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Abstract 

This paper presents a numerical investigation of the 

ballistic limit of a composite plate under projectile impact 

using finite element (FE) simulation. The response is 

modeled through a dynamic explicit analysis to capture the 

highly transient behavior within a short time interval. The 

composite plate, designed using high-impact-resistant 

Kevlar 49 with a ±45° ply orientation, is configured to 

enable monitoring of interlaminar delamination during 

penetration. A 9 mm caliber projectile is modeled at 

varying velocities, incrementally increased until the 

penetration threshold is identified. This approach enables a 

systematic evaluation of the ballistic resistance of the 

composite plate against the selected ammunition. The 

primary advantage of the method lies in its non-destructive 

nature, avoiding the material loss and costs typically 

associated with experimental testing. 

 

Keywords: finite element analysis, high-velocity impact, 

numerical simulation, composite plate, ballistic limit, 

delamination. 

1 INTRODUCTION 

Composite materials are characterized by high strength 

combined with low specific weight, making them a suitable 

choice for enhancing the performance of existing solutions, 

modifying finished products, or developing new prototypes. 

Huang et al. [1] demonstrated the use of composite 

materials for structural reinforcement and improved 

resistance. Their analysis revealed opportunities for 

optimization in terms of robustness, weight reduction, 

material consumption, and production cost. Schmid et al. 

[2] performed optimization of composite material 

parameters on a CAD (Computer-Aided Design) model. 

Accordingly, the application of composites remains 

extensive and a subject of active research aimed at 

achieving more efficient utilization. Some prominent fields 

of application include the automotive industry [3], 

transportation [4], aerospace engineering [5], medical 

applications [6], and civil engineering [7]. A particularly 

important role is observed in the defense industry [8], 

where composites provide both structural and ballistic 

protection [9, 10]. Motivated by these favorable 

characteristics, an analysis of composite materials was 

conducted. Given the wide range of existing composites, 

this study was preceded by a review of current solutions 

[11, 12]. Based on their properties, composites were 

classified and selected according to matrix material, 

reinforcement type, reinforcement geometry and continuity, 

manufacturing process, intended application, and other 

criteria. The focus of this work is on multilayer laminates 

reinforced with unidirectional continuous fibers. By 

comparing different materials, Kevlar 49/epoxy was 

selected due to its favorable impact resistance. Previous 

studies [13] confirmed the ballistic performance of Kevlar 

49-based composite plates under projectile impact. Its 

current use in protective applications further supports its 

selection, as numerous ballistic vests, helmets, and armored 

vehicle components are already manufactured using this 

material [14–17]. This study examines the ballistic 

resistance of the proposed armor plate against a 9 mm 

projectile. The initial projectile velocity is varied within 

limits determined by the firearm characteristics, while the 

plate model consists of multilayer laminates with adhesive 

layers between each ply. In the event of complete 

penetration, the corresponding velocity is considered the 

ballistic resistance limit. Contribution of this work lies in 

the proposed procedure for efficiently determining the 

ballistic protection threshold under realistic conditions 

without destroying the specimen. 

2 THEORETICAL BACKGROUND 

The theoretical formulations applied to describe the 

impactor model and the composite plate are presented. 

Given that the impactor is metallic, it is modeled with the 

Johnson–Cook plasticity and damage formulations [18]. For 

the damage characterization of the composite laminates, the 

Hashin failure criterion [19] is employed, while 

interlaminar delamination [20] is represented using a 

traction–separation law. 

2.1. Johnson-Cook Plasticity 

The Johnson–Cook plasticity model is one of the most 

widely used constitutive formulations for predicting the 

behavior of ductile materials under conditions of large 

strains, high strain rates, and elevated temperatures. The 

model assumes that the flow stress can be expressed as a 

multiplicative combination of three contributions: strain 

hardening, strain-rate sensitivity, and thermal softening. 

