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Investigation of energy absorption capacity of 3D filament wound composite
tubes: experimental evaluation, numerical simulation, and acoustic emission
monitoring
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®Department of Mechanical Engineering, Amirkabir University of Technology, Tehran, Iran; bTechnologies Research Center (NTRC), Amirkabir
University of Technology, Tehran, Iran; “Department of Maritime and Transport Technology, TU Delft, Delft, The Netherlands

ABSTRACT

By analyzing the failure mechanisms, crashworthiness characteristics of FW composite tubes sub-
jected to two modes of progressive damage and catastrophic failure are investigated using acous-
tic emission technique and numerical method. The AE signals of +45° composite tubes were
classified using hierarchical and wavelet transform methods, and based on the realistic and three-
dimensional geometrical architecture of tubular structures, the microstructural finite element
model was developed using Catia and ABAQUS software. Then deformation patterns and the
impression of each mechanism on the crashworthiness characteristics were assessed. Results indi-
cated that fiber breakage and fiber/matrix debonding could likely control the higher percentage
of damage. By changing the type of modes from progressive damage to catastrophic failure, the
percentage of matrix cracking increases, the fiber/matrix separation decreases, and the failure
behavior become dominated by local buckling. Comparing the FE simulation with experimental
results, we found the proposed 3D model can reasonably predict the pre-crushing, post-crushing,
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and material densification.

1. Introduction

Thin-walled structures are widely used in different indus-
tries, and substantial efforts have been made to increase
their impact energy absorption capacity and improve their
safety [1]. Among various types of materials and geometries,
fiber-reinforced composite tubes represent a good energy
absorbing capability and have great potential as energy-
absorbing components to substitute their metallic counter-
parts in automotive, aerospace, and maritime structures
[2, 3]. McGregor et al. [4] developed the progressive damage
simulation of braided tubes under compressional loading.
They used a user material subroutine model in LS-DYNA
software for the simulation of fajlure mechanisms. The
result of this study showed that the ability of the numerical
model to the prediction of energy absorption and observed
failure morphology correlated well with their experimental
results. Gu et al. [5] investigated the failure mechanism and
progressive damage of braided composite tubes under tor-
sional loading. They used three-dimensional (3D) digital
image correlation (DIC) for monitoring crack propagation
in 30°, 45°, 55°, and 60° samples. Their results indicated
that the failure modes of 30° and 60° samples were espe-
cially dominated by matrix failure, whereas 45° and 50°
samples were largely influenced by fiber breakage. Ryzinskaa
et al. [6] and Luo et al. [7] investigated the progressive
crushing performance of carbon epoxy composite tubes with

varied fiber braiding. In these studies, the effect of lay-up
configuration on the specific energy absorption (SEA) was
investigated. In other research, Luo et al. [8] investigated the
failure behavior of pre-embedded coupling of filament
wound (FW) composite tubes. Their results showed that in
comparison with the bonding joints, the maximum damage
load of the samples was higher than 105kN. Rafiee et al. [9]
studied the structural damage of FW composite tubes sub-
jected to internal pressure load. For the prediction of the
load-bearing capacity of FW composite tubes, they used pro-
gressive damage modeling, and for material degradation, the
continuum damage mechanic (CDM) model and ply dis-
count method were used. Shi et al. [10] and Higuchi et al.
[11] developed an enhanced CDM approach for crash simu-
lation of composite structures. They employed two sub-
models, a post-failure model and a pre-failure model, to
characterize the stress—strain performance. Esa et al. [12]
proposed the piecemeal energy absorption (PEA) capacity as
a novel scheme to assess the crashworthiness of composite
tubes. Based on the geometrical dimensions of the structure,
the PEA strategy generated higher energy absorption under
high impact velocity and lower damage under lower impact
velocity to improve the crashworthiness of the tube. Belardi
et al. [13] investigated the construction analysis of anisogrid
lattice shells subject to external loads. They used a discrete
method to compute the critical buckling load of the anisog-
rid lattice construction. Sik et al. [14] developed a procedure
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to model composite structures with the embedded element
method and utilized two user material subroutines to imple-
ment this method. Results showed that this method is well
adaptable for diverse boundary conditions, element types,
and the various volume fractions of fibers.

To characterize the different damage mechanisms, the
acoustic emission (AE) technique has been found as a prom-
ising method in active crack detection [15-19]. Beheshtizaeh
and Mostafapour [20] used the AE method for monitoring
glass fiber reinforced plastic (GFRP) samples and carbon
fiber reinforced plastic (CFRP) samples under flexural load-
ing. Saidane et al. [21] studied the mode-I fracture tough-
ness of hybrid flax-glass, glass, and flax fiber woven
composites. They used scanning electron microscope images
(SEM) and the AE signals recorded during the tests to ana-
lyze the failure mechanism. Ali et al. [22] focused on the
failure analysis of woven composites under tensile and flex-
ural loading. They suggested a GAP function to find the
optimal clusters of AE data. Huijer et al. [23] investigated
the damage mechanisms in CFRP samples during a four-
point bending test with AE using embedded piezoelectric
sensors. To assess these, two types of piezoelectric wafer
active sensors (PWAS) were used. Also, for the identification
and clustering of the AE signals, a hierarchical clustering
approach was proposed. Ameur et al. [24] investigated the
failure mechanisms of unidirectional carbon/flax composites
under tensile tests using the AE method. They used the k-
means algorithm and obtained four classes of AE events
based on temporal classification parameters. Sofer et al. [25]
and Khalifa et al. [26] experimentally evaluated the failure
mechanisms of composite tubes subject to a three-point
bending test and tensile test using AE monitoring, respect-
ively. The results of these studies showed that the damage
could be classified into four groups.

