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Abstract

The ballistic performance of a non-commercial aramid/epoxy composite laminate sub-
jected to Fragment Simulating Projectile (FSP) impact was investigated through combined
experimental testing and numerical simulation. Ballistic tests were performed in accor-
dance with STANAG 2920 to determine the ballistic limit velocity (V50). Complete and
partial penetration responses were identified, with the ballistic transition region occur-
ring between 412 and 452 m/s. The experimental ballistic limit was V50 = 440.57 m/s.
A three-dimensional finite element model was developed in ANSYS® AUTODYN 2026
R1 using a Lagrangian formulation and an orthotropic constitutive model incorporating
elastic behavior, stress/strain-based failure criteria, post-failure response, and geometric
strain erosion. The numerical simulations predicted a ballistic limit of V50 = 440.65 m/s,
corresponding to a relative difference of less than 0.03% with respect to the experimen-
tal result. The numerical model successfully reproduced the ballistic transition, damage
evolution, projectile velocity history, and energy transfer during impact, providing good
agreement with the experimentally observed penetration responses. These results demon-
strate that the proposed methodology provides a reliable and validated framework for
predicting the ballistic response of aramid/epoxy composite laminates under standardized
FSP impact conditions and supports the design and evaluation of lightweight composite
armor systems.

Keywords: aramid/epoxy composites; ballistic impact; fragment simulating projectile
(FSP); V50; finite element analysis; ANSYS® AUTODYN

1. Introduction
Composite materials have become increasingly important in aerospace, transporta-

tion, marine, and defense applications due to their high specific mechanical properties,
lightweight characteristics, and energy absorption capability. Among these materials, fiber-
reinforced polymer (FRP) composites have received considerable attention for ballistic
protection systems, where reduced weight, structural efficiency, and damage tolerance are
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essential requirements. The combination of high-performance fibers and polymer matrices
enables the development of lightweight protective structures with enhanced mechanical
performance. Recent advances in aramid-based composites and hybrid armor architec-
tures have expanded their application potential in next-generation ballistic protection
systems [1–5].

Ballistic impact represents a complex high-rate loading condition in which multiple
damage mechanisms develop simultaneously, including fiber fracture, matrix cracking,
delamination, and localized deformation. The interaction between these mechanisms
governs the energy absorption capability and ballistic resistance of composite laminates.
Experimental investigations on Kevlar and other high-performance fibers have provided
fundamental knowledge regarding penetration behavior, failure mechanisms, and the
influence of impact parameters such as projectile characteristics, velocity, and laminate
configuration [6–11].

Aramid fibers are widely used in ballistic protection applications due to their high ten-
sile strength, low density, and excellent energy absorption capability. When combined with
polymeric matrices, particularly epoxy resins, these fibers produce lightweight laminates
with high stiffness and effective load transfer between constituents. However, the ballistic
response of aramid/epoxy composites depends strongly on fiber architecture, interfacial
behavior, matrix properties, and manufacturing conditions, making accurate prediction of
their mechanical response a challenging task [2,4,5,9,12–14].

The development of numerical methodologies has significantly contributed to un-
derstanding and predicting the behavior of composite materials subjected to dynamic
impact loading. Early hydrocode formulations established the basis for simulating high-
rate phenomena, while subsequent constitutive models incorporated anisotropic behavior,
damage evolution, and failure mechanisms associated with composite materials. These ad-
vances have enabled more accurate predictions of deformation, delamination, and ballistic
response under severe loading conditions [15–21].

Finite element and hydrocode simulations, including ABAQUS/Explicit, LS-DYNA,
and AUTODYN approaches, have been extensively applied to evaluate the ballistic re-
sponse of composite laminates and protective structures. Numerical investigations have
analyzed the influence of projectile characteristics, laminate thickness, material configu-
ration, and failure modeling strategies on energy absorption and penetration behavior.
Recent studies have improved numerical predictions through refined constitutive models,
failure criteria, and computational strategies capable of reproducing the complex damage
mechanisms occurring in composite laminates under ballistic impact [8,22–25].

Beyond flat composite laminates, numerical and experimental studies have been
extended to complex protective structures, particularly ballistic helmets, where geometry,
impact location, and structural configuration strongly influence protective performance.
Finite element models have been employed to evaluate helmet resistance, predict impact
response, and optimize protective designs under different projectile conditions [26–30].

Recent research has also focused on hybrid composite architectures as a strategy to
enhance ballistic resistance through the combination of complementary materials. The in-
corporation of ceramic layers, metallic reinforcements, shape memory alloys, and modified
polymer matrices has demonstrated the potential to improve energy absorption, dam-
age tolerance, and overall ballistic performance compared with conventional composite
laminates [31–34].

