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Abstract:

The paper focuses on modelling damage evolution in composite laminates under low-velocity impact,
specifically cross-ply configurations. A finite element model is developed to simulate interlaminar
delamination and assess the damage mechanisms under varying impact energy levels. The cohesive zone model
(CZM) is used to accurately capture delamination initiation and progression. It discusses the implementation
of damage models for intra- and inter-laminar mechanisms and the use of cohesive zone elements to simulate
matrix cracking and splitting. The results highlight the influence of fibre orientation, laminate stacking
sequence, and cohesive parameters on the energy absorption and damage propagation. This paper provides
valuable insights into the impact performance of bio-composites, aiding their implementation in lightweight
and sustainable structural applications.
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1. Introduction

The growing environmental concerns and the need for sustainable engineering solutions have led to significant
interest in natural fibre-reinforced polymer (NFRP) composites. Among the various natural fibres, sisal has gained
attention due to its high tensile strength, availability, and biodegradability. Sisal fibres, when combined with
polymer matrices such as epoxy, exhibit promising mechanical properties, making them suitable for lightweight
and environmentally friendly applications in automotive, aerospace, and construction industries[1-3]. Composite
laminates subjected to low-velocity impacts often experience significant damage, including delamination, matrix
cracking, and fibre breakage. Such damage mechanisms can degrade structural integrity and reliability. Therefore,
understanding the impact behavior of NFRP laminates is crucial. Numerical methods, particularly finite element
analysis (FEA), have emerged as powerful tools for studying impact responses in composite materials. Recent
advancements in cohesive zone models (CZM) have enhanced the ability to simulate delamination accurately [4].
In NFRP composites, the incorporation of natural fibres into such configurations has shown potential for structural
applications, particularly in automotive, aerospace, and civil engineering sectors.

However, one of the critical challenges in composite laminate structures is their susceptibility to interlaminar
damage, such as delamination, when subjected to out-of-plane loading. Low-velocity impact events, such as tool
drops or debris impacts, can cause significant internal damage that is often not visible on the surface but can
severely degrade the structural integrity of the material. Understanding and predicting the damage mechanisms in
NFRP laminates under such loading conditions are essential for ensuring their safe and reliable application.

Numerical methods, particularly finite element analysis (FEA), have emerged as powerful tools for investigating
the mechanical behavior of composite materials. These methods enable researchers to simulate complex loading
scenarios, predict damage initiation and propagation, and optimize material designs. Among the various numerical
approaches, cohesive zone modeling (CZM) has proven effective in simulating interlaminar delamination, a
critical failure mode in composite laminates [5]. CZM employs cohesive elements with predefined traction-
separation laws to model the initiation and progression of delamination under various loading conditions.

Several studies have demonstrated the application of CZM in synthetic fibre-reinforced composites, such as
carbon/epoxy[6-9] and glass/epoxy [10-14] systems, to predict delamination under impact loading. However,
there is limited research on its application to NFRP composites, particularly sisal fibre/epoxy laminates.
Furthermore, while experimental studies on the impact behavior of natural fibre composites are relatively
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common, numerical studies incorporating advanced damage modeling techniques remain sparse. This gap
highlights the need for a detailed investigation into the use of cohesive elements for simulating delamination in
sisal/epoxy laminates under low-velocity impact.

Despite the growing interest in NFRP composites, significant gaps exist in the literature regarding their impact
behaviour and damage mechanisms under low-velocity impact. Most studies have focused on experimental
investigations [14-19], which, while valuable, but often limited by their inability to provide detailed insights into
internal damage mechanisms. Numerical methods, particularly those incorporating CZM, offer a complementary
approach that can overcome these limitations. However, the application of CZM to predict delamination in cross-
ply sisal/epoxy laminates has not been adequately explored.

In view of the limited studies, this paper developed a finite element model based on continuum damage mechanics
(CDM) to simulate the low velocity impact damage in cross-ply sisal composite laminates. Damage-friction
interface constitutive model is integrated into the model to involve apparent friction generated at the debonding
interfaces under compressive impact loading. The intra-laminar and inter-laminar damage models are coded in a
user-material subroutine VUMAT on ABAQUS/Explicit platform to predict damage initiation and evolution. The
numerical predictions are in acceptable agreement with the experimental data in terms of impact energy-time,
force-time and force-displacement curves, which verifies the efficiency of the proposed finite element model.
Since the present numerical analysis model is generic in nature, it can be extended to study the low velocity impact
behaviour in other types of composite laminates.

