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Abstract. The application of contactless and non-destructive methods of measurements and 
analyses of vibroacoustic signals to evaluate the degradation of composite materials during their 
bending is proposed in the paper. Stand tests of bending of composite samples based on 
simultaneous recording of the stress – deflection characteristics were carried out and 
measurements were performed of their instantaneous vibration velocity and acoustic pressure in 
their vicinity. Samples of glass- and jute-fibre reinforced polymer (FRP) laminates were subjected 
to examination. The obtained results have shown that the measurements of vibration and acoustic 
pressure expand and supplement the mechanical tests, and enable observation of the momentary 
destructive changes in the investigated materials. It was found that an instantaneous change of 
signals amplitude corresponds to the occurrence of local failure in the composite material. Spectral 
analysis of vibration velocity and acoustic pressure signals allowed a selection of the frequency 
bands in which symptoms of failure occurring in the composite material can be observed. The 
tests have also shown that the thresholds of point characteristics determined on the basis of the 
recorded vibration and noise signals may be used as indicators of the beginning of composite 
material’s degradation when it is loaded. 
Keywords: composite, bending, vibration, noise, signal processing, condition monitoring. 

1. Introduction 

Fibre reinforced polymer (FRP) composites, often called ‘laminates’, are more and more 
commonly used in the construction of means of transport and for other applications [1-5]. The 
determination of their mechanical properties and forecasting of their durability require appropriate 
stand tests and simulation experiments [6-9]. The obtained results facilitate optimizing the 
structure and manufacturing process, and enable application of new solutions [1, 3, 5, 10-12].  

One of vital issues concerning laminates is the manner of their destruction (failure initiation 
and progress). Due to the structural complexity, it is very specific. The nature of destruction 
depends on the type and arrangement of the reinforcing fibres [13]. Glass fibre is currently the 
main type of reinforcement used in laminates. It is a very resistant material with quite a large 
modulus of elasticity and, at the same time, relatively cheap. Glass fibre composites exhibit a high 
potential for the designing of their structure and properties [6, 7]. However, recycling of such 
composition (polymer and glass) is a significant problem. Therefore, natural vegetal fibres have 
become an alternative for glass. Currently, numerous research works aim at substituting natural 
fibres for glass fibres in a certain range of applications. Such research is focused on searching for 
chemical and/or physical modification of the fibres in order to improve wettability and mechanical 
properties [8, 10-12]. Observations confirmed a “gentler” progress of failure of laminates based 
on natural vegetal fibres, compared to glass reinforced ones, which is their another advantage.  

Studies concerning the detection of failure and cracking of composites used for rotor beams, 
plates and structures, were presented, inter alia, in papers [13-21]. They proposed to take 
advantage of an analysis of mechanical curves, acoustic signal emission, tomography or local 
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changes in resistance. Basically, the applied methods consist in recording an appropriate signal 
which comes from the cracking of the matrix (delamination, cracking inside fibre bands) or from 
the cracking of fibres. It is possible, because these components differ a lot in their elasticity module. 
Thus, all signals induced by elastic waves (acoustic, mechanical, a local change in the temperature 
or resistance) and coming from the destruction of these two components will differ in their energy 
and frequency. Each of the methods has its advantages and disadvantages, and therefore, efforts 
are constantly being made to introduce new diagnostic solutions. 

One of the practicable methods during diagnostic studies concerning the detection of failure 
and cracking of composites is the measurement and processing of vibroacoustic signals. Based on 
the noise and vibration signals of the examined components, recorded at a frequency of several 
dozen kHz, it is possible to evaluate e.g. the technical condition, while taking into account the 
instantaneous changes in the amplitude and frequency. Signal processing is an essential element 
of vibroacoustic studies, as were presented inter alia, in papers [22-48]. Numerous research is 
conducted in this field to develop the existing signal processing methods and use them for new 
applications. Methods of measurements and analysis of vibration and noise signals have been 
successfully applied for years to detect early cases of failure of complex movable systems [22-39], 
and to forecast the development of failure [22, 30, 35] or to plan the operation of mechanical 
systems, e.g. motor vehicle drives [28, 41, 45].  

