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Abstract Composite materials are widely used in
applications subjected to low, medium, and high loading
frequencies. The viscoelastic behavior of these materials
can significantly impact their performance and behavior
under different loading conditions. As a result, it is
important to carefully study the viscoelastic behavior of
composite materials to design structures that can
effectively withstand vibration or time-varying loads. This
study investigated the static elastic, vibratory, and
viscoelastic behavior of composite materials made from
Carbon/Epoxy and PMMA/Natural Alfa fibers using both
analytical and numerical approaches. The laminates
studied included an asymmetrical laminate and an
antisymmetrical laminate, both with a thickness of 2mm
and composed of 9 plies. Stresses and strains were
calculated for each ply and the overall composite plate. The
study showed that the numerical finite element models
produced results that agreed with the analytical models.
The modal analysis revealed that the first frequency of the
symmetrical composite [0/+45/-45/60/0/60/-45/+45/0] was
4.16Hz, which was higher than the first frequency of the
antisymmetrical composite (2.61Hz) made from
Carbon/Epoxy60% fibers. In terms of the viscoelastic
behavior, the relaxation test of a 2mm plate showed that the
stresses in the Carbon/Epoxy60% composite were

stabilized quickly, while it took 20 minutes for the stresses
of Alfa/lPMMA45% composite plates. Alfa/PMMA45%
can be a candidate for civil applications.

Keywords Composites, Viscoelasticity, Vibration,
Alfa/PMMA45% Composite, Carbon/Epoxy60%
Composite

1. Introduction

Composite materials, which are composed of a
combination of different types of fibers, have a wide range
of applications in various fields, such as crash and safety
[1], [2], civil engineering [3]-[5], and biomechanics [6]—
[8]. Researchers in Tunisia have been investigating using
natural fibers [9]-[14], including palm [15] and cellulosic
fibers [16]-[18], in composite materials to utilize local
resources and promote sustainability. The current study
examines the static, vibratory [19], and relaxation behavior
of Alfa/lPMMA45% composite materials made of Alfa
natural fibers and PMMA resin. Composite materials have
gained popularity due to their high strength-to-weight ratio
and the ability to tailor their mechanical properties by
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selecting different fiber and matrix materials [20]. The
fibers provide strength and stiffness, while the matrix holds
the fibers in place and transfers load between them. There
are two main categories of composite materials: those
made from natural fibers [21], [22], which are derived from
plants and animals, and those made from synthetic fibers,
which are created from manufactured polymers [20], [23].
Natural fibers are generally less expensive and more
widely available, but they may not be as strong or uniform
as synthetic fibers. Synthetic fibers, on the other hand,
offer greater strength and stability but can be more
expensive to produce.

Analyzing composite materials is crucial in
understanding their properties and potential applications.
One common approach is to experimentally determining
the properties of individual fibers or laminates rather than
using a micromechanical approach [24], [25]. However,
this experimental method has limitations as any changes to
the constituents or fiber volume fraction during the design
process invalidate the material data and require a new set of
experiments. A more reliable method is to calculate the
elastic properties of the composite using micromechanics
formulas, which take into account the properties of the
individual fibers and matrix [26]. This allows for the
design of composite materials with specific properties
without the need for extensive experimental testing. The
current study's experimental work will validate a final
version of the composite material during the prototyping
phase. This is an important step in the development process
as it allows for the confirmation of the material's properties
and the optimization of its performance. Using
micromechanics [27] formulas and experimental testing, it
is possible to accurately predict the behavior of the
composite material and ensure its suitability for the
intended application [28].

In the analysis of composite materials, it is often

necessary to consider the properties of individual fibers or
laminates. However, in some cases, it may be sufficient to
only consider the overall properties of the composite on the
macro scale [29], [30], and at the laminate level. This is
particularly true for deflection, modal, or buckling analyses
that do not require detailed stress analysis. In these cases, it
is not necessary to specify the laminate stacking sequence,
thickness, and elastic properties of each layer, as only the
overall elastic properties of the laminate are needed. This
approach is convenient for the design process as it reduces
the complexity of the input data, allowing for the modeling
of laminates with an unlimited number of layers using only
constitutive matrices. By limiting the number of
parameters required to describe the composite material, it
is possible to more easily predict the behavior of the
laminate and optimize its performance. Additionally, this
approach allows for a more streamlined design process, as
fewer parameters need to be considered and analyzed.