The equivalent flow stress is defined according to Eq. (1) 

as: 

 σ = (𝐴 + 𝐵(ε)𝑛) [1 + 𝐶ln (
𝜀̇

𝜀̇0
)] (1 − 𝑇̂𝑚) (1) 
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whereA is initial yield stress, B hardening modulus, n 

strain-hardening exponent, Cstrain-rate sensitivity 

coefficient, mthermal softening exponent, εequivalent 

plastic strain, 𝜀̇ plastic strain rate,  𝜀0̇ reference strain 

rate.The nondimensionaltemperature 𝑇̂, which varies 

between zero and one (0 = room temperature, 1 = melting 

temperature), is defined according to Eq. (2):  

 𝑇̂ ≡ {

0
(𝑇−𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛)

(𝑇𝑚𝑒𝑙𝑡−𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛)

1

 for 𝑇 < 𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛

 for 𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 ≤ 𝑇 ≤ 𝑇𝑚𝑒𝑙𝑡

 for 𝑇 > 𝑇𝑚𝑒𝑙𝑡

 (2) 

In addition, the Johnson–Cook damage model is defined 

through the failure strain given in Eq. (3): 

𝜀𝑓 = [𝑑1 + 𝑑2𝑒
(𝑑3𝜎∗)] [1 + 𝑑4ln (

𝜀̇

𝜀̇0
)] (1 + 𝑑5𝑇̂) (3) 

whered1-d5are damage parameters andσ* is the ratio of 

hydrostatic (volumetric) stress to equivalent shear stress. 

2.2. Hashin failure criteria 

Failure criteria in composite materials are used to predict 

damage under complex stress states. Due to their 

anisotropic nature, composites require criteria that 

distinguish between fiber and matrix failures, such as 

tension and compression modes. Failure criteria are 

presented using the notion of failure index. The failure 

indexis defined as the ratio of the applied stress to the 

material strength: 

 𝐼𝐹 =
𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ
 (4) 

Failure is predicted when the failure index reaches or 

exceeds unity IF≥ 1.  

The Hashin failure criteria (HFC) are widely used to predict 

damage in composite laminates by distinguishing between 

fiber- and matrix-dominated failure modes. The model 

defines separate conditions for fiber tension, fiber 

compression, matrix tension, and matrix compression, 

allowing for a more accurate representation of composite 

behavior under multi-axial loading.The failure index is 

defined separately for each failure mode according to the 

following equations: 

- Fiber tension mode: 

 𝐼𝐹𝑓𝑡
2 = (

𝜎1

𝐹1𝑡
)

2

+ 𝛼 (
𝜎6

𝐹6
)

2

if𝜎1 ≥ 0 (5) 

- Fiber compression mode: 

 𝐼𝐹𝑓𝑐
2 = (

𝜎1

𝐹1𝑐
)

2

if𝜎1 < 0 (6) 

- Matrix tension mode: 

 𝐼𝐹𝑚𝑡
2 = (

𝜎2

𝐹2𝑡
)

2

+ (
𝜎6

𝐹6
)

2

if𝜎2 ≥ 0 (7) 

- Matrix compression mode: 

𝐼𝐹𝑚𝑐
2 = (

𝜎2

2𝐹4
)

2

+ [(
𝐹2𝑐

2𝐹4
)

2

− 1]
𝜎2

𝐹2𝑐
+ (

𝜎6

𝐹6
)

2

if𝜎2 < 0 (8) 

 

Where α is a weight factor to give more or less emphasis to 

the influence of shear on fiber failure.  

In the above equations: 

- F1t denotes the longitudinal tensile strength, 

- F1c denotes the longitudinal compressive strength, 

- F2t denotes the transverse tensile strength, 

- F2c denotes the transverse compressive strength,  

- F4  denotes the transverse shear strength, 

- F6  denotes the longitudinal shear strength, 

- σ1, σ2, andσ6 are components of the effective stress 

tensor, σ, that is used to evaluate the initation 

criteria and which is computed from: 

 𝜎 = 𝑴𝝈 (9) 

where σis the true stress and M is the demage operator: 

 𝑀 =

[
 
 
 
 

1

(1−𝑑𝑓)
0 0

0
1

(1−𝑑𝑚)
0

0 0
1

(1−𝑑𝑠)]
 
 
 
 

 (10) 

wheredf, dm, and ds are internal (demage) variables that 

characterize fiber, matrix, and shear damage, which are 

derived from damage variables dt
f, dc

f, dt
m, and dc

m, 

corresponding to the four modes previously discussed, as 

follows: 