The methodology of measurement and processing of vibration and noise signals can be used 
for analysis of material behavior during static mechanical tests, such as: bending, tension, torsion, 
compression or shearing. Such tests consist in discret registration of load – displacement relation 
as a set of points. They are most often carried out at a low sampling frequency of maximum several 
dozen Hertz, which may lead to “losing” in the tests of certain significant changes that are taking 
place in the composite material under loading. In the tests it is not possible to take account of the 
momentary change in the material’s stress level between the recording points. In such cases, 
vibration and noise measurements taken at a high sampling frequency may facilitate evaluation of 
the quickly changing destructive phenomena which occur in the investigated composite.  

The paper presents the results of preliminary test stand experiments whose purpose was to 
evaluate the three-point bending of composite samples based on simultaneous recording of their 
load (stress) – displacement (deflection) characteristics, and the instantaneous velocity of their 
vibration, and the level of acoustic pressure (noise signal) near the samples. Usefulness of the 
proposed recording and processing methods of vibration and noise signals in the evaluation of the 
condition of composites was proved using composite samples of two types, made of glass- and 
jute-FRP laminates. The paper also presents an assessment of the characteristics of stress changes 
in the material of the samples with progressive deflection, and the accompanying instantaneous 
changes in the vibration velocity and the acoustic pressure level. A spectral analysis of vibration 
and noise signals was made to allow selecting the frequency bands in which symptoms of failure 
occurring in the examined material is observed. Also, calculations of point characteristics of the 
vibration and noise signals were made in order to assess the possibility of using them in an analysis 
of the composite material’s degradation. 

2. Research materials  

Samples of two composite types were used in the research. The first type (hereafter: 
“composite I”) was reinforced with 6 layers of lightly twisted jute yarn (for application in technical 
fabrics) with plain weave and grammage of 350 g/m2 – in total: 2100 g/m2. Manufacturer: 
LENTEX, Poland. The other type (hereafter: “composite II”) was reinforced with glass roving 
fabric (E-glass) with plain weave and the same grammage of 350 g/m2 – in total: 2100 g/m2. 
Manufacturer: KROSGLASS, Poland.  

The applied fibres differ significantly in their elasticity module. The modulus of the jute fibres 
used is ca. 7 GPa and is almost comparable to the modulus of the matrix made of duroplastic 
polymer (modulus of ca. 3-5 GPa), while the modulus of the glass fibres is in the order of 
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73-75 GPa (E-glass), and differs by 15-20 times compared to the matrix. The difference in the 
module is very important in terms of the elastic reaction of the particular components and the 
occurring acoustic [13] and vibration signal. 

The matrix used was made of polyester resin, ESTROMAL 14 LM (styrene content of ca. 
25 %) produced by ERG PUSTKOW, Poland. It was hardened with a 25 % solution of methyl 
ethyl ketone peroxide in dimethyl phthalate (LUPEROX). Saturation of piles of fabrics (preforms) 
with dimensions of 250×350 mm was performed using the vacuum infusion method in a 
one-direction flow system at a static pressure gradient of 0.9 bar. The hardening of the resin was 
performed in a vacuum at room temperature, with after-bake at 60°C for 6 h. The obtained 
laminate plates were of good visual quality, with the fibres’ volume fractions of 52 % for the glass 
and 42 % for the jute. Thickness of the glass fibre reinforced laminates was ca. 2 mm and of those 
with jute, ca. 5 mm. The authors are well experienced in fabricating laminates using pressure 
methods [6-8, 10-13]. The samples for tests were cut out of the plates mechanically, by means of 
a rotation cutter. 

3. Testing procedure and the signal processing method  

Static three-point bending tests were conducted on the INSTRON 4469 strength testing 
machine, which had been additionally equipped with a vibration and noise measurement system. 
The diagram of the entire measuring device is shown in Fig. 1.  

