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Abstract

Natural fibers, such as coir, have gained significant attention as reinforcements in composite materials due to their
sustainability and cost-effectiveness. This study numerically investigates the mechanical behavior of coir
fiber/epoxy composite laminates subjected to low velocity loading using finite element analysis (FEA) with the
explicit dynamic solver in ABAQUS. Also, cohesive zone model (CZM) is employed to capture delamination
initiation and propagation at ply interfaces, while the 3D Hashin-Rotem failure criterion is used to predict matrix
cracking. Various ply configurations were examined to assess their impact resistance, focusing on energy
absorption, delamination, and matrix cracking under impact loading. Results show that ply orientation
significantly affects energy dissipation, with certain configurations demonstrating improved impact resistance due
to better stress distribution and reduced delamination. The findings provide insight into the design of natural fiber
composites for applications requiring robust impact resistance.

Keywords: Coir Fiber Composites, Low-Velocity Impact, 3D Hashin-Rotem Failure Criterion, Energy
Absorption, Ply Orientation.

1. INTRODUCTION

The increasing demand for sustainable and eco-friendly materials in various industries has
driven the exploration of natural fiber-reinforced composites as alternatives to conventional
synthetic materials. Among these natural fibers, coir (derived from the husk of coconuts) has
garnered attention due to its abundance, biodegradability, and favorable mechanical properties
such as toughness, high lignin content, and resistance to microbial attacks. Coir fiber-reinforced
composites, when combined with polymer matrices like epoxy, offer promising potential in
structural applications, especially where environmental concerns are paramount[1] One critical
area of application for fiber-reinforced composites is in structures subjected to dynamic or
impact loading. Low-velocity impacts, such as those caused by tool drops or collisions, can
induce significant internal damage in composites, often without visible surface deformation [2,
3]. The damage mechanisms in composites under impact include matrix cracking,
delamination, and fiber breakage, all of which reduce the structural integrity of the material
[4]. While considerable research has been conducted on synthetic fiber-reinforced composites
like carbon and glass fibers, studies focusing on the impact behavior of natural fiber-reinforced
composites, particularly coir, are still limited. Low-velocity impacts, such as accidental drops,
pose a significant challenge to composite materials, often leading to internal damage such as
matrix cracking, fiber breakage, and delamination [5] Delamination, in particular, is a critical
failure mode that can significantly reduce the structural integrity of composite laminates.
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Understanding the coir fiber/epoxy laminates respond to such impact conditions is critical for
design optimization in automotive, aerospace, and manufacturing industries as well as sporting
equipment. Most existing research on natural fiber composites [6-10] focuses on static
mechanical properties such as tensile strength, flexural behavior, and thermal stability.
However, the response of coir fiber composites to simulate impact loading, particularly on
angle-ply configurations, remains underexplored. In this paper, a numerical approach is used
to analyze the impact behavior and damage mechanism of coir fiber/epoxy composite laminates
under low-velocity impact.

2. MODEL DEVELOPMENT
2.1 Intra-laminar damage

In the study, intra-laminar damage is envisaged to occur, and accordingly, constitutive laws are
required to trigger damage initiation and propagation. The failure modes are established and
executed in ABAQUS/Explicit solver through the user-defined material subroutine. Thus, 3D
Hashin-Rotem failure criterion in reference [11, 12] is adopted to simulate intra-layer fiber and
matrix failures, and described as follows:
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Where o, 0,,0;are the normal stresses in longitudinal, transverse, and thickness directions,
respectively. 7,,,73, 7,3 Show respective shear stresses (in-plane, out-of-plane, and through-

thickness directions). X;, X,,Y;, Y, Are the respective strengths (fiber longitudinal tensile, fiber
longitudinal compressive, matrix transverse tensile, matrix transverse compressive).
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S1,, 553, 5,3 Denote allowable shear strengths (in-plane, out-of-plane, and through-thickness)
directions, respectively.
2.2 Inter-laminar damage

Inter-laminar damage in stiffened composite panel is very complex phenomenon during
initiation and growth regimes; consequently, cohesive zone model is established via integrated
mixed-mode criterion to stimulate the damage initiation threshold. A cohesive interface model
based on quadratic strain interaction criterion (Eq. 5) is employed as defined in reference [13].

B

oY, &2 and & denote the normal and shear direction of contact separation peak values, with
corresponding &, , &, and J,separation mode displacements. To describe the normal and shear

separation damage evolution along the interface, an effective separation &, is incorporated
into the model as expressed below;

G = (6, +62 45 (6)

Delamination growth under mixed mode loading based on B-K energy fracture criterion
detailed in reference [13] is used.