Despite significant progress in experimental characterization and numerical modeling,
accurately predicting the ballistic limit velocity (V50) of composite materials remains chal-
lenging due to the complex interaction between material properties, failure mechanisms,
and impact conditions. Standardized evaluation methods, such as STANAG 2920, provide
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a reference framework for ballistic testing and comparison of protective materials; however,
the correlation between experimental measurements and numerical predictions continues
to require further validation for advanced composite systems [35,36].

Therefore, this study investigates the ballistic performance of a non-commercial, in-
house manufactured aramid/epoxy composite laminate subjected to Fragment Simulating
Projectile (FSP) impact through a combined experimental and numerical approach. The
ballistic limit velocity (V50) is experimentally determined and compared with numerical
predictions obtained using ANSYS® AUTODYN. The main contribution of this work is the
validation of a numerical methodology capable of reproducing the ballistic response of a
custom-developed aramid/epoxy laminate, providing a reliable framework for the design
and evaluation of lightweight composite protection systems.

2. Materials and Methods
2.1. Composite Laminate and Projectile Properties

Aramid fiber/epoxy composite laminates with an areal density of 200 g/m2 were
manufactured using a vacuum bagging process. The laminates consisted of 28 layers
arranged in a 0◦/90◦ stacking sequence. Detailed information regarding the manufactur-
ing procedure, physical characterization, and processing conditions has been previously
reported by Espinosa-Domínguez et al. [5].

The laminate panels were fabricated with nominal dimensions of 400 × 400 × 5 mm
according to the requirements established in NOM-142-SCFI-2000 and STANAG 2920 [35,36].
These standards define the testing procedures and performance requirements for ballistic-
resistant materials and personal protection systems.

The material, geometry, and dimensions of the Fragment Simulating Projectiles (FSPs)
were defined according to STANAG 2920 [35]. The standard specifies 4340 steel projectiles
of caliber 0.22 (Type 1, armor-piercing) with a nominal mass of 1.1 g, which are commonly
employed for evaluating the ballistic resistance of protective materials.

2.2. Finite Element Model and Numerical Setup

The ballistic impact simulations were performed using the Explicit Dynamics module
of ANSYS® AUTODYN, which is suitable for highly nonlinear dynamic problems involving
large deformation, high strain rates, and complex failure mechanisms. The impact event
between the FSP and the aramid/epoxy composite laminate was modeled using the finite
element method (FEM).

The composite laminate was represented using a macromechanical orthotropic ma-
terial formulation. Orthotropic materials exhibit three mutually perpendicular planes
of elastic symmetry, resulting in different mechanical responses along the principal ma-
terial directions. Therefore, the laminate was modeled as an equivalent homogeneous
orthotropic material using the constitutive formulation proposed for anisotropic materials
under dynamic loading conditions [16,17,20].

The material response was defined through the coupling of an equation of state (EOS)
and a constitutive strength model. The EOS describes the relationship between pressure
and internal energy, while the strength formulation defines the deviatoric stress response
associated with material deformation. In the present work, the elastic strength model was
adopted to describe the initial mechanical response of the aramid/epoxy laminate before
failure initiation [16,20].

For an orthotropic material, the relationship between stress
(
σij

)
and strain

(
εij
)

is
expressed through the stiffness matrix

(
Cij

)
, as shown in Equation (1):

{σ} = [C]{ε} (1)
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Following Anderson et al. [16], the stress response was separated into volumetric and
deviatoric components, allowing the thermodynamic response defined by the equation
of state to be treated independently from the material strength response. The constitutive
formulation can therefore be expressed as

σ11

σ22

σ33

σ23

σ31

σ12


=



C11 C12 C13 0 0 0
C21 C22 C23 0 0 0
C31 C32 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66





εd
11 +

1
3 εv

εd
22 +

1
3 εv

εd
33 +

1
3 εv

εd
23

εd
31

εd
12


(2)

Failure Criteria

The onset of failure in the aramid/epoxy laminate was defined using the Material
Stress/Strain failure criterion implemented in AUTODYN. This criterion evaluates the
stress and strain components along the principal orthotropic directions and predicts failure
when the corresponding allowable limits are exceeded. Such approaches have been widely
applied for representing the directional failure behavior of composite materials subjected
to dynamic loading conditions [16,17,20,21].

Once the failure criterion is satisfied, the material response is modified according
to the selected Orthotropic post-failure formulation, which accounts for the reduction in
load-carrying capability along the damaged material directions. This approach enables
the numerical representation of directional damage mechanisms commonly observed in
composite laminates, including fiber failure, matrix cracking, and interlaminar degrada-
tion [16,20,21].

