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ABSTRACT

This paper presents a procedure for the application of a multifractal spectrum to analyse vibration signals ob-
tained during static bending tests of selected fibre reinforced polymer matrix composite materials. The analyses
were designed to determine the failure course of the composites tested under bending conditions. Non-station-
ary changes occurring in the signals include low- and high-energy symptoms of progressive damage in materi-
als, which are difficult to identify and interpret, especially in the early stages. Determined using fractal leaders,
the multifractal spectra of the vibration signals calculated for the different stages of the bending test allowed
qualitative identification of the changes caused by progressive damage with different energy responses. In addi-
tion, the quantitative measures of change in the characteristics of the multifractal spectrum determined clearly
indicated the changes occurring in the recorded signals. It can be concluded from the research that the proposed
signal processing method based on a multifractal spectrum determined from non-stationary vibration signals is
sensitive to changes occurring in these signals.

Keywords: vibration, multifractal spectrum, signal analysis, fibre reinforced polymer.

INTRODUCTION

factors such as time, amplitude and frequency of
the forcing, load and others [7-12, 19-20]. Typi-
cal signal processing methods include computed
point measures of time-domain signals, signal
spectra in the frequency domain computed us-
ing the Fourier transform, or time-frequency dis-
tributions computed using the Gabor transform,
the Wigner-Ville transform, or the wavelet trans-
form. The choice of signal processing method and
quantitative measures is very important from the

Recording and analysis of vibroacoustic
signals in materials testing

The recording of vibroacoustic signals and
their analysis is often used to determine the vibro-
acoustic susceptibility of machinery and equip-
ment [1-6] and to assess their technical condition
[7-12]. Similarly, the analysis of acoustic emis-
sion signals and vibroacoustic signals recorded

during the loading of components or structures
can be used to assess events occurring inside ma-
terials during their straining [ 13—16]. These events
are the local development of microcracks [17] or
the fracture of individual fibres in composite ma-
terials [18]. From a signal analysis point of view,
vibration and noise events can be quasi-stationary
or dynamic, or a combination of both types. The
waveform of the recorded signal is dependent on

point of view of inference in each specific case.
One of the more modern methods of analysing
vibroacoustic signals is the use of fractals. Fractals
are mathematical creations that are self-similar or
infinitely complex and therefore have certain geo-
metric shapes at any given scale. In the physical
world, fractals have their prototypes in the form
of curves and surfaces illustrating all cases of ir-
regularity. From a mathematical point of view,
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we can use fractals to describe various natural
or technical phenomena, such as turbulence. The
concept of fractal geometry can be found in paper
[21]. The study [22] introduces a multifractal for-
malism based on wavelet leaders, which allows
for a fractal spectrum over the entire range and its
applicability to chirp or oscillating processes. A
study of various multifractal phenomena in phys-
ics and chemistry was presented by the authors in
[23]. In the study presented in [24], rolling bear-
ings were diagnosed using multifractal features in
combination with scaling exponents, multifractal
spectrum and logarithmic cumulants. Combina-
tions of the aforementioned features were as-
sessed using a support vector machine (SVM). In
[25], the authors used fractal methods to diagnose
the technical condition of gear meshing based on
the analysis of the recorded vibration acceleration
signal. Studies using multifractal analysis was
also presented in the paper [26], where this analy-
sis was used to detect damage in building struc-
tures subjected to strong earthquakes. Another
example of the application of fractal analyses is
the study of radar signal interference presented
in the paper [27]. These analyses showed a very
high accuracy of the results obtained. The use of
multifractal spectra for the detection of defects in
composite materials was presented in paper [28].
The author of the study demonstrated that calcu-
lated spectra from acoustic signals can be related
to the presence of defects or discontinuities in the
materials analysed. The results of research work
on the applicability of a multifractal spectrum
to the assessment of tensile cracks in a polyvi-
nylidene chloride/glass fiber composite are pre-
sented in paper [29]. In this study, the multifractal
spectrum was found to be the result of changes
in the mechanical properties present in the com-
posite under study. In paper [30], a multifractal
algorithm was used to describe the strength and
plastic dependencies of the selected composites
using generalized fractal pixel dimensions. A
qualitative and quantitative description of struc-
tural materials using the multifractal spectrum
was carried out in paper [31]. These studies have
made it possible to assess the system properties
of the structures and to characterize the self-or-
ganization in the materials analyzed. Research
into the detection and quantification of damage
to modern aircraft systems is presented in paper
[32]. The authors used multifractals to assess
dent-type damage. In view of the promising pre-
dictions of the application of fractal analysis in
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the study of materials, the authors have taken up
this topic as part of this study. The study aims to
assess the failure progression of several selected
fiber reinforced polymer composite laminates,
with particular emphasis on detecting the effects
of failure at the early stage of the loading process.
The signals were recorded during static bending
tests of the composite samples. As a basis for the
analysis, the authors propose the use of a mul-
tifractal spectrum based on wavelet leaders and
its measures calculated from the recorded vibra-
tion signals of the composite samples. The main
objective of the work is to present a new original
methodology, including the method of bench test-
ing and signal recording, the determination of the
multifractal spectrum for the tests carried out, and
relating these to the properties of the materials se-
lected for testing. As part of the discussion of the
analytical results obtained, the effectiveness of
the methodology used in the analysis of material
failure processes was assessed.