G =Gs+(Gs—Gs)(—§§j§ﬁ j )

The normal and shear critical fracture energy in Eq. 7 is represented by G;, GSandG/,
respectively, G° denotes fracture energy of delamination, with 77 as cohesive coefficient.

FORTRAN pre-compiler code involving these constraint equations is written and executed into
the commercial explicit finite element software ABAQUS 2020 version through a user-coded
material subroutine [14].

3. FINITE ELEMENT MODEL
3.1 Structural Parameters and Boundary Conditions

The numerical simulation was conducted using the commercial finite element software
ABAQUS/explicit solver to model the low-velocity impact on coir/epoxy composite laminates.
The composite laminate was modeled as a multilayer structure, with a thickness of 3 mm and
diameter of 112 mm. The laminate consisted of four plies with varying fiber orientations:
[0°/45°/-45°/90°], [30°/60°/-60°/120°], and [15°/45°/-45°/75°]. A low velocity impactor of
mass 2 kg was dropped from a height of 1 m to achieve an impact energy of 19.62 J. The
impactor was modelled as a rigid body, and contact between the impactor and the composite

@ 80|V 20.101



Seybeld

REPORT

ISSN 1533-9211 DOI: 10.5281/zenodo.14598815

laminate was defined using a penalty contact algorithm with frictionless conditions.
Constrained boundary conditions are fully apportioned along the circumference of the
composite plate, with all DOFs restrained to zero to mimic experimental setup.

3.2 Element Size

The spherical impactor was meshed by the four-node rigid shell element (R3D4). In order to
accurately resolve the strain gradients at the impact zone, a fine mesh of element size 0.5 mm?
was used in the central patch surrounding the impact point. A fine mesh was generated using
C3D8R hexahedral elements (8-node linear brick, reduced integration, and hourglass control)
to model the composite laminate, and traction separation cohesive elements (COH3D8) of zero-
thickness is also introduced between layers with different ply configurations to discretize the
interface for debonding activation. The quadratic strain interaction criterion and B-K energy
fracture law are used to predict damage initiation and propagation, whiles stress-based 3D
Hashin-Rotem failure criterion is adopted for intra-laminar damage together with a continuum
damage mechanics available in ABAQUS/Explicit software. A relative fine element mesh of
0.1 mm x 0.1 mm is applied on the impact location on the laminate. The mesh size was refined
in the impact zone to ensure accurate capture of stress gradients; and failed interface elements
were allowed to remain in the model to circumvent penetration of damage layers using an
element option in ABAQUS/Explicit platform. A total number of 87640 solid elements, 79276
cohesive elements and 231420 nodes were applied for the simulation. Fig. 1 shows the finite
element mesh of the spherical impactor and the laminated composite plate.
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Figure 1: FE model of coir/epoxy composite laminate
3.3 Contact and Material Properties

The interaction between the analytical rigid impactor and composite plate is actuated by
surface-to-surface contact pairs within ABAQUS/Explicit platform with penalty enforcement
contact method [15], and is applied to avoid arbitrary penetration. The material properties and
cohesive parameters obtained from literature [16, 17] are listed in Table 1.
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Table 1: Material properties and cohesive parameters used in the model analysis
Density 1350 kg/m?®

i ; E11=6 GPa; Ex = E33=3 GPa; v12 = vi3=0.057; v23= 0.36
Laminate Flastic properties G12= G13=1.15 GPa; G23=4.7 GPa
Strength Xi=0.98 GPa; Xc =10 GPa; Y= 0.044 GPa; Y.= 0.285 GPa;
’ S12= 0.0606 MPa; S13= 0.0606 GPa; Sp3 = 0.022 GPa
Cohesive Elastic properties Kn = 4.16x10°%; K, = Ky = 7.041x10% N/mm3
element | Strength Oy =60 MPa; 5, =&, =90 MPa
Fracture energy Gic = 1200 N/mZ; Gyic = Gyiic = 3000 N/m%; 1 =2