2. Materials and Methods

Materials

The material properties of the matrix and fibers used in
calculating the composite material's properties are listed in
TABLE 1. These properties are obtained from references
[31] and [32] for the Carbon/Epoxy60% ply and
Alfa/PMMA45% ply, respectively. It is important to
accurately determine the material properties of the matrix
and fibers to predict the behavior and performance of the
composite material accurately. Using the material
properties listed in TABLE 1, it is possible to accurately
model the composite and optimize its design for the
intended application.

Table 1. Fibers and composites ply mechanical properties
EL(GPa) ET(GPa) VLT GLT(Mpa) KL(Mpa) GTT’(Mpa)
Epoxy [33] 3,00 - 0,35 - - -
Alfa Natural Fiber [34] 18,40 - 0,32 - - -
Carbon HR [31] 260,00 260,00 0,32 98,48 - -
Carbon/Epoxy60% [31] 157,40 11,90 0,32 5,06 10,02 4,27
Alfa/PMMA45% [32] 9,92 6,17 0,38 2,27 4,49 1,91
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Analytical model development

The behavior of a laminate, a composite material made
up of layers of fibers and matrix, can be described by a
relation between the external forces (N and M) and the
internal deformation (y and y). This relation is represented
by equation 1, which describes how the laminate responds
to external forces and deforms in response. Understanding
this relationship is important for predicting the
performance and behavior of the laminate under different
loading conditions. By accurately modeling the relation
between external forces and internal deformation, it is
possible to optimize the design of the laminate for a
specific application and ensure its suitability for the

intended use.
() =15 olG) m

The stiffness of a laminate, a composite material made
up of layers of fibers and matrix, can be described by a
matrix with various components representing different
types of stiffness. Matrix A represents the stiffness in the
laminate plane, while matrix D represents the bending
stiffness. Matrix B represents the coupling between
bending and extension, and matrix H represents the
inter-laminar shear stiffness. These matrix components can
be determined using equation 2, which considers the
position of the ply (hk).

Understanding the stiffness of a laminate is important
for predicting its behavior and performance under different
loading conditions. By accurately modeling the stiffness of
the laminate using the matrix components described above,
it is possible to optimize the design of the composite
material for a specific application and ensure its suitability
for the intended use.
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Qjj, expressed in equation 3, is the reduced stiffness
constants expressed in the principal axes as a function of
the elastic moduli of the composite ply indicated in
TABLE 1.
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Laminate models

The current study considers a composite material
consisting of unidirectional Carbon/Epoxy60% and
Alfa/PMMA45% fibers, with thin squares of dimensions
ax=ay=100 mm. The total thickness of the laminate is 2
mm, with each ply having a thickness of 0.22 mm (as
shown in FIGURE 1). The laminate comprises 9 plies in a
symmetrical configuration [0/+45/-45/60/0/60/-45/+45/0]
for the first composite and an antisymmetric configuration
[0/+45/-45/60/0/-60/45/-45/0] for the second composite.

The use of composite materials is becoming increasingly
common due to their high strength-to-weight ratio and the
ability to tailor their mechanical properties by selecting
different fiber and matrix materials. In this study, the
unidirectional Carbon/Epoxy60% and Alfa/PMMA45%
fibers were chosen for their specific properties, and the
way they were arranged in the laminate affects the overall
behavior and performance of the composite material. By
carefully selecting the fibers and their arrangement, it is
possible to optimize the design of the composite for a
specific application and ensure its suitability for the
intended use.

mid-surface 3

Figure 1. Section of multilayer laminated plate
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Finite elements model

There are several ways to specify the properties of a
composite laminate, including using the -constitutive
matrices A, B, D, and H, defining the stiffness matrix C or
specifying the Laminate Stacking Sequence (LSS) and
properties for each layer of the laminate. When the
laminate constituent matrices A, B, D, and H are used, the
finite element shell element cannot differentiate between
different laminate layers. Instead, it can only relate
generalized forces and moments to generalized
deformations and curvatures. In contrast, layered shell
elements can compute the properties of the laminate using
the LSS and the properties of each layer. The method used
to specify the properties of a composite laminate can
significantly impact the analysis's accuracy and efficiency.
In some cases, using the constitutive matrices may be more
appropriate, while in others, the LSS and individual layer
properties may be more suitable. Careful consideration
should be given to the appropriate method based on the
analysis's specific requirements and goals.

The use of matrices A, B, D, and H to define the finite
element analysis of a composite laminate allows for the
accurate calculation of the material's stiffness but does not
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provide information about the Laminate Stacking
Sequence (LSS). As a result, the finite element model (as
shown in FIGURE 2) can accurately predict the strain
response of the laminate, including buckling and vibration,
as well as the strain distribution through the thickness of
the shell. However, it cannot calculate the composite's
stress properties.