For composite laminates, failure in the through-thickness direction (σ33) produces a
loss of stress-carrying capability in that direction. Consequently, the damaged constitutive
response is modified as follows:

∆σ11

∆σ22

∆σ33

∆σ23

∆σ31

∆σ12


=



C11 C12 0 0 0 0
C21 C22 0 0 0 0
0 0 0 0 0 0
0 0 0 αC44 0 0
0 0 0 0 αC55 0
0 0 0 0 0 αC66





∆ε11

∆ε22

∆ε33

∆ε23

∆ε31

∆ε12


(3)

The reduction in shear stiffness associated with the damaged state is represented by
the parameter α (0 ≤ α ≤ 1). This parameter controls the reduction in the corresponding
shear moduli after failure initiation, allowing the orthotropic degradation behavior of the
composite laminate to be reproduced [16,20].

In-plane failure occurs when the stress and/or strain limits are exceeded along the
principal material directions (1, 2, or 3). Once failure is detected in a specific direction,
the corresponding stress component is reduced according to the post-failure formulation.
Assuming failure in the 2-direction, the damaged constitutive matrix can be expressed as

∆σ11

∆σ22

∆σ33

∆σ23

∆σ31

∆σ12


=



C11 0 C13 0 0 0
0 0 0 0 0 0

C31 0 C33 0 0 0
0 0 0 αC44 0 0
0 0 0 0 αC55 0
0 0 0 0 0 αC66





∆ε11

∆ε22

∆ε33

∆ε23

∆ε31

∆ε12


(4)
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When failure occurs simultaneously in all three principal directions, the material loses
its deviatoric load-carrying capability and is only able to support hydrostatic pressure,
representing the fully damaged condition of the composite material [16,20].

To control excessive element distortion during projectile penetration, erosion was de-
fined using the Instantaneous Geometric Strain criterion available in AUTODYN. Elements
exceeding the prescribed geometric strain limit were removed from the computational
domain, preventing numerical instability caused by severe deformation while maintaining
the physical representation of material failure during ballistic impact.

2.3. Numerical Modeling of Ballistic Impact in Composite Laminates

The aramid/epoxy composite laminate was modeled using the actual dimensions
of the manufactured plate (400 × 400 × 5 mm), according to the geometric requirements
established in NOM-142-SCFI-2000 [36].

A three-dimensional Lagrangian formulation was adopted to discretize the laminate
geometry, since this approach is suitable for representing large deformations, material
distortion, and failure phenomena occurring during high-velocity impact events. In AU-
TODYN, the computational domain is defined using structured mesh zoning directions
denoted as I, J, and K, which correspond to the number of cells along the longitudinal,
transverse, and thickness directions of the model, respectively.

The finite element mesh was defined using I = 59, J = 59, and K = 27 divisions, resulting
in a total of 100,800 nodes and 92,987 elements. A structured mesh with a uniform in-plane
element size of approximately 0.5 mm was employed in the I and J directions to provide
adequate spatial resolution in the projectile impact region, as illustrated in Figure 1. The
selected discretization was established considering previous numerical investigations of
ballistic impact on aramid-based composite laminates and protective structures, where
explicit dynamic formulations with refined mesh configurations have been successfully
applied to reproduce penetration behavior and damage development [9,22,26].

 

Figure 1. Finite element model of the aramid/epoxy laminate showing the structured mesh and
constrained boundary nodes. The black regions correspond to areas of high mesh-line density
resulting from local mesh refinement.The dark green diamond markers indicate the boundary nodes
constrained using the General 3D Velocity boundary condition.

A full three-dimensional model was employed instead of a quarter-symmetry con-
figuration. Although the geometry exhibits apparent symmetry, the orthotropic nature of
the laminate and the possibility of asymmetric damage development, including localized
delamination, fiber breakage, and non-uniform deformation, may influence the predicted
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impact response. Therefore, the complete laminate geometry was modeled to capture the
local deformation field and failure behavior during projectile penetration.

An orthotropic material model was assigned to represent the mechanical response of
the aramid/epoxy composite laminate. The material parameters required for numerical
simulation, including elastic constants, strength limits, and failure parameters, were ob-
tained from previously reported experimental and numerical studies on aramid/epoxy
composite systems [9,13,26]. The implemented constitutive formulation was defined using
the Orthotropic Equation of State (EOS), Elastic Strength model, Material Stress/Strain
failure criterion, Orthotropic post-failure response, and Instantaneous Geometric Strain
erosion criterion available in AUTODYN.

The selected constitutive formulation has been widely applied for the numerical evalu-
ation of aramid-based composites subjected to dynamic impact loading. These approaches
allow the representation of directional mechanical behavior, anisotropic response, and
reduction in load-carrying capability after failure initiation [16,17,20,21]. The mechanical
and failure parameters implemented in the numerical model are summarized in Table 1.

Table 1. Material model parameters of the aramid/epoxy composite laminate implemented in
ANSYS® AUTODYN [9,13,26].

