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Buckling assessment of GFRP and carbon
fiber-reinforced plastic filament-wound
tubes using an acoustic emission-based
methodology

Sajad Alimirzaei1,2, Mehdi Ahmadi Najafabadi1, Amir Bani
Mohammad Ali1 and Lotfollah Pahlavan3

Abstract
The aim of this research is to investigate the failure mechanisms of the filament-wound composite tubes under axial
compressional loading by using an acoustic emission approach. First, the mechanical properties of ±45°C composite tubes
were obtained experimentally. Then, failure due to the buckling phenomenon and crashworthiness characteristics were
studied utilizing numerical simulation and experimental methods. Tubes were next simulated in ABAQUS software, and
a continuum damage mechanics model was implemented in a progressive framework to assess the failure modes. From the
macroscale view, results showed that the damage behavior of composite tubes turned out to be dominated by local
buckling followed by a post-buckling field, which is generated by longitudinal cracks along the winding direction. On the
micro-scale, the acoustic emission-based procedure based on the wavelet packet transform method was adopted. The
hierarchical modeled assessment resulted in the identity of four clusters of AE signals. In GFRP tubes, the fiber breakage and
fiber/matrix separation could mostly control the higher percentage of damage and cause to increase the energy absorption.
Finally, by comparing the results obtained from micro and macro scales, the local buckling failure mode was attributed to
the low content of fiber/matrix debonding in the structure.
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Introduction

Cylindrical composite tubes have numerous applications in
engineering structures, such as in aerospace, energy, aero-
nautic, automotive sector, and marine due to their excellent
high specific strength and stiffness, and high corrosion
strength.1,2 Fiber-reinforced plastic (FRP) composites are
widely used in energy-absorbing devices due to their high
capacity to dissipate crash energy. Substantial efforts have
beenmade to optimize the energy absorption capacity of FRP
structures.3,4 For the success of this process, damage
mechanisms must be accurately identified and controlled
during the production process. When composite structures
are subjected to uniaxial load, as the load increases steadily,
the composite cylindrical tube starts to deform stably. When
the load achieves a critical point, the equilibrium phase
transits into instability. If the composite tube is able to
support a contribution of the load after buckling, post-
buckling properties can be further exploited. Generally,
the prediction of buckling in thin-walled structures is very
complicated and not still fully understood, as it is highly

dependent on factors such as fabrication defects, stacking
sequence and different loading,5–9 mosaic pattern,10 and
geometrical parameters.11,12 Tafreshi13 expanded a numerical
simulation model to predict the buckling and post-buckling
behavior of composite tubes under axial load and external
pressure. The results of this study showed that delamination
was the main cause of the buckling. In other studies, re-
searchers presented the effects of fiber orientation on the
crushingmodes,14 absorbed energy in hybrid biaxial/uniaxial
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braided composite tubes,15 and the behavior of various ratios
of axial to hoop stress16 through linear and non-linear
analysis. To calculate the linear and non-linear buckling
responses of cylindrical tubes, computational tools based on
analytical or numerical methods can be used. Among the
extensive research related to the buckling of cylindrical tubes
and considering the initial geometrical imperfection, we can
refer to Donnell,17 Riks,18 Flügge,19 Simitses,20 and Wei
et al.21 Also, improved computational models that can more
accurately predict the propagation of the damage in filament
wound (FW) composites are important for understanding the
characteristics of these structures.22,23 For this purpose, the
continuum damage mechanics (CDM) model has been
proposed and demonstrated successfully.24 Over the past
decades, due to the limitations of the scanning electron
microscopy (SEM) method12,25 to characterize the different
damage mechanisms, extensive research has been performed
in the field of the acoustic emission (AE) technique26–28 and
digital image correlation (DIC) method.29 For example,
Oskouei et al.30 utilized the AE technique to evaluate the
fracture toughness of the glass/polyester composite laminates
at the first mode of delamination. Fotouhi et al.31 and
Chandarana et al.32 studied the behavior of the composite
samples under the flexural test using the AE method. They
used the fuzzy c-mean clustering technique to classify the
damage mechanisms. Their results showed that the bands
with low frequencies (around 140 kHz), mean frequency
(around 265 kHz), and high frequency (around 412 kHz)
belong to matrix cracking, fiber-matrix separation, and fiber
breakage, respectively. Khalifa et al.33 and Šofer et al.34

