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Abstract 

Using resonance laser vibrometry in a single-shot procedure involves averaging experimental vibration 

amplitudes in a total frequency spectrum. Such processing procedure may cause damping of signals over 

small or/and deep defects by higher signals conditioned by large or/and shallow defects. Also, laser 
vibrometry can hardly help in the evaluation of defect depth without some additional tests. In this study, 

the techniques of both laser vibrometry and active thermal NDT are applied to the detection of circular 

FBHs in a 16 mm-thick GFRP composite, as well as evaluating defect size and depth. 

 
Keywords: laser vibrometry, thermal NDT, ultrasonic stimulation, infrared thermography, vibration 

pattern.  

 
1 Introduction 

Broadening applications of composites in various industries stimulate development of both production 

technologies and techniques of nondestructive testing (NDT). The nomenclature of high-tech and “smart” 
materials has been permanently growing for the last decades but in practice, only a limited number of 
composites has gained popularity in real production. For example, glass fiber reinforced plastic (GFRP) 

represents a well-studied type of composite materials. Thanks to a good combination of glass fibers and 

polymeric filling, this composite is characterized by high electrical insulating properties, a wide range of 
work temperatures, low thermal conductivity and high corrosion resistance. These properties ensure a 

wide usage of GFRP in the aerospace, civil engineering and transportation. 

Reliability of components and parts made of composites depend on both material properties and presence 
of structural defects which may seriously worsen their quality and work life. In manufacturing, 

composites may possess excessive anisotropy of physical properties, for example, because of excessive 

porosity. In exploitation, most of composites, including GFRP, are susceptible to impact damage which 

may lead to appearance of multiple cracks, delaminations, matrix breakage and other types of defects. 
The above-mentioned defects are to be detected and characterized at both manufacturing and exploitation 

stages. 

Ultrasonic laser vibrometry has recently appeared as a promising NDT technique which supplies new 
information about structural defects thanks to analysis of resonance vibrations in samples under test. This 

technique combines ultrasonic stimulation and laser scanning of vibrations. In solid materials, structural 

inhomogeneities lead to local variations of mass and rigidity that can be easily detected by means of laser 
vibrometry. The specific resonance phenomena which occur in defective zones were first investigated by 

Pye and Adams [1, 2]. It was found that cracked composites subjected to oscillating stresses of sufficient 

magnitude (resonant vibration) generate a specific thermal energy because of friction between opposite 

sides of cracks.   Later, Busse, Solodov et al. defined this phenomenon as Local Defect Resonance (LDR) 
characterized by appearance of specific resonance frequencies in defect zones [3-5]. These studies have 

acquired a considerable “resonance” in the world community and launched a couple of LDR research 
worldwide. Hettler et al. have developed specialized software for automatic detection of subsurface 
defects by applying the LDR technique [6]. Segers et al. have studied the in-plane and out-of-plane 

vibrational resonance response in circular flat bottom holes (FBHs) by using 3D scanning vibrometry [7-

8]. Following this line of research, recently Solodov et al. investigated fundamental resonance frequencies 

of FBH-like defects having a simple geometric form, such as squares, circles, ellipses, etc., in 
homogeneous composites [9]. The goal of this research was to analyze the impact of defect geometry on 

LDR frequencies in NDT applications and peculiarities of imaging of planar defects.  

In spite that resonance phenomena are different in homogeneous and multi-layer composites, the concept 
of FBH-like defects has proven to be useful for analyzing defect detection sensitivity and characterizing 
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defects, in particular, their lateral size/area. Unfortunately, the LDR technique seems to be inefficient in 

determining defect depth. This can be easier fulfilled by using one-sided active thermal NDT.  However, 

thermal NDT is efficient in the detection of discontinuity-like defects only, and it can hardly be applied to 

materials thicker than 10 mm [10]. 
In this study, the techniques of both single-shot laser vibrometry and active thermal NDT have been 

applied to the detection of circular FBHs in a 16 mm-thick GFRP composite. The most significant test 

results obtained with these techniques can be used in data fusion for the evaluation of defects.  

 

2 Materials and methods 

The test object was a GFRP 32032016 mm sample which contained 16 FBH-like defects, 20 mm-
diameter each. The defect depth varied from 1 to 12 mm, as shown in Table 1.  

