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Abstract. This paper aims to determining the wave velocity characteristics for kenaf fibre
reinforced composite (KFC) and it includes both experimental and simulation results. Lead
zirconate titanate (PZT) sensor were proposed to be positioned to corresponding locations on the
panel. In order to demonstrate the wave velocity, an impacts was introduced onto the panel. It is
based on a classical sensor triangulation methodology, combines with experimental strain wave
velocity analysis. Then the simulation was designed to replicate panel used in the experimental
impacts test. This simulation was carried out using ABAQUS. It was shown that the wave
velocity propagates faster in the finite element simulation. Although the experimental strain
wave velocity and finite element simulation results do not match exactly, the shape of both waves
is similar.

1. Introduction
In recent years, there has been an environmental awareness focused the attention to use the natural fibres
as reinforcements for the polymeric matrix due to the environmental advantages. Global warming have
initiated a considerable interest in using natural materials to produce green products and reduce carbon
dioxide emissions. So far studies on the properties of natural fibres based composites have been the
subject of a large number of papers and reviews, especially during the last decade [1-3]. The use of
composite materials in structural components has increased significantly in recent years by offering
potential benefits to the aerospace, automotive and marine industry. Despite the potential of natural
fibres, a special consideration is required on impact problems of natural fibre composites since these
material are brittle under dynamic loading particularly impact loading. The presence of this sort of
problem can severely degrade the mechanical properties of composite structures, and if it is not detected
in the incipient stage, it may result in a catastrophic failure of the structure. Therefore, numerous
experiments and simulation have been developed to better understand the mechanisms and mechanics
of impact damage in composite materials [4-8].

Recent investigation has demonstrated the use of sensor technologies in impact damage detection.
Here, sensors are employed to monitor the impact strain data. The energy of impacts is estimated, which
could provide substantial information related to impact severity. When these natural excitations are used
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instead of active excitations, the complexity of a deployed system decreases substantially by using
passive only sensors and data systems that listening to the structure during operation. The data collected
can be the processed using a number of methods.

Wildy et al. [9] investigated the the development of a new passive technique of on-line damage
detection based on the most fundamental concept which is called strain compatibility. The development
of this technique are implemented for a few typical situations of the development of crack damage in
plates such as notch, edge crack and point force. It was found that, the techniques can determine a
violation of these equations for a localized area, indicating the presence of cracks, voids and other types
of damage in the vicinity of the cluster.

Nemat et al. [10], performed an experimental and numerical studied to characterize the acoustic wave
propagation in thin glass/epoxy composites plates. Signal processing algorithms and a passive damage
diagnosis system based on AE techniques were proposed for continuously monitoring and assessing the
structural health of composite laminates. It can be concluded that the measured velocity agrees well with
the theoretical calculation as well as the experimental measurements.

Staszewski et al. [11] and Mahzan et al. [12], have demonstrated the feasibility of manipulating the
stress wave for passive damage detection approach. The results indicated that different materials
produced different wave propagations depending on the configuration of the composites. Tippman et al.
[13] demonstrated the ability of damage detection and localization using passively reconstructed
impulse response function. The results from experiments conducted on an aluminium plate and wind
turbine blade were validated with simulated damage results. It was found that the results show a
promising method that can detect damage by monitoring the reciprocity of the impulse response
functions.

Although a lot of researcher have investigated about the natural fibre and damage detection, however,
very limited findings have been reported available for information and data dealing with the impact
damage for natural fibre reinforced composite. Hence the aim of this paper is to investigate the behaviour
of wave velocity characteristic in kenaf fibre composite during impact events. The impact events on the
KFC eventually initiate the strain data, substantial for wave velocity characteristic. Then the simulation
is developed and implemented into finite element (FE) package ABAQUS/Explicit. The impact process
is simulated by FE and the wave velocity characteristic results are compared with the experiments.

2. Wave Velocity Characteristics

Theoretically, during an impact event, the structure is deflected and produced strain waves that
propagate outwards in all possible directions. For an isotropic material, it is expected that the wave
propagation is identical in all possible direction. However, for a natural fibre reinforced composite, that
categorized as an anisotropic material, the wave propagation is unknown. However, the wave velocity
characteristics can be estimated a priori for monitored composite structures using experimental analysis
for all possible angles of wave propagation.