2. Damage Models and Formulations

Low velocity impact can be defined as a quasi-static response and characterized by dynamic events with large
mass and low velocity. In low-velocity impact, the contact duration takes relatively long period for the entire
structure to respond to impact and consequently absorbs more energy. The damage modes of composite laminates
under low velocity impact can generally be grouped into intra-laminar damage (matrix cracking and fibre
breaking) and inter-laminar damage (delamination). The impact damage process can be simulated by damage
models, which consists of damage initiation criterion and damage evolution law.

2.1 Intra-ply damage

The widely used 3D Hashin failure criteria in Ref. [20] was adopted and modified by incorporating the strain rate-
dependent strength and stiffness properties to trigger the damage initiation modes, and defined as follow:
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In Equations (1-4), X7 and Xc are the tensile and compressive strengths in fibre direction; Y7 and Y are the tensile
and compressive strengths in transverse direction; Si», Si3 and S>3 are the shear strengths respectively; a is the
shear failure coefficient applied to determine the contribution of shear stresses on the fibre tensile failure.

Once the damage initiation criterion is reached, the damage development requires a damage evolution law. Herein,
a gradual degradation scheme coupling with Murakami damage model [21] proposed by Lapczyk et al. [22] and
Fang et al. [23] is applied to characterize the intra-laminar damage evolution. The damage variable for each failure
mode is expressed as:
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Leg 18 the equivalent displacement for damage initiation; é}‘iq is the equivalent displacement at final

failure; and they can be determined by
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where [} is the value of damage initiation criterion; G is the fracture energy density; o o

and O, , are the
equivalent displacement and equivalent stress for a failure mode respectively, and expressions are given in Ref.

[23].

2.2 Inter-ply damage

The cohesive zone elements are adopted to simulate the inter-laminar delamination behaviour at the interface of
adjacent layers in the composite laminates. The traction stress and separation displacement of the nodes on the
interface are governed by traction-separation model consisting of damage initiation criterion and damage
evolution law. Actually, delamination propagation is likely to take place under mixed-mode loading thus
delamination initiation and the corresponding reduction behaviour are determined by damage modes I, II and III
simultaneously. For the mixed-mode loading, the current effective relative displacement, Jn, is introduced as

S, = \/<§1>2 + 522 + 532 (®)

where the symbol < > represents the Macaulay operator.

For a linear reduction process, the damage variable d for damage evolution is expressed by
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where 6}2 and 5:1 are the effective relative displacements of interface at damage initiation and complete failure;
and the maximum current relative displacement O is defined as 5" = max {5;1“ >, 0., } regarding the

damage irreversibility.

A quadratic stress criterion is used to determine the damage initiation displacement, i.e. 6}2 , of the interface,

which is given by
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here #1, > and t; represent the normal and shear stresses, respectively. &V, S and T denote the interface tensile and
shear strengths.

An interactive power law of energy is applied to determine the final displacement, i.e. 5;1 , of the interface, which
is given by
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where Gy, G and G} are the current energy release rates of mode I, Il and III while Gy, G and Gy are

the critical fracture energies of mode I, II and III, respectively.

Considering the influence of friction on the interface mechanical response, the actual traction 7 on the interface is
composed of traction 7y and friction 7, as described in [24].

T=T,+7, (12)

Herein, 7, and 77 can be determined by Eq. (4.9) and Eq. (4.10), respectively.
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Here u is the interface friction coefficient.
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3. Simulation Model

3.1 Architectural parameters and boundary interactions

The finite element software package ABAQUS/Explicit (version 2020) is utilized to construct the finite element
model and to examine the damage characteristics of cross-ply sisal composite laminates subjected to low-velocity
impact conditions. The finite element model is developed based on the experimental data outlined in reference
[25]. The sisal fibre/epoxy composite laminates, measured by a diameter of 75 mm and a thickness of 2 mm, are
composed of eight layers, each measuring 0.25 mm, arranged in a stacking sequence of [0/90]2s. To accurately
assess the damage characteristics, distinct layers are formulated to represent the cross-ply sisal composite within
the laminates. The eight-node solid elements (C3D8R) with reduced integration are employed to discretize each
layer. Hourglass control mechanisms have been implemented to mitigate artificial deformation of the elements.
For computational accuracy and efficiency, a finer mesh with an element size of 1 mm x 1 mm is employed within
the impact zone, while a coarser mesh is utilized in regions outside the impact area. For the simulation of
delamination in composite laminates under low-velocity impact, zero-thickness eight-node cohesive elements
(COH3DRB) are interposed between adjacent layers. Failed cohesive elements are permitted to remain in the model
to prevent penetration between the delaminated sections. The cohesive elements and solid elements are
interconnected by aggregating the corresponding nodes to ensure the continuity of displacement.