Parameter Value

Equation of state Orthotropic

Reference density (g/cm3) 1.17

Young’s modulus 11 (kPa) 1.799 × 107

Young’s modulus 22 (kPa) 1.799 × 107

Young’s modulus 33 (kPa) 1.948 × 106

Poisson ratio 12 0.08

Poisson ratio 23 0.698

Poisson ratio 31 0.0756

Shear modulus 12 (kPa) 7.70 × 105

Shear modulus 23 (kPa) 1.857 × 106

Shear modulus 31 (kPa) 1.857 × 106

Strength model Elastic

Failure model Material stress/strain

Tensile failure stress 11 (kPa) 1.85 × 106

Tensile failure stress 22 (kPa) 1.85 × 106

Tensile failure stress 33 (kPa) 1.20 × 106

Maximum shear stress 12 (kPa) 7.70 × 104

Maximum shear stress 23 (kPa) 5.43 × 105

Maximum shear stress 31 (kPa) 5.43 × 105

Tensile failure strain 11 0.06

Tensile failure strain 22 0.06

Tensile failure strain 33 0.02

Maximum shear strain 12 1.01 × 1020

Maximum shear strain 23 1.01 × 1020
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Table 1. Cont.

Parameter Value

Maximum shear strain 31 1.01 × 1020

Post-failure option Orthotropic

Residual shear stiffness fraction 0.2

Erosion criterion Geometric strain

Erosion strain 1.4

Geometric strain type Instantaneous

2.3.1. Modeling of the FSP

The projectile geometry and characteristics were defined according to STANAG
2920 [35], which specifies the use of a 0.22 caliber Fragment Simulating Projectile (FSP) for
ballistic testing. The projectile presents a nominal diameter of 5.46 mm and a mass of 1.1 g.

A Lagrangian formulation was adopted for the projectile, which was modeled as a
rigid body during the impact event. Considering the high hardness of the AISI 4340 steel
projectile and the limited deformation observed after impact, the rigid-body assumption
was employed to reduce computational cost while maintaining an accurate representation
of the projectile–target interaction.

The projectile material was defined as AISI 4340 steel according to STANAG
2920 [35]. The reference density value of 7.83 g/cm3 was obtained from the AUTODYN
material database.

The FSP geometry was discretized using an explicit linear mesh formulation with a
nominal element size of 0.9 mm. According to the mesh statistics generated in AUTODYN,
the projectile discretization consisted of 290 nodes and 1088 elements. The selected mesh
density provided an adequate representation of the projectile geometry and contact interface
while maintaining computational efficiency during the high-velocity impact simulations.

The geometric characteristics of the FSP are illustrated in Figure 2.

Figure 2. Geometry and finite element discretization of the Fragment Simulating Projectile (FSP):
(a) dimensional sketch, (b) CAD model, and (c) finite element mesh. The colors shown are default
visualization settings of the software and do not represent different materials or physical properties.

2.3.2. Boundary Conditions

Appropriate initial and boundary conditions were defined to reproduce the ballistic
impact conditions observed during the experimental tests.

The composite laminate was modeled using fully clamped boundary conditions by
applying a General 3D Velocity boundary condition to all nodes located along the plate
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edges, as illustrated in Figure 1. The translational velocity components were prescribed
as Vx = 0, Vy = 0, and Vz = 0, while the rotational velocity components were prescribed
as Rx = 0, Ry = 0, and Rz = 0 throughout the simulation. Consequently, the constrained
edge nodes remained fully fixed, preventing translational motion, rotational motion, and
boundary slippage during impact, whereas the remaining nodes of the laminate were
allowed to deform freely according to the adopted orthotropic constitutive formulation
and failure criteria.

The adopted boundary conditions were selected to reproduce the rigid clamping
configuration used during the experimental ballistic tests. Since the propagation of stress
waves and the development of back-face deformation are affected by the support conditions,
maintaining consistency between the numerical and experimental configurations was
necessary to accurately predict the laminate response during projectile impact.

The FSP was positioned at the center of the laminate and placed close to the target
surface to ensure immediate contact. An initial velocity was assigned in the direction normal
to the laminate surface, corresponding to the impact velocities evaluated experimentally.

The interaction between the projectile and the composite laminate was defined using
a Lagrangian–Lagrangian contact formulation with an external gap algorithm. The contact
distance was automatically calculated by AUTODYN, resulting in an initial gap value of
approximately 0.019 mm.

2.3.3. Experimental Tests FSP

The experimental program consisted of ballistic impact tests performed on flat aramid
fiber/epoxy composite laminate plates with nominal dimensions of 400 × 400 × 5 mm. The
tests were conducted in accordance with NOM-142-SCFI-2000 [36] and STANAG 2920 [35],
following procedures commonly employed in ballistic evaluation and certification tests for
personal protection systems.

The ballistic impact tests were conducted by the specialized company FECSA under
controlled testing conditions. During testing, the specimens were fully clamped along
their edges to reproduce a fixed support condition during impact. Figure 3 illustrates the
clamping fixture and support configuration employed during the ballistic impact tests.