Fiber reinforced polymer composite
laminates

Fiber reinforced polymer (FRP) composite
laminates are currently quite common materi-
als for the vehicles and other transport construc-
tions, valued especially for their low mass and
high mechanical performance [33-36]. However,
it took about 40 years for this group of materi-
als to gain the trust of constructors, and one of
the main doubts was the specific failure progress
in these materials. FRP laminates are complex
materials. To put it simply, they are composed
of a polymer matrix and fibrous reinforcement.
They present a complex model of destruction:
hardly observable in the initial phase, violent-
brittle in the main phase and remaining certain
residual load capacity after the main destruction
[37-39]. The process of fundamental destruction
is preceded by initial damage, consisting in local
cracking of individual fibres or small areas of the
matrix [40], which cause invisible (but danger-
ous) damage of the material. The failure progress
differs greatly for different types of laminates and
depends on the fibre material, fibre form, fibre
volume fraction and direction of fibre arrange-
ment [41]. Hence, the long-term research pro-
cess preceding the industrial implementation of
laminates. As the study of the failure progress in
laminates is an important element of their assess-
ment, it is highly advisable practice to develop



Advances in Science and Technology Research Journal 2024, 18(7), 123-137

new methodologies for such investigations. The
methods used so far, using the analysis of the
acoustic emission signal [13, 42] or the inno-
vative approach of using the analysis of vibro-
acoustic signals [14, 15], have produced very
good results. The physical basis for the effec-
tiveness of the use of acoustic and vibroacoustic
methods in the failure analysis of laminates is
the possibility of good separation of the signal
from fibre cracking and matrix cracking. Large
differences in the signal result from a large dif-
ference in the modulus of elasticity of these two
components - even one hundred times [33]. The
applied acoustic and vibroacoustic methods
made it possible to analyse the course of damage
also at the early stages of sample loading [19],
which is extremely important when planning
and predicting the applicability of the material.

New methods of analysing the signals ob-
tained during the stressing of FRP laminates
should focus on the initial area of the failure prog-
ress. The new fractal methodology allows - in a
more comprehensive way - not only to detect, but
also to categorise the effects of material destruc-
tion at individual stages. In this study selected
materials are a tool for optimising the fractal
method. After its adaptation the fractal method
should become a modern and effective tool for
evaluation of composite materials.

MULTIFRACTAL WAVELET LEADER

Multifractal wavelet leader - fundamental
information

The analysis of signals using time-frequency
methods such as wavelet transforms or Wigner-
Ville transforms makes it possible to study local
and fast-varying features present in signals. In
some studies, the recorded signals are character-
ised by components that are difficult to interpret
unambiguously, especially in the early stages of
damage development. In these cases, new meth-
ods of processing and identifying the information
components contained in the signals are sought
for the evaluation of dynamic systems. One meth-
od that can be useful in these cases is multifractal
methods based on wavelet leaders.