 
Fig. 1. Measuring device diagram: 

1 – device housing, 2 – supports, 3 – test piece, 4 – moveable traverse with force measuring head,  
5 – load-imposing mandrel, 6 – laser vibrometer, 7 – microphone of noise analyser 

The tests were conducted in accordance with the PN-EN-ISO 14125/2001 standard. A constant 
support spacing - specimen thickness ratio of 25/1 was ensured. A constant deformation rate of 
60 mm/min was adopted. Relatively high speed (short test duration) allowed for acquisition of 
high-resolution data from vibroacoustic measurements. The deflection and load values were 
recorded at the sampling frequency ݂௫ = 10 Hz. Bending tests were performed on 5 test pieces 
of each laminate. The initial analysis allowed the conclusion that the course of the characteristics 
of individual test pieces in both groups is very similar. In view of this, in order to achieve 
transparency of the presented argument, only 1 representative test piece from each group was 
selected for the vibration and noise signals analysis. Test pieces in which the maximum stress was 
the closest to the average value for the given population were selected. 

The measurement system was equipped with the OMETRON laser vibrometer, which is used 
for contactless measurements of the test piece vibration velocity. The laser beam is located in such 
a way that composite vibrations are measured halfway between the point where the test piece is 
initially supported and the point where the loading bar initially touches the piece. At the same 
time, the momentary acoustic pressure level was recorded in a distance of 0.5 m from the measured 
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sample by means of a Bruel & Kjear 2250 signal analyser.  
The vibration velocity of the test pieces and the momentary acoustic pressure level were 

recorded at a sampling frequency of 20 kHz. The NI data acquisition card and LabView software 
was used to record the data and Matlab-Simulink software was used to process signals. Signal 
recording and tests were conducted until the test pieces clearly broke. 

4. Results and analysis 

The conducted bending tests made it possible to obtain the stress – deflection characteristics 
of the materials. Curves obtained for both composites are shown in Fig. 2. The determined flexural 
strength and the deformation of the external layers corresponding to the maximum stress are 
shown in Table 1.  

 
a) Jute fibre reinforced laminate (composite I) 

 
b) Glass fibre reinforced laminate (composite II) 

Fig. 2. Bending curves for the examined laminates 

Bending results with the superimposed vibration and acoustic pressure signals for composite I 
– jute fibre reinforced laminate – are shown in Figs. 3 and 4. 

As expected, as the test piece deflection increases, stress in the examined material increases 
almost linearly until it breaks. The minor deviation from linearity is caused by two effects: 
viscoelastic behaviour of the polymer matrix (reversible relaxation caused by the breaking of van 
der Waals bonds under the influence of mainly shearing stresses) and the relaxation of twisted 
strands of the jute yarn forced by the load. The second effect has already been analysed by the 
authors [10]. The maximum recorded value of the stress is 90 MPa at a test piece deflection of 
5.3 mm. The course of the change in the stress as the deflection increases does not indicate any 
noticeable local fluctuation. 

Table 1. Flexural strength and the corresponding deformation for the examined laminates 

Material Flexural 
strength, MPa 

Deformation of the specimen external layers, 
corresponding to the maximum stress, % 

Jute fibre reinforced  
laminate (composite I) 90±6 2.6±0.04 

Galss fibre reinforced 
laminate (composite II) 239±20 1.8±0.05 

The simultaneously taken measurement of the test piece vibration velocity demonstrated that 
minor local increases in the vibration amplitude of a value below 0.035 ms-1 occur until the test 
piece breaks. As the test piece deflection increases beyond 2.9 mm (stress above 60 MPa), the 
frequency of the occurrence of local increases in the signal amplitude is observed, which probably 
means that that the material was damaged. Taking into account the lack of fluctuation of the 
recorded force (it would be present if the reinforcing structure of the material was significantly 
damaged), a supposition should be made that the vibration is caused by the breaking of individual 
elementary fibres inside the yarn strands in the stretched section of the test piece or by the breaking 
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of the resin, mainly due to shearing in interlaminar areas. The second effect has already been 
observed by the authors in the previous research [13]. This signal is also too distinct to be caused 
by the friction on supports (or against the loading bar). It is clearly visible on Fig. 3 that the 
intensity of this signal grows as the deflection increases.  

