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1. Introduction

The increasing interest for lightweight and high-performance protective structures has determined significant
investigations in the field of ballistic-resistant materials. Traditionally, high-performance synthetic fibers such as ultra-high
molecular weight polyethylene (Dyneema and Spectra), aramid (Kevlar and Twaron), carbon, and glass fibers have been
widely used in armor systems due to their superior strength and energy absorption capabilities. However, environmental
concerns, high production costs, and recycling challenges associated with synthetic fibers have motivated the exploration of
sustainable alternatives (Naveen et al., 2020; Nurazzi et al., 2021). In this context, natural fiber-reinforced polymer composites
have developed as promising candidates for ballistic applications due to their low density, biodegradability, cost-effectiveness,
and acceptable mechanical performance.

Among natural fibers, jute has gained particular attention because of its availability, low cost, and relatively good
mechanical properties compared to other lignocellulosic fibers. When combined with epoxy matrices, jute fibers can form
composite laminates capable of dissipating significant impact energy through mechanisms such as fiber breakage, matrix
cracking, and interfacial debonding (Seid et Adimass, 2024). Several studies, including those by Dejene (2024), Olanrewaju
etal. (2025), Hussain et al. (2025), and Saha et al. (2026), have demonstrated that the integration of natural fibers into polymer
matrices significantly enhances impact resistance compared to neat polymers, primarily due to improved energy absorption
and crack-arresting mechanisms.

In recent years, the application of natural fiber composites in ballistic protection has attracted growing attention.
Comprehensive reviews indicate that plant fiber-reinforced composites can be effectively used in multilayered armor systems,
where parameters such as thickness, stacking sequence, fiber volume fraction, and interfacial bonding critically influence
ballistic performance (Syduzzaman et al., 2024; Ojo et al., 2025). In particular, laminate thickness and the number of layers
play a decisive role in determining whether a projectile is fully perforated, partially penetrated, or arrested within the structure.
These parameters directly affect the energy dissipation mechanisms and stress wave propagation during high-velocity impact.

Experimental investigations on jute/epoxy laminates conducted by Hosseini et al. (2025), and Singh and Tiwari (2026),
have shown that their ballistic response is governed by complex failure modes, including fiber rupture, matrix cracking,
delamination, and frictional interactions between the projectile and the composite layers. The residual velocity of the projectile
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and the extent of damage are often used to evaluate the ballistic performance and determine the ballistic limit, defined as the
minimum velocity required for complete perforation of the target. Accurate determination of this ballistic limit is essential for
the design of protective structures.

Despite the increasing number of studies, several challenges remain. Many studies concentrate on low- to medium-velocity
impacts, whereas investigations addressing higher-velocity regimes relevant to real ballistic threats remain comparatively
limited. Moreover, although the effects of material parameters such as fiber content and orientation have been widely
examined, the determination of a critical thickness or minimum number of layers required to stop a projectile is still
insufficiently explored, particularly for natural fiber composites.

In addition, numerical simulations have become an essential tool for understanding ballistic impact phenomena, allowing
detailed analysis of stress distribution, damage evolution, and energy absorption mechanisms. Finite element methods have
been successfully used to reproduce experimental results and predict penetration behavior in composite laminates,
demonstrating good agreement when appropriate material models and failure criteria are used.

In this context, the present study aims to experimentally and numerically investigate the ballistic response of multilayer
jute/epoxy composite plates subjected to 9 mm FMJ bullet impact at a velocity of 356 m/s. A validated numerical model is
developed to reproduce the experimentally behavior. Subsequently, a parametric analysis is conducted by varying the number
of layers to determine the ballistic limit and identify the minimum thickness required to stop the projectile.

Particular attention is given to the identification of a transition region between full perforation and complete projectile
arrest, where the projectile is confined within the laminate due to energy dissipation and frictional effects. This study provides
new insights into the layer-dependent ballistic performance of natural fiber composites and contributes to the design of
sustainable and efficient protective structures.

2. Materials and method

The materials, their relevant properties, and the fabrication procedures used to produce the jute fiber sheets for the ballistic
tests are detailed in this section.

2.1 Materials used

For the ballistic experiments, 0.64-mm-thick woven jute mats supplied by AgroFan were used to manufacture the laminated
structure.