The hemispherical-headed cylindrical impactor, with a diameter of 15 mm, is modeled as an analytical rigid body,
allowing for minimal deformation during impact. The impactor is characterized by an initial velocity of 3.5 m/s
directed along the z-axis and a concentrated mass of 1.5 kg positioned at its centre, resulting in three unique impact
energies of 7.35, 11.03, and 14.70 J. Fixed boundary conditions are imposed along the periphery of the composite
laminates, with all degrees of freedom constrained to zero, thus replicating the experimental clamped conditions.
Figure 1 shows the finite element model of the sisal cross-ply composite laminates under low-velocity impact.
The composite laminates model comprises 38,416 nodes, 18,720 C3DS8R elements, and 16,380 COH3D8
elements.

Figure 1. Simulation model of cross-ply sisal/epoxy composite laminates

3.2 Surface interaction and material properties

In the finite element modeling process, ‘Surface to Surface Contact’, as provided in ABAQUS/Explicit, is
employed to delineate the contact response between the impactor and the composite laminates. The penalty contact
method, utilizing a finite sliding formulation, is selected to compute the contact force throughout the impact
process. The negligible friction between the surfaces of the impactor and the laminates is disregarded. A local
coordinate system is established and assigned to each layer. The material properties of the unidirectional
composite and the interface cohesive elements utilized in the simulation are referenced [26, 27] and summarized
in Tables 1 and 2.
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Table 1. Material properties of sisal/epoxy composite laminate

Density (kg/m?) 1380

Laminate properties E11=13.42 GPa; E»n=FE33=5.31 GPa; vix=vi3=0.32; v23=0.41
G12: G13: 2.15 GPa; G23: 1.73 GPa

Strength properties (MPa) Xr=223.15; Xc=143.21; Yr=85.21; Yc=61.15;

Stiffness properties (GPa) S12=813=13.42; S$»3=11.92

Fracture energy (N/mm) Gi= G=10; Gu= Gpc=1

Table 2. Material properties of interface cohesive elements
Gic =G

(N/mm)
2x10° 62.3 923 0.28 0.79 1200

K (N/mm?) N (MPa) S=T (MPa) G, (N/mm) Density (kg/m?)

4 Results and Discussion

The composite laminates are subjected to impacts at three distinct energy levels (7 - 15 J). The numerical findings
are juxtaposed with the experimental data in Ref. [26] to substantiate the validity of the proposed model.
Throughout the impact event, the impact force-time, force-displacement, and energy-time history curves are
meticulously recorded, and the intra-laminar matrix cracking and delamination at the interfaces are depicted.
Furthermore, the influence of compressive stress-induced interface friction on the initiation and propagation of
delamination is thoroughly investigated.

4.1 Validation of numerical model

Figure 2 elucidates the impact force-displacement curves corresponding to three varying impact energy levels. A
comparable trend between the numerical simulations and experimental data is discerned across the three energy
levels. The maximum displacement predicted by the numerical model consistently exceeds the experimental
results by a slight margin. In comparison to the experimental tests, the numerical model exhibits a prolonged
duration for contact release, allowing the composite laminates to revert to their initial state more comprehensively.
As depicted in Fig. 2 (a-c), it is similarly noted that the maximum displacement of the impactor increases in
conjunction with the escalation of impact energy. Notably, the impactor attains its peak displacement value when
the impact velocity approaches zero, rather than concurrently with the peak impact force. The displacement of the
impactor significantly surpasses the laminates' thickness, attributable to the bending deformation inherent in
composite laminates.
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Figure 2. Experimental and numerical impact force-displacement curves compare under different impact energy
levels (a) 7.35J (b) 11.03 J (¢) 14.70J
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4.2 Structural impact behaviour
4.2.1 Transient dynamic response

Figure 3 shows that the force experiences an initial sharp increase due to the rapid deceleration of the impactor
upon contact with the laminate. This initial increase corresponds to the elastic response exhibited by the material.
The tests numerical and experimental reveal a similar trend characterized by a sharp peak followed by a gradual
reduction. The maximum force in the simulation result is approximately 6.15 kN, indicative of the material's
stiffness and the composite laminate configuration's resistance to deformation, whereas the experimental peak
force is observed to be around 5.35 kN, which is marginally lower than the numerical prediction. This discrepancy
(~0.8 %) is likely attributable to imperfections present in the experimental samples, such as fibre misalignments,
voids, or manufacturing defects, which are not incorporated into the idealized numerical model. Following the
peak, the force gradually decreases as damage initiates and propagates within the laminate. Damage mechanisms,
including matrix cracking, fibre breakage, and delamination dissipate energy and lower the laminate's load-
bearing capacity. The decline is somewhat steeper in the experimental results, potentially due to premature
delamination or micro-cracks present in the actual specimens. The close alignment between the numerical and
experimental curves validates the precision of the numerical model in forecasting impact behavior. The minor
differences observed are within acceptable limits for composite materials subjected to dynamic loading conditions.