In multifractal analyses [23, 26, 27], by car-
rying out calculations using the discrete wave-
let transform, we can derive the wavelet leaders
w(i,s) from the critically sampled coefficients.

For one-dimensional signals, the wavelet lead-
ers are the supremes of the absolute values of the
wavelet coefficients.
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The location of the supremes themselves over
time requires the calculation of wavelet coefficients.
Holder exponents /4 are then determined from the
supremes to determine local regularity, and the per-
sonality spectrum F(/) is determined from the size
of the set of Holder exponents in the data.
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As a result of the calculations, the resulting
personality spectrum is used to evaluate the signals
being analysed. For comparison purposes, spec-
trum characteristics such as its distribution, maxi-
mum and interval values, or other individually
developed measures can be used for analysis. Ex-
amples of the signal measures determined in these
cases can be consulted in the paper [22, 25, 26].

Multifractal wavelet leader to vibration signal
estimation

Given the potential of using the personality
spectrum and Holder coefficients to assess quali-
tative and quantitative changes occurring in the
signals, further research assumed that the follow-
ing spectrum components and the measures cal-
culated from them would be assessed:
°* ¢, - is the value of the Holder index / for

which the value of the personality spectrum

F(h)=1,

e sum / (6-11) — is the sum of the last 6 val-
ues of the Holder coeffficient 4, which is
expressed by the range he(h ., h_ ). This
measure quantifies the change in selected val-
ues of the Holder coefficients of the person-
ality spectrum, the significance of which was
observed in the preliminary studies.
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Figure 1 shows an example of a multifractal
spectrum with the measures adopted for the study
highlighted. In the study, it was assumed that the
calculation of the multifractal spectrum values and
Holder coefficients of the vibration signals would
take place in 3 stages of composite bending test:

e range | — initial bending of the sample — where
there are linear changes or the first quasilinear
changes observed in the materials stress curve,

e range Il — progressive bending of the sample
— where there are quasilinear changes and the
first non-linear changes observed in the mate-
rials stress curve,

e range Il — advanced bending of the sample —
where there are progressive non-linear chang-
es observed in the stress curve in the materials
up to the failure of the samples.

TESTING AND THE SIGNAL RECORDING
METHOD PROCEDURE

Static three-point bending tests were conduct-
ed on the INSTRON 4469 testing machine at state
capacity of 5 kN (compression), which had been
additionally equipped with a vibration measure-
ment system [20]. The entire measuring device is
shown in Figure 2.

The tests were conducted in accordance with
the assumptions given in Table 1.

Relatively high speed (short test duration)
allowed for acquisition of high-resolution data
from vibroacoustic measurements. 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
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Figure 1. The singularity spectrum characteristic and representative parameters for calculating the spectrum

Figure 2. 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 [20]
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Table 1. Assumptions for bending tests

Device INSTRON 4369 universal testing machine (by Instron, USA)
Bending tests standard PN-EN-ISO 14125/2001 [43]
Support spacing — specimen thickness constant ratio 25/1
Support spacing — glass fiber reinforced sepcimens 50 mm
Support spacing — jute fiber reinforced sepcimens 125 mm
Bending rate 60 mm/min
Sampling frequency (for deflection and load) f__ 10 Hz
Specimen number for each group of materials 5

achieve transparency of the presented argument,
only 1 representative test piece from each group
was selected for the vibration signal analysis. Test
pieces in which the maximum stress was the clos-
est to the average value for the given population
were selected. The results of the tests were for-
merly applied in [14, 19]. Contactless measure-
ments of the vibration velocity of composite speci-
mens were performed using an OMETRON laser
vibrometer. The laser beam is located in such a way
that composite vibrations are measured halfway be-
tween the point where the test piece is initially sup-
ported and the point where the loading bar initially
touches the piece. The vibration velocity of the test
pieces were recorded at a sampling frequency of
20 kHz. The NI data acquisition card and LabView
software was used to record the data while Matlab-
Simulink software was used to process signals. Sig-
nal recording and tests were conducted until the test
pieces clearly broke.