 𝑑𝑓 = {
𝑑𝑓

𝑡if𝜎1 ≥ 0

𝑑𝑓
𝑐if𝜎1 < 0

 (11) 

 𝑑𝑚 = {
𝑑𝑚

𝑡 if𝜎2 ≥ 0
𝑑𝑚

𝑐 if𝜎2 < 0
 (12) 

 𝑑𝑠 = 1 − (1 − 𝑑𝑓
𝑡)(1 − 𝑑𝑓

𝑐)(1 − 𝑑𝑚
𝑡 )(1 − 𝑑𝑚

𝑐 ) (13) 

Fracture energy, defined as the area under the stress–strain 

curve from damage initiation to complete material 

degradation, provides a quantitative measure of the 

material’s resistance to crack propagation after failure has 

begun, as shown in the Figure 1. 

 

 

Fig. 1 Fracture enegy of composite material 

By identifying the initiation of each failure mode, Hashin 

criteria support reliable analysis and design of composite 

structures. 

2.3. Delamination 

Delamination refers to the damage mechanism associated 

with crack formation between adjacent composite plies 

(inter-ply failure mode). Such degradation may develop 
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under dynamic loading conditions, as in the present case 

involving impact. This phenomenon can be evaluated using 

a cohesive damage model in conjunction with fracture 

mechanics. The constitutive response of the interlayer 

material is illustrated in Figure 2. The separation between 

opposing surfaces is denoted byδi, while the corresponding 

interfacial stiffnessKi, often referred to as the penalty 

stiffness, characterizes the elastic behavior prior to damage 

initiation. 

 

Fig. 2Stress transfer in the cohesive zone model (CZM) 

The traction–separation relationship can be defined byEq. 

(14): 

 𝜎𝑖 = 𝐾𝑖𝛿𝑖 (14) 

Here,σidenotes the traction, while δirepresents the 

separation between the opposing surfaces, with the 

interfacial stiffnessKidefined byEq. (15): 

 𝐾𝑖 = (1 − 𝐷𝑖)𝐾𝑖̃ (15) 

whereDiis the damage variable and𝐾𝑖̃ [N/mm3] is the 

stiffness of the undamaged interface. Damage initiation is 

governed by the condition σi= σi
0, whereas the critical 

separation is obtained from Eq. (16): 

 𝛿𝑖
0 = 𝜎𝑖

0/𝐾𝑖̃ (16) 

The evolution of the damage variable is defined as: 

 𝐷𝑖 = {
0,  𝛿𝑖 ≤ 𝛿𝑖

0

1,  𝛿𝑖 = 𝛿𝑖
𝑐  (17) 

Based on the traction–separation diagram, once damage 

initiates the interfacial traction begins to decrease from its 

peak value σi
0. In the undamaged state (D = 0), the material 

retains its initial stiffness (segment OA). For 0 <D <1, the 

stiffness progressively degrades as damage evolves 

(segment AC). Complete failure occurs when D = 1, 

corresponding to point C on the curve. 

Thus, four characteristic stages of material behavior are 

identified: 

- Linear elastic response of the undamaged 

interface(OA) 

- Onset of damage (A) 

- Damage evolution and stiffness degradation (AC) 

- Failure and crack formation (C). 

3 FINITE ELEMENT ANALYSIS 

The finite element method (FEM) was employed to 

accurately predict the structural response of the composite 

plate, with modeling and simulations conducted using the 

commercial software ABAQUS.The procedure for 

performing the finite element analysis (FEA) is presented in 

the following sections. 

3.1. Geometry and FE mesh 

As the study investigates the contact behavior between the 

impactor and the composite plate, their geometries were 

defined and translated into finite element models with mesh 

densities appropriate for accurate analysis.The impactor 

represents a 9 mm bullet grain and is modeled as an 

ellipsoidal shape with semi-axes of 10.5 mm and 4.5 mm, 

as illustrated in Figure 3.The impactor consists of two 

material regions: a lead core and an outer brass jacket with 

a uniform thickness of 1 mm.The total mass of the impactor 

is 8 g. For the numerical analysis, the impactor was 

modeled as a deformable body and discretized with 35,388 

quadratic tetrahedral elements (C3D4). 