utilized the AE to analyze the damage evolution and the
various failures that occurred in composite tubes subjected to
the tensile and three-point bending loads, respectively. They
found the distinction between delamination and debonding
relatively challenging due to the close frequency spectra. Use
of the AE method is extremely beneficial in the failure
identification, detection, and location of cracks.35 For de-
termining the size and location of this failure, Micro-CT and
DIC test methods can be used. The DIC method allows us to
assess the stress and strain field results of composite struc-
tures.36,37 A quantitative assessment of each of the damage
mechanisms can be of great help in understanding how
energy is absorbed by the target structure, which could be
used to optimize the structures based on the effective damage
mechanism. Due to the limitations of eye inspection, SEM
methods, and numerical methods, it seemed necessary to use
a precise technique to gain more detailed insight into the
damage mechanisms, the boundary between different dam-
age mechanisms, and the effect of each damage mechanism
on the energy absorption capacity of FW tubes. The focus of
this study is to identify the failure mechanisms of ±45°C
CFRP and GFRP composite tubes due to buckling phe-
nomena employing the AE method to compare and optimize
the damage mechanics for increasing the energy absorption
capacity of the FW composites. To recognize the damage

mechanisms, the values of frequency, energy, and amplitude
of the AE signals were used to investigate the failure in
different regions of the force–displacement diagram. Then,
using the machine learning based-method various damage
mechanisms were characterized. Finally, the results were
analyzed using a recognition approach based on the wavelet
packet transform (WPT) model and fast Fourier transforms
(FFT), and the percentage of damage mechanisms was ob-
tained. Also, for progressive damage analysis of the tubes,
the CDM model was written as a user material subroutine
(UMAT) in Fortran software, and compiled by ABAQUS�

software. Finally, the surface morphology of fabricated tubes
was examined, and DIC was utilized to obtain displacement/
strain contours.

Experimental considerations

To investigate the acousto-mechanical behavior of ±45°C
composite tubes under quasi-static compressional loading,
carbon/epoxy, and glass/epoxy composite tubes were fab-
ricated using an X-winder filament winding machine
(Figures 1(a) and (b)). FW composite tubes were initially
cured at room temperature for 24 h and then cured in an
oven with air circulation at 100°C for 4 h. Finally, speci-
mens (inner diameter of 60 mm × length 120 mm × wall
thickness 1.5 mm) were cut from the original length
(Figures 1(c) and (d)). Three replicated tests were performed
to ensure experimental reliability, and photographs were
taken by DIC cameras to monitor the crushing process
history. In order to obtain the material properties for sim-
ulating the composite tubes in Abaqus software, at first, the
mechanical properties test samples were made using the
filament winding machine (Figure 2) and were tested ac-
cording to ASTM D3039,38 ASTM 3410M-03,39 and
ASTM D351840 standards (Figure 2(e)). The experimental
samples included 0°, 90° (Figures 2(a) and (b)), and 45°

(Figures 2(c) and (d)) specimens under tensile, compressive,
and shear loading.41 The tensile test was performed with
a constant speed of 2 mm/min using 3 FW composite
samples for each angle (Figure 2(f)). Also, the compressive
strength was obtained using the compression test based on
ASTMD3410M-03 standard using 3 samples for each angle
(0° and 90°) with a speed of 1.3 mm/min. Finally, the shear
properties were achieved via the geometric dimensions
described in the ASTM D3518 standard.41 In Table 1, the
dimensions of the testing samples and used ASTM standard
are shown.

To monitor the AE activity during the test, an eight-
channel AE AMSY-6 and a Vallen System with a maximum
sampling frequency of 40 MHz were used. The utilized AE
sensors were broadband, single-crystal piezoelectric
transducer (AE1045S-VS900M) with 34 dB external pre-
amplifier and an operating frequency range of 100–900
kHz. To record the acoustic activity, two sensors were
mounted by adhesive tape with an equal distance of 40 mm
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from the top and bottom of the tube. Silicon grease was used
to provide good coupling between the specimen surface and
the AE sensor. The sampling rate and the threshold were set
to 2 MHz and 55 dB, respectively. A hit definition time
(HDT) and hit lockout time (HLT) of both 200 µs were
applied. Also, according to ASTM E976-10,42 a pencil lead
break was used for determining the reproducibility of
acoustic sensors response. The experiments were performed
at a temperature of 24°C at a crosshead speed of 5 mm/min
throughout all the tests. The typical experimental setup of
the axial compression testing of the composite tube is shown
in Figure 3.