 

Figure 3. Clamping fixture employed for ballistic impact testing of the composite laminates.

The composite laminates were impacted using six FSPs with a diameter of 5.46 mm and
a nominal mass of 1.1 g. The ballistic limit velocity (V50) is defined as the velocity at which
the projectile has a 50% probability of completely perforating the target material. According
to STANAG 2920 [35], the V50 value is determined using an even number of impact events
(minimum of six), calculated as the arithmetic mean of velocities corresponding to an equal
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number of partial and complete perforations. The difference between the highest and
lowest velocities within the selected group must not exceed 40 m/s.

The velocity range considered for the ballistic tests was 412 < V0 < 453 m/s. In all
the experiments, the projectiles did not exhibit significant deformation, erosion, or damage
after impact.

3. Results
3.1. Experimental FSP Results

Ballistic impact tests were conducted on the manufactured aramid/epoxy composite
laminates using Fragment Simulating Projectiles (FSPs) in accordance with the STANAG
2920 ballistic test procedure. The experimental results are summarized in Table 2.

Table 2. Experimental ballistic impact results obtained using FSPs.

Shot Impact Velocity (m/s) Penetration

1 445.40 Complete

2 452.16 Complete

3 412.79 Partial

4 445.16 Partial

5 444.23 Complete

6 443.71 Partial

The experimental results revealed two distinct ballistic responses: complete penetra-
tion (CP) and partial penetration (PP). Partial penetration was characterized by projectile
arrest within the laminate, whereas complete penetration occurred when the projectile fully
penetrated the target.

A transition region between partial and complete penetration was observed within an
impact velocity interval of approximately 412–452 m/s. Within this range, relatively small
variations in impact velocity produced different penetration responses, indicating that
the laminate was tested near its ballistic limit. This transition behavior is characteristic of
fiber-reinforced composite laminates subjected to high-velocity impact, where the absorbed
energy approaches the critical energy required for complete penetration.

Following the procedure established in STANAG 2920, the ballistic limit velocity (V50)
was calculated using the arithmetic mean of the six valid impact velocities, consisting of
three complete and three partial penetration events. The resulting ballistic limit was:

V50 = 440.57 m/s

3.2. Experimental Damage Morphology After Ballistic Impact

The damage morphology observed after the ballistic tests is presented in Figures 4
and 5, corresponding to the front and rear faces of the aramid/epoxy composite laminates,
respectively. In all the specimens, the impact damage remained localized around the
projectile strike point, although the extent of surface damage depended on the impact
velocity and the resulting penetration condition.

Figure 4 shows the front-face damage generated by the FSP. Complete penetration
(CP) specimens exhibited larger damaged areas accompanied by pronounced fiber rupture
and extensive fiber pull-out surrounding the impact zone. In contrast, partial penetration
(PP) specimens displayed more confined damage with a smaller affected region, indicating
that a greater proportion of the projectile kinetic energy was absorbed within the laminate
without complete perforation. The most severe front-face damage was observed for impact
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velocities of 445.40 m/s and 452.62 m/s, where the laminate surface exhibited significant
fiber extraction and material disruption.

 
Figure 4. Front-face damage morphology of the aramid/epoxy composite laminates after impact
with Fragment Simulating Projectiles (FSPs): (a) 445.40 m/s (CP), (b) 452.62 m/s (CP), (c) 412.79 m/s
(PP), (d) 445.16 m/s (PP), (e) 444.23 m/s (CP), and (f) 443.71 m/s (PP).

Figure 5 presents the corresponding rear-face damage. Distinct differences between
complete and partial penetration were observed. Complete penetration resulted in per-
foration of the laminate together with considerable fiber pull-out from the rear surface,
whereas partial penetration produced localized rear-face deformation with limited fiber
extraction and no complete perforation. Among the partial penetration specimens, the lam-
inate impacted at 412.79 m/s exhibited the smallest damaged region, suggesting that the
projectile kinetic energy was effectively dissipated before complete penetration occurred.

Overall, the observed failure patterns indicate that the ballistic response of the
aramid/epoxy laminate was governed primarily by localized fiber rupture, fiber pull-out,
and progressive deformation within the impact region. As the impact velocity approached
and exceeded the ballistic limit, the extent of fiber extraction and surface damage increased,
reflecting the higher amount of residual kinetic energy available to promote complete
projectile penetration.
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Figure 5. Rear-face damage morphology of the aramid/epoxy composite laminates after impact with
Fragment Simulating Projectiles (FSPs): (a) 445.40 m/s (CP), (b) 452.62 m/s (CP), (c) 412.79 m/s (PP),
(d) 445.16 m/s (PP), (e) 444.23 m/s (CP), and (f) 443.71 m/s (PP).