RESEARCH MATERIALS

The vibroacoustic results obtained during
three-point static bending tests of laminate sam-
ples were used to evaluate the fractal methodol-
ogy. The tests were carried out on four types of
samples made of laminates based on Epidian 53

epoxy resin cured with Z-1 hardener (manufac-

turer Organika Sarzyna, Poland), differing in the

type of fibrous reinforcement:

1. Marked as “Composite [’ - laminate reinforced
with 6 layers of technical jute fabric with plain
weave and areal mass of 350 g/m? — in total:
2100 g/m?*. Manufacturer: LENTEX, Poland.

2. Marked as “Composite II” - laminate rein-
forced with plain weave glass (E-glass) roving
fabric, areal mass 350 g/m? - in total: 2100 g/
m? (the same as the jute stack). Manufacturer:
KROSGLASS, Poland.

3. Marked as “Composite I1I-W” - reinforced with
glass (E-glass) 3D non-crimp fabric, areal mass
of 3280 g/m?, the samples cut and tested into
warp direction. Manufacturer: 3TEX, USA.

4. Marked as “Composite I1I-P” - reinforced with
glass (E-glass) 3D non-crimp fabric, areal mass
of 3280 g/m?, the samples cut and tested into
weft direction. Manufacturer: 3TEX, USA.

The types of applied samples are imaged in
Figures 3 and 4. The 3-point bending tests were
performed with use of Instron 4469 testing ma-
chine in accordance with PN-EN ISO 14125 stan-
dard. The tested sample is illustrated in Figure 5.

Bending is quite characteristic type of load-
ing for materials, it is complex in terms of stress
(subsequent occurrence of stretching, pressing and

a)

2.00mmj S-3400N x30 BSECOMP

Figure 3. Samples tested — “Composite I”’: a) macro-scale view of the broken sample,
b) and c) scanning electron microscope photo of the microstructure

127



Advances in Science and Technology Research Journal 2024, 18(7), 123-137

b) B8

Figure 4. Samples tested: I — “Composite 11, II - “Composite III-W”, III - “Composite I11-P”’:
a) macro-scale upper view of the sample, b) tomograph photo of the reinforcing structure — in-plane section,
¢) tomograph photo of the reinforcing structure - cross section

I

Figure 5. 3-point static bending of a laminate sample: 1 — specimen, 2 — supports, 3 — loading bar

shearing in the sample). For the composite I (jute)
we observe a typical rupture of the entire working
section, probably started in the stretched part of the
sample - it is visible in Figure 3a. The composite
1T (classic glass fibre reinforced polymer laminate)
shows a very specific type of destruction — it starts
in the pressed part of the sample and the main de-
struction effect is delamination of upper layers
of the laminate [13]. One can see the specifically
destructed sample in Figure 4a - only crack and
whitened area of delamination, without complete
decohesion. The composite III (W and P) breaks
in ‘between’ the two above described. It shows
some little delamination, but it mainly breaks after
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breaking fibres in stretched part of the working sec-
tion. The selected three types of samples are very
good tools for evaluating the fractal method. They
represent very similar type of structure, however, in
case of composites II and III there is very big dif-
ference in elastic modulus between the components
(glass — about 73 GPa, cured resin —about 2.5 GPa),
but in case of composite | the elastic modulus of
resin and the fibers is on equal. In addition, as was
mentioned above, the composite Il presents main
destruction by delamination (matrix-oriented), but
the composite Il shows the destruction of the fi-
bres (reinforcement-oriented). So, the method may
be very widely tested on the applied set of samples.
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RESULTS AND DISCUSSION

In the first stage of the analyses, the recorded
signals corresponding to the change in the stress
state of the samples and the vibration velocity of
the samples recorded at that time were identified.
The results of these measurements are shown in
Figures 69 indexed ‘a’.