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 and, the effect of each mechanism on the
energy absorption capacity. This study’s aim is to character-
ize and compare the mechanical behavior of two types of
progressive failure and catastrophic failure modes of FW
composite tubes employing experimental evaluation, AE
monitoring, and numerical simulation. In order to identify
the damage mechanisms, machine learning-based methods
are used. Then, the results are analyzed using a recognition
approach based on the wavelet packet transform (WPT)
model and fast Fourier transforms (FFT), and the percentage
of damage mechanisms is obtained. Also, an improved
approach for modeling the FW composite tubes is proposed
for progressive damage analysis of the tubes. The approach
includes the accurate generation of 3D filament fiber paths
and the overlap between the fibers. The embedded region
method is used for the latter. For progressive damage ana-
lysis of the tubes, the maximum stress criterion and Hill’s
yield criterion were written as a user material subroutine in
Fortran software, and compiled by ABAQUS™ software. A
quantitative assessment of each of these 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.

2. Experimental process
2.1. Influential parameters for energy absorption

The failure mechanisms occurring in composite tubes under
axial compressive loading are primarily due to various failure
modes including progressive failure mode (mode I), cata-
strophic failure mode (mode II), and combined failure mode.
Research shows that the failure caused by loading in mode I
have the highest energy absorption due to the progressive
nature of the failure. However, two other modes are mostly
catastrophic. After approaching a peak force, it suddenly drops
sharply and reduces the mean crushing force and energy
absorption of structures [27]. One of the most important
parameters in the energy absorption of the composite tubes is
the ratio of diameter to thickness (D/t). In small D/t ratios,
buckling does not take place, and energy absorption mode is
mainly in the form of elastic deformation and compressive
crushing [28, 29]. However, with an increasing D/t ratio, buck-
ling mode occurs and the start of buckling prevents the tube
from crushing. Studies on optimizing the geometric dimensions
of thin-walled cylindrical tubes show that to achieve the max-
imum energy absorption state, the geometric dimensions of the
tubes must be within the 0.015 < £ < 0.25 limits [27].

2.2. Manufacturing of composite tube

Composite tubes were fabricated from carbon/LY5052 epoxy
using a filament winding machine (Figure la). After curing
the FW composite pipes for 24 h at room temperature, com-
posite samples were post-cured at 100°C for 4hours in an
oven with air circulation. Finally, the fabricated composite
pipes were cut with a length of 120 mm, a diameter of 60 mm,
and a thickness of 1.5mm for the axial compression test
(Figure 1b). According to the literature, energy absorption
can be increased by creating a triggered edge mechanism
[30, 31]. This effect can enable the progressive failure mode
and increase the energy absorption of the FW tubes. So, a 45-
degree chamfer was created at one end of the specimens.
More details, including the completely described fabrication
process of composite samples, are reported in [32].
Furthermore, to specify the volume fraction of fiber and resin,
the burning test was implemented following the ASTM D2584
[33] standard. To do so, the first small pieces of the samples
were cut and weighed. Then, the specimens were placed in an
oven at 200°C for 2h to burn and destroy the composite
resin. By weighing the parts after burning the resin, the vol-
ume percentage of fiber was calculated as 59.48%.

2.3. Compression tests

Quasi-static compression tests were carried out on samples
using an MTS 250 KN hydraulic machine with a speed of
5mm/min. The AE sensors were broadband piezoelectric
with a 34dB external preamplifier. An eight-channel AE
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Figure 2. Experimental setup of this study.

Preamplifiers

AMSY-6 (Vallen System GmbH) system with the operational
frequency range of [100-900kHz] was used to receive the
AE signals. The sampling rate and the threshold were set to
2MHz and 55dB, respectively. Also, a hit definition time
(HDT) and hit lockout time (HLT) of both 200 ps were
applied. Silicon grease was used to provide coupling between
the specimen surface and the AE sensors. According to
ASTM E976-10 [34], pencil lead break is used for determin-
ing the reproducibility of acoustic sensors response. Three
replicated tests were done to ensure experimental reliability
for each type of FW composite tube. DIC cameras were also
used to monitor the crushing process. The DIC system con-
sists of two 5MP 8-bit “Point Grey” cameras with
“XENOPLAN 1.4/23” lenses, and VIC-Snap 8 software was
used to record the speckle pattern images with an acquisi-
tion rate of 2 frames per second (fps) for the monotonic
test. For processing, the subset size was set to 100 x 100 pix-
els with a step size of 7 pixels, and the observation window
was approximately 120 x 70 mm? which was equivalent to
an image with dimensions of 2048 x 1194 pixels. The typical
experimental setup of the axial compression testing of the
composite tube is shown in Figure 2.

2.3.1. Clustering procedure
The second step for the assessment of damage mechanisms is
partitioning the captured AE signals. Different unsupervised

(a) Fabrication of filament wound composite tubes, (b) FW composite tube.

. : s
AE Software n—-é_:

A\
=g ” ;' T

clustering models can be utilized for AE signals clustering.
The operation of these techniques is partly on the structure
of the AE dataset. The advantage of using these methods is
the employment of multiples AE features simultaneously to
differentiate different damage mechanisms. According to
the literature, one of the techniques that give the optimized
data clustering result is the hierarchical method. Data clus-
tering with the hierarchical model is performed with the
two forms of divisive and agglomeration. For both types of
hierarchical methods, the data set A is partitioned into m
sets {x1,....x,} [35]. That is if subsets B; and B; satisfy
that B; € x,,, Bj€x; and r > m, then either B; C B; or
BiNB;j=0 for all i#j, r,l=1,...,n. In other words,
there are two cases for two subsets of any hierarchical par-
tition. One subset may completely contain the other, or
they can completely disjoint. The divisive approach is the
opposite of Agglomerative (Figure 3); it starts off with all
the points into one cluster and divides them to create
more clusters.