Fig. 1. Materials used to manufacture the laminated structure: a) woven jute mats; b) epoxy-resin and hardener
To improve interlayer bonding, BK epoxy resin and BK hardener, both supplied by Best Tools, were used in the preparation
of the jute fiber sheets. Fig. 1 illustrates the woven jute fabric, epoxy resin, and hardener, while the corresponding material

properties are summarized in Table 1.

Table 1. Epoxy resin and hardener property data

Proprieties Unit Epoxy resin Hardener
Density kg/ m? 1100-1150 950-1000
Mixing -Specification
Density kg/ m? 1050-1120

Ratio - 3:1
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2.2 Fabrication method

The jute/epoxy laminate sheets were fabricated using the hand layup technique. Woven jute fabric mats (220 mm x 220
mm, 0.64 mm thick) were used as reinforcement and impregnated with a resin system consisting of BK epoxy resin and its
corresponding hardener, mixed at a weight ratio of 3:1. The epoxy mixture was applied manually to each jute layer using a
brush, and the layers were subsequently stacked to achieve the desired laminate thickness.

220 mm

Fig. 2. Jute/epoxy laminate structure: a) front face; b) back face; c) thickness

After layup, the assembly was pressed and left to cure at room temperature for approximately 72 hours. The fully cured
laminate reached a final thickness of approximately 25 mm and consisted of 39 jute layers, resulting in a consolidated structure
with a measured density of 1410 kg/m?>. The final laminate configuration is shown in Fig. 2.

3. Experimental procedure

Ballistic experiments were conducted at a certified shooting range in Mangalia, Romania, under controlled and
standardized conditions. A GLOCK 17 handgun was used to fire 9 mm full metal jacket round-nose (FMJ RN) projectiles
with a nominal mass of 8 g, Fig. 3a. The ammunition contained a lead core encased in a brass jacket, as illustrated in Fig. 3c.

lead core

A-A

brass jacket c)

Fig. 3. The projectile used in the research: (a) 9 mm FMJ bullet; (b) 3D model of a 9 mm bullet; (c) 3D model of a 9 mm bul
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let - cross section view

During testing, the composite panel was positioned at a distance of 5 m from the firearm. The projectile striking velocity
was determined to be 356 m/s, based on the measured firing parameters and corresponding ballistic calculations.

4. Finite element modelling

A three-dimensional finite element model (FEM) was developed to analyze the impact response and perforation behavior
of the jute composite structure. The simulations were performed using the explicit dynamic solver LS-DYNA, which is well
suited for high-strain-rate and large-deformation problems.

4.1 Geometrical modelling for jute composite structure and projectile

The simulation reproduced a normal (perpendicular) impact of a 9 mm projectile on the composite surface. To enhance
computational efficiency, double symmetry was applied, allowing only one-quarter of the composite to be modeled, Fig. 4a.
This approach is widely adopted in ballistic finite element analyses, as it significantly reduces computational cost without
compromising solution accuracy. All components in the model were discretized using solid elements.
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Fig. 4. Finite element model and boundary conditions

A mesh convergence (mesh sensitivity) analysis was performed to verify that the numerical results were independent of
the chosen mesh density. Several element sizes were evaluated, with the final configuration using 1.5 mm elements for the
composite panel and 0.5 mm elements for the projectile, as shown in Fig. 4b. The projectile mesh consisted of 15,113 solid
elements, of which 13,889 were assigned to the lead core and 1,224 to the brass jacket. The composite panel was discretized
using 96,525 solid elements. All simulations were executed using eight processors.

4.2 Constitutive modelling for jute composite structure and projectile

The ballistic response of the jute/epoxy laminate under projectile impact was modeled using the Chang-Chang failure
criterion. Progressive damage mechanisms, including matrix cracking, fiber breakage, and shear plugging, were simulated
through the LS-DYNA material model MAT 022 COMPOSITE DAMAGE. The Chang-Chang model parameters for
jute/epoxy laminate are defined in Table 2 (Rajole et al., 2020; Khalid et Rohaizan, 2024; Singh et Tiwari, 2026).