 

 

Fig. 3Impactor model, bullet grain 9 mm and finite element 

discretization. 

The composite plate model exhibits a high level of 

complexity and is composed of several interconnected 

segments. The central region represents the interaction zone 

between the projectile and the plate and is described using a 

three-dimensional macro-scale model. Each composite 

laminate is modeled individually, along with the interlayer 

regions separating adjacent laminates. Their integration is 

achieved using a tie-constraint technique, resulting in a 

configuration consisting of ten laminates and nine 

interlayers. The composite layers are discretized with SC8R 

227



continuum shell elements based on works cited [21, 22] and 

assigned Hashin damage criteria. The interlayers are 

represented by COH3D8 cohesive elements governed by a 

traction–separation damage law, as illustrated in Figure 4. 

 

 
Fig. 4Discrete and continuum damage models. 

 

The laminate orientation in the composite follows a[+45/-

45]5 stacking sequence relative to the referencex–axis, as 

shown in Figure 5. To enhance the accuracy of the 

numerical model, the mesh of each laminate was aligned 

with the fiber direction at an angle of 45°, as illustrated in 

Figure 5. 

 
Fig. 5Ply mesh discretization. 

 

Each laminate layer has a thickness of 0.5 mm, while the 

interlayer thickness is 0.05 mm, resulting in a total 

composite thickness of 5.45 mm. To reduce computational 

cost, the remaining portion of the composite plate is 

modeled at the meso-scale level (single-layer 

representation) using conventional S4R shell elements, also 

incorporating the Hashin damage criterion. These two 

modeling approaches are coupled through a solid-to-shell 

technique, forming a unified structural model.The 

composite plate measures 500 × 500 mm, with a central 

region of 30 × 30 mm represented by the detailed 3D 

model. The final mesh consists of 21,929 elements, and the 

complete model configuration is shown in Figure 6. 

 
Fig. 6Target model: composite platedimensions and FE 

discretization. 

3.2. Properties of Materials 

Material properties were specified for both the impactor 

and the composite plate to accurately represent their 

mechanical behavior in the simulation. The impactor 

consists of two distinct materials: a brass jacket and a lead 

core. The mechanical behavior of these materials was 

defined using the Johnson–Cook constitutive model, with 

properties provided in Table 1.  

 

Table 1 Material properties of the impactor 

Property Brass 

(jacket) 

Lead 

(core) 

Density, ρ [kg/m3] 8520 12000 

Elastic modulus, E1 [GPa] 110 210 

Shear modulus, G [GPa] 44 0.352 

Poisson's ratio, υ  0.375 0.29 

Yield strength, A [GPa] 0.112 0.792 

Hardening constant, 

B 

[GPa] 
0.505 0.51 

Hardening coefficient, n 0.42 0,26 

Strain rate sensitivity, C 0.009 0.014 

Thermal softening coefficient, 

m 
1.68 1.03 

Melting temperature, 

Tm 

[oC] 
916 1520 

Transition 

temperature, Ttr 

[oC] 
20 20 

Initial failure strain, d1 0.54 0.05 

Exponential factor, d2 4.89 3.44 

Triaxiality factor, d3  3.03 -2.12 

Strain rate factor, d4  0.014 0.002 

Temperature factor, d5 1.12 0.61 

Reference strain rate  1 1 

 

Based on the criterion that the material should be resistant 

to impact loads, a design for damage tolerance is 

recommended. As Kevlar fibers and tough matrices can 

provide the necessary impact and damage propagation 

resistance, the type of Kevlar 49 material was 

chosen.Kevlar 49/epoxy unidirectional composites are 

known for their high tensile strength, low density, and 

excellent energy-absorption capability. The aramid fibers 

provide strong resistance to stretching and tearing, while 

the epoxy matrix ensures effective load transfer and 

structural stability. These combined properties give the 

composite high impact resistance, allowing it to dissipate 

energy through mechanisms such as fiber deformation, 

matrix cracking, and controlled delamination.The material 

properties of the Kevlar 49/epoxy unidirectional composite, 

including density, elastic and shear moduli, Poisson’s ratio, 

strength parameters, and fracture energy values, are 

summarized in Table 2.  