3.4 Computational Procedure

The formulated constitutive model is executed in the material user subroutine compiled in
FORTRAN, and linked with the commercial finite element solver in ABAQUS/Explicit. The
diagram in Fig. 2 shows the computational flow process of the model. Throughout the
computational process, ABAQUS/Explicit transfers information of strain increment to the
subroutine (material properties, strain increment of the current increment step, time increment
size as well as the state variables of the previous increment step such as strain and damage).
When the material variables are entered and the failure benchmark is fulfilled, the
homogenized-material properties reduction is performed to update the failed variables. The
stresses/strains at the integration points of the elements are updated by the reduced stiffness
matrix. The updated variables returned to ABAQUS/Explicit for next step of analysis to
commence.
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Figure 2: Flow diagram of computational impact process
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4. RESULTS AND DISCUSSION

The numerical results are discussed to validate the applicability of the model. The impact tests
were conducted on angle-ply coir fiber composite laminates with varying ply orientations,
specifically [0°/45°/-45°/90°], [30°/60°/-60°/120°], and [15°/45°/-45°/75°] using impact
energies ranged from 10 J to 40 J. This study focuses on the impact resistance and damage
modes of coir fiber/epoxy composite laminates subjected to low velocity loading compared
with the experimental data obtained from references.

4.1 Validation of Coir Fiber/Epoxy Composite Laminate

Numerical result obtained from the coir angle-ply of stacking sequence [0/45/-45/90] with
initial velocity 0.2 m/s was applied to authenticate the applicability of the proposed model. In
this model verification, two impact tests were performed; firstly, cohesive interface elements
were introduced at each interface of fiber direction, thus, interfaces (1-3). During the
examination, damage was found in all the three interfaces.

Additionally, numerical simulation and experimental test force as a variable of time was
compared as shown in Fig. 3, and observably, simulation results and empirical findings were
found to be in better accord with insignificant marginal model variance of 0.06, 3.2 and 3.7 %
corresponding to impact energy levels of 3.14 6.28 and 15.7 J, respectively. The discrepancy
may arise due to approximation of the failure criteria in the model.

In Figs. 2(a-c), maximum impact load of 1277, 1783 and 1786 were predicted for the three
ascending energy regimes with corresponding impact energy levels, which agrees excellently
with observation test values of 1265, 1841 and 1855 N, respectively.

Thus, the force-time curves from the simulation closely matched the experimental data, with a
correlation coefficient of 0.95, validating the accuracy of the numerical models.
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Figure 3: Impact force-time curves under different impact energy levels (a) 3.14 J (b)
6.28 J (d) (c) 15.7J
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4.2 Structural Response
4.2.1 Force-displacement analysis

Figure 4 shows the force-displacement curves for angle-ply coir fiber composite laminates
under low-velocity impact loading provide critical insights into the material's impact
behaviour. The three configurations analyzed exhibit distinct characteristics in response to
impact test, as reflected in the plotted curves. Numerical result on [0°/45°/-45°/90°] laminate
exhibited the highest peak force of 2500 N, followed by the [30°/60°/-60°/120°] laminate of
1650 N, and the [15°/45°/-45°/75°] laminate of 1800 N at 20 J. The force-displacement curves
indicated that angle-ply laminates with higher angular orientations, thus, 45° absorbed more
energy before failure compared to lower angles. This suggests that more uniform fiber
orientations lead to better load distribution across the laminate, reducing stress concentrations
and delaying failure initiation[18]
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Figure 4: Force against Displacement for Angle-ply Coir Fiber Composite Laminates at
20 J Impact level

Again, the [0°/45°/-45°/90°] configuration absorbed more impact energy due to the more
effective load transfer between the plies. In contrast, the [15°/45°/-45°/75°] laminate exhibited
earlier onset of damage, followed with [30°/60°/-60°/120°] as indicated by the faster decline
in the force-displacement curve after peak loading (Fig. 4).

4.2.2 Energy Absorption Rate

Energy absorption curves for the laminates revealed that the [0°/45°/-45°/90°] configuration
could absorb 20% and 40 % more energy before the onset of significant damage compared to
the [30°/60°/-60°/120°] and [15°/45°/-45°/75°] laminates, respectively. The cohesive zone
model (CZM) used to simulate delamination showed that delamination initiated at lower energy
levels in the [15°/45°/-45°/75°] configuration, particularly at the interfaces between 15° and
45° plies (Fig. 5).
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Figure 5: Absorption Energy with Time for Angle-ply Coir Fiber Composite Laminates

at 20 J Impact Level

In all configurations, delamination was most severe at the ply interfaces with the largest angular
differences. This aligns with previous studies indicating that larger angular discrepancies
between fiber orientations increase interlaminar shear stresses, promoting delamination [19].