Table 2. Jute/epoxy laminate input parameters

Property Symbol Value
Density RO 1410 kg/m?
EA 17.68 GPa
Young modulus EB 5.63 GPa
EC 5.63 GPa
GAB 7.24 GPa
Shear modulus GBC 7.24 GPa
GCA 7.24 GPa
PRBA 0.3395
Poisson’s ratio PRCA 0.3395

PRCB 0.3395
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Property Symbol Value

Shear strength SC 45 MPa
Transverse compressive strength YC 98 MPa
Longitudinal tensile strength XT 560 MPa
Transverse tensile strength YT 55 MPa

To maintain numerical stability and ensure accurate time integration throughout the simulations, additional failure-control
measures were implemented. Specifically, the MAT ADD EROSION keyword was employed to remove elements
experiencing excessive distortion, which would otherwise compromise solution quality. A tensile fracture strain limit of 0.25
was defined as the erosion criterion, such that elements exceeding this threshold were deleted from the model (Shoily et al.,
2025; Praveen, 2026; Mia et al., 2026).

Table 3. Brass jacket input parameters

Property Symbol Value
Density RO 8800 kg/m®
Poisson’s ratio PR 0.34
Shear modulus G 44 GPa
Specific heat capacity CP 385 J/kg'K
A 0.112 GPa
B 0.505 GPa
N 0.42
. o C 0.025
Johnson-Cook plasticity constitutive model M 168
EPSO Se-4
™ 1790 K
TR 293 K
D1 0.54
D2 4.89
Johnson-Cook damage constitutive model D3 -3.03
D4 0.014
D5 1.12

The constitutive behavior of the brass jacket was modeled using the MAT 015 JOHNSON_COOK material formulation,
while the lead core was represented with MAT 003 PLASTIC KINEMATIC. The latter is well suited for materials exhibiting
combined isotropic and kinematic hardening, with optional strain-rate sensitivity introduced through the Cowper—Symonds
scaling of the yield stress. The complete sets of input parameters used for both material models are provided in Table 3
and Table 4 (Cacoilo et al., 2021; Mamys et al., 2024).

Table 4. Lead core input parameters

Property Symbol Value
Density RO 11270 kg/m®

Poisson’s ratio PR 0.4

Elastic modulus E 17 GPa

Yield stress SIGY 8 MPa
Cowper-Symonds strain rate model BETA 0.2
Cowper-Symonds strain rate model SRC 0.6

Cowper-Symonds strain rate model SRP 3

To enhance simulation accuracy, each jute fabric layer was modeled individually, with
AUTOMATIC SINGLE SURFACE used to define contact interactions between adjacent plies. The interaction between the
projectile and the composite laminate was modeled using ERODING SURFACE TO SURFACE, enabling accurate
representation of material erosion and penetration.

5. Results and discussion

This section examines the ballistic response of the jute/epoxy laminate under 9 mm FMJ impact at a velocity of 356 m/s,
integrating both experimental observations and numerical predictions. The analysis focuses on critical ballistic performance
indicators, including perforation behavior, ballistic limit, and dominant damage mechanisms, to provide a comprehensive
understanding of the laminate’s impact resistance.

5.1 Model validation

The numerical model developed for the composite structure under ballistic impact was validated by comparison with the
experimental test results. The impact damage observed on the striking face of the jute/epoxy laminate is characterized by
localized penetration and surface crater formation, as illustrated in Fig. 5. Upon impact, the bullet induces a penetration depth
of approximately 5 mm, corresponding to the failure of the first 7-8 composite layers. Despite this localized penetration, the
projectile does not perforate the laminate and is instead rebounded backward, indicating that a significant portion of the kinetic
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energy is dissipated within the front layers of the structure.

The impact damage observed on the striking face of the jute/epoxy laminate is characterized by localized penetration and
surface crater formation, as illustrated in Fig. 5. Upon impact, the bullet induces a penetration depth of approximately 5 mm,
corresponding to the failure of the first 7-8 composite layers. Despite this localized penetration, the projectile does not
perforate the laminate and is instead rebounded backward, indicating that a significant portion of the kinetic energy is
dissipated within the front layers of the structure.