 
Fig. 3. Characteristics of the change in the stress and vibration during the bending test  

of the composite I (jute) test piece: a) full course, b) magnified fragment 

In the test piece deflection range above 5.3 mm, when the value of tension in the composite is 
approximately 90 MPa, a single rapid increase in the vibration signal amplitude of a value of 
approximately 3.6 ms-1 occurs, accompanying the test piece fracture. Taking into account the 
nature of the fracture (shown in Fig. 5(a)), this signal is caused by the breaking of both the 
reinforcing fibres and the matrix. The test piece is broken without distinct delamination near the 
fracture. 

Measurements of the momentary acoustic pressure level during bending of composite I sample 
within the range up to 5.3 mm, i.e. before the beginning of a distinct fracture of the sample (Fig. 4), 
showed their lower diagnostic usefulness for detecting degradation in the jute fibre reinforced 
laminate compared to the vibration measurements made. This is connected with the low vibration 
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amplitude value during the initiation of failure in the investigated composite compared to the value 
of this amplitude during its cracking. As results from Fig. 3, the difference in the values of the 
sample’s vibration amplitudes before and during cracking reaches 100 times. This probably results 
from the relatively small modulus of the jute fibre, which is related to its not very rapid breaking. 
This, in turn, results in low speeds of local dislocations of the cracking material, which generate 
waves of acoustic pressure. However, a proper “mass scale” of the destruction of fibres is 
connected with the cumulation of energy sufficient to generate quite strong vibration of  
the sample.  

 
Fig. 4. Characteristics of the change in the stress and acoustic pressure during the bending test  

of composite I (jute) test piece: a) full course, b) magnified fragment 

Recording of signals of the momentary acoustic pressure level proved useful in the case of 
bending samples made of composite I within the range of their fracture (Fig. 4). Based on this 
level it is possible to unequivocally identify the beginning of fracture of a jute cloth reinforced 
laminate sample.  

The results of vibration and noise measurements have corroborated the utilitarian aspect of the 
methods proposed in the paper, i.e. measurement of the vibration velocity by means of a laser 
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vibrometer and measurement of the acoustic pressure near the test piece, for the detection of 
degradational changes in the composite material during its bending. It can be noted that in the case 
of composite I – jute cloth reinforced laminate – the measurement of vibration enables observation 
of the progressing degradation earlier than when measuring noise. 

 
a) Jute cloth reinforced laminate (composite I) 

 

 
b) Glass fibre reinforced laminate  

(composite II) 
Fig. 5. Photographs of representative test pieces of the examined laminates after bending tests 

In the further part of the study a spectral analysis of the recorded vibration and noise signals 
was made to evaluate the frequency changes in the signals, caused by damage in composite I. 
Short-time spectra of the signals of the vibration velocity and acoustic pressure of the composite 
material I test piece are shown in Figs. 6 and 7. A signal length of 0.5 s (10000 samples) was 
adopted in calculations when determining the fast Fourier transform (fft). 

 
Fig. 6. Short-time spectra of the vibration signal – composite test piece I 

The results of these calculations indicate that as the vibration signal amplitude locally increases 
at the test piece deflection of 5 mm (5 s), an increase in the amplitude of its fft distributions is 
observed in the range of frequency bands from 4.0 to 6.5 kHz and above 8 kHz. Calculations 
conducted for deflection beyond 5 mm indicated a significant increase in the vibration amplitude 
in the entire frequency range, characterised by non-regular local maxima.  