3.3. Numerical Results

Numerical simulations were performed using AUTODYN considering the same im-
pact velocities employed in the experimental ballistic tests for the determination of the
ballistic limit velocity (V50). Six representative impact conditions within the ballistic tran-
sition region were analyzed, including three complete penetration (CP) and three partial
penetration (PP) events, corresponding to the experimental impact conditions summarized
in Table 2.

The transient evolution of the ballistic impact process predicted by the numerical
model is illustrated in Figure 6. The sequence shows the progressive interaction between
the FSP and the aramid/epoxy composite laminate from the initial approach to complete
perforation. Upon impact, localized deformation develops beneath the projectile, followed
by progressive penetration accompanied by material degradation within the laminate thick-
ness. As the projectile advances, the deformation zone propagates through the laminate,
producing localized damage concentrated around the impact trajectory. At the final stage,
the projectile completely perforates the laminate, while the damaged region remains con-
fined to the vicinity of the impact point. The progressive damage observed in the simulation
is governed by the orthotropic constitutive formulation together with the stress/strain
failure criterion, orthotropic post-failure response, and the instantaneous geometric strain
erosion model implemented in AUTODYN.
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Figure 6. Time evolution of the numerical simulation of a 0.22 caliber Fragment Simulating Projectile
(FSP) impacting the aramid/epoxy composite laminate at an impact velocity of 445.40 m/s, showing
(a) initial projectile position (0 ms), (b) initial contact and onset of penetration (0.1 ms), (c) progressive
penetration and damage development (0.2 ms), and (d) complete perforation of the laminate (0.3 ms).

The penetration results predicted by the numerical simulations are summarized in
Table 3.

Table 3. Numerical penetration responses.

Shot Initial Velocity (m/s) Penetration

1 445.40 Complete

2 452.62 Complete

3 412.79 Partial

4 445.16 Complete

5 444.23 Partial

6 443.71 Partial

As summarized in Table 3, the numerical simulations predicted three complete pene-
tration events and three partial penetration events. Complete penetration was obtained at
impact velocities of 445.40, 452.62, and 445.16 m/s, whereas 412.79, 444.23, and 443.71 m/s
resulted in partial penetration.

The corresponding final penetration responses predicted by the numerical simulations
are presented in Figure 7, including the front, back, and side views for each impact condition.
Complete penetration cases exhibited full projectile perforation through the laminate,
producing a continuous damage path across the thickness, whereas partial penetration
cases resulted in projectile arrest within the laminate thickness, with damage remaining
localized around the impact region. The front views reveal a relatively localized failure zone
around the projectile entry point, whereas the back views exhibit a more extensive damaged
region associated with damage propagation and rear-face deformation. This asymmetric
distribution indicates that material degradation accumulated progressively as the projectile
traversed the laminate thickness, producing greater failure toward the exit surface. The side
views further illustrate the through-thickness development of material failure and element
erosion, highlighting the progressive evolution of damage during projectile penetration.
Overall, the predicted damage patterns exhibited the characteristic transition between
complete and partial penetration in the vicinity of the predicted ballistic limit.

3.3.1. Damage Evolution and Failure Mechanisms

To further investigate the failure mechanisms predicted by the numerical model,
the damage distribution was analyzed using the Material Status contours obtained from
AUTODYN, as presented in Figure 8. These contours identify the regions where the
material satisfied the failure criterion and element erosion occurred, providing a detailed
visualization of the spatial distribution of damage following ballistic impact.

https://doi.org/10.3390/jcs10080413

https://doi.org/10.3390/jcs10080413


J. Compos. Sci. 2026, 10, 413 13 of 21

Figure 7. Final penetration responses predicted by the numerical simulations for the six impact
velocities used in the ballistic assessment and the predicted ballistic limit (V50 = 440.65 m/s). Front,
back, and side views illustrate the damage morphology and through-thickness response of the
aramid/epoxy composite laminate, highlighting the transition between complete and partial penetra-
tion. The colors are default AUTODYN visualization settings.

The predicted damage remained highly localized around the projectile trajectory
for all the impact conditions. Complete penetration cases exhibited a continuous failure
path extending across the laminate thickness, whereas partial penetration cases showed
localized damage with the projectile arrested before complete perforation. The front views
reveal a relatively localized failure zone around the projectile entry point, while the back
views exhibit a more extensive damaged region associated with damage propagation and
rear-face deformation. This asymmetric distribution indicates that material degradation
accumulated progressively as the projectile traversed the laminate thickness, producing
greater failure toward the exit surface. The side views illustrate the evolution of through-
thickness damage and the extent of element erosion generated during projectile penetration,
clearly showing the differences between complete and partial penetration events.
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Figure 8. Material Status contours predicted by the numerical simulations for the six impact velocities
and the predicted ballistic limit (V50 = 440.65 m/s). Front, back, and side views illustrate the spatial
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distribution of material failure and element erosion within the aramid/epoxy composite laminate after
ballistic impact. Complete penetration cases exhibit a continuous failure path through the laminate
thickness, whereas partial penetration cases show localized damage associated with projectile arrest.