Acoustic emission analysis

To validate the AE technique, the features of the AE signals
including AE energy, peak frequency, and cumulative AE
energy are combined with mechanical data. Subsequently,
the Sentry function43 is utilized to process the signal. Then,
using Hierarchical clustering methods, the AE data are
classified. Finally, to calculate the energy of AE signals for
each frequency interval, the WPT44,45 was utilized. Based
on this, a variable is defined that relates the duration of the
AE signal to the rise time in the entire considered frequency
domain and acoustic analysis is done based on it. Then, this
parameter is used to filter the AE-originating signals for
various failure mechanisms. To characterize the suitable

decomposition level, an entropy criterion is used, based on
which the clusters were decomposed to up to three levels,
and then divided into 8 parts.45 Then, by using the power
spectrum analysis in the FFT approach, the decomposition
of each of these components was carried out. To calculate
the energy level of each wavelet component, the following
equation can be used46

Ei
jðtÞ ¼

Xt

τ¼t0

�
f ijðtÞ

�2

(1)

f i1 ,…, f ij represent each of the Wavelet components for the

ith level of decomposed signal and Ei
1,…,Ei

j , show the

amount of energy associated with each component. To
calculate the total energy of the signal, the following
equation is used

EtotalðtÞ ¼ c
X
i

X
j

Ei
jðtÞ (2)

Finally, the relative energy distribution at each level, pij,
is given by

pijðtÞ ¼ c
X
i

X
j

Ei
jðtÞ

EtotalðtÞ (3)

Figure 1. Fabrication of (a) CFRP composite tubes, (b) GFRP composite tubes, (c) CFRP FW composite tube, and (d) GFRP
composite tube.
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Hierarchical classification clustering method

The technique starts with considering each data point as
a united cluster and calculating the distance between each of
the two clusters. Using the hierarchical algorithm, two
nearest clusters are found and a new cluster is created
containing all data points of the two clusters. In the fol-
lowing, the distance between the new cluster and the old one
is calculated and the two closest clusters are merged again.
This process is repeated until the desired number for the
clusters is achieved.27

Numerical model

Carbon fiber-reinforced plastic (CFRP) tube and top and
bottom plates were modeled by using conventional shell
elements (S4R) with homogenous reduced integration
and rigid body with quadrilateral elements (R3D4), re-
spectively. Also, boundary conditions were applied to
the upper and lower plate, according to Figure 4(a). Due
to the convergence tests (Figure 4(b)), shell elements
with an average size of 2 mm were found adequate for
modeling.25

Figure 2. A schematic of the fabrication and testing process of the FW composite specimens. (a) Manufacturing of CFRP flat
specimen. (b) Manufacturing of GFRP flat specimen. (c) Manufacturing of ±45° CFRP square structure. (d) Manufacturing of ±45° GFRP
square structure. (e) Composite sample. (f) Experimental testing.

Table 1. The dimensions of specimens for mechanical properties testing.

Experimental test ASTM standard Winding angle
Length�width
(mm�mm) Thickness (mm)

Properties and
model parameters

Tensile test ASTM3039 0 250�15 1.2 E11, v12,Xt

90 175�25 1.2 E22, d2, Yt
Compressive test ASTM 3410M-03 0 150�10 1.2 XC0,XC , σ110

90 150�25 1.2 YC , σ220, EDc
Shear test ASTM D3518 45 250�25 1.45 G12, S12, d6, S12y

4 Journal of Reinforced Plastics and Composites 0(0)



Manufactured thin-walled composite tubes are never
entirely smooth. They contain some irregularities on the
surface of the column, which may decrease the com-
pressive stability and lead to failure due to buckling. To
introduce the initial imperfection of the shell into the FE
model, the approach of linear buckling mode-shape
imperfections (LBMI) proposed by Khot and Ven-
kayya47 was employed. This method applies a scaled
factor of the linear buckling modes to the FE model and
perturbs the nodal coordinates of the cylinder before the
nonlinear analysis.48 Based on testing results, it was
observed that the best approach to create this defect is to
utilize the linear combination of deformations in some
first buckling modes. Due to the previous literature, by
increasing the buckling force, the effect of buckling
modes on creating geometric defects decreases, so the
lowest buckling modes provide the most critical im-
perfections. By considering all these points, the imper-
fection was adopted by using the first, third, and fifth
modes. Finally, by adding the modes coefficients by the�Imperfection option in ABAQUS software, the defects

were defined.49 In Figure 5, the flowchart of the buckling
analysis of the FW tube is shown.