Fig. 5. Impact damage mode of the jute/epoxy laminate after ballistic impact

The damage mode reveals a well-defined crater at the impact site, associated with intense compressive and shear stresses.
The magnified view highlights extensive fiber breakage in the immediate vicinity of the impact zone, along with matrix
cracking. These mechanisms contribute to energy absorption and progressive deceleration of the projectile.

The damage appears highly localized, with no evidence of global deformation or cracking propagation beyond the impact
region. Notably, no deformation or damage was observed on the rear face of the laminate, confirming that the structure
effectively prevents full penetration at the tested velocity. This behavior indicates that the laminate thickness is sufficient to
arrest the projectile, with energy dissipation primarily governed by progressive layer failure, frictional interaction, and internal
resistance within the laminate assembly.

Overall, the observed failure mode is dominated by localized crushing, fiber rupture, and matrix damage at the front face,
followed by energy dissipation through the thickness, leading to projectile rebound without back-face signature.

The recovered projectile after impact on the jute/epoxy laminate exhibits significant plastic deformation, as shown in Fig.
6. The three views (front, rear, and lateral) reveal a pronounced alteration of the projectile geometry, indicating substantial
energy dissipation during the impact event.

From the front view, Fig. 6a, the projectile nose is severely flattened, demonstrating typical mushrooming deformation
resulting from high contact stresses upon impact with the composite surface. The expansion of the frontal area suggests that
a considerable portion of the projectile’s kinetic energy is absorbed through plastic deformation of the metallic core and jacket.
Additionally, fragmentation and outward folding of the projectile jacket can be observed, indicating the onset of petaling
mechanisms, which further contribute to energy dissipation. The rear view, Fig. 6b, shows extensive structural damage to the
projectile body, including material tearing and irregular deformation patterns. The internal cavity appears distorted, confirming
that the deformation is not limited to the surface but extends throughout the projectile volume. The lateral view, Fig. 6c,
further highlights the asymmetrical deformation of the projectile, suggesting non-uniform stress distribution and progressive
resistance encountered through the laminate thickness.
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Fig. 6. Projectile deformation after impact: a) front view; b) rear view; c) lateral view

Overall, the observed deformation modes, specifically mushrooming and jacket petaling, confirm that a significant portion
of the projectile’s kinetic energy is absorbed not only by the composite laminate but also through irreversible deformation of
the projectile itself. This behavior is consistent with the projectile rebound and the absence of back-face deformation,
demonstrating the effectiveness of the jute/epoxy laminate in dissipating impact energy and preventing full penetration.

5.2 Simulation of penetration
To simulate the ballistic interaction between the 9 mm full metal jacket (FMJ) projectile and the 39-layer jute/epoxy

laminate, the impact configuration was idealized as a normal-incidence event. A striking velocity of 356 m/s was assigned to
the projectile to reproduce the penetration behavior observed in the experimental tests.

localized stress
concentration

interfacial
delamination

brass jacket fiber failure

Fig. 7. Damage status of the 39-layer jute/epoxy laminate

Fig. 7 illustrates the sequential evolution of damage in the 39-layer jute/epoxy laminate subjected to ballistic impact, as
predicted by the numerical model. At the early stage of impact (30 ps), the projectile initiates contact with the laminate,
generating a localized stress concentration at the striking surface. The initial deformation is primarily compressive, with the
onset of indentation and limited penetration into the upper layers. At this stage, the projectile largely retains its original shape,
and damage within the laminate remains confined to the immediate contact zone.

As the impact progresses (70 ps), the projectile penetrates deeper into the laminate, accompanied by noticeable deformation
of the surrounding material. The development of interfacial delamination becomes evident, indicating separation between
adjacent layers due to high interlaminar stresses.