A p—— ==s Numerical Results

’ . Experimental Results

Impact Force (kM)

o 1 2 3 4 5

Time (msh

Figure 3. Impact force against time for cross-ply sisal fibre/epoxy composite laminates at 7.35 J

4.2.2 Absorbed energy analysis

The energy-time absorption curve (Figure 4) demonstrates a consistent augmentation as the laminate assimilates
the kinetic energy imparted by the impactor through elastic deformation and progressive damage mechanisms.
The curve ultimately reaches a plateau, signifying that the majority of the impact energy has been effectively
dissipated. From the simulation results, the composite laminate absorbs approximately 95.5 J of energy, which
corresponds to approximately 96% of the entire impact energy. Conversely, the empirical test curve indicates an
absorbed energy of approximately 96.8 J, marginally exceeding the numerical forecast due to supplementary
energy absorption in areas exhibiting minor structural variances. This deviation of approximately 1.3% may be
ascribed to supplementary mechanisms, including friction or energy dissipation that were not incorporated in the
simulation. This finding is congruent with the pronounced energy-dissipating capacity of sisal fibre/epoxy
composites.
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Figure 4. Absorption energy with time for cross-ply sisal fibre/epoxy composite laminates at 7.35 J

4.3 Failure Mechanisms

4.3.1 Stress trajectory

Figure 5 shows the stress distribution within a composite laminate subjected to an impact energy of 14.7 J,
illustrated at four distinct time intervals: 2 ps, 4 ps, 6 s, and 8 ps. The analysis reveals that at the initial stage (2
us), stress is highly concentrated around the impact zone, with moderate stress levels (~6.73 x 108 Pa) localized
in proximity to the impact (Figure 5(a)). The laminate commences the process of energy absorption, instigating
the propagation of stress waves, as corroborated by [28]. Furthermore, at 4 s, the stress levels exhibit a significant
increase (~8.43 x 10® Pa), with a broader distribution of stress becoming evident. The regions of peak stress
(indicated by red zones) expand radially, reflecting enhanced energy transfer and material response as in Figure
5(b). This phenomenon is in accordance with the observations made by [29, 30], who elucidated the concepts of
stress concentration and propagation in impacted composite materials. Also, as indicated in Figure 5(c) at 6 ps,
stress attains its apex magnitude (~9.71 x 10® Pa) near the impact site, coinciding with further outward propagation
of stress waves. Structural distortion is apparent, indicating material deformation in response to the applied energy,
consistent with investigations into energy dissipation during high-energy impacts [31, 32]. Similarly, Fig. 5(d) at
8 us reveals manifestations of stress redistribution, wherein localized regions sustain elevated stress levels while
adjacent areas display reduced values (~9.39 x 10® Pa). This phase signifies the material's capacity to manage
residual stresses while withstanding considerable deformation as collaborated in Ref. [33].
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Figure 5. Stress conditions for composite laminate under impact test of 7.35 J (a) 2 ps (b) 4 us (c) 6 ps (d) 8 ps

4.3.2 Strain condition

The schematic representation provided in Figure 6 elucidates the strain distribution within a composite laminate
when subjected to an impact energy of 14.7 J across four temporal intervals: 2 ps, 4 ps, 6 ps, and 8 ps. As seen in
Figure 6(a), plastic deformation is predominantly localized within the impact zone, exhibiting low strain levels
(approximately 6.56 x 107%). This phenomenon signifies the commencement of material yielding, as documented
by [34, 35] in their investigations pertaining to composite damage thresholds. Furthermore, it is observable in
Figure 6(b) that plastic strain escalates (approximately 1.05 x 1072), accompanied by a conspicuous expansion of
regions characterized by high strain. The recorded strain values imply the occurrence of localized plastic
deformation, which may signify the preliminary stages of damage. Such findings corroborate previous
observations regarding delamination and matrix cracking resultant from impact events [36]. It is noteworthy to
emphasize in Figure 6(c) that the maximum strain values (approximately 1.29 x 107?) are recorded, indicating
substantial plastic deformation concentrated around the impact zone. This phase also signifies the progressive
accumulation of damage, potentially inclusive of fibre-matrix debonding, as delineated by [37]. Again, in Figure
6(d), the strain zones exhibit stabilization; however, they remain concentrated in proximity to the impact site
(approximately 1.23 x 1072). This region of heightened plastic strain suggests the potential initiation of failure
mechanisms, including delamination and matrix cracking, which are recognized as prevalent failure modes under
conditions of high-energy impacts [38].
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Figure 6. Strain portfolios for composite laminate under impact test of 7.35 J (a) 2 ps (b) 4 us (¢) 6 ps (d) 8 us