At the predicted ballistic limit (V50 = 440.65 m/s), the damage pattern exhibits charac-
teristics intermediate between complete and partial penetration, representing the transition
region where localized material failure develops without a fully established through-
thickness failure path. The predicted failure morphology is consistent with the experimen-
tal damage observations and provides further insight into the progressive evolution of
damage within the aramid/epoxy composite laminate during high-velocity impact.

3.3.2. Energy Evolution During Ballistic Impact

To further examine the energy transfer during ballistic impact, the evolution of the
system energy and laminate energy predicted by the numerical simulations was analyzed
for three representative impact conditions: partial penetration (PP, 412.79 m/s), the pre-
dicted ballistic limit (V50 = 440.65 m/s), and complete penetration (CP, 452.62 m/s), as
shown in Figure 9. For all the impact conditions, the total energy remained nearly constant
throughout the simulations, with only minor fluctuations observed during the impact event.
Immediately after projectile impact, the kinetic energy decreased rapidly as energy was
transferred to the composite laminate, while the internal energy increased sharply owing
to material deformation and damage development. Following the initial impact stage, the
internal energy gradually approached a nearly constant value, whereas the kinetic energy
continued to decrease as the impact event progressed. At the ballistic limit (V50), the energy
evolution exhibited an intermediate response between the partial and complete penetration
cases, reflecting the transition region between projectile arrest and complete perforation.

 

Figure 9. Evolution of the system energy (top row) and laminate energy (bottom row) predicted by the
numerical simulations for three representative impact conditions: (a) partial penetration (PP, 412.79 m/s),
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(b) ballistic limit (V50 = 440.65 m/s), and (c) complete penetration (CP, 452.62 m/s). The curves
show the evolution of total, internal, and kinetic energies during ballistic impact, illustrating the
progressive transfer of projectile kinetic energy into internal energy and the corresponding energy
absorption of the aramid/epoxy composite laminate.

3.3.3. Projectile Velocity Evolution

To examine the projectile response during ballistic impact, the velocity histories pre-
dicted by the numerical simulations were analyzed for the representative impact conditions
corresponding to partial penetration (PP), the ballistic limit (V50), and complete penetration
(CP), as presented in Figure 10. In all the cases, the projectile experienced a rapid reduction
in velocity immediately after impact, indicating the transfer of kinetic energy to the com-
posite laminate during the initial stage of the impact event. The highest rate of deceleration
occurred within the first instants of impact, after which the projectile velocity gradually
approached a nearly constant value. For the complete penetration case, the projectile
retained a positive residual velocity after perforating the laminate. In contrast, the partial
penetration case exhibited a continuous reduction in velocity until reaching values close to
zero, followed by a slight reversal in the velocity direction before stabilizing. The velocity
history corresponding to the ballistic limit (V50) approached a residual velocity close to
zero, representing the transition between the partial and complete penetration responses.

Figure 10. Projectile velocity histories predicted by the numerical simulations for the six experimental
impact velocities and the predicted ballistic limit (V50 = 440.65 m/s). Positive residual velocities
indicate complete penetration, whereas velocities approaching zero or exhibiting a slight negative
value correspond to projectile arrest and partial penetration.

3.4. Comparison Between Experimental and Numerical Results

A direct comparison between the experimental and numerical results was performed
to assess the agreement between the observed and predicted penetration responses. The
corresponding results are summarized in Table 4. For the six representative impact con-
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ditions, the numerical simulations reproduced the experimentally observed penetration
response in four cases, whereas two impact conditions exhibited different penetration
outcomes. Specifically, discrepancies were observed at impact velocities of 445.16 m/s
and 444.23 m/s, while the remaining impact conditions showed identical penetration
responses in both the experimental tests and the numerical simulations. Both discrepancies
occurred within the ballistic transition region surrounding the ballistic limit (V50), where
complete and partial penetration responses may occur under similar impact conditions.
The numerical simulations predicted a ballistic limit velocity of V50 = 440.65 m/s, which is
in close agreement with the experimental value of 440.57 m/s, corresponding to a relative
difference of less than 0.03%.

Table 4. Comparison between experimental and numerical penetration responses for the representa-
tive impact conditions.

Shot Impact
Velocity (m/s)

Experimental
Response

Numerical
Response Agreement

1 445.40 Complete Complete ✓

2 452.62 Complete Complete ✓

3 412.79 Partial Partial ✓

4 445.16 Partial Complete ✗

5 444.23 Complete Partial ✗

6 443.71 Partial Partial ✓

Note: ✓ indicates agreement between the experimental and numerical penetration responses, whereas
✗ indicates disagreement.