For monitoring delamination, the material properties of the 

interlayer, expressed in terms of fracture energy in the 

normal and shear directions, are defined in Table 3. 

 

 

 

 

 

228



Table 2 Properties of Kevlar 49/epoxy unidirectional 

material 
Property Value 

Density, ρ [kg/m3] 1380  

Longitudinal modulus, E1 [GPa] 80      

Transverse in-plane modulus, E2 [GPa] 5.5     

Transverse out-of-plane modulus, E3 [GPa] 5.5     

In-plane shear modulus, G12 [GPa] 2.2     

Out-of-plane shear modulus, G23 [GPa] 1.8     

Out-of-plane shear modulus, G13 [GPa] 2.2     

Major in-plane Poisson's ratio, υ12  0.34 

Out-of-plane Poisson's ratio, υ23  0.40 

Out-of-plane Poisson's ratio, υ13  0.34 

Longitudinal tensile strength, F1t [MPa] 1400  

Transverse tensile strength, F2t [MPa] 30      

Longitudinal compressive strength, F1c [MPa] 335    

Transverse compressive strength, F2c [MPa] 158    

In-plane shear strength, F6 [MPa] 49 

Longitudinal tensile fracture energy, GL
ft [J/m2] 300 

Longitudinal compressive fracture 

energy, GL
fc 

[J/m2] 250 

Transverse tensile fracture energy, GL
mt [J/m2] 1000 

Transverse compressive fracture energy, 

GL
mc 

[J/m2] 1200 

 

 

Table 3 Properties of interlayer damage model 
Property Value 

Density, ρ [kg/m3] 1000  

Normal stiffness, Knn [N/m3] 106 

Shear stiffness, first direction, Kss [N/m3] 106 

Shear stiffness, second direction, Ktt [N/m3] 106 

Nominal stress limits, σn
0 [Mpa] 74.2 

Nominal stress limits, first direction, σs
0 [Mpa] 110.4 

Nominal stress limits, second direction, 

σt
0 

[Mpa] 110.4 

Normal mode, fracture energy, GI [J/m2] 1000 

Shear mode, fracture energy – first 

direction, GII 

[J/m2] 2000 

Shear mode, fracture energy – second 

direction, GIII 

[J/m2] 1800 

 

 

3.3. Initial and boundary conditions 

Initial conditions determine the movement of the bullet 

andthe boundary constraints of the plate.The bullet is 

defined to move in a straight line along the negative z-

direction, with its velocity specified as a variable 

parameter. 

The plate is fully supported along all edges by fixing all 

translational (U1=U2=U3=0) and rotational 

(UR1=UR2=UR3=0) degrees of freedom,as shown in Figure 

7. The bullet impacts the central region of the plate at a 

right angle, generating the applied load. Since the 

maximum load occurs when the bullet strikes at 90°, this 

configuration represents the worst-case scenario for the 

plate. 

 
Fig. 7Initial position and boundary conditions 

3.4. Simulation 

The simulations were conducted using the prepared models 

of the projectile and composite plate in Abaqus. Explicit 

dynamic contact analyses were performed, accounting for 

the nonlinear impact behavior between the bullet andthe 

composite plate. An explicit solver with an automatic time 

increment was employed, with a total simulation period of 

t=2×10⁻⁴ s.The objective of this analysis is to evaluate the 

ballistic performance of the composite plate based on its 

ability to absorb the kinetic energy of the projectile. For this 

purpose, an algorithmic scheme was developed, as 

illustrated in Figure 8. 