Damage model

The properties of the composite tube depend on the behavior
of each ply, including the damage mechanisms of the fibers
and the matrix. Various criteria have been proposed for
considering the damage mechanisms of the composite
materials, and in this research, the mathematical for-
mulations were developed using a mesoscale approach.24,50

A subroutine was written based on the progressive failure
analysis model as a UMAT in Fortran software, which was
linked to ABAQUS software. Figure 6 presents the flow-
chart of UMAT and ABAQUS integration for progressive
failure analysis.

In Table 2, a summary of damage criteria and degra-
dation laws for the failure model is shown. A single-
directional composite structure under tensile loading in
the direction of fibers contains linear elastic properties. In
this model, it is assumed that the tensile behavior of the

Figure 3. Experimental setup of this study.

Figure 4. (a) Schematics of CFRP composite model in ABAQUS, (b) The convergence analysis.

Alimirzaei et al. 5



filament is not affected by the matrix damage. Hence, it
utilizes the maximum stress criteria to detect damage in the
fiber. While the behavior of fiber under the compressive
longitudinal load changes linearly to a certain value. After
that, a nonlinear elastic behavior is observed (Table 2:
Equation (2)). So, any increase in the compressive load in
the direction of the fibers would lead to creating a nonlinear
elastic stress-strain behavior. To model the damage process
in the matrix, two internal damage variables of d2 (related to
σ22) and d6 (related to τ12) are utilized varying from zero for
the undamaged materials to one for the completely damaged
materials. In this case, the damage variables d2 and d6 are
considered as a function of filament arrangement angle (θ)
and thermodynamic forces (Y),24,51 and, the parameters
A ðθÞ, B ðθÞ, C ðθÞ, andD ðθÞ are obtained using the empir-
ical experiments and (Table 2: Equation (5)), the thermo-
dynamic forces are obtained using the strain energy density
of the damage.24,52

Results and discussion

Mechanical results

After performing experimental testing, the mechanical
properties of the filament wound composite samples were
obtained according to Table 3.

In Figure 7, the load-displacement diagrams of three
CFRP specimens subjected to the axial compression and the
DIC deformation history were shown. As can be seen in
Figure 7(a), it seems that in terms of mechanical properties,
these curves are divided into three regions: The first, linear
region, corresponds to the elastic behavior of composite tube.
A second zone starts from the limit of the first zone: the curves
become nonlinear and they suddenly drop. It seems that the
reason for this sharp decline is due to the large difference
between the fiber orientation and force directionwhich causes
a decrease in the strength of the tube. In the third zone, the
trend of loading increases slightly with advancing the dis-
placement and leads to total damage. According to the de-
formation morphology of the composite tube, the damage
initiates with matrix cracking and fiber-matrix debonding,
however, since matrix cracking dominates the separation of
fiber from thematrix, the composite tube could not be crushed
from the top and bottom edge (Figure 7(b)). Consequently,
due to the high shear stresses caused by the fracture, the
cracks perpendicular to the fiber direction were inhibited
effectively by the fibers, and the micro-cracks propagated
along the fiber direction. Finally, the energy is absorbed by
deformation close to the middle of the composite tube
(Figure 7(c)), and local buckling occurs. It appears that in this
region, failure occurred along with the plastic deformation
through the thickness, and the deformation around the

Figure 5. Simulation process for FW composite tube.
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Figure 6. The flowchart of the continuous damage mechanics model.

Table 2. Summary of failure criteria and degradation laws for damage model.

Number Loading type Failure criteria Degradation law

1 σ11 ≥ 0 σ11
XT

≥ 1 E11 ¼ 0
2 σ11 ≤ 0 jσ11j

XC0
≥ 1 E11 ¼ XC0

jε11j ð1� hðε11ÞÞ þ hðε11ÞE110
3 σ22_0, σ12 ≠ 0 f ≥ 0 d2 ¼ AðθÞY2 þ BðθÞ
4 σ2230, σ12 ≠ 0 f ≥ 0 E22 ¼ σ22y

jε22j ð1� fðε22ÞÞ þ fðε22ÞE220
5 σ22_0, σ12 ≠ 0 f ≥ 0 d6 ¼ CðθÞY6 þDðθÞ

Table 3. Mechanical properties of CFRP and GFRP composite samples built by the filament winding method.