Short-time fft spectra of the acoustic signal corroborated the possibility of using the signal to 
detect the moment of fracture of a composite sample made of jute cloth reinforced laminate. 
During deflection of the sample, within the range of which fracture of the examined composite 
material is observed, a broadband increase of the amplitude of sound is observed in the spectrum 
above 1.0 kHz, with local maxima of ca. 4.5 kHz, 6.2 kHz and 7, and 7.8 kHz. 

Band filtration of the vibration signal and the acoustic pressure signal was conducted in order 
to identify its frequency ranges which may contain information on damage present in the examined 
test piece before its fracture. Filtration of signals conducted in the initial tests using low-, high- 
and band-pass filters made it possible to select two characteristic frequency bands of the vibration 
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signal and the acoustic pressure signal of the composite I test piece. The first band designated A 
comprises the 0-1800 Hz frequency range which does not contain symptoms of damage to the 
composite. The second band designated B comprises the 1800-10000 Hz frequency range which 
contains symptoms of damage to the composite which occurred during bending. The test piece 
vibration velocity signal and the acoustic pressure signal in various frequency band ranges is 
shown in Figs. 8 and 9. 

 
Fig. 7. Short-time spectra of the acoustic pressure signal – composite test piece I 

 
a) Frequency range 0 – 10000 Hz 

 
b) Frequency range 0 – 1800 Hz 

 
c) Frequency range 1800 – 10000 Hz 

Fig. 8. Vibration velocity signal recorded during tests of composite test piece I (jute) 

Test piece vibration velocity and the acoustic pressure results confirm that the signals spectrum 
selection was correct. The signals after low-pass filtration contains a minor part of the amplitude 
present only at the time the test piece broke. The remaining constituents of the signal, occurring 
as a result of damage to the composite, are contained in high-frequency components of the 
spectrum. 
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a) Frequency range 0 – 10000 Hz 

 
b) Frequency range 0 – 1800 Hz 

 
c) Frequency range 1800 – 10000 Hz 

Fig. 9. Acoustic pressure signal recorded during tests of composite test piece I (jute) 

In the further part of the paper, the results of examination and analysis of composite II – glass 
fibre reinforced laminate – are presented. The characteristics of the change in stress and vibration 
and the acoustic pressure signals of composite II test piece (glass) are shown in Figs. 10 and 11.  

Just like in the case of the jute-laminate specimens, a test pieces made from the laminate with 
glass fibres are characterised by almost linear stress increase. However, the course in this case is 
much more similar to a linear course than in the case of the former laminate. Non-linearity is in 
this case caused mainly by viscoelastic behaviour of the polymer matrix.  

Measurements of the vibration of composite II test piece demonstrated that a minor increase 
in the signal amplitude can be observed from the very beginning of the bending test. Taking into 
account a much bigger elasticity modulus of glass fibres (more than 70 GPa) compared to jute 
fibres, this is probably related to local effects of the shift of glass segments (conformational 
motions), which accompanies effort. Additional effects probably appear at further deformation 
stages (from approximately 2.4 mm) in the form of the breaking of elementary fibres and the 
matrix in interlayer areas. The second effect in particular has been examined using acoustic 
emission as part of the authors’ previous research [13]. As the test piece deflection increases 
beyond 3 mm, further increases in the signal amplitude with a significant value of up to  
0.83 ms-1 are observed. These increases accompany the test piece breaking process, which at some 
point is manifested by a significant decrease in the stress value on the curve. However, it should 
be emphasised that intensive changes in the vibration signal amplitude (deflection of 
approximately 3.1 mm) start at a point clearly preceding the point when the test piece failure 
begins, which is visible on the mechanical curve (approximately 3.3 mm). This is a very important 
observation, also from the technical point of view – safe deflection of the laminate (equivalent of 
the yield point in metals) certainly should not exceed 3 mm in the examined case. After the test 
piece has been broken (the maximum stress is exceeded on the curve), further local amplitude 
increases can be observed in the vibration signal. These increases correspond to the simultaneous 
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processes of gradual breaking of fibres and delamination. This is evidenced by the photograph of 
the test piece after bending – Fig. 5(b). The maximum value of stress of the examined test piece 
is 248 MPa, and there was a 3.7 mm deflection when it broke. 