At 180 ps, the damage becomes more pronounced, with extensive fiber failure occurring in the vicinity of the projectile
path. Simultaneously, significant plastic deformation of the projectile is observed, which undergoes expansion and distortion.
The interaction between the deforming projectile and the composite leads to increased contact area, enhancing frictional
resistance and further contributing to energy dissipation. The combination of fiber rupture, matrix cracking, and delamination
results in a progressive reduction of the projectile velocity.
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In the final stage (300 ps), the projectile reaches its maximum penetration depth, with no evidence of full perforation. The
laminate exhibits a localized deformation profile, with damage concentrated along the penetration path and minimal
disturbance in the surrounding regions. The persistence of interfacial delamination and fiber damage indicates that energy
absorption is governed by a combination of through-thickness failure mechanisms and frictional interactions between the
projectile and the composite layers. Overall, the simulation demonstrates that the ballistic resistance of the laminate is
controlled by a sequence of mechanisms, including initial indentation, interfacial delamination, progressive fiber failure, and
projectile deformation, ending in the arrest and rebound of the projectile. These results are consistent with the experimental
observations and confirm the ability of the numerical model to accurately capture the complex dynamic response of the
jute/epoxy composite under high-velocity impact.

The penetration hole observed in the jute/epoxy laminate, as shown in Fig. 8, exhibits a well-defined circular geometry
with a diameter approximately equal to that of the impacting projectile, indicating a localized and controlled penetration
process. The symmetry of the hole and the absence of extensive exterior damage suggest that the energy transfer is highly
concentrated along the projectile path, with limited lateral crack propagation. The relatively clean edges of the perforation
suggest that shear-dominated failure mechanisms overcome at the penetration site. This behavior confirms that the composite
structure effectively confines the damage to the immediate impact region, with energy dissipation primarily governed by
localized failure and frictional interaction between the projectile and the laminate.

Fig. 8. Bullet penetration hole in the jute/epoxy laminate

The numerically predicted projectile damage modes after impact are illustrated in Fig. 9. The results reveal severe plastic
deformation of both the lead core and the brass jacket, confirming the high level of energy dissipation during the impact event.
In the front view, Fig. 9a, the projectile exhibits pronounced mushrooming deformation, characterized by a significant radial
expansion of the nose region and partial fragmentation of the lead core. The material appears highly distorted and fractured,
indicating intense compressive and shear stresses at the contact interface with the composite.

The rear view, Fig. 9b, highlights the expansion and outward folding of the brass jacket, forming a petal-like geometry
typical of high-velocity impact conditions. This jacket petaling increases the effective contact area between the projectile and
the laminate, thereby enhancing frictional resistance and contributing to additional energy absorption. The internal structure
of the projectile is also visibly altered, suggesting that deformation propagates throughout the entire projectile body rather
than being confined to the impact surface.

Fig. 9. Projectile damage mode after impact: a) front view; b) rear view; c) lateral view

The lateral view, Fig. 9¢, further highlights the asymmetrical deformation of the projectile, with clear evidence of material
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extrusion and fragmentation along the sides. The combined deformation of the lead core and the brass jacket indicate strong
interaction with the composite layers, resulting in progressive deceleration of the projectile. Overall, the numerical results
demonstrate that projectile deformation, through mechanisms such as mushrooming, jacket petaling, and core fragmentation,
plays a crucial role in the dissipation of kinetic energy and is consistent with the experimentally observed behavior.

5.3 Comparison of numerical and experimental results

A comparison between the experimental observations and numerical predictions is presented based on the damage mode
of the composite laminate and the deformation of the projectile, as illustrated in Figs. 5-9. Overall, a strong agreement is
observed between the numerical model and the experimental results, confirming the ability of the simulation to accurately
reproduce the main physical mechanisms governing ballistic impact in jute/epoxy laminates.

From the experimental observations, Fig. S, the damage at the striking face is characterized by a localized penetration
crater with limited lateral damage, while only the first 7-8 layers are perforated. This behavior is consistently reproduced in
the numerical results, Fig. 7, where the early stages of impact show localized indentation followed by progressive penetration
and the development of interfacial delamination. In the numerical model, a slightly higher penetration depth is predicted, with
approximately 9 layers being perforated, indicating a good agreement with the experimental findings. Both approaches
indicate that the damage is highly confined around the projectile path, with no evidence of extensive cracking. Furthermore,
the numerical model reflects the experimentally confirmed absence of measurable back-face deformation, with only a minor
numerical displacement resulting from the idealized frontal-impact conditions.

The failure mechanisms observed experimentally, specifically fiber breakage, matrix cracking, and localized crushing at
the impact site, are in good agreement with the numerically predicted damage modes, Fig. 7, where fiber failure and interfacial
delamination are clearly identified as dominant energy absorption mechanisms.

