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This study investigates the ballistic response of spaced Hardox 400 steel armor plates 

subjected to a 7.62 × 51 mm projectile impact using an explicit dynamic finite element 

method (FEM) simulation in ANSYS. The investigated system consists of two Hardox 

400 steel plates separated by an air gap, with three configurations using plate 

thicknesses of 3 mm, 4 mm, and 5 mm; in each configuration, the inter-plate spacing is 

set equal to the plate thickness. The numerical analysis focuses on von Mises stress 

distribution, deformation, penetration response, and projectile velocity. The maximum 

von Mises stresses in the front plate are 1320.8 MPa, 1260.2 MPa, and 1176.8 MPa for 

Models A, B, and C, respectively, while the corresponding rear-plate values are 1259.3 

MPa, 966.5 MPa, and 986.5 MPa. The rear-plate deformation and penetration responses 

also differ among the investigated configurations: Model A shows approximately 8 mm 

of deformation without complete perforation, while the reported penetration depth 

decreases to approximately 2 mm in Model B and 0.9 mm in Model C. The projectile 

velocity-time response confirms substantial deceleration following impact, although the 

residual-velocity trend should be interpreted together with the deformation and 

penetration results. Overall, the numerical findings demonstrate that plate thickness and 

spacing configuration influence the ballistic response of the two-plate Hardox 400 

system. Further experimental validation, mesh-sensitivity assessment, and system-level 

investigations are required before the configuration can be considered for practical 

protective applications. 
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1. INTRODUCTION

Ballistic protection remains an important engineering 

requirement for military, law-enforcement, infrastructure, and 

other high-risk applications. The development of protective 

systems requires an understanding of material response, 

projectile-target interaction, and failure mechanisms under 

high-velocity impact. Numerical simulation has become an 

important tool for investigating these phenomena and 

complementing experimental ballistic testing [1, 2]. 

Protective structures and armor systems are designed to 

reduce projectile penetration and limit local damage under 

ballistic loading. Their performance depends on the 

mechanical properties of the target material, plate geometry, 

boundary conditions, projectile characteristics, and the 

interaction between successive protective elements [3-5]. At 

the present stage, however, the numerical model in this study 

represents a plate-level ballistic configuration rather than a 

complete building, wall, connection, or full-scale protective 

panel. 

Among metallic protection concepts, spaced armor uses 

two or more plates separated by a defined gap. The front plate 

interacts first with the incoming projectile, while the rear plate 

provides additional resistance after the projectile has crossed 

or perforated the front plate. The ballistic response can 

therefore be influenced by plate thickness, spacing, material 

properties, and the sequence of projectile interaction with the 

plates [6-8]. 

The investigated configuration consists solely of two 

Hardox 400 steel plates separated by an air gap and is 

therefore described throughout this manuscript as a spaced 

armor configuration. The present model evaluates the 

sequential response of two separated metallic plates made of 

the same steel grade, without introducing dissimilar protective 

layers such as ceramics, Kevlar, polymers, or shear-

thickening fluids. 

Mathematical Modelling of Engineering Problems 
Vol. 13, No. 7, July, 2026, pp. 966-976 

Journal homepage: http://iieta.org/journals/mmep 

966

https://orcid.org/0000-0003-1092-6221
https://orcid.org/0009-0001-5187-2445
https://orcid.org/0009-0008-8645-5925
https://orcid.org/0000-0002-1006-1224
https://orcid.org/0009-0006-4742-0223
https://orcid.org/0000-0003-4514-6962
https://orcid.org/0000-0002-9781-1234
https://crossmark.crossref.org/dialog/?doi=10.18280/mmep.130704&domain=pdf


 

Previous studies have investigated monolithic, 

multilayered, composite, and spaced metallic armour systems 

under ballistic impact [6-12]. However, the response of 

separated Hardox plates remains sensitive to plate thickness, 

inter-plate spacing, material constitutive behavior, and 

contact conditions. These parameters can be examined 

efficiently using explicit dynamic FEM before further 

experimental validation. 