4. Discussion
The combined experimental and numerical investigation revealed a well-defined

transition between partial and complete penetration within the impact velocity range of
approximately 412–452 m/s, which is consistent with the ballistic limit criterion established
in STANAG 2920 [35]. Within this transition region, relatively small variations in projectile
impact velocity produced different penetration responses, indicating that the ballistic
performance of the aramid/epoxy laminate is highly sensitive to the balance between the
projectile kinetic energy and the energy absorption capability of the composite. Similar
transition behavior has been reported for aramid-based composite laminates subjected to
high-velocity impact, where the penetration response is governed by the proximity of the
impact energy to the critical energy required for complete penetration [6,11,12].

The numerical simulations reproduced the principal characteristics of the experimental
ballistic response, including the occurrence of both complete and partial penetration events
within the transition region. Direct comparison between the experimental observations
and numerical predictions showed agreement for four of the six representative impact
conditions, while the two discrepancies occurred at impact velocities located close to the
ballistic limit. Such differences are expected within the transition region, where small
variations in impact conditions may alter the penetration response. Furthermore, the
numerical model predicted a ballistic limit velocity of V50 = 440.65 m/s, which differs
by less than 0.03% from the experimentally determined value of 440.57 m/s. Similar
levels of agreement between experimental ballistic testing and numerical simulations have
been reported for Kevlar-based composite laminates using finite element and hydrocode
approaches [10,11,14,24,28].

The numerical results also provided detailed information regarding the damage evo-
lution and energy transfer mechanisms that cannot be directly obtained from ballistic
experiments. The Material Status contours showed that material degradation remained
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localized around the projectile trajectory, with complete penetration cases exhibiting a
continuous damage path through the laminate thickness, whereas partial penetration cases
remained confined to localized damage with projectile arrest. The predicted energy histo-
ries indicated a rapid conversion of projectile kinetic energy into laminate internal energy
during the initial stages of impact, while the projectile velocity histories distinguished the
characteristic responses associated with partial penetration, the ballistic limit, and complete
penetration. These observations are consistent with previous numerical investigations
describing progressive damage evolution and energy dissipation in aramid composite
laminates subjected to ballistic loading [8,17,21,24].

The close correspondence between the experimental observations and the numer-
ical predictions indicates that the adopted constitutive formulation, together with the
implemented stress/strain failure criterion, orthotropic post-failure model, and instan-
taneous geometric strain erosion algorithm, adequately represented the global ballistic
response of the investigated laminate under Fragment Simulating Projectile (FSP) impact.
Similar constitutive modeling strategies have been successfully employed for ballistic
simulations of Kevlar composite laminates and protective structures [17,19,21,24,28]. Con-
sequently, the proposed methodology provides a practical numerical framework for eval-
uating the ballistic performance of non-commercial aramid/epoxy composite laminates
during the preliminary design stage, reducing the number of experimental trials required
for ballistic characterization.

Future work should focus on incorporating advanced progressive damage formu-
lations and interlaminar failure models capable of explicitly representing delamination,
matrix cracking, and fiber pull-out, thereby improving the prediction of localized failure
mechanisms during high-velocity impact [18,25].

5. Conclusions
The ballistic performance of a 28-layer non-commercial aramid/epoxy composite

laminate subjected to Fragment Simulating Projectile (FSP) impact was investigated through
combined experimental testing and numerical simulations using ANSYS® AUTODYN.
Based on the obtained results, the following conclusions can be drawn:

The experimental ballistic limit velocity of the investigated laminate was determined
as V50 = 440.57 m/s, while the numerical model predicted V50 = 440.65 m/s, corresponding
to a relative difference of less than 0.03%.

Both the experimental tests and numerical simulations identified a well-defined tran-
sition region between partial and complete penetration. The numerical model reproduced
the penetration response for four of the six representative impact conditions, whereas the
remaining discrepancies occurred within the ballistic transition region surrounding the
ballistic limit.

The numerical simulations successfully reproduced the principal features of the ballis-
tic impact process, including the progressive damage evolution, through-thickness failure,
projectile velocity evolution, and the transfer of kinetic energy into laminate internal energy
for partial penetration, ballistic limit, and complete penetration conditions.

The adopted constitutive formulation implemented in AUTODYN, together with
the selected failure criterion and post-failure modeling strategy, provided an accurate
prediction of the global ballistic response of the investigated aramid/epoxy laminate under
standardized FSP impact conditions.

In addition to providing experimental ballistic performance data for a non-commercial
aramid/epoxy composite laminate manufactured by the vacuum bag process, this study
establishes a validated experimental–numerical methodology that can be applied to the
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evaluation and preliminary design of lightweight composite armor systems, reducing the
extent of experimental testing required during ballistic characterization and optimization.
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