A strong correlation is also observed in the deformation behavior of the projectile. The experimentally recovered projectile,
Fig. 6, exhibits significant plastic deformation, including mushrooming of the nose, and jacket petaling, indicating intense
interaction between the projectile and the laminate. These characteristics are accurately reproduced in the numerical
simulations, Fig. 9, where the lead core undergoes severe plastic deformation, while the brass jacket expands and folds
outward. The similarity in deformation patterns confirms that the numerical model successfully captures the behavior of the
projectile and the composite during impact.

Both experimental and numerical results consistently demonstrate that the projectile is not able to perforate the laminate
and is instead decelerated and rebounded after penetrating a limited number of layers. This behavior highlights the
effectiveness of the jute/epoxy laminate in dissipating impact energy through a combination of progressive layer failure,
interfacial delamination, frictional interaction, and projectile deformation.

Overall, the close agreement between experimental observations and numerical predictions confirms the reliability of the
developed finite element model in describing the ballistic response of jute/epoxy composite. The model accurately captures
the main damage mechanisms and provides a solid basis for further parametric studies aimed at determining the ballistic limit
and optimizing laminate configurations.

5.4 Ballistic limit evaluation and minimum thickness determination

To evaluate the ballistic performance of the jute/epoxy composite laminates, a parametric numerical analysis was
conducted by systematically varying the number of layers in the target. The objective of this analysis is to determine the
ballistic limit and to identify the minimum laminate thickness required to stop the projectile. In all simulations, a normal
(frontal) impact configuration was considered, with the projectile striking the center of the plate to ensure consistent boundary
conditions and to minimize edge effects.

The variation in laminate thickness was performed by progressively reducing the number of layers in steps of five, starting
from the reference configuration, until complete perforation of the target was achieved. For each configuration, the penetration
response was analyzed in terms of complete perforation, partial penetration with projectile arrest, or non-perforation. This
approach enables a direct evaluation of the influence of layer number on the energy absorption capacity of the composite and
provides insight into the critical thickness range required for effective ballistic protection. Fig. 10 presents the numerically
predicted damage evolution for different laminate thickness configurations, illustrating the influence of the number of layers
on the penetration behavior of the jute/epoxy composite. For the thickest configuration (34 layers), Fig. 10a, the projectile
undergoes significant deceleration during the early stages of impact, leading to limited penetration depth and deformation of
the laminate in the form of localized indentation and distributed delamination. The energy is effectively dissipated through
progressive layer deformation, preventing full penetration. A similar behavior is observed for the 29-layer configuration, Fig.
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10b, although with increased penetration depth and more extensive interlaminar damage, indicating a reduced but still
sufficient resistance to arrest the projectile.

In contrast, the 24-layer configuration, Fig. 10c, represents a transition case between non-perforation and complete
perforation. The numerical results show that all layers are penetrated; however, the projectile is ultimately embedded within
the laminate with zero residual velocity, indicating a condition of partial penetration. In this regime, the kinetic energy of the
projectile is fully dissipated through a combination of fiber failure, matrix cracking, interfacial delamination, and frictional
interaction between the projectile and the surrounding material. The projectile remains stuck within the final layers, as
highlighted in the figure, confirming that this configuration corresponds to the minimum thickness required to arrest the
projectile under the given impact conditions.

e
a) b)

BT e
= —

C:} b projectile

Fig. 10. Numerical results showing the effect of laminate thickness on penetration behavior: a) 34 layers; b) 29 layers; c) 24
layers; d) 19 layers

For the thinnest configuration (19 layers), Fig. 10d, the laminate exhibits significantly reduced resistance to penetration,
leading to complete perforation of the structure. The projectile retains sufficient residual velocity after passing through the
laminate, indicating that the energy absorption capacity of the structure is no longer adequate to prevent penetration. Overall,
the results clearly demonstrate the strong dependence of ballistic performance on laminate thickness, with a progressive
transition from non-perforation (34 and 29 layers), to complete penetration with arrest (24 layers), and finally to full
perforation (19 layers). This behavior highlights the existence of a critical thickness range governing the ballistic limit.