These studies show that progressive bend-
ing of the samples is accompanied by a change
in stress in the test materials with characteris-
tics varying from linear to non-linear (logarith-
mic). This process is initially accompanied by
a small increase in vibration amplitude, which
then increases significantly in terms of the non-
linear change in the stress state of the materials.
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Figure 6. Measurement and analysis results for the Composite I sample (classic jute): a) Stress in the material
and the course of the vibration velocity during the bending test, b) Multifractal Spectrum in the next ranges, ¢)
Scaling exponents in the next ranges
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Figure 7. Measurement and analysis results for the Composite II sample (classic glass): a) Stress in the material
and the course of the vibration velocity during the bending test, b) Multifractal Spectrum in the next ranges,
¢) Scaling exponents in the next ranges

The change in vibration amplitude is different
for the samples made of the materials tested,
due to the different changes inducing internal
degradation processes. An unambiguous and
high-energy change in vibration amplitude that
can be equated with significant internal damage
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in composite samples only occurs when the
materials are significantly bent. These studies
show that analysis of the raw vibration signal
provides opportunities to assess direct damage
to composite samples only to the extent of sig-
nificant damage. Pre-existing changes in these
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Figure 8. Measurement and analysis results for the Composite I1I-W sample (3D glass fibres arranged
longitudinally): a) Stress in the material and the course of the vibration velocity during the bending test, b)
Multifractal Spectrum in the next ranges, c) Scaling exponents in the next ranges

materials produce only low-level symptoms.
In the next stage of the study, Holder coeffi-
cients, the corresponding multifractal spectra
and scaling exponents in the [-III stages of the
individual samples were calculated for the re-
corded vibration signals. In these studies, the

possibility of early detection of state change
symptoms in composite materials was assessed
on the basis of vibration signal registration and
its processing using the multifractal spectrum.
The results of these calculations are shown in
Figures 6-9 indexed ‘b’ and ‘c’.
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Figure 9. Measurement and analysis results for the Composite III-P sample (3D glass fibres arranged
transversely): a) Stress in the material and the course of the vibration velocity during the bending test,
b) Multifractal Spectrum in the next ranges, c¢) Scaling exponents in the next ranges

By dividing the recorded vibration signal into
three stages relevant to the search for information
about internal changes in the materials during the
bending test, it was possible to calculate 3 succes-
sive sets of Holder coefficient values and person-
ality spectra. The distributions in Figures 6-9 “b”
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enable an unambiguous qualitative identification
of the results obtained, indicating that the values
of the Holder coefficients increase with increasing
bending of the samples, as well as the maximum
value of the Holder coefficient corresponding to
a multifractal spectrum value of 1. Adopting the
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Holder coefficient and the personality spectrum
calculated from vibration measurements of com-
posite samples is therefore advisable for detecting
small changes occurring in this type of compos-
ite. The results of the study showed that the shape
of the personality spectrum broadens to the right
as degradation of the composite samples pro-
gresses. The calculated Holder coefficients h take
on values of increasing magnitude in successive
calculation intervals.

In the next stage of the study, a quantitative
evaluation of the changes observed in the multifrac-
tal distributions of the bending samples was carried
out. The quantitative indices cp and Sum h (6-11)
of the distributions were calculated according to
the assumptions presented in Chapter 2.2, and the
results are shown in Table 2—3 and Figure 10-11.

These studies show that the quantitative mea-
sures adopted from the multifractal spectrum
are sensitive to the progressive changes in the

composite materials during bending tests. Even
slight damage occurring in the composite samples
resulted in an increase in the values of the coef-
ficients determined. The material that showed the
greatest dynamics of change in the coefficients de-
termined was the jute-reinforced composite. The
cp index for this composite increased from the
initial value 0f 0.1626 (no damage) to the value of
1.036 (significant damage), and the Sum h (6-11)
coefficient increased from a value of 3.2415 (no
damage) to a value of 8.8846 (significant dam-
age). For the other samples, the 3D glass fabric-re-
inforced composite when positioned transverse to
the main loading direction showed a good dynam-
ic change in measure, with the cp coefficient in-
creasing from 0.6415 (no damage) to 0.9051 (sig-
nificant damage) and the Sum h (6—11) coefficient
increasing from 7.0009 (no damage) to 11.4277
(significant damage). The observed increases do
not vary significantly, but allow some trends to

Table 2. The cp index for the subsequent tested deflection ranges of samples from Composite I, 11, III-W, III-P

Range cpl-]

Composite | Composite I Composite I1I-W Composite IlI-P
Range 1 0.1626 0.3851 0.4267 0.6415
Range 2 0.5588 0.5566 0.8084 0.6854
Range 3 1.036 0.967 0.9885 0.9051