 
Fig. 10. Characteristics of the change in the stress and vibration during the bending test  

of the composite II (glass) test piece: a) full course, b) magnified fragment 

The simultaneous measurement of the signal of the momentary acoustic pressure level 
conducted in that case shows that the level increases as destructive changes occur in composite II. 
The local increase in the sound level is consistent with the momentary increase in the amplitude 
of the sample’s vibration velocity, thus the research methods that involve measurement and 
analyses of vibration and noise signals in the case of the examination of composite II – glass fibre 
reinforced laminate – offer comparability of the results and usefulness of their application. 
Compared to jute fibres, glass fibres are distinguished by a several times higher modulus, which 
results in their rapid breaking accompanied by emission of adequately “fast” waves of acoustic 
pressure.  

Calculation of short-time spectra were conducted based on the signals of the vibration velocity 
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and the acoustic pressure of the composite II test piece (parameters of fft calculations were adopted 
analogously to composite I). The results of this research – Figs. 12 and 13 – indicate different 
frequency characteristics of the change in the vibration and noise amplitude of composite II during 
the bending test than for composite I. 

 
Fig. 11. Characteristics of the change in the stress and acoustic pressure during the bending test  

of the composite II (glass) test piece: a) full course, b) magnified fragment 

In the test piece deflection range of up to 3 mm, minor local increases in the vibration signal 
amplitude are observed in the spectrum, in the frequency range above 5 kHz. In the further part of 
the measurement, when the test piece deflection was in the range from 3.1 to approximately 6 mm, 
a significant increase in the vibration amplitude in the band above 1.8 kHz can be observed. In 
this measurement range, numerous local maxima of the vibration amplitude can be observed in 
the range of approximately 2.5 kHz, 5.5 kHz, 6.2 kHz and 8-9 kHz. This is connected to the 
gradual breaking of both the fibres and the matrix, and the release of the elastic strain energy 
accumulated during the effort of the material. 
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Fig. 12. Short-time spectra of the vibration signal – composite test piece II (glass) 

 
Fig. 13. Short-time spectra of the acoustic pressure signal – composite test piece II (glass) 

The calculated short-time spectra of acoustic signal confirm the changes observed in the 
vibration signal. During deflection of the samples above 3 mm, the local increase in the sound 
level is similar to that in the case of the vibration signal in the frequency bands above 1.8 kHz, 
with the maximum values in the band 6.0-9.5 kHz. 

Identification calculations of the constituents of spectra via signal filtration were conducted in 
the same manner as in the case of composite I. The results of these calculations indicated that the 
same frequency ranges as in the case of composite I, designated A (0-1800 Hz) and B  
(1800-10000 Hz), constitute spectrum ranges which do not contain information on the test piece 
damage symptoms and spectra ranges which contain this information, respectively. The 
comparison of the signal recorded during measurements and of the same signal after low-  
(band A) and high-pass (band B) filtration is shown in Figs. 14 and 15.  

These results confirm that the conducted vibration and acoustic pressure signal filtration and 
separation of constituents created as a result of damage to the test piece are correct, just as in the 
case of composite I tests. 