This study therefore develops and analyzes an explicit 

dynamic FEM model of a two-plate spaced Hardox 400 armor 

configuration subjected to a 7.62 × 51 mm projectile impact. 

Three configurations are evaluated using 3 mm, 4 mm, and 5 

mm Hardox 400 plates, with the air gap in each configuration 

set equal to the corresponding plate thickness. The objectives 

are to compare (i) deformation and penetration response, (ii) 

von Mises stress distribution in the front and rear plates, and 

(iii) projectile velocity response during the impact event. 

The results are intended to provide plate-level numerical 

insight into the ballistic response of spaced Hardox 400 

armor. Potential future applications may include protective 

structural components or vehicle armor; however, such 

applications require additional experimental validation and 

system-level studies involving full-scale panels, supports, 

connections, realistic boundary conditions, areal density, and 

other application-specific design requirements. 

 

 

2. METHODOLOGY 

 

2.1 3D modeling and numerical simulation 

 

The numerical models of the Hardox 400 plates and the 

7.62 × 51 mm projectiles were created in a three-dimensional 

computer-aided design (CAD) environment according to the 

specified test dimensions (see Figures 1 and 2). The individual 

components were then assembled to form the complete 

specimen for simulation. All relevant geometric and material 

data were imported into a finite element method (FEM) 

software package, and the explicit dynamic solver was 

employed to analyze the projectile impact on the bullet-

resistant plate. 

Within the explicit dynamic module, the material behavior 

is defined using the Johnson-Cook constitutive model to 

represent the high-strain-rate response during impact. The 

three-dimensional projectile and plate models are assembled 

according to the simulated geometry, after which material 

properties, contact definitions, boundary conditions, mesh 

size, initial projectile velocity, and analysis time are specified 

for the ballistic impact simulation. 

 

 
 

Figure 1. Plate design in 3D software 

 
 

Figure 2. Example of the spaced Hardox 400 plate 

arrangement with a 4 mm air gap 

 

 
 

Figure 3. Simulation setup 

 

The plate assemblies simulated comprised configurations 

with plate thicknesses of 3 mm, 4 mm, and 5 mm. For each 

configuration, the spacing between adjacent plates was set 

equal to the plate thickness (for example, 4 mm-thick plates 

separated by a 4 mm gap). Ballistic impacts were modelled 

using 7.62 × 51 mm projectiles. The complete simulation 

setup is illustrated in Figure 3. 

The numerical simulation is used to evaluate the transient 

response of the spaced Hardox 400 plates under projectile 

impact. The reported outputs include plate deformation, von 

Mises stress distribution, penetration response, and projectile 

velocity. These outputs are interpreted as plate-level 

numerical indicators and are not treated as validation of full-

scale wall, building, or vehicle armor performance. 

 

2.2 Simulation settings 

 

The selection of boundary conditions in ballistic 

simulations depends on the type of analysis being conducted. 

For projectile impact simulations, these conditions generally 

involve defining the material properties of both the projectile 

and the target, along with the projectile’s initial specifications. 

In contrast, particle transport problems in fluids or solids 

typically require boundary conditions applied at the 

computational domain’s edges, such as periodic boundaries or 

wall constraints. Accurate specification of boundary 

conditions is essential to ensure the physical realism of the 

simulation and to minimize numerical artifacts, such as wave 

reflections or non-physical interactions at domain boundaries. 

An illustration of the applied boundary conditions in this 

study is presented in Figure 4. 

In this research, the Johnson-Cook constitutive model is 

employed to describe the mechanical behavior of the 

projectile materials (brass and steel) as well as the Hardox 400 
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target plate [13]. The projectile is assigned an initial velocity 

of 850 m/s, in accordance with standard ballistic testing 

protocols for protective materials [14]. Rigid boundary 

conditions were simulated by constraining all edges of the 

target plate with fixed supports [15]. A uniform linear mesh 

with an element size