Parameter CFRP GFRP

Elastic properties Longitudinal modulus E11 ðGPaÞ 127.53 39
Transverse modulus E22 ðGPaÞ 8.76 8.6
Shear modulus G12 ðGPaÞ 3.84 3.8
Poisson’s ratio ν12 0.3 0.28
ν21 0.021 0.062

Strength (MPa) Longitudinal strength σ1, t 1435.78 1080
Transverse strength σ2, t 45.38 39
σ1, c 613.9 620
σ2, c 139.57 128
Shear strength τ12 73.16 64

Alimirzaei et al. 7



buckling area is in the elastic region. Also, on the convex side
of the buckling region, the material is under tension, while the
concave side is under compression. After buckling and severe
force drop, with an increasing axial displacement, the damage
gradually grows (Figure 7(d)), and with the extension of
failure, the force decreases (Figure 7(e)). By more closely
examining the curves, more areas appear in these diagrams
and should be more accurately investigated by other in-
dicators and methods.

There are several indexes to evaluate the crashworthiness
of the composites. Energy absorption (EA), peak crushing
force (PCF), mean crushing force, average stress, and crush
force efficiency (CFE) are some of these indicators used for
this purpose.53 In Table 4, the failure behavior and me-
chanical properties of different specimens, and the crash-
worthiness indicators, are presented. As can be seen, the
failure behavior for all specimens follows a similar trend,
and there is good repeatability between the calculated
indicators.

In the following, the results of the carbon/epoxy
composite tube are compared with the results of the
glass/epoxy composite tubes. According to the de-
formation history (Figure 8(a)) of the glass/epoxy com-
posite tube, the damage begins with the fiber/matrix
separation and the matrix cracking on the top edge. Then,
with the propagation of the crack, local buckling occurred
near the upper edge. While, in carbon/epoxy samples, with
the propagation of cracks along the direction of the fibers,
local buckling occurred close to the middle of the tube.
According to Almeida et al.,25 this type of failure occurs

due to the absence of adequate lateral stability, which could
also generate micro-buckling. After the buckling zone, up
to a displacement of 30 mm and a force of 3.17 kN, the
load-displacement curve changes uniformly. Then, as the
displacement increases, the force begins to increase, and
the area under the curves increases. It seems that in the
post-buckling stage, in the glass/epoxy sample, because of
less displacement to reach the local failure site, the process
of force increases occurs sooner due to the compaction of
the material. By comparing the results of carbon/epoxy
tubes with the glass/epoxy tubes (Figure 8(b)), it is con-
cluded that the maximum force obtained for C-45 (21.05
kN) is 1.58 times of G-45 samples (13.30 kN), and the
slope of the elastic region line of carbon/epoxy tubes is
much higher than the glass/epoxy tubes. This fact indicates
the higher modulus and high strength of carbon/epoxy
samples than glass/epoxy samples. After the maximum
load, the carbon/epoxy curve progresses uniformly and
almost steadily, while the glass/epoxy curve begins to
increase. Also, in both types of tubes, the drop part of the
curves is similar and coincided. In Table 5, the crash-
worthiness indicators (Average value) of glass/epoxy FW
composite tubes, are presented. As can be seen from this
table, the mean force and absorbed energy are equal to 5.13
kN and 308.67 J, respectively. By comparing the carbon/
epoxy sample with the glass/epoxy sample, up to a specific
displacement of 40 mm, the energy absorption of the CFRP
sample is higher (EA = 174.87 J) than the GFRP sample
(EA = 171 J), but in the whole range of the crushing, it
seems that the energy absorption of the glass/epoxy sample

Figure 7. Displacement–force curves and deformation history of CFRP composite tube.
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is higher than the carbon/epoxy sample. Therefore, in
practical cases, choosing a glass/epoxy composite tube is
economically more affordable.