One of the methods of describing qualitative changes occurring in vibration and noise signals 
is their analysis using point characteristics [46, 47]. A quantitative description of changes of the 
condition using these measures is applied in both structural examination and in the evaluation of 
the technical condition of plants and machinery. By introducing threshold values of these 
measures it is possible to build automatic systems to monitor the technical condition, e.g. in 



1432. EVALUATION OF FAILURE PROGRESS IN GLASS- AND JUTE-FIBRE REINFORCED POLYMER LAMINATES BY ANALYSIS OF VIBRATION AND 
NOISE. TOMASZ FIGLUS, MATEUSZ KOZIOL 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2014, VOLUME 16, ISSUE 7. ISSN 1392-8716 3461 

diagnostic systems of plant and machinery theses are classified in two categories: operating 
correctly or damaged.  

 
a) Frequency range 0 – 10,000 Hz 

 
b) Frequency range 0 – 1800 Hz 

 
c) Frequency range 1800 – 10000 Hz 

Fig. 14. Vibration velocity signal recorded during tests of composite test piece II (glass) 

 
a) Frequency range 0 – 10,000 Hz 

 
b) Frequency range 0 – 1800 Hz 

 
c) Frequency range 1800 – 10000 Hz 

Fig. 15. Acoustic pressure signal recorded during tests of composite test piece II (glass) 
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In this paper, non-dimensional point characteristics were used to describe the quantitative 
changes in the vibration and acoustic pressure signals occurring when the composite materials are 
bending. The application of quantitative measures will enable in that case qualifying the composite 
to one of the two groups: material in which no damage has occurred or material in which damage 
has occurred.  

The following characteristics were used: 
– Shape factor: 

ܭ = ܵோெௌܵ௩. (1)

– Crest factor: 

ܥ = ܵܵோெௌ . (2)

– Peak-to-average ratio: 

ܫ = ܵܵ௩. (3)

– Clearance factor: 

ܮ = ܵௌܵ௨. (4)

– Kurtosis: 

ߚ = 1ܶ  ሾ(ݐ)ݏሿସ݀ݐ்ቂ1ܶ  ሾ(ݐ)ݏሿଶ݀ݐ் ቃଶ, (5)

where: 

݁݃ܽݎ݁ݒܣܵ = 1ܶ න|ܶݐ݀|(ݐ)ݏ
0 , (6)

ܵܯܴܵ = ඩ1ܶ නሾ(ݐ)ݏሿ2݀ܶݐ
0 , (7)

݁ݎܽݑݍܵܵ = 1ܶ න|ܶݐ0.5݀|(ݐ)ݏ
0 2, (8)

ܵܲ݁ܽ݇ = max|(9) .|(ݐ)ݏ

where, (ݐ)ݏ – momentary value of signal amplitude, ݐ – time, ܶ – averaging time.  ܭ ܥ , ܫ , ܮ ,  and ߚ  point characteristics were calculated for vibration and acoustic pressure 
signals of composite I and II test pieces in the entire frequency range and for signals filtered in the 
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0-1800 Hz and 1800-10,000 Hz frequency range. Time course of these signals are shown in 
Figs. 8-9 and 14-15.  

 
Fig. 16. Point characteristics of vibration signals calculated based on the measurements  
of composite I in the following frequency ranges: 0-10000, 0-1800 and 1800-10000 Hz 

 
Fig. 17. Point characteristics of the acoustic pressure signal calculated based on the measurements  

of composite I in the following frequency ranges: 0-10000, 0-1800 and 1800-10000 Hz 
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Fig. 18. Point characteristics of vibration signals calculated based on the measurements  
of composite II in the following frequency ranges: 0-10000, 0-1800 and 1800-10000 Hz 

 
Fig. 19. Point characteristics of the acoustic pressure signal calculated based on the measurements  

of composite II in the following frequency ranges: 0-10000, 0-1800 and 1800-10000 Hz  

In order to assess the sensitivity of the determined point characteristics to momentary changes 
in the condition of composite materials, the calculations were conducted in subsequent time 
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intervals of a length of ܶ = 0.5 s (10000 samples), just as in the case of the calculations of the 
short-time fast Fourier transform (Figs. 6-7 and 12-13). The results of calculations of point 
characteristics are shown in Figs. 16-19. 

As demonstrated by the presented calculations, point characteristics determined based on 
vibration and acoustic pressure signals of composite test pieces recorded during the bending of 
these pieces may be used to evaluate damage present in them. 