Figure 1 demonstrates the schematic arrangement for modified multilateration procedure, as
reviewed in Staszewski et al. [11] and Mahzan et al. [12]. Three different sensors, e.g. P1, P> and P; were
used to ‘sense’ the strain wave resulted from an impact event. Three different angles, e.g. a1, oz and a3
have been randomly selected for wave propagation directions. For every transducer P; and assumed
wave propagation angle, the distance d; between the transducer and impact position can be calculated as

d, =vit. (i=1,2,3) €))
Where t; and v; are arrival times and velocities of the propagating strain waves, respectively. The

arrival times can be estimated from the experimental strain data for all transducers.
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Figure 1. Schematic sensor arrangement of modified triangulation for wave propagation direction
procedure [11]

3. Methodology

3.1 Sample preparation

The investigation employs the chopped kenaf fibres as the natural fibre and the epoxy as the resin matrix.
The dimensions of the KFC panel were 300 mm (L) X300 mm (W) and 3 mm thickness. The composites
with fibre loading 10% of volume fraction were fabricated using compression technique. The internal
surfaces of the mould were sprayed by a release agent in order to facilitate easy removal from the mould.
Initially, epoxy resin and hardener were mixed together with ratio 2:1 to form a matrix. Then the chopped
kenaf fibres and matrix was mixed together using a mixer for 10-20 minute to disperse fibres in the
matrix. The mixture was poured into the mould and closed before manual compression took place. The
sample was left to cure for about 24 hours at room temperature. Finally the panel was taken out of the
mould and post-cured in the air for another 24 hours.

3.2 Experimental set up

The test performed was the experimental analysis of passive impact strain waves in the KFC panel. The
objective was to obtain wave velocity characteristics based on the modified triangulation procedure,
prescribed in Figure 2. An impact hammer, as used for modal testing, was applied to produce impacts
on the KFC plate. The experiments were conducted on a laboratory, where the plate was positioned on
foam without any mechanical constraints.
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Figure 2. Schematic diagram for sensor placement on the KFC panel
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4. Finite element model and analysis

The finite element model was built in ABAQUS/Explicit. The model is develop for a simple three-
dimensional model of an impactor impacting a KFC panel. In this model the impactor is dropped onto
the panel, as illustrated in Figure 3. The objective of this investigation is to model/replicate simulation
from the experimental work. The material is modeled using certain assumptions such as the material
property for all the constituents are attributed as isotropic material for both volumes. The assumptions
used for this work have been gathered by the literature [14-16].

. Impactor

L..

Figure 3. FE impact modelling of the KFC panel
4.1 Material and Element Selection

The impactor is a cyclindrical of 17.4 mm diameter and the target is a rectangular KFC panel of 300
mm x 300 mm % 3 mm. The material properties for KFC panel are given in Table 1. The composite
panel was fabricated with kenaf fibres reinforcing an epoxy resin matrix. Due to undeformable of
impactor during experimental testing, the impactor projectiles mechanical properties for finite element
simulation is not determined and are considered as rigid body. All the properties of the materials for
simulation were obtained from the experimental data.

Table 1. Material properties of the KFC panel

Physical Properties KFC panel
Young Modulus (GPa) E=2.46
Yield stress (MPa) 28.32
Poisson’s ratio 0.25
Density (kg/m?) 1400

The KFC panel was used as a deformable solid using elements C3D8R with ‘reduce integration’, while
the projectile was modelled as an analytical rigid body using four node bilinear quadrilateral elements
(R3D4). This is due to the undeformable of projectile structure during experimental testing. The KFC
panel was uniformly meshed with rectangular elements.

4.2 Boundary and Loading Conditions

The square KFC panel, was simply supported at each corner, as illustrated in Figure 4. The
displacements of these four corner nodes were restricted only in the z-direction, in order to create a
similar condition to a free boundary condition. The projectile nose tip was assigned with a reference
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point (RP) moving only in the z-direction and assumed to have no rotation during impact. The initial
position of the projectile was such that the projectile would only travel to impact the KFC panel. Overall
the boundary conditions are also kept the same throughout all the experiments. The impact of a projectile
with a mass of 2.9g on a target was then simulated. The initial impact velocity was chosen from the
velocity value of which is close to the experiments work.