Acoustic emission results

To identify the damage mechanisms and propagation of the
crack of the composite tubes, the analysis of AE signals was
utilized. For this purpose, first, a statistical analysis based on
a number of AE hits is performed to identify the best ac-
quisition of signals and at the same time to identify the
amplitude distribution range. Since different failure
mechanisms may occur at different frequencies, the am-
plitude and energy parameters of the received signal were
also investigated.54 As can be seen from Figure 9, the
analysis of signals indicated that the AE response of the
carbon/epoxy composite tube to the loading includes five
zones. In the first zone, which is limited to the value of
2.88% of axial displacement, no acoustic activity is received

in the FW composite tube, because no damage is recorded.
The initiation of the second region is mostly accompanied
by weak signals and a gradual increase in stress rate be-
comes evident in the specimen. By drawing a vertical line at
this point, this vertical line intersects the horizontal axis at
0.86 mm. By further investigation with numerical and
analytical methods, we realized that this point is equivalent
to the bifurcation point created in the displacement-force
diagram due to the buckling phenomena. Actually, there
was a change in the system rigidity, and the concavity of the
diagram changed at this point. At the start of this zone, the
assessment of the frequency range of received signals shows
that the energy level of these AE signals is very low and the
range of its changes between 64–132 kHz, and seems to be
related to the propagation of micro-cracks. When the force
level increases, transverse cracking occurs in the matrix and
grows in the fiber direction (Figure 7(c)). This region is
mainly associated with an increase in cumulative AE energy
and root mean squared (RMS) Voltage. At a displacement of

Table 4. Experimental results for crushing indicators in CFRP tubes under quasi-static loading.

Specimen PCF (KN) Fmean ¼ EA
d ðKNÞ CFE ¼ Fmean

PCF EA ¼ R d
0 FðxÞdx ðJÞ Fracture displacement (mm)

C-45-1 21.22 4.91 0.23 150.08 1.84
C-45-2 20.82 3.48 0.17 105.49 1.58
C-45-3 21.10 4.85 0.23 148.49 1.72

Figure 8. Displacement–force curves of (a) glass/epoxy composite tube, and (b) both types of FW composite tube.

Table 5. Crushing indicators of glass/epoxy composite tubes.

Specimen

PCF (KN) STD Fmean (KN) STD EA (J) STD CFE STDAverage

G-45 13.3 0.23 5.13 0.09 308.67 28.16 0.38 0.27

Alimirzaei et al. 9



1.67 mm, in addition to crack growth in the matrix, signals
in the frequency range of 404–531 kHz are received. These
signals are related to the fiber breakage and this damage
mechanism starts from this point. As the load reaches its
peak value, severe changes in frequency happen in the range

of 64–201 kHz, and, the level of energy released due to the
failure mechanisms increases sharply (maximumAE energy
is 8.79 × 108 eu) and the force suddenly decreases. At the
beginning of this area, in addition to matrix cracking and
fiber breakage, a new level of the signal appears at

Figure 9. (a) Energy of AE signal and RMS Voltage with respect to the displacement, (b) Cumulative of AE energy for matrix cracking
and frequency range of AE signals for CFRP composite tube.

Table 6. Characterization of the AE signal of FW composite specimens.

PCF ¼ 21:218 Displacement ¼ 1:841 Displacement (mm) Load (N) Percentage %

Propagation of micro-cracks 0.86 9.93 0.47
Fiber breakage 1.67 20.04 0.94
Fiber-matrix debonding 1.84 21.20 1
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a frequency of 271 kHz, which is related to the crack
propagation in the fiber/matrix interface. The fourth region
is mainly accompanied by an increase in cumulative AE
events, and new frequency changes happened within the
range of 248–273 kHz, that related to signals of the sep-
aration of fiber from the matrix. Finally, the fifth region
starts, and the most obvious and strongest signals are related
to matrix cracking and fibers breakage. While to the end of
the elastic zone, the FW composite tube tends to suddenly
lose integrity, without any significant warning phase, in
region 5 tends to gradually continue with the accumulation
of the AE events and gradual release of the AE energy. It is
noteworthy that this region consists of various failures, and
to accurately separate these signals, the effects of other
parameters on the detection of the signal must be carefully
considered. So, as can be seen from Table 6, the first in-
dication of the propagation of micro-cracks and fiber
breakage appears at 47% and 94%, of the maximum force,
respectively.