The results of calculations conducted for filtered signals in various frequency ranges  
confirmed, that the frequency range over 1800 Hz adopted based on initial tests is the most 
representative range for the assessment of damage in the examined composite tests. The calculated 
values of point characteristics indicate damage to composite materials during bending. As the state 
of glass- and jute fibre reinforced polymer laminates changes due to bending of specimens, an 
increase in values of calculated measures is observed. The threshold values of the measures above 
which degradation of the composites was observed in the examination are presented in Table 2. 

Table 2. Threshold values of point characteristics of the investigated composites 
Point characteristic Vibration signal Acoustic pressure signal 

Shape factor 1.5< 2< ܭ 
Crest factor 14< 15< ܥ 
Peak-to-avarage ratio 20< 25< ܫ 
Clearance factor 25< 50< ܮ 
Kurtosis 25< 50< ߚ 

It has been observed during tests that in case of composite I (jute fibre reinforced laminate) 
early symptoms of a degradation failure are present for values of measures calculated based on 
the vibration signal, which is caused by the low value of the elasticity modulus of that material 
(Table 1). In this case the vibration signal makes it possible to detect damage at deflection of 
approximately 3 mm, whereas the acoustic signal allows the detection of a significantly greater 
destructive failure caused by bending (above 5 mm), which in this case results from a significantly 
smaller release of the acoustic energy during cracking. 

The results of calculated point characteristics for composite II (glass fibre reinforced laminate) 
confirmed analysis results obtained earlier, which indicate that both the vibration and acoustic 
signal contain symptoms of early degradation in that composite. The usefulness of these two 
signals in the early detection of a degradation failure is related to the high value of the elasticity 
modulus of composite II (Table 1). The calculated distinctive point characteristics made it possible 
to detect the progressive damage to composite II already at deflection of approximately 2.5 mm. 

5. Conclusions 

The conducted tests of static bending of resin composites reinforced with jute and glass fabrics 
allow the conclusion that the relation stress - deflection did not show local fluctuation until the 
start of the components breaking process. The application of contactless and non-destructive high-
frequency measurements of vibration velocity and acoustic pressure signals and their analysis 
made it possible to observe phenomena related to damage to the test pieces. Of particular 
importance is the identification of vibration and noise indicating damage to material in the range 
of deflection entering the elastic range on the mechanical curve. 

The conducted processing of signals, whose purpose was to assess the change in the amplitude 
of the spectrum of vibration velocity and acoustic pressure signals during the bending of test pieces 
demonstrated that in this case composite vibration and acoustic pressure should be monitored 
during the bending of the composite in frequency band over 1800 Hz.  

Calculations of signals point characteristics, which demonstrated sensitivity to damage in the 
examined test pieces, were also performed in the paper. Therefore, the values of these 
characteristics may be a diagnostic symptom of damage to composite materials subjected to 
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bending. Thresholds of five basic point characteristics were also determined. If these parameters 
are exceeded, this means that laminate damage processes (fibre and matrix breaking) take place.  

The examination conducted as part of the study and analysis of its results allow formulating a 
general conclusion that the application of contactless and non-destructive methods of vibration 
and noise measurement broadens the results obtained by means of basic measurements performed 
until now using strength testing machines. The proposed methods of measurement and analysis of 
vibroacoustic signals have a utilitarian nature, offer comparability of the results and can be 
regarded as research methods alternative to acoustic emission. Owing to the lack of contact with 
the analysed material they may be widely applied in diagnostic and safety systems of structures. 
In particular, the use of both methods concurrently (for one plant) seems to be interesting. 
Vibration measurement is particularly accurate in the lower velocity range of elastic waves, while 
measurement of acoustic pressure exhibits very good efficacy in the range of higher velocities (e.g. 
cracking of glass fibre).  

The need should be pointed out here to carry on further analyses of vibration and noise signals 
in the direction of early detection of destructive failure of composite materials by means of the 
proposed methods for the measurement of vibration and noise. 
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