 

 

Fig. 8 Algorithm for determining the ballistic limit of the 

composite plate 

According to the described algorithm, v0represents the 

initial velocity of the projectile, while v2denotes its velocity 

after impact. If v2=0,the composite plate is capable of fully 

absorbing the projectile's kinetic energy at the given initial 

velocity v0. Conversely, if 0<v2<v0, penetration of the 

projectile through the target has occurred. Upon completion 

of each simulation, the value of v0is adjusted, and the cycle 

is repeated until the maximum velocity at which no 

penetration occurs is determined, within a specified 

tolerance for the velocity increment. This velocity defines 

the ballistic limit of the composite plate. The algorithm was 

implemented in Abaqus through the input file, with 

automation performed using Python scripts. 
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4 RESULT AND DISCUSSION 

The simulation results were evaluated by monitoring the 

projectile’s kinetic response, specifically the initial velocity 

v0and the residual velocityv2after impact. This comparison 

provides a clear indication of the composite plate’s ability 

to absorb impact energy. Figure 9 shows the damage 

visualization for the case of projectile penetration at an 

initial velocity of 250 m/s. The left image illustrates fiber 

damage predicted using the Hashin fiber failure criterion, 

while the right image represents interlaminar damage, 

delamination between layers, expressed through the scalar 

damage variable. A value of this damage variable equal to 

one indicates that material failure has occurred. 

 

 

Fig. 9 Projectile penetration with damage criteria 

Figure 10 presents the time history of the projectile’s 

kinetic energy during the simulation. Based on the 

remaining kinetic energy of 9.64 J at the end of the impact 

event, the residual projectile velocity was calculated as 

v2=49.1 m/s, according to Eq. (18). This value reflects the 

portion of energy not absorbed by the composite plate 

during penetration. 

 𝐸𝑘 =
𝑚𝑣2

2
→ 𝑣 = √

2𝐸𝑘

𝑚
 (18) 

 

Fig. 10Kinetic energy evolution of the projectile  

(v0=250 m/s) 

Figure 11 illustrates the relationship between the initial and 

residual projectile velocities for all simulated impact 

scenarios. The maximum initial velocity considered was 

550 m/s, consistent with the technical specifications of the 

projectile. From the presented results, the highest initial 

velocity v0for which the residual velocityv2=0 becomes zero 

is220 m/s. This value represents the ballistic limit of the 

composite plate, indicating the maximum velocity that the 

laminate can withstand without perforation. 

 

Fig. 11 Ballistic limit of Kevlar 49 composite plate 

The obtained ballistic limit is not fully satisfactory, given 

that the actual projectile velocity may exceed this value. 

This indicates that the proposed design requires further 

improvement. Potential enhancements include increasing 

the impact resistance of the composite plate by enlarging its 

thickness or adding additional plies, as well as optimizing 

specific material and structural parameters to achieve a 

higher ballistic tolerance. 

5 CONCLUSION 

This study presented a procedure for evaluating the impact 

resistance of a composite plate, specifically examining its 

ability to absorb the kinetic energy of a projectile. 

Mathematical models were introduced, and the governing 

behavioral characteristics were identified. The analysis 

focused on a single configuration of the composite plate 

with fixed material properties, geometry, number and 

thickness of plies, and fiber orientations. The impactor, 

modeled as a 9 mm projectile, was also defined with precise 

material attributes and geometry. All of these factors 

represent constraints within the scope of the study, while 

the initial projectile velocity was the only parameter varied. 

Future work may involve improving the performance of the 

proposed composite plate to achieve resistance to the entire 

range of velocities associated with a 9 mm projectile, as 

well as to impacts from other commercial ammunition, in 

accordance with relevant ballistic standards. Further 

optimization, such as adjusting selected design or material 

parameters, could enhance performance while 

simultaneously reducing the overall thickness and weight of 

the laminate. In [23], the optimization of a composite plate 

under low-velocity impact was conducted, suggesting the 

potential to extend the optimization algorithm to high-

velocity impact scenarios. Additionally, the use of 

alternative materials with superior impact-resistant 

properties may provide further opportunities for 

advancement. Finally, modeling based on isogemetric FE 

approach [24] will be considered in the future work.  

Experimental testing represents an essential component of 

the research process, serving to validate the mathematical 

models and numerical methods applied. Agreement between 

numerical and experimental results is crucial for confirming 

the reliability of the analyses, based on works cited [25, 26]. 
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The presented methodology and findings may be applied in 

the development of protective equipment, such as ballistic 

vests and helmets, as well as in the design of lightweight 

and impact-resistant structures within the transportation 

industry.
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