To characterize the damage mechanisms bands of AE
signals, that are based on the peak frequency and amplitude,
the hierarchical27 procedure was applied. According to
Figure 10, the utilized modeled assessment analysis resulted
in the identity of four clusters. The signals related to the first
cluster are specified by an amplitude range of 41–84 dB,

with frequencies from 54 to 224 kHz. The second cluster
was specified by the amplitudes mostly below 70 dB, and
the frequency in the 240–349 kHz range. The third cluster is
shown by the signals with an amplitude range of 48–81 dB,
and the frequency in the 388–611 kHz interval. Finally, the
fourth cluster is specified by the signals in the 48–81 dB
amplitude range, and the frequency in the 630–700 kHz
range. As can be seen from Table 7, these data are in
agreement with the existing research.

AE data are used for health monitoring and are primarily
qualitative. On the other hand, mechanical data are used to
obtain a quantitative index of material behavior. To study
the behavior of composite specimens with more detail, it is
necessary to introduce a function examining the specimen’s
behavior qualitatively and quantitatively. The sentry
function is introduced for this purpose and depends on the
material strain energy and the energy of the AE signals
during the experimental test. According to equation (4), the
function is determined as the ratio of mechanical to acoustic
energy43

f ðxÞ ¼ Ln

�
EMðxÞ
EAEðxÞ

�
(4)

where x is the test variable, EMðxÞ is the strain energy, and
EAEðxÞ is the energy of the AE signals. In this equation, the
sentry function is expressed by a combination of the four
functions which is defined as follows: (a) incremental
function, P1(x); (b) abrupt drop function, P2(x); (c) Constant
function, P3(x); and (d) decreasing function, P4(x). As can
be seen from Figure 11, at the beginning of loading, the
strain energy stored in the structure is much higher than the
AE, which makes the function have an ascending path. As
the AE activities begin in the composite tube, the strain
energy is gradually reduced and the AE energy increases.
By activating extensive damage, the first sudden drop
happens in the curve P2(x), which corresponds to matrix
cracking. At a displacement of 2.08 mm, the sentry function
curve decreases, which represents that the acoustic energy is
higher than the mechanical energy P4(x). Finally, with the
increases in the displacement to 8.9 mm, the sentry function
shows a smooth behavior P3(x), which represents an
equilibrium between AE energy and strain energy. As can be
seen from these curves, the sentry function exhibits fairly
good consistency with the failure behavior of the composite
tube, which could indicate the accuracy of the AE results.

Figure 10. Classification of the acoustic data with the
hierarchical method for CFRP composite tube.

Table 7. Classification of the acoustic data in other researches.

Reference Matrix cracking Delamination Debonding Fiber breakage

27 Frequency range (kHz) 100–250 250–350 Near 300 300–700
Amplitude range (dB) 30–40 and 40–80 >70 <60 50–100

34 Frequency range (kHz) 20–400 30–400 120–360 50–500
Amplitude range (dB) 60–100 45–65 60–95 <60
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Wavelet analysis

The frequency and energy analysis of the AE signals is
beside the exploited assessment method, a relatively ef-
fective tool for filtering the AE signal, which can be related
to various damage mechanisms. Based on this, a variable is
defined that relates the duration of the AE signal to the rise
time in the entire considered frequency domain and acoustic
analysis is done based on it. Then, this parameter is used to
filter the AE originating signals for various failure mech-
anisms. To do so, a WPTconversion program was written in
MATLAB. In Figure 12, the FFT components and energy
distributions of the third-level components of the carbon/
epoxy composite tube are shown. According to the

frequency range of eight components resulting from the
decomposition of AE signals as well as the frequency range
of matrix crack, fiber/matrix separation, and fiber breakage,
the second and third components were dedicated to matrix
crack (50–260 kHz and 120–310 kHz), where the ampli-
tudes range of this damage mechanism was below 84 dB.
Also, the fourth and fifth components, and the sixth, sev-
enth, and eighth components were assigned to separation
between plies from the matrix and fiber breakage, re-
spectively. Then, using energy criteria (Figure 12(b)), the
percentage of the signals in each component was de-
termined. In Table 8, the percentage of failure mechanisms
for glass/epoxy and carbon/epoxy composite samples were
shown. According to this Table, the highest and lowest
percentage of failure mechanism generated in the axial
compression load process is related to the matrix cracking
(71.17%), and fiber-matrix debonding (6.43%) process,
respectively. Also, the percentage of fiber breakage was
22.40%. As can be observed, the percentage of failure
mechanism of fiber/matrix debonding and fiber failure for
glass/epoxy composite tubes is higher than the carbon/
epoxy composite tubes. Therefore, it seems that the sepa-
ration of fibers from the matrix and the fiber breakage was
a significant effect on increasing the energy absorption of
the glass/epoxy tubes than the carbon/epoxy tubes.