The thickness of the elements was equal to the thickness of the panel 3 mm. An adaptive mesh which
is consists the most refined mesh was applied to the models in the impact areas. Using adaptive mesh
will help to avoid error termination of the program due to excessive distortion occurred within the
elements.
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Figure 4. Boundary condition
5. Results and Discussion

A low-energy impacts were performed at the position of the panel (X=200 mm, Y=210.5). The
amplitude and its arrival time, ta, were analysed for each impact events. All the related data such as
strain data, energy, velocity, displacement were recorded each time for further analysis. Figure 5 depicts
an example of the strain wave recorded for sensor 1.

14

Figure 5. An example of a strain wave measurement obtained from FE model
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Figure 6 shows the arrival time as a function of the distance between impact position and sensor location.
The arrival time increase linearly with the impact position. The time of arrival is almost found similar
for all the sensors but the maximum amplitudes are different. The near the sensor with the impact
location the fastest arrival time and the higher amplitude. This is due to the fact that the energy of a
strain wave decays as it propagates away from the source of impact. So it will take a longer time for the
far impact position.

Lrmval L (2)

015

o k11 | 150 200
Distamce feom impact position (rm)

Figure 6. Arrival time versus wave propagation distance

For known distances between impact point and sensor positions, the wave velocity can be calculated,
provided the arrival time was estimated. The time of arrival was estimated at the time which first

maximum amplitude was obtained. The strain wave velocities were also analysed for various angles of
wave propagation in FE. The results, presented in Figure 7, demonstrate that the wave velocity changes

linearly from approximately 0.3 m/s for 0’ to 45 and decreased nonlinearly to the value 0.04 for 180 °.
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Figure 7. Wave velocity versus angle of wave propagation

Then, the amplitude normalisation was performed to match FE displacement amplitudes with
experimental voltage levels of the analysed strain waves. A zero-mean type of normalisation was used
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in this measurement. By using this type of normalisation, the mean of the transformed set of data points
is reduced to zero. The calculation of data normalisation is as follow

R =t )

O

Where X is the normalised data, x; is the i-th component of the original data, g and o, are the mean
and standard deviation of the original data respectively.

Figure 8 show the wave velocity characteristics comparison between experimental and FE for KFC.
Although the experimental strain waves and FE modeling results do not match exactly, the shape of both
waves is similar. The FE strain waves propagate faster than the experimentally measured strain waves.
This is acceptable for this research work due to the boundary conditions applied to the KFC panel in the
FE model could be different from those actually occurring in the experimental case. The difference
between the experimental and simulation wave velocity characteristics was calculated as Mean Square
Error (MSE) function. The MSE was defined as

MSE (W)=~ 37" (v -0 @

Where v, is estimated velocity value from experimental, v; is the simulated velocity value, of is the

standard deviation of the estimated velocity data from experimental and N is the number of experimental
velocity estimated. The MSE value for the result is 10.17 %.
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Figure 8. Strain wave velocity characteristics — comparison between the FE and experimental results

While Figure 9 (a) depicts the example of damage image from experimental work and Figure 9 (b) shows
FE simulation for impact force 600N. The pattern of the damage almost same. Since the size of damage
cannot be evaluated in the FE, so the comparison is just through the pattern of the damage only.
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(a) Experimental (b) FE simulation

Figure 9. Example of damage image obtained from experimental and FE simulation

CONCLUSIONS

The wave velocity characteristics for a KFC has been developed using experimental impact strain data
and ABAQUS simulated data. The pattern of the wave propagation of experimental and simulation
agreed well with the different less than 11%. Although a classical sensor triangulation method offer a
good solution but different natural fibre may produce different wave propagation depending on the
configuration of the fibres. Therefore, further investigation is needed such as using different type of
fibre and different type of fibre orientation in order to establish these methods. To date, only an
experimental study of damage severity for chopped fibre has currently been conducted.
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