Table 3. The Sum h (6—11) coefficient for subsequent tested deflection ranges of Composite I, II, III-W, III-P samples

Sum h (6-11) [-]
Range
Composite | Composite Il Composite I1I-W Composite IlI-P
Range 1 3.2415 7.7783 7.016 7.0009
Range 2 6.9114 8.0251 8.1913 10.1483
Range 3 8.8846 9.0551 11.0691 11.4277
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Figure 10. Variation in cp coefficient for subsequent tested deflection ranges of samples made from Composite I,
11, TI1-W, II-P
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Figure 11. Variation of the sum h (6—11) coefficient for the subsequent tested deflection ranges of samples made
of Composite I, II, III-W, III-P materials

be determined for the different types of compos-
ites. In a 3D glass fabric-reinforced composite,
we are dealing with a well-organised structure
that is reproducible throughout the volume. The
onset of failure during bending of a beam made
of this type of composite consists of the fracture
of small strands of glass fibres with a relatively
high elastic modulus (73 GPa) in the tensile part
of the beam. A high rupture modulus is associ-
ated with a correspondingly high energy released
during decohesion, which in turn translates into
a higher energy of disruption of the continuum
surrounding the site of this event. The main de-
terioration of the 3D glass fabric-reinforced com-
posite also mainly involves mass fracture of the
fibre strands. So, both the first observed failure
effects and the fundamental failure of the com-
posite involves elastic events of relatively high
energy, so the difference between the observed
parameter magnitudes is going to be smaller than
for less well organised composite structures. For
example, for a composite reinforced with jute fi-
bres, the difference in fibre and matrix modulus is
small. In addition, due to the peculiar multi-level
structure of the jute fibres, there are the effects of
their strain, which (in contrast to the well-ordered
glass fibres in 3D fabric) takes place over a rather
large strain range. In view of the above, the failure
mechanics of jute-reinforced composites rather
start with matrix fracture and the essential failure,
however, is mainly related to the fracture of the
tensile fibres. Despite their relatively low elastic
modulus (<10 GPa), the failure progression from
initial fracture to primary failure is characterised
by a more variable energy than that of 3D glass
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reinforcement. Hence the greater variation in re-
corded fractal parameters.

The calculated measures for classic glass
and 3D glass with longitudinally arranged fibres
were also characterised by an increase in value
with progressive damage, but the dynamics of the
change in measures was slightly lower.

Studies have shown that by using signal pro-
cessing with multifractal spectra, it is possible to
detect the first slight damage in composite sam-
ples, which are typically characterised by low-
energy symptoms of change. Symptoms of this
damage were not previously observable in the ma-
terial’s stress waveforms, as the destructive nature
of the progressive changes did not clearly affect
the change in the stress curve from linear to non-
linear characteristics. The results obtained extend
the applicability of vibroacoustic signals in moni-
toring early changes occurring in composite sam-
ples presented by the authors in papers [44—45].

CONCLUSIONS

Analysis of the vibration signal obtained
during static bending of FRP composite beams
using multifractal spectra developed on the ba-
sis of wavelet leaders has proved to be an effec-
tive tool for assessing the failure progression of
the tested materials. The most important obser-
vations made during the implementation of the
study are as follows:

e The results of vibration measurements during
bending tests are characterised by numerous
information contents with low-energy non-
stationary components that are difficult to
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interpret directly. However, such signals can
be the first signs of damage and are therefore
valuable from the diagnostic point of view.
Of the test methods used to date, multifractal
analysis has identified moments at which low-
energy events were most likely to be associ-
ated with structural damage. Previously used
methods were unable to extract them from the
noise. Positive results were obtained for all
four composites tested.

e The vibration signal of the composite samples
recorded during the bending test also contains
high-energy non-stationary changes that are
difficult to identify. The use of multifractal
signal processing enabled the identification of
material failure symptoms occurring during
the initial bending period of the samples, asso-
ciating them mainly with high-modulus fibre
failure and allowing these events to be filtered
out of the noise.

e The research carried out clearly indicates that
signal processing methods based on multifrac-
tal spectra can be useful for processing vibra-
tion signals when identifying early damage in
FRP composite materials.
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