As can be seen from this figure, the clustering beginning
with k = N clusters and proceeds by merging the two closest
classes into one cluster, obtaining k = N — 1 clusters. The
process of merging two clusters to acquire k— 1 clusters is
repeated until we attain the desired number of clusters.
Also, to detect which clusters to amalgamate, the Euclidean
and Cityblock distance is used.
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Hierarchical clustering

Agglomerative Divisive

Figure 3. The dendrogram demonstration of the results of a hierarchical
algorithm.

2.3.2. Wavelet analysis
In order to analyze the damage mechanisms and determine
the percentage of each damage, it is necessary to utilize
wavelet packet transform (WPT). Discrete Wavelet
Transform (DWT) is one of the signal processing methods
in which the primary signal is disjointed into two ingre-
dients, and this process continues to the desired level
[36, 37]. One of the methods that can be used to determine
the appropriate level of signal decomposition is the entropy
criterion. In the final step of decomposition, AE signals are
decomposed into three levels and then divided into eight
components [18, 35]. Then, according to Eq. (1), the energy
percentage of eight disjointed components is obtained in the
third level [18].
o E() ;
Pi(t) CZJZETotaI(t)I 1,...,2 (1)

Where E]’(t) and Ery(t) are the energy level of each wave-

let component and total energy of the signal, respectively,
obtained by the following equations.

B0 =3 ()’

=1l

(2a)

Eotal(t) = CZE;(t) (2b)
1

fis s ]?" represent each of the wavelet components for the ith

level of decomposed signal, and E}, ,E]‘ show the amount

of energy associated with each component.

2.4. Crashworthiness indicators

There are various parameters to determine the energy absorption
of composite tubes. Peak crushing force (PCF), energy absorp-

tion (EA:f(;j F(x)dx), specific energy absorption (SEA = EA/m),

mean crushing force (Fe.n=EA/d), and crushing force efficiency
(CFE= Fy1,can/PCF) are some of these parameters [38, 39] used
for this purpose. In these relations, F(x), d, m, and A show the
instantaneous crushing force, crushing distance, mass, and cross-
sectional area, respectively.

3. Numerical simulation
3.1. Modeling of FW composite tube

Figure 4 represents the flowchart of the proposed approach
for creating a 3D FW composite tube pattern. As can be
seen, FW composite tube is considered a combination of
fiber roving and epoxy resin. For modeling of the tubes,
first, the number of carbon fibers in the cross-section of the
tube is calculated utilizing the fibers volume fraction and
modeled with CATIA software. Then the matrix is modeled
as a columnar membrane in ABAQUS software and the
standard 3D winding composite is made by combining
fibers and the epoxy resin. Afterward, the boundary condi-
tions are applied to the 3D FW composite model subject to
compressive loading.

3.2. Embedded method

The embedded element technique is considered for damage
analysis and mechanical behavior of composite materials
(Figure 5) [14]. In this method, the fibers and matrix prop-
erties of the FW composite tube are defined separately by
user material subroutines. Then, the mechanical properties
of the embedded area are updated at each stage of the fail-
ure analysis.

To simulate the fibers in CATIA software, the number of
fibers is obtained in the cross-section of the FW composite
tube [40]. According to Eq. (3), the hypothetical number of
fibers in the square region is calculated in terms of four
parameters [41].

XYZvy XYy
- mZR* R
where N, X, Y, and R are the number of fibers in the model
space, the length of the model, the width of the model, and
the radius of the fibers, respectively. Also, v is the volume
fraction of the filament fibers. First, the cross-section area
of the FW composite tube with an inner radius of
R;=0.02875m, and an outer radius of R,=0.03125 m was
calculated (Figure 6a, b). Then by considering the area of a
2D square surface equal to the actual cross-sectional area of
the FW composite tube (Figure 6c), the number of fibers
was obtained (Figure 6d-g). In Table 1, the dimensions of
the square region and the total number of fibers are shown.

In the next step, through the generative shape design sec-
tion, helix curves with specific dimensions are created in the
clockwise and counterclockwise directions [+6/—0] in
CATIA V5 software (Figure 6f). In total, 107 helices were
made in a clockwise direction and 107 helices were designed
in a counterclockwise direction. Also, the location of the exist-
ing fibers in the same direction was 0 = 3.364° relative to each
other. After designing the fibers in CATIA software, as shown

A3)
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Figure 4. Simulation process for filament-wound composite tube.

Figure 5. Schematic of the extra volume in the embedded method (a) A condi-
tion that is generally assumed in the software, and (b) The real state that simu-
late [14].

in Figure 6g, the fibers are entered into ABAQUS software
and in the interaction section, are embedded by the embed-
ding region tool inside a tubular host area which is considered
as a matrix. After applying the material properties to the fiber
and resin, the direction of the filament fibers is assigned to the
local coordinate axes. Due to the non-linearity of material
properties, boundary conditions, and structural geometry, an
explicit solver was used during the analysis. The truss section
type with a cross-section of 1.31mm? for the fibers and solid
homogeneous section type was selected for the resin. The
mesh type of resin was selected with 8-node linear brick ele-
ments with reduced integration and hourglass control (type
C3D6R). The 2-node linear 3D elements (type C3D4) were
used to mesh the fibers with appropriate inertial properties in
order to put them inside the matrix. Boundary conditions of
the bottom plate of the tube holder due to rigidity were

Apply Boundary
Condition and Mesh
\ 2

| Analysis |

defined as ENCASTRE during the experiment. The upper
plate was only allowed to move in the axial direction. From
the point of view of the interaction, the type of general contact
was used between the holders and the tube. Self-contact was
used to define the contact of different areas of the tube with
each other during the test. The local coordinates defined for
the composite tube in ABAQUS software are shown in
Figure 7.