To accurately determine the strain and stress at the
mesoscale lamina level, it is necessary to have a detailed
description of the laminate and the properties of each layer.
This requires a more in-depth analysis that considers the
individual layers of the laminate and how they interact with
one another. By understanding the properties of each layer
and how they contribute to the overall behavior of the
composite, it is possible to more accurately predict the
performance of the laminate under different loading
conditions.

The description of the multidirectional laminate includes
the laminate stacking sequence (LSS), which specifies
each lamina's angle concerning the laminate's x-axis,
thickness, and elastic material properties of each lamina.
This way, the software can calculate the stress components
in each layer.

Sat Clec0212:24:09 Pans, Madrid 201

Figure 2. Finite element model of the 2 mm plate
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Viscoelasticity/relaxation properties

The plate defined above undergoes an imposed
displacement along x equal to 10 mm. The
Carbon/Epoxy60% composite has the following Maxwell
viscous-elastic model properties:
® 21=0,999/kl=0,999/1t=>58,424 min.

The Alfa’lPMMA45% composite, is isotropic with
properties EO = 9912 MPa and v23 = 0.279 and has the
following Maxwell viscous-elastic model coefficients:

® ¢1=0,165/kl=0,165/11 =6.12 e-3 min;
® 02=0,626/k2=0,626/12=1.79 e-1 min;
® 03=0,207/k3=0,207/13 =2.67 min.

Initial displacement is applied over a short period of 1
min using automatic incrementation. Then, a second step is
implemented to calculate the relaxation over 250 min with
fixed intervals to facilitate the interpretation of the data.

3. Results

The results of the numerical finite element models were
in good agreement with the analytical models, with only
minor differences observed. For example, the deformation
along the x-axis was determined to be 8.11e-3 using the
analytical model and 8.16e-3 using the finite element
model for the symmetric laminate made from
Carbon/Epoxy60% composite plies.

The modal frequencies for the two composite laminates
are listed in TABLE 2. The modal analysis results show
that the symmetrical composite's first frequency
[0/+45/-45/60/0/60/-45/+45/0] is 4.16Hz, which is higher
than the first frequency of the antisymmetrical composite,
which is 2.61Hz and made from Carbon/Epoxy60% fibers.
These results demonstrate the importance of the Laminate
Stacking Sequence (LSS) in determining the overall
behavior and performance of the composite material. By
carefully selecting the LSS, it is possible to optimize the
design of the composite for specific applications and
ensure its suitability for the intended use.

Table 2. Modal frequencies of symmetric composite plates

Anti-symmetric Carbon/Epoxy60% (Hz)

Symmetric Carbon/Epoxy60% (Hz)

Mode 1 2.6163 4.1672
Mode 2 6.7977 15.059
Mode 3 16.846 17.392
Mode 4 21.226 32.783
Mode 5 23.335 37.507
Mode 6 29.844 41.445
Mode 7 32.560 56.642
Mode 8 42.755 63.687
Mode 9 54.281 69.957
Mode 10 57.801 77.292

Relaxation curves are indicated in Figure 3.
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4. Discussion

The visco-elastic behavior of composite materials, as
shown in FIGURE 3, reveals that the stresses in the
Carbon/Epoxy60% composite stabilize within 5 minutes,
while it takes 20 minutes for the stresses in the
Alfa/PMMAA45% composite to stabilize. These results
suggest that for applications where the loading varies
within a time frame of less than 20 minutes, the effect of
viscoelasticity should not be neglected when designing
with the Epoxy/Alfa45% composite plates.

Viscoelastic materials exhibit both viscous and elastic
behaviors, with the relative importance of each varying
depending on the time scale of the loading. For composite
materials, the viscoelastic behavior can significantly
impact the overall performance and behavior of the
material, particularly under dynamic loading conditions.
Therefore, it is important to consider the viscoelastic
behavior of the composite when designing for specific
applications to ensure that the material is suitable for the
intended use.

5. Conclusions

This study on the viscoelasticity of thin composite plates
with a thickness of 2 mm has shown that natural fiber
composites are suitable for applications where forces are
applied slowly. These materials exhibit both viscous and
elastic behaviors, with the relative importance of each
varying depending on the time scale of the loading. When
forces are applied slowly, the elastic behavior becomes
more pronounced, and the material can return to its original
shape after removing the load.

Using natural fibers in composite materials offers
several advantages over synthetic fibers, including lower
cost, good mechanical properties, and improved
environmental sustainability. However, it is important to
carefully consider the specific application and loading
conditions when selecting a composite material to ensure
that it is suitable for the intended use. Natural fiber
composites may be a suitable choice in cases where forces
are applied slowly due to their viscoelastic behavior.
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