4.3 Damage Mechanisms
4.3.1 Matrix Cracking and Fiber Breakage

45°/-45°/90°]

Layer-1 (0°)

Layer-2 (45°)

Layer-3 (-45°)

Layer-4 (90°)

[30°/60°/-
60°/120°]
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Layer-2 (60°)

Layer-3 (60°)

Layer-4 (120°)

[15°/45°)-
45°/75°]

Layer-1 (15°)

Layer-2 (45°)

Layer-3 (-45°)
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Figure 6: Matrix cracking at different configuration under impact energy level of 3.14 J
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Matrix cracking occurred first in the 45° plies for the two configurations. However, in the
[30°/60°/-60°/120°] laminate, cracking was more severe and propagated faster through the
thickness (Fig. 6). Fiber breakage was most prominent in the 0° and 90° plies in laminates with
the [0°/45°/-45°/90°] showing delayed fiber rupture compared to the [30°/60°/-60°/120°]
configuration [20].

4.3.2 Cohesive Element Damage (CSDMG)

Delamination initiation and propagation are visualized in Fig. 7 using the CSDMG variable for
cohesive elements. Delamination is most pronounced at the interfaces between plies with the
largest angular differences, particularly between 0°/45° interface, reflecting the role of
interlaminar shear stress in delamination initiation. The damage modes in angle-ply coir fiber
laminates vary significantly with ply orientation and energy levels. At low energy levels, matrix
cracking is the predominant mode of damage, with delamination and fiber breakage becoming
more pronounced as the energy increases. Laminates with higher ply angles [30°/60°/-
60°/120°] are more prone to delamination, while those with lower angles [15°/45°/-45°/75°]
experience earlier fiber breakage under high impact loads. The red zones in the contour plots
indicate where delamination has fully developed, leading to the separation of adjacent plies
[21].

[0°/45°/-45°/90°]

Interface 1 (0/45) Interface 2 (45/-45) Interface 3 (-45/90)

[30°/60°/60°/120°]

Interface 1 (30/60) Interface 2 (60/60) Interface 3 (60/120)

[15°/45°/-45°/75°]

Interface 1 (15/45) Interface 2 (45/-45) Interface 3 (-45/75)

Figure 7: Delamination damage at different stacking sequence of typical interfaces
subjected to 15.7 J impact energy level
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Table 2: Damage Areas for laminates and interfaces at 25 J impact energy threshold

Ply Orientation Major delamination interface Damage area (m?)
[0°/45°/-45°/90°] 45°/-45° 0.0020
[30°/60°/-60°/120°] 30°/-60° 0.0025
[15°/45°/-45°/75°] 45°/75° 0.0030

As seen in Table 2, the damage area also varies significantly depending on the ply orientation.
The [0°/45°/-45°/90°] laminate at same impact energy level, exhibited the smallest damage
area compared to the [30°/60°/-60°/120°]. The [15°/45°/-45°/75°] configuration, in contrast,
exhibited the largest damage area, reflecting its susceptibility to early failure due to less
efficient stress distribution. This suggests that the [0°/45°/-45°/90°] configuration offers better
protection against delamination and matrix cracking due to its superior stress distribution. The
major delamination interfaces occur at plies with high angular differences, thus, 45°/-45° and
30°/60°, where the interlaminar shear stresses are highest. As impact energy increases, the
damaged area expands, such as [15°/45°/-45°/75°] laminate exhibits the largest damage area
for the same energy level, suggesting a lower resistance to delamination and matrix cracking
than the [0°/45°/-45°/90°] laminate. The major delamination interfaces occurred at plies with
significant angular differences, leading to higher interlaminar shear stresses indicating the
onset of superior damage threshold [22].

CONCLUSION

This study used finite element analysis to investigate the low-velocity impact behavior of coir
fiber/epoxy composite laminates, highlighting the influence of ply orientation on the material's
impact performance. The results showed that ply orientation significantly affect the impact
resistance, energy absorption, and failure mechanisms of the laminates. The [0°/45°/-45°/90°]
configuration exhibited superior impact resistance due to more efficient stress distribution and
reduced delamination. Matrix cracking and delamination were successfully captured using the
Hashin-Rotem failure criterion and cohesive zone modeling, respectively. The use of cohesive
zone modeling and transverse tensile stress contours provided valuable insights into the
damage progression in these laminates, highlighting their potential for impact-critical
applications. These findings contribute to the optimization of natural fiber composites for
impact-sensitive applications.
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