4.3.3 Displacement response

The graphical representations depicted in Figure 7 present displacement contours for a composite laminate
subjected to an impact energy of 7.35 J at four temporal intervals (2 ps - 8 us). Figure 7(a) illustrates minimal
displacement (approximately 1.18 % 107 m), which is localized around the impact zone, reflecting the elastic
response exhibited by the material. This observation aligns with the initial phase of elastic deformation as
articulated in a study by [39]. In Figure 7(b), there is a notable increase in displacement (approximately 1.69 x
1072 m), resulting in the formation of a dome-like deformation in the vicinity of the impact site. This deformation
indicates a transition towards a plastic response, which is consistent with the findings reported by [40]. Similarly,
Figure 7(c) delineates the occurrence of maximum displacement (approximately 1.62 x 1072 m), with extensive
deformation manifesting around the impact location. This phase epitomizes the peak structural response elicited
by the applied energy, as corroborated by [41]. Likewise, displacement stabilizes (approximately 1.81 x 102 m),
with significant deformation evident in the impacted region, as depicted in Figure 7(d). This displacement gradient
reflects the mechanisms of energy dissipation, while the residual deformation signifies material failure, as noted
in investigations concerning the post-impact behavior of composite materials [42].
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Figure 7. Displacement evolution for composite laminate under impact test of 7.35 J (a) 2 us (b) 4 ps (c) 6 ps
(d) 8 us

4.4 Failure Progression

Through the application of finite element modeling, the duration of contact, the extent of deformation, and the
propagation of damage is elucidated in detail throughout the entire impact sequence. Figure 8 illustrates the low-
velocity impact behavior of cross-ply composite laminates subjected to an impact energy of 7.35 J. The duration
of the impact contact is merely 5 ms; during this impact sequence, various failure modes manifest, interact, and
become coupled with one another. From the perspective of damage evolution, the complete impact sequence can
be categorized into three distinct phases. (i) The initial phase, characterized as the no-damage period, signifies
that no damage occurs within the laminates during this interval, as depicted in Figure 8(a). The impact force
experiences a sudden increase from zero as soon as contact is established, resulting in the generation of a
compression stress wave that propagates rapidly in both the in-plane and thickness directions of the laminates.
Nevertheless, this phase is particularly brief due to the relatively high impact velocity employed in this simulation.
(i1) The subsequent phase is the damage propagation period. During this stage, various modes of damage initiate
and propagate swiftly within the composite laminates, as illustrated in Figures 8(b-d). The initial manifestation of
matrix cracking occurs in the rear layers of the laminates, while matrix crushing is observed in the anterior layers.
Delamination is first detected at the upper interfaces and subsequently emerges at all cohesive interfaces. As the
impact continues, both matrix cracking and delamination expand persistently; however, no fibre breakage is
detected in the layers throughout the entirety of the impact process under this energy level. Due to the ongoing
initiation and propagation of damage, the impact force exhibits significant oscillation, and the rate of increase of
the impact force begins to decelerate. This phase concludes when the impact velocity of the impactor reaches zero.
(iii) The final phase is termed the impact rebound period. In this phase, the impact force progressively diminishes,
and the impactor consistently rebounds, as represented in Figures 8(e-f). The bending deformation induced in the
laminates by the impact recovers gradually.
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Figure 8. Damage progression for sisal/epoxy composite laminates under impact energy of 7.35 J (a) 0.05 ms
(b) 0.7 ms (c) 1.4 ms (d) 2.1 ms (e) 3.5 ms (f) 5.0 ms

In summary, under this energy level, the matrix cracking within the layers ceases to propagate, whereas the
laminates continue to develop new interface delamination to a certain extent for a limited duration.

5. Conclusion

This investigation offers a thorough numerical analysis of cross-ply sisal fibre/epoxy composite laminates
subjected to low-velocity impact loading. By integrating cohesive elements within the finite element modelling
framework, the study provides significant insights into the delamination and energy absorption characteristics of
these bio-composites. The results underscore the potential of sisal/epoxy laminates as sustainable alternatives for
structural applications, while simultaneously accentuating the necessity for further optimization of cohesive
parameters and laminate configurations. Future research endeavours could investigate the incorporation of hybrid
fibres and the ramifications of varying strain rates to enhance material performance.
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