 

Table 1. Evaluating circular FBH-like defects in GFRP plate by means of laser vibrometry. 
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A laser vibrometry experimental setup implementing resonant ultrasonic activation of subsurface defects 

is presented in Fig. 1. It included a scanning laser vibrometer PSV-500-3D (Polytech, Germany), a signal 

generator AWG-4163 with an amplifier AVA-1810 (Actakom, Russia). The signal generator supplied 
pre-amplified acoustical signals to the piezoelectric transducer  FT-27T (China) mounted on the surface 

of the sample. Propagation of elastic waves in the material and their interaction with structural 

inhomogeneities were analyzed by means of the laser vibrometer.  
There are two typical modes of laser vibrometry: broad-band frequency-modulated stimulation and mono-

frequency excitation with elastic harmonic or meander-shaped waves generated at resonance frequencies. 

Broad-band stimulation allows amplitude-frequency analysis of sample/defect vibrations. A result of such 

analysis is typically presented in the form of a total vibration pattern obtained by averaging response 
signals in the mode of Fast Fourier Transform (FFT) scanning. In this case, one obtains general 

information on many types of material inhomogeneities in a single-shot experiment. Mono-frequency 

stimulation is directed toward defects which are characterized by particular resonance frequencies. In this 

case, each measurement session allows the identification of single defects or their parts [11].   

 
 

Fig. 1. Laser vibrometry experimental setup.   
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As mentioned above, analyzing vibration patterns on the surface of parts to be tested allows determining 

location and lateral size/area of subsurface defects but not their depth, at least, without additional time-

consuming tests. In this study, in order to receive additional information on defect depth, a technique of 

active infrared thermography was used.  The tests were conducted in a one-sided mode by using 4×500 W 
halogen lamps as a heat source. The duration of heating excitation was 10 s. Surface temperature 

distributions were recorded by means of an infrared (IR) module Optris PI 640. Defect depth was 

evaluated by determining time delays of maximum temperature contrasts assuming material thermal 
diffusivity known. Such technique has proven its efficiency but defect depth detection limit is typically 

under 10 mm [10]. 

  

Fig. 2: Thermal NDT setup (one-sided procedure).  

 

3 Results and discussion 

 

3.1. Laser vibrometry  

According to the theory of LDR, for each particular FBH, one can determine a characteristic resonance 

frequency at which vibration amplitude repeatedly increases in regard to defect-free areas [9]. A typical 

procedure to determine resonance frequencies involves analysis of the amplitude-frequency spectrum of 
sample vibrations. This is achieved by applying broad-band stimulation.  

Table 1 shows experimental values of LDR frequencies fLDR which were obtained by scanning the GFRP 

sample with the step of 3 mm. The sample was subjected to broad-band acoustic stimulation in the 
frequency range from 50 Hz to 100 kHz with the step of 30 Hz. Some examples of resonance vibrations 

over circular FBHs are presented in Fig. 3. For example, for the defect # 16 (depth 1.1 mm), the optimum 

detection frequency is 12.5 kHz, while the defects # 8 (depth 1.2 mm) and # 5 (depth 7.2 mm) can be 

detected best of all at the frequencies of 13.1 and 31.0 kHz respectively.  

 

   

(a)                                                 (b)                                               (c) 

Fig. 3. Resonance vibrations over circular FBH-like defects in GFRP sample at the frequencies 12.5 kHz 

(a), 13.1 kHz (b) and 31.0 kHz (c).  

As follows from Table 2, resonance vibrations have been found for each FBH in the frequency range 10-

100 kHz. In order to enhance inspection productivity, it is worth to investigate total vibration patterns not 

involving a more detailed analysis of particular resonance frequencies (Fig. 4). It is important noting that 
broad-band acoustic excitation with elastic waves leads to activation of both principle frequencies and 

their higher harmonics. This improves the evaluation of defect lateral size/area.  To summarize, thanks to 

evaluating surface vibrations in the FFT mode, the obtained total vibration patterns provide detailed 
information on lateral size/area and location of defects.  
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One of peculiarities of the LDR technique is the situation where a defect area characterized by a lower 

signal-to-noise ratio (SNR) can be missed on the background of larger defects producing the damping 

effect. The phenomenon of damping is particularly important when using laser vibrometry in combination 

with acoustic stimulation.  

 

       
(a)                                                    (b) 

Fig. 4. Total vibration pattern (a) and map of defects (b)  
in GFRP sample with circular FBH-like defects. 