3.3. Material modeling

To assign the material properties and the damage criteria of
woven fibers and resin, 3D user material subroutines were
implemented for fibers wetted with resin during the manu-
facturing process. The relevant elements as interferes were
defined by assigning a weaker mechanical property. Woven
filamented roving consisting of matrix and filaments fiber is
considered as a transversely isotropic composite material
[42]. The resin was considered as an elastic-plastic material.
The failure of polymeric resin was defined using the max-
imum stress criterion. For progressive damage analysis of
the woven fibers, the 3D anisotropic plastic deformation
model was used. ABAQUS explicit solver attached with user
material subroutine (VUMAT) was employed to implement
the progressive failure analysis. The Hill yield criterion for
describing anisotropic plastic deformations [42, 43] was
adopted as follows:

flo)= \/F((Tzz —033)” + G(a33 — 011)> + H(011 — 022)> + 2La? + 2Ma? + 2No?,

(4)

where F, G, H, L, M, and N are constants that are obtained
as follows:
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Figure 6. Schematic of a new approach designed for the analysis of filament wound composite tubes.

Table 1. Geometrical dimensions of square element.

Parameters A (m?) X (m) Y (m) vf N

Values 4712 x 107 0.0217 0.0217

59.48% 214

. NE RS ? Ne
NN
RNKEIALY

N

) XK AKX \QQ
R e el oot e
LML)
RN Sl

Figure 7. The coordinates of the FW composite tube.
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o1 1 1) 1/1 1 1
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33 11 22
ot (1 1 1 1/1 1 1
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2 093 2R23 To
3 2 3 o
M= (j_0> =—— R 7o (5¢)
2 g13 2R13
3 2 3 o
L=~ f—o :—Z,Rlz:E (51)
2 023 2Ry,

where Rij, Ry, Rs3, Ri2, Rys, and Ry3 are anisotropic yield
stress ratios; gg is the reference yield stress; each G is the
measured yield stress value when ¢ is exerted as the only

nonzero stress component and 7y = %

4, Results and discussion

In the first section, the various failure modes corresponding
to the force-displacement response of the two types of com-
posite tubes were assessed by comparing surface damages
during crushing history. The initiation of failure of progres-
sive failure and catastrophic failure modes were detected
using the AE method, and different failure mechanisms
were separated using the machine learning based methods.
Finally, the results of the 3D model were investigated. In
Tables 2 and 3 the mechanical properties of fiber, epoxy
resin, and FW woven fiber [42, 44] are shown.



Table 2. Mechanical properties of roving fibers and epoxy resin.
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Parameters p (&) Ey1 (GPa) Ey = E33 V12 = g3 23 Gy = Gi3 Gy3 (GPa) Tensile strength (MPa)
Fiber 1.78 230 14 0.25 0.3 9 5 3800-4000
Resin 117 3.1 - 0.3 - 0.89 - 85
Table 3. The mechanical properties of the FW woven fiber [42, 44]. and the average force are not very different from each other,
Value Parameter and as anticipated, the composite tubes are suitable for use
Elastic properties Longitudinal modulus E;; (GPa) 153.14 as energy absorbers. Progressive damage mode shows the
EZZ:_E3G3 (G(Z‘/’))a) 39'252 maximum load efficiency and energy absorption values as
2 — 3 . . .
G; (Gp(;) 257 89% and 738.3]. Also, because of mass consideration, the
Poisson’s ratio v1,= v13 0.25 specific energy absorption (SEA) in lieu of total energy must
V23 03 .
Strength (MPa) 11 (MPa) 3200 be prominent. The SEA vz'ilues of these samples are 12.3,
G2 = 633 (MPa) 130 12.14, and 10.97]/g, respectively.
623 (MPa)( ) 86 To compare the crashworthiness parameter of the FW
G12 =013 (MPa 85 . . . . .
o0 (MPa) 3200 composite tubes under compressive axial load in different

4.1. Mechanical test results

The axial load-displacement curves and the DIC during
crushing history are presented in Figure 8. As can be seen
from the curves, all tubes had progressive crushing with
high energy absorption and good reproducibility. As can be
observed, the compression damage showed the progressive
failure that begins at the top cross-section of the composite
tubes. At the beginning crushing step of the experimental
testing, the force rises to the maximum value and then
drops to a small value. This attainable maximum load value
was about 12.41, 12.4, and 12.35kN, respectively, and the
highest mean load of 11.06kN was achieved for sample 1.
Then, the axial load stands relatively constant with slight
variation. This stage is crucial to measure crashworthiness
parameters except for initial peak load and to understand
failure mechanisms. As can be seen from damage history, at
the beginning of loading, after destroying the chamfered
area, the crushing force increased and caused the micro-
cracks in the fiber’s direction. Since the debonding stress
applied on the specimen edge is less than the matrix
strength, these cracks spread and the destruction of the sam-
ple is started. At this stage, in addition to the failure of the
matrix, fiber failure also occurred and the composite tube
was damaged with a special pattern. As can be observed
from Figure 8, the compression damage showed the progres-
sive failure that begins at the top cross-section of the com-
posite tube, and as the loading progressed, matrix
fragmentations followed by progressive folding occurred. In
other words, the quasi-static force applied to the composite
tubes caused the plies to bend in the form of a leaf from the
stem (mode I), in and out of the specimen, and finally
caused fractures along with the composite tubes. So, the
results of experimental testing showed that creating a cham-
fer at one end of the tube improves the crashworthiness
parameters, and leads to small fluctuations of loading
around the mean crush load. The failure behavior of differ-
ent specimens and crashworthiness indicators calculated
from the load-displacement curves are presented in Tables 4
and 5. As can be seen, the failure behavior for all composite
tubes follows a similar trend, and there is good repeatability
between the calculated indicators. Also, the maximum force

