15], Cawley and Theodorakopulos [16], and Solodov et al. [17].

Detection of a crack located partly beneath the surface of a test concrete beam.
Among the test concrete beam specimens used to produce CFRP-concrete bonded joints,
we found a specimen containing a crack located partly on the surface of a concrete beam
and partly beneath its surface. To estimate the ability of the OAM to detect subsurface
cracks in concrete beams, we placed this specimen in the OAS breadboard and excited
it with elastic waves in the frequency range from 1 to 50 kHz. The imaging optical
system in the OAS breadboard contained the lens “VEGA 2/20”. The concrete beam

®3)
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shown in Fig. 4 contains a crack located partly on the beam surface and partly beneath
its surface. At a frequency of 2.1 kHz, a spatial response from the crack was recorded
(see Fig. 5a), including its part located beneath the surface at the bottom of the beam
shown in Fig. 4. At a frequency of 43.6 kHz, the crack initiation zone was detected,
shown in Fig. 5b. It can be seen from Fig. 5b that the dimensions of the detected ini-
tiation zone exceed its dimensions observed during visual inspection of this beam.

Fig. 4. Concrete beam.

Fig. 5. Spatial responses from the crack at frequencies f = 2.1 kHz (a) and f = 43.6 kHz (b).
The crack is partly located under the surface of the concrete beam.

CONCLUSION

The OAS breadboard implementing the OAM can detect and identify debonding
defects in CFRP-concrete bonded joints at the depth h = 1.4 mm. Due to the excitation
of CFRP tapes with elastic waves in the US and sonic ranges and the recording of a se-
ries of DNSPs, internal defects are detected at a high speed while simultaneously covering
a large area of the CFRP tape surface. The deviations of the theoretical fundamental reso-
nance frequencies of artificial elliptical debonding defects, calculated using the working
equation obtained for orthotropic elliptical plates, from the corresponding experimental
resonance frequencies are relatively small and are caused mainly by small ratios of the
sizes of defects to the depth of their occurrence. The developed OAS breadboard can
be considered as the first step toward creation of simple and high-speed optical-digital
systems for NDT of CFRP-concrete bonded joints used in civil and industrial engineering.

1. Halabe, U.B. Non-destructive evaluation (NDE) of composites: techniques for civil structures.
Nondestructive evaluation (NDE) of polymer matrix composites; Karbhari, V.M., Ed.; Woodhead
Publishing Limited, 2013; pp 483-514. https://doi.org/10.1533/9780857093554.4.483

2. Rasheed, H.A. Strengthening Design of Reinforced Concrete with FRP; Taylor & Francis Group,
LLC, 2015. https://doi.org/10.1201/b17968

3. Dolati, S.S.K.; Malla, P.; Ortiz, J.D.; Mehrabi, A.; Nanni, A. ldentifying NDT methods for
damage detection in concrete elements reinforced or strengthened with FRP. Eng. Struct. 2023,
287, 116155. https://doi.org/10.1016/j.engstruct.2023.116155

4. Taillade, F.; Quiertant, M.; Benzarti, K.; Aubagnac, C.; Moser E. Non-destructive evaluation
(NDE) of composites: Using shearography to detect bond defects. Nondestructive evaluation
(NDE) of polymer matrix composites; Karbhari, V.M., Ed.; Woodhead Publishing Limited, 2013;
pp 542-557. https://doi.org/10.1533/9780857093554.4.542

ISSN 3041-1823. Binip i 06podka ingopm. 2025. Bun. 53 (129) 45



10.
11.

12.

13.

14.

15.

16.

17.

Zhang, X.; Wang, H.; Peng, H.; Du, H.; Jiao, Y.; Li, S.; Zhang, J.; Pan, Z.; Huang, H.; Ju, Y. A
DSSPI phase unwrapping method for improving the detection efficiency of CFRP-reinforced con-
crete defect. Opt. Laser Technol. 2024, 168, 109862. https://doi.org/10.1016/j.optlastec.2023.109862
Nazarchuk, Z.T.; Muravsky, L.1.; Kuts, O.G. Nondestructive testing of thin composite structures
for subsurface defects detection using dynamic laser speckles. Res. Nondest. Eval. 2022, 33, 59-77.
https://doi.org/10.1080/09349847.2022.2049407

Nazarchuk, Z.; Muravsky, L.; Kuryliak, D. Methods for processing and analyzing the speckle pat-
terns of materials surfaces. Optical metrology and optoacoustics in nondestructive evaluation of
materials; Nazarchuk, Z., Muravsky, L., Kuryliak, D., Eds.; Springer Nature, 2023; pp 249-323.
https://doi.org/10.1007/978-981-99-1226-1_6

Muravsky, L.; Nazarchuk, Z.; Kuts, O.; Ivanytskyi, Ya.; Sharabura, O. Detecting of interfacial
defects in CFRP-concrete bonded joints using dynamic speckle patterns of excited surface.
NDT&E 2025, 156, 103480. https://doi.org/10.1016/j.ndteint.2025.103480

Leissa, A.W. Vibration of Plates; National Aeronautics and Space Administration: Washington,
DC, 1969.

Lekhnitskii, S.G. Anisotropic Plates; Gordon and Breach Science Publishers, 1968.

ASTM International. Standard Test Methods for Flexural Properties of Unreinforced and Rein-
forced Plastics and Electrical Insulating Materials, ASTM D790-17; West Conshohocken, PA,
2017.

Mottram, J.T. Shear modulus of standard pultruded fiber reinforced plastic material. J. Compos.
Constr. 2004, 8, 141-147. https://doi.org/10.1061/(ASCE)1090-0268(2004)8:2(141)

Srinivas, S.; Joga Rao, C.V.; Rao, A.K. An exact analysis for vibration of simply supported
homogeneous and laminated thick rectangular plates. J. Sound Vib. 1970, 12 (2), 187-199.
https://doi.org/10.1016/0022-460X(70)90089-1

Eratli, N.; Akoz, A.Y. The mixed finite element formulation for the thick plates on elastic founda-
tions. Comput. Struct. 1997, 65 (4), 515-529. https://doi.org/10.1016/S0045-7949(96)00403-8
Crosbie, R.A.; Dewhurst, R.J.; Palmer, S.B. Flexural resonance measurements of clamped and
partially clamped disks excited by nanosecond laser pulses. J. Appl. Phys. 1986, 59 (6), 1843-1848.
https://doi.org/10.1063/1.336410

Cawley, P.; Theodorakopoulos, C. The membrane resonance method of non-destructive testing. J.
Sound. Vib. 1989, 130 (2), 299-311. https://doi.org/10.1016/0022-460X(89)90555-5

Solodov, I.; Rahammer, M.; Kreutzbruck, M. Analytical evaluation of resonance frequencies for
planar defects: Effect of a defect shape. NDT&E 2019, 102, 274-280.
https://doi.org/10.1016/j.ndteint.2018.12.008

Received 20.03.2025

ORCID iDs

Muravsky L.I. https://orcid.org/0000-0001-8839-2819
Dutkiewicz M. https://orcid.org/0000-0001-7514-1834
Sharabura O.M. https://orcid.org/0000-0002-5712-4114
Kuts O.H. https://orcid.org/0000-0003-1659-9452
Panchenko O.B. https://orcid.org/0000-0003-1634-0715

46

ISSN 3041-1823. Information Extraction and Process. 2025. Issue 53 (129)