 

In this study, the relationship between vibration characteristics and depth of circular FBHs defects in the 
GFRP sample has been analyzed. The total vibration patterns obtained in the 50 Hz-100 kHz frequency 

range reveal 15 defect of 16 in a single test shot. The only missed defect # 9 is located at the maximum 

depth of 12.2 mm being characterized by the lowest SNR, however, surprisingly, the defect # 1 located at 
the same depth has been reliably detected due to higher vibration amplitude (3 mm/s).  

In general, deeper defects are characterized by lower amplitudes of vibrations observed over FBHs (Fig. 

5). Particularly, shallow defects (with depth under 1 mm) are characterized by the amplitude of vibration 

velocity up to 8 mm/s thus being twice in regard to defects located deeper than 5 mm (defects #  1-6, 9-
14). Decreasing vibration amplitude, in its turn, is accompanied with a smaller area of the defect involved 

into vibration. This leads to smaller apparent, i.e. experimentally determined, defect area. The 

corresponding estimates are presented in Table 1 along with relative errors ε = (Sm - Sr)/Sr, where  Sm and 
Sr are the apparent and true areas of the circular FBHs.  

It is seen that, analyzing results of vibro-scanning (Fig. 6), the best estimates of defect area (with errors 

under 5%) take place for the defects located at depths under 4 mm. With increasing defect depth, the error 
increases up to 20% (depth 5.1 mm) and 40% (depth 7 mm). Respectively, the defects located at depths 

from 7 to 12 mm can be evaluated with errors from 50 to 70%. However, it is worth reminding that the 

techniques of ultrasonic laser vibrometry has allowed to correctly identify 15 defects of total 16.  

 

 
Fig. 5. Amplitude of vibration velocity over defects vs. defect depth.  
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Fig. 6. Apparent defect area (in % of true value) vs. defect depth.  

 

Note that vibration patterns over FBHs having the same diameter but located at different depths are 

different because of variations in surface vibration intensity. This phenomenon has lead to the loss of 

defect #9 when analyzing the total vibration pattern. In fact, this defect revealed the lower amplitude of 
vibrations to compare to other defects; therefore, the ThermoLab software has been used to analyze 

results of vibro-scanning (Figs. 7, 8). To improve defect visibility, a simple algorithm of contrast 

enhancement has been used.  

 

 

Fig. 7. Total vibration pattern (image contrast enhanced with ThermoLab). 
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(b) 

Fig. 8 Amplitude profiles of vibration velocity over FBHs in GFRP sample.  
In spite of the low level of vibrations in the areas of defects which are deeper than 9 mm, the use of the 

ThermoLab software has allowed to enhance image contrast and thus ensure the detection of all 16 

defects. Figure 8 shows four amplitude profiles of vibrations: line 1 – defects # 13-16 (Fig. 8a), line 2 – 
defects # 9-13 (Fig. 8b), line 3 – defects #5-8 (Fig. 8a) and line 4 – defects # 1-4 (Fig. 8b). It is clearly 

seen that amplitude of vibrations increase over shallower defects.  

 

3.2 “Classical” thermal NDT and 1D depth characterization 
 

One-sided “classical” thermal NDT was used to estimate defect depth and enhance defect detectability by 
combining IR thermograms with vibration patterns. Plentiful algorithms and simple formulas have been 
proposed to evaluate depth of discontinuity-like defects in solids subjected to active IR thermographic 

NDT [12-17]. Most of them implement a concept of periodic or pulsed thermal waves which, being 

launched from the sample surface, are reflected from defect boundaries and reach back the front surface 
with a particular phase shift or time delay.  For example, it is often assumed that a pulsed thermal wave 

produces a maximum signal over a defect at the so-called best observation time m where h is the defect 

depth, and  is the material thermal diffusivity. The latter formula allows easy estimation of defect depths 
but, unfortunately, it is applicable only to 1D shallow defects. 

In this study, a more complicated approach implemented in the ThermoFit Pro software from Tomsk 

Polytechnic University has been undertaken. This approach is based on the combination of the so-called 

“maxigrams” and “timegrams” which correspondingly reflect the distribution of the maximum running 
contrast Cm = [(Td - Tnd)/Tnd]max and τm(Cm) across the sample surface; here the subscripts “d” and “nd” 
specify defect and non-defect areas respectively [17]. The pixel-based values of Cm (see the maxigram in 

Fig. 9b) and m are combined to determine defect depth h and thermal resistance Rd = d / Kd, where d is 

the defect thickness in [m], and Kd is the defect conductivity in [W.m-1.K-1]. The analytical inversion 

formulas implemented in the ThermoFit Pro software for the evaluation of defect parameters in 
composites are as follows. 