damage modes (mode I and mode II), composite tubes with-
out chamfer were tested. As can be seen from Figure 9,
when mode II was dominant during the loading, the force
first rised to 21.22kN and then experienced a sudden drop.
This maximum force level is considered undesirable for the
impact resistance of a composite tube. In these specimens, it
was observed that the macrocracks grew exactly along the
fiber direction. It seems that due to the low fiber/matrix
debonding stresses relative to the matrix strength, plastic
deformation occurred at the buckling region. Therefore, the
average crushing force was reduced by up to 35% (Table 6)
compared to the progressive failure mode. This local buck-
ling can be related to the matrix plastic behavior under high
traction, and the diminutive interlayer tensions relevant to
the strength of the matrix. Actually, the deformation around
the buckling area is in the elastic region, whilst the buckling
region experiences the non-uniform plastic deformation
through the thickness. The convex side of the buckling
region is under tension, while the concave side is under
compression. Also, it seems that by changing the damage
mode from mode I to mode II, the percentage of fiber fail-
ure decreased, and the failure rate of the matrix increased.
In mode I, due to the direction of load application, part of
the load is borne by the bridged fibers between the two
plies, resulting in fiber failure, while in mode II loading, due
to the application of in-plane shear load in the composite,
most of the shear load applied to the matrix is tolerated and
the fibers are subjected to lower load, which reduces the fail-
ure rate of the fibers relative to the matrix. As can be seen
from Table 6, by changing the mode of tube failure from
local buckling to ply bending mode, the energy absorption
capacity increased to 448.42]. Also, the specific energy
absorption values of FW composite tubes for the progressive
failure mode (7.47]/g) were 2.57 times of catastrophic ones

(2.91]/g).

4.2. Simulation

In this section, the results of the numerical simulation of
progressive damage mode are investigated. In Figure 10, the
load-displacement curves related to the numerical method
and experimental testing are shown. It can be seen that the
numerical method can reasonably predict the linear behavior
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Table 4. Experimental results for crushing indicators in composite tubes under quasi-static loading.

Specimen EA = j: F(x)dx (J) Oto70mm Standard deviation Frnean (kN) Standard deviation
C-45-1 7383 3548 11.06 0.53

C-45-2 728.75 10.92

C-45-3 658.71 9.87

Table 5. Experimental results for crushing indicators in composite tubes under quasi-static loading.

PCF (kN)
Specimen (Elastic region) CFE Fracture displacement (mm) Maximum force in whole displacement (kN)
C-45-1 12.41 0.89 3.08 13.96
C-45-2 12.4 0.88 2.64 14.2
C-45-3 12.35 0.80 3.20 14.71

of maximum load and post-crushing values of the composite
tube. However, there are also some subtle differences
between the experimental testing and numerical simulation
results in peak force prediction (1.64% discrepancy) and the
obtained displacement for it. The results also indicate that
the FE model can simulate the stiffness behavior well. The
slope of the experimental diagram decreased earlier than the
simulation diagram. In addition, suddenly descended of
maximum load in the experimental testing curves is not
observed in the numerical simulation diagram. There is also
a good solidarity between the numerical simulation and
experimental force-displacement diagrams until the dis-
placement of 70 mm. The failure behavior of numerical and
experimental results is shown in Table 7. As can be seen
from this table, there is a good agreement between the pro-
posed numerical model with experimental results in differ-
ent crashworthy parameters, which is attributed to the
adopted 3D modeling approach for the FW composite tubes.
In order to analyze the associated damage morphology in
the localized zones, the crushing steps of progressive damage

mode are shown in Figure 11. According to the results of
stress contour, the stress value of 3D woven fiber in the pri-
mary stages of loading was higher than that of the epoxy
resin, and cause quicker amassing of plastic strain and fail-
ure in some zones. So, carbon fibers are more fragile com-
pared with matrix resin at the primary steps. Then,
transverse ply cracks, delamination, and fiber-matrix
debonding appear and extend significantly with the increase
of displacement. Also, it seems that the woven fiber experi-
ence plastic deformation earlier than the resin matrix, and
there was no apparent shear damage characteristic of the
epoxy resin. As can be seen, the FE model provided a good
prediction of the mechanical response and damage morph-
ology subjected to axial compression load.

4.3. Acoustic emission results

To identify the degradation and damage mechanisms in the
FW composite tubes, AE signals were acquired during