=
a) b)

Fig. 11. Numerical results illustrating the ballistic limit transition in jute/epoxy laminates: a) 26 layers; b) 23 layers

Fig. 11 presents the numerical prediction of the ballistic limit transition in jute/epoxy laminates, highlighting two critical
configurations consisting of 26 and 23 layers. The results are presented at multiple time steps, capturing the evolution of
damage and the interaction between the projectile and the composite during impact. For the 26-layer configuration, Fig. 11a,
the laminate exhibits sufficient thickness to arrest the projectile without full perforation. The early stages of impact show
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localized indentation and progressive penetration, followed by the development of interfacial delamination and distributed
deformation through the thickness. As the impact progresses, the projectile is significantly decelerated due to energy
dissipation mechanisms such as fiber failure, matrix cracking, and frictional interaction. At the final stage (300 ps), the
projectile is fully stopped within the laminate. In contrast, the 23-layer configuration, Fig. 11b, demonstrates insufficient
resistance to penetration, resulting in complete perforation of the laminate. Although similar initial damage mechanisms are
observed, such as localized indentation and delamination, the reduced thickness limits the energy absorption capacity of the
structure. As a result, the projectile continues to propagate through the laminate, and at the final stage (300 ps), it exits the
target with residual velocity. The damage is more pronounced and extends through the entire thickness, indicating a transition
to a perforation-dominated regime.

The comparison between these two configurations clearly identifies a transition region between non-perforation and full
perforation, corresponding to the ballistic limit of the laminate. The 26-layer configuration represents a condition where the
projectile is fully arrested, while the 23-layer configuration marks the onset of complete perforation. This transition highlights
the strong dependence of ballistic performance on laminate thickness and confirms the existence of a critical layer range
governing the penetration behavior.

6. Conclusions

This study investigated the ballistic response of multilayer jute/epoxy composite laminates subjected to 9 mm projectile
impact through a combined experimental and numerical approach. A finite element model was developed and validated against
experimental observations, providing for a detailed analysis of damage mechanisms and penetration behavior as a function of
laminate thickness.

The experimental results demonstrated that, for the reference configuration (39 layers), the projectile penetrates only the
first 7-8 layers and subsequently rebounds, with no back-face deformation observed. The damage is highly localized at the
striking face and is characterized by fiber breakage, matrix cracking, and crater formation. The numerical model successfully
reproduces these observations, showing good agreement in terms of penetration depth, damage mode, and absence of
perforation.

A parametric numerical analysis was conducted by varying the number of layers to evaluate the ballistic performance and
determine the minimum thickness required for projectile arrest. The results revealed a clear transition in penetration behavior
depending on laminate thickness. For thick configurations (e.g., 34 and 29 layers), the projectile is effectively stopped with
limited penetration and significant energy dissipation through progressive damage mechanisms. At 24 layers, a critical
condition is reached, where all layers are penetrated but the projectile is fully arrested within the laminate with zero residual
velocity. This configuration represents the threshold between non-perforation and full perforation.

For thinner laminates (e.g., 23 layers), complete perforation occurs, and the projectile exits the target with residual velocity,
indicating insufficient energy absorption capacity. The comparison between the 26-layer and 23-layer configurations further
confirms the existence of a transition region defining the ballistic limit of the material system. The 26-layer laminate prevents
full perforation, while the 23-layer configuration allows complete penetration, identifying a critical thickness range governing
the ballistic performance.

The analysis of projectile deformation, both experimentally and numerically, shows significant plastic deformation
characterized by mushrooming, jacket petaling, and core distortion. These mechanisms contribute substantially to energy
dissipation and are accurately captured by the numerical model.

The results demonstrate that the ballistic performance of jute/epoxy laminates is strongly dependent on laminate thickness
and is governed by a combination of localized damage, interfacial delamination, frictional interaction, and projectile
deformation. The developed numerical model proves to be a reliable tool for predicting ballistic behavior and can be used to
optimize laminate configurations.

Future work will focus on conducting additional impact experiments on laminates with varying thicknesses (i.e., different
numbers of layers) to further assess their ballistic performance, validate the numerical predictions, and improve the
understanding of thickness-dependent damage and energy dissipation mechanisms. These efforts will support the optimization
of jute/epoxy laminates as sustainable protective materials for structures subjected to impact and ballistic loading.
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