If Cm occurs within the heat pulse (𝜏 ≤ 𝜏ℎ):  

                                    ℎ [𝑚] = 0.407 (𝑎𝜏𝑚)0.49  (1 − 𝐾𝑑𝐾 )0.19  (𝐿𝐾)0.08 𝐹𝑜ℎ0.12 𝐶−0.3, (1) 𝑅𝑑  [𝑚2𝐾𝑊−1] = 1.239 (𝑎𝜏𝑚)0.4  (1 − 𝐾𝑑𝐾 )0.044  (𝐿𝐾)0.12 𝐹𝑜ℎ−0.17 𝐶0.23. 
If Cm occurs after the heat pulse (𝜏 > 𝜏ℎ): 

                              ℎ [𝑚] = 0.708 [𝑎(𝜏𝑚 − 𝜏ℎ)]0.46  (1 − 𝐾𝑑𝐾 )0.29  (𝐿𝐾)0.05 𝐹𝑜ℎ0.05 𝐶−0.15, (2)  𝑅𝑑  [𝑚2𝐾𝑊−1] = 4.368 [𝑎(𝜏𝑚 − 𝜏ℎ)]0.34  (1 − 𝐾𝑑𝐾 )1.27  (𝐿𝐾)0.29 𝐹𝑜ℎ−0.05 𝐶0.43. 
Equations (1-2) have been obtained by inverting plentiful numerical solutions of pletiful defect situations 

in a wide range of composite materials. The practical experience of using these equations has shown that 

the accuracy in determining h is about 5-30% for various types of composites, while for Rd the accuracy 

drops down to 40-60%. The characterization algorithm described is simple and robust allowing to 
produce images of defect depth (“depthgrams”) and thermal resistance.   
The depthgram in figure 9c exhibits the depths of particular defects with accuracy under 30%, while 

defect areas have been determined with accuracy from 10 to 60% depending on defect depth (see also 
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Table 2). Note that the images in Figs. 9 b,c have been produced with an amplitude threshold of 5% by C 

values.  

As follows from Table 2, one-sided thermal NDT has ensured the detection of 7 defects located at depths 

up to 7 mm of total 16 defects. The defects at depths from 7 to 12 mm have not been detected.   
 

                         (a)                                                   (b)                                                    (c) 

Fig. 9. 1D defects characterization: a – source image, b - image of running contrast, c - depthgram. 

 

Table 2. Characterizing defects in GFRP sample by using 1D analytical approach (Thermo Fit). 

Defect 
number 

Defect area 
(evaluated/true), 

mm2 

 

Relative error 
ε (by defect 

area), % 

Defect depth 
(evaluated/true), 

mm 

 

Relative error 
ε (by defect 

depth), % 

D8 470/ 400 18  0.9 / 1.2 25 

D7 400/ 400 0 2.9 / 3.2 9 

D6 175/ 400 56 5.1 / 5.4 6 

D5 -* / 400 - -* / 7.2 - 

D16 440/ 400 10 0.8 / 1.1 27 

D15 470/ 400 18 2.9 / 3.2 9 

D14 200/ 400 50 4.7 / 5.1 8 

D13 155 / 400 62 5.9 / 6.6 11 

 

4 Conclusions  

Resonance laser vibrometry conducted in a single shot procedure has proven to be an effective tool in the 

detection of discontinuity-like defects located at various depths. Such procedure has ensured detecting 15 

FBHs of total 16 defects in the GFRP sample, and the processing of test results by means of the 

ThermoLab software has allowed the detection of all 16 defects. In this study, the relationship between 

vibration amplitudes and defect depth was investigated, and the accuracy of determining defect area for 

FBHs at different depths in the GFRP sample was evaluated. In particular, it has been found that, for 

shallow defects (h<1mm), the amplitude of vibration velocity is up to 8 mm/s that is twice higher than 

that for defects deeper than 5 mm. The technique of laser vibrometry ensures accurate evaluation of 

defect area for FBHs located at depths under 4 mm. Deeper defects are characterized by smaller areas 

involved into vibration, therefore, vibrometric patterns tend to provide smaller apparent areas of defects  

(with the accuracy up to 40% for the depth of 7 mm).  
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