loading. By analyzing the AE data using a machine learning
method, different damage mechanisms were separated in the
specimens. For this purpose, first, a statistical analysis based
on a number of AE hits is performed to identify the best-
received signals and at the same time to identify the ampli-
tude distribution range. Based on the good reproducibility
of the tests, only one curve for each type of sample is pre-
sented in this section. For the mechanical-acoustic coupling
analysis, the AE energy, acoustic frequency, and cumulative
AE energy for each failure mechanism are used to define the
study regions. Figure 12a,b show the AE energy, cumulative
AE events, and peak frequency versus the displacement
curves of the FW composite tubes for progressive failure
mode and catastrophic failure mode, respectively. Also, In
Figure 12d, a diagram of the cumulative energy related to
the failure of the matrix and the separation of the fibers
from the matrix is plotted for progressive failure mode. As
can be seen from this figure, the failure of fiber/matrix
debonding occurred uniformly, while the failure of the
matrix in some parts of the tube failure released a lot of
energy, and caused a sharp increase in the curve. According
to Figure 12¢, by analyzing these acoustic emission parame-
ters and matching the different regions of Figure 12a,b, five
different representative regions are defined. In the first zone,
configurations of two types of FW composite tubes report a
displacement-load linear behavior. During this displacement
interval, no acoustic activity is notable and the integrity of
the FW composite tubes is maintained. The displacement
intervals are 0.39 and 0.86mm for progressive failure and
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Figure 9. Force—displacement curve of the composite tube under axial loading
for sample 2.
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catastrophic failure mode, respectively (Table 8). In the
second part, there is a matrix cracking pattern that leads to
minor damage, and low-energy AE events are observed in
this zone. Irrespective of the initial AE events, the structure
retains a linear behavior until the maximum patronaged
load. The assessment of the frequency of the received signals
at the beginning of this zone shows that the range is mainly
between 130 and 190 kHz, and the energy level of these sig-
nals is very low. The cumulative AE energy of matrix crack-
ing continues to increase till a specified stabilization begins
at the end of the second region. With a difference of
59.05%, the displacement intervals for this acoustic stabiliza-
tion are 1.05 mm for progressive damage mode and 1.67 mm
for buckling mode (Table 8). In the third zone, fiber break-
age takes place, so high-energy AE events are observed. This
region is mainly accompanied by an increase in cumulative
AE events, and new frequency changes happened within the
range of 400-544kHz. Then according to the frequency
range of AE signals fiber/matrix debonding is initiated in
1.71 and 1.84 mm, respectively. With regard to Figure 12a,b,
progressive damage mode generates more AE events that
represent more pronounced fiber-matrix debonding and
more fiber breakage during loading, which increases its
structural stability. Also, the first high-energy AE event was

16 - Experimental: FW-45:1
| =+= Simulation

Load [KN]

0 T T T T T T p T g T T T T T
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Figure 10. Displacement-force curves of composite tube for numerical method
and experimental testing.

Table 7. Quantitative comparison of various parameter.

Parameter Experimental Numerical
PCF (KN) 12.41 12.21
EA(J) 7383 812.1
Funean (KN) 11.06 1217
Fracture Displacement 3.08 2.23

Table 6. Quantitative comparison of the various parameters in mode | and mode II.

PCF (kN)
parameter (Elastic region) EA = f: F(x)dx (J) Oto40mm Frean (KN) CFE Fracture displacement (mm) Maximum force (kN)
Progressive failure mode 124 448.42 6.72 0.54 2.64 14.2
Buckling 21.22 174.87 437 0.02 1.84 21.22
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(e)

Figure 11. Stress distribution results of the numerical simulation approach.

started after dropping the displacement-load curve in peak
elastic force. As can be seen from Figure 12b, in catastrophic
failure mode, as the crack extends along the fibers and the
load reaches its peak value, the percentage of matrix crack-
ing increases dramatically. Then, because of fiber failure,
intensive changes occur in the signal frequency, the level of
energy released increases sharply, and the load suddenly
decreases. In catastrophic failure mode, the maximum value
of the released AE energy due to instantaneous fracture of
the composite tube (8.79 x 108 eu) and severe force loss is
higher than the progressive failure mode (5 x 107 eu), how-
ever, in progressive failure mode, the number of AE signals
received is greater than the catastrophic failure state. Then,
in the last zone, all of the damage mechanisms are activated
in the FW composite tube. Region five shows the final fail-
ure scenario, and the failure of the FW composite tube tends
to gradually continue with the accumulation of the AE
events and gradual release of the AE energy. In this region,
the frequency range of signals is associated with matrix
cracking, debonding effects, and fiber breakage. Also, in
catastrophic failure mode considering the AE activity
recorded during this region with a constant cumulative AE
energy, the damage continues its propagation in a fast man-
ner. In Table 8, the received AE signals for progressive fail-
ure and catastrophic failure modes are shown in different
displacements and forces. As can be seen from this table, in
the progressive failure mode, the failure mechanisms are
activated faster than in the buckling mode due to the pres-
ence of chamfer at the top of the FW composite samples.

(d)

The sentry function is defined as the logarithmic ratio of
mechanical energy to the cumulative energy of AE [35].
Depending on the failure status in the loaded samples, four
different trends of sentry function can be observed: (I)
Incremental trend: this trend shows that there is no failure
occurred in the samples. (II) Instantaneous decline: shows
severe damage with high AE energy. (III) Gradual decreases:
this process indicates microscopic failure such as matrix
cracking. (IV) constant-state: shows the balance of mechan-
ical failure and AE activity. The sentry function is expressed
by the following equation [35]:

9= n|

EM(’“)} (5)

EAE(X)

In Figure 13, the sentry function of the progressive failure
mode and catastrophic failure mode was shown. For cata-
strophic failure mode, at the beginning of the curves, the
sentry function shows the increasing trend (case I) followed
by several continuous falls (instantaneous decline). These
falls indicate the propagation of matrix cracking along the
fiber direction, and subsequently fiber breakage, and finally
create the local buckling mode. After this drop, the second
kind of sentry function is apperceived which has a lower
slope compared with the prime type. This shows that the
stiffness of the FW composite tube was reduced. At a dis-
placement of 2.08 mm, the sentry function curve slowly
decreases, which represents that the acoustic energy is
higher than the mechanical energy (Gradual decreases).
Finally, with the increases in the displacement, the sentry
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Figure 12. Energy of AE signal and peak frequency with respect to the displacement for (a) progressive failure mode, (b) catastrophic failure mode, (c) zoning the

curves, and (d) Cumulative of AE energy for matrix cracking and fiber/matrix debonding.

Table 8. Characterization of the AE signal of composite tubes.

Parameters

Peak crushing force (PCF)

Propagation of micro-cracks

Fiber/matrix separation

Fiber breakage

Progressive damage

Buckling

Displacement (mm)
Force (KN)

Percentage of maximum force

Displacement (mm)
Force (KN)
Percentage

2.64
124

1.84
21.22

0.39
0.91
0.07
0.86
9.93
0.47

171
6.3
0.51
1.84
21.20
1

1.05
2.97
0.24
1.67
20.04
0.94




12 . S. ALIMIRZAEI ET AL.

e Force [KN] == Cum. AE Energy [eu] — Sentry Function

6.00E+009 - P g -
20 4 f
yn;‘ﬂ';_w#

/L 5.00E+009 -

b

-
@
1
-
\

\

4.00E+009

\t
ey

3.00E+009

Force [KN]

Cum. AE Energy [eu]

2.00E+009

-20

25 30

Displacement [mm]

(@)

Force [KN]

=== Force [KN] === Sentry Function == Cum. AE. Energy [eu]
1.00E+010

-15.0 4

 8.00E+009

=
10 2
- 6.00E+009 >,
2
2
8+ w
ui
<
|- 4.00E+009 =
6 - 7~ 5
Vg o
p‘f
—
4 ars4
@d"/\,\__._./_ 2.00E+009
2 -~
7180 +
" Py
s?"‘j
0 . . 0.00E+000
0 10 20 30
Displacement [mm]

(b)

Figure 13. Sentry function behavior for (a) catastrophic failure and (b) progressive failure.
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Figure 14. The hierarchical model classification for (a) progressive damage mode, and (b) catastrophic failure mode.

function shows a smooth behavior (stable-state), which rep-
resents an equilibrium between AE and strain energy. The
behavior of the sentry function for different regions of the
progressive failure mode is shown in Figure 13b. As can be
seen from this figure to a displacement of 1.05mm, no sig-
nificant damage has occurred in the FW composite tube. At
a displacement of 1.05mm, with the occurrence of the first
failures in the material, the sentry function drops sharply.
There are several significant drops at the early stages of the
sentry function curve. The first drop that contains several
drops could be considered as the first
“significant” drop. Then, with the relative resistance of the
material against the development of these failure mecha-
nisms, the sentry function has an upward trend. However,
as the strength of the material gradually decreases, the slope
of the f (x) function steadily decreases, to the point that at
the displacement of 2.25mm, which corresponds to the
growth of fiber-matrix debonding and fiber breakage, the
second sharp drop of the sentry function occurs. It seems
that at this point the stiffness of the composite tube was
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decreased and the concavity of the curve changed, showing
the effect of damage mechanisms on the stiffness reduction.
After this sharp drop, the material resists damage propaga-
tion again, but as can be seen, the slope of the secondary f
(x) function is lower than the primary f function, which
indicates a decrease in the material’s resistance to damage.
As can be seen from the curves, in the buckling mode at the
beginning of loading, the cumulative energy curve grows
uniformly, and suddenly increases near the maximum load
with increasing failure mechanisms. But in progressive fail-
ure, the cumulative energy curve has experienced uniform
changes. This indicates that by creating a chamfer on one
side of the FW composite tubes we can improve the control
of failure mechanisms. There is also a good correlation
between the cumulative energy graph and the sentry func-
tion curve.

Due to the complex relations between the various param-
eters of AE, the clustering process of received signals is usu-
ally performed by machine learning-based methods. One of
the methods for recognition of damage mechanisms is the



Table 9. Classification of the acoustic data with the hierarchical method.
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Cluster No. Matrix cracking Fiber/matrix debonding Delamination Fiber breakage
Progressive failure mode Amplitude (dB) 46-81 50-81 61-93 45-85
Frequency (kHz) 68-200 200-270 310-350 >380
Catastrophic failure mode Amplitude (dB) 41-84 <73 - 48-81
Frequency (kHz) 54-224 240-350 - >388
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Figure 15. Fast Fourier Transform of the 3rd level WPT components for (a) progressive damage mode and (b) catastrophic mode.

use of unsupervised techniques. In this study, to map AE
features into damage mechanism clusters during the com-
pressive testing of the FW composite tube, which is based
on the peak frequency and amplitude, an analysis procedure
based on a hierarchical model was applied [35]. The utilized
assessment procedure led to the identification of three clus-
ters for catastrophic failure mode, and four clusters for pro-
gressive failure mode. As can be seen from Figure 14 in
progressive failure mode, the signals related to the first clus-
ter are characterized by amplitude between 46 and 81dB,
with frequencies from 68to 200kHz, respectively. The
second and third clusters are characterized by an amplitudes
range of 50-81dB and 61-93dB and a frequency range of
210-350 kHz, respectively. The fourth cluster is represented
by the signals with an amplitude range of 45-85dB, and a
frequency over 380kHz. Table 9 shows the amplitude and
frequency range of the FW composite tubes for different
failures in both progressive mode and catastrophic failure
mode. As can be seen from the figures, it seems that in the
catastrophic failure mode the received signals from the
matrix cracking are very high, while in the progressive fail-
ure mode it is reduced and the density of the received sig-
nals due to the fiber breakage and the fiber-matrix
separation is added. By comparing the received signals of
progressive failure and catastrophic failure modes in the
same frequency range of [200-350], it is clear that in the
catastrophic failure mode the received signals are concen-
trated in the amplitude range of 41-73 dB, while in the pro-
gressive failure mode two types of signals are received in the
amplitude range of 50-81dB and 61-93 dB. It seems that in

progressive failure mode these two ranges of received signals
belong to different failure mechanisms. Examination of the
morphology of the composite tubes under compressive load
showed that due to the rapid degradation of the samples of
mode II, fiber separation from the matrix occurred and
delamination was observed to a very small extent. Actually,
in catastrophic failure mode, the matrix failure occurs in the
fiber direction, and in a region near the middle of the sam-
ple, it experiences local buckling. However, in the progres-
sive failure mode due to plies bending, the failure starts
from the top of the sample and continues in the form of
petals with simultaneous delamination and fiber/matrix
debonding. So, in the progressive failure mode, both fiber-
matrix debonding and delamination occur simultaneously,
but in the catastrophic failure mode, according to the failure
occurred, the delamination seems negligible and the fiber-
matrix debonding factor prevails. Also, the recognition
between fiber-matrix debonding and delamination seems to
be relatively challenging since both failure mechanisms
report very similar frequency spectra. Research [25, 35]
shows that the amplitude range of delamination signals is
greater than the separation of fibers from the matrix.
Therefore, it seems that the range of 50-81dB is related to
the fiber-matrix debonding and the range of 61-93dB is
related to the delamination.

As explained in section 2.3.2, using the energy criterion,
the energy percentage of each of the eight signal compo-
nents decomposed in the third level is obtained. Each com-
ponent has a specific frequency range depending on the
level of decomposition at which it is located and whether
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Table 10. The percentage of damage mechanisms obtained using WPT.

Fiber/matrix debonding Fiber breakage

Sample type

Percentage of damage mechanism (%) Matrix cracking
Progressive damage mode 19.64
Catastrophic damage mode 71.17

25.25
6.433

55.11
22397

the component is a high frequency or low frequency. By
using the power spectrum analysis in the Fast Fourier
Transform (FFT) approach, the decomposition of each of
these components was carried out [18]. In Figure 15, the
frequency range of each of the eight components was
shown. According to the frequency range of eight compo-
nents resulting from the decomposition of AE signals as
well as the frequency range of matrix crack, fiber-matrix
separation, and fiber breakage, the first and second compo-
nents were dedicated to matrix cracking. Also, the third
component and fourth, fifth, and sixth components were
assigned to the separation between plies from the matrix
and fiber breakage, respectively. Then, the energy percentage
of each decomposed component was calculated using the
energy criterion [18], and the percentage of each failure
mechanism in the composite tube was obtained, as pre-
sented in Table 10. For the catastrophic failure mode, the
dominant mechanism of failure seems matrix cracking. As
the change of mode state to progressive damage, the fiber
breakage and fiber-matrix debonding percentage increases,
and the matrix cracking percentage decreases. It seems that
the best energy absorption in a structure is controlled by the
fiber/matrix debonding, delamination, and fiber breakage. In
other words, a structure that has high energy absorption
should generally absorb a large percentage of energy by
these two failure mechanisms. In other words, other damage
mechanisms frequently cause a sharp drop in the force-dis-
placement curves and are not considered favorable for
energy absorption. As shown in Table 10, the WPT results
confirm the above proposition.

5. Conclusion

In this research, the crashworthiness characteristics and the
involved failure mechanisms of two types of FW composite
tubes subjected to quasi-static axial compression were
assessed through experimental testing, AE monitoring, and
numerical simulation. The WPT approach together with an
unsupervised pattern recognition method was used to clas-
sify and process the AE signals and estimate the contribu-
tion of damage mechanisms, dominant failure mechanisms,
and their relationship with the type of failure modes.
Furthermore, a FE model of 3D FW composite tubes with
the help of the embedded region method and the volume
fraction of fibers was proposed to analyze the crashworthi-
ness characteristics and damage behavior of the composite
tubes. The results obtained from this research study are
summarized below:

1. To use the full potential of FW composite tubes one
must be able to set the stiffness and buckling perform-
ance using suitable design parameterization to better

exploit crashworthy characteristics and postpone buck-
ling, as shown here.

2. Analysis of the damage patterns, and the displacement
and strain fields of DIC, indicated that mode II com-
posite tubes are dominated by local buckling, which led
to longitudinal crack propagation due to the plastic
deformation. Whereas in mode I composite tubes ply
bending happened and subsequently reached material
failure mainly due to matrix cracking, delamination,
debonding, and fiber breakage.

3. By changing the failure mode from catastrophic failure
to progressive damage mode, the fiber/matrix separation
and the fiber breakage increases, and the contribution
percentage of matrix cracking decreases. The evaluation
of failure mechanisms indicated that the cause for the
large drop in the load at catastrophic mode is mainly
the propagation of the matrix cracking in the fibers’ dir-
ection. Therefore, the catastrophic mode will absorb a
lower amount of energy.

4. In the progressive failure mode, both fiber/matrix
debonding (50-81dB) and delamination (61-93dB)
occur simultaneously, but in the catastrophic failure
mode, the delamination seems negligible and the fiber/-
matrix debonding (<73) factor prevails.

5. Synchronous examination of mechanical and the AE
results showed that the response of two types of failure
modes (mode I and mode II) to the loading includes
five zones so that each load drop in the experimental
curves was related to considerable released energy of
AE signals.

6. The specific energy absorption values of FW composite
tubes for the progressive failure mode (7.47 J/g) were
about 2.5 times of catastrophic ones (2.91 J/g).

7. It seems that a quantitative assessment of each failure
mechanism can be of great help to improve the crash-
worthiness efficiency of the structure by controlling the
content of each damage.

8. It was found that the FE model can effectively predict
the mechanical response and damage morphology of
the composite tubes.
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