Simulation results

In Figure 13(a), the load-displacement curve of the numerical
method (nonlinear buckling analyses) is shown. For obtaining
the critical buckling load with the analytical method, by
solving the eigenvalue problem of the algebraic equation the
buckling equation of the composite tube is obtained

Figure 11. Sentry function behavior of carbon/epoxy FW
composite tube.

Figure 12. (a) Fast Fourier Transform, and (b) Energy distribution results, of the 3rd level WPT components.
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according to the literature.25 In Table 9, the results of the
numerical simulation and experimental testing of carbon/
epoxy and glass/epoxy tubes are shown. As can be ob-
served from this Table, both numerical simulation and ex-
perimental testing results acceptably predict the buckling
loads. Also, the numerical simulation results for the post-
buckling region show the same behavior as the experimental
test results and are in good agreement with it. According to
Figure 13(a), the results of simulation stress distribution
indicated that the cracks propagate in the fiber direction, and
due to local buckling occurring, the composite tube failed.
Also, the 2D DIC strain contours of the composite tube at the
moment of pre-buckling and buckling are displayed in
Figure 13(b). As can be observed from this figure, in the pre-
buckling zone, at the moment of lowering the upper fixture,
the strain contours indicate the maximum compressive strain
in the fiber direction on the top surface. By comparing the
intensity of the deformation created in numerical simulation
with the DIC technique (Figure 13(a)), the crack propagation
process in both approaches is similar and there is a good

agreement between them. Then, sudden changes occur in the
strain gradient, and displacement discontinuity is observed in
the longitudinal direction of the composite tube.

Conclusion

Using data from the axial compressive tests the performance of
the FW composite tube in terms of the failure mechanism’s
ability of energy absorption was investigated with AE

Table 8. The percentage of damage mechanisms for GFRP and CFRP tubes.

Sample type

Matrix cracking Fiber/matrix debonding Fiber breakagePercentage of damage mechanism (%)

GFRP-45 50.81 16.63 32.56
CFRP-45 71.17 6.433 22.397

Figure 13. (a) Load-displacement curves of FWCFRP composite tube for experimental and numerical methods, and (b) Longitudinal
strain evaluated by DIC.

Table 9. Quantitative comparison of critical buckling load for
CFRP and GFRP composite tube.

FW composite tube PCF (KN) EA (J) Fmean (KN)

CFRP-1 Experimental 21.22 150.08 4.91
Numerical 21.91 120.49 3.93
Error (%) 3.15 24.56 24.93

GFRP-1 Experimental 13.24 302 5.09
Numerical 13.82 253.54 4.23
Error (%) 4.2 19.11 20.33
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monitoring and numerical simulation. From the macroscale
view, experimental results revealed that the failure mechanisms
are generated by longitudinal cracks along the winding di-
rection due to the plastic deformation in the buckling region. In
the carbon/epoxy composite tube, at the elastic region, the
stiffness change was happening near the load of 9.93 KN and
displacement of 0.86 mm, and the concavity of the curve
changed at this point, which coincides with the bifurcation
point. When the force level increases, transverse cracking
grows in the fiber direction and at a displacement of 1.67 mm,
in addition, to crack growth in the matrix, signals in the fre-
quency range of 404–531 kHz (fiber breakage) are received.
Then, the AE events were increased, and new frequency
changes happened within the range of 248–273 kHz (de-
bonding). The signals related to the first, second, third, and
fourth clusters were characterized by amplitude ranges of 41–
84 dB, below 70 dB, and 48–81 dB. The results of the WPT
showed that the highest and lowest percentage of damage
mechanism is related to matrix cracking (71.17%) and fiber/
matrix debonding (6.43%). Comparing the results obtained
from micro and macro scales, the local buckling failure mode
was attributed to the low content of fiber/matrix debonding. By
comparing the results of two types of carbon/epoxy and glass/
epoxy composite tubes we found that, in the glass/epoxy tubes,
the fiber/matrix separation and the fiber breakage increases, and
the contribution percentage of matrix cracking decreases. Fi-
nally, the results of the FE analysis and the results of the
experimental test indicated that the difference between the
experimental result with the analytical, and simulation results
for critical buckling load were 4.02% and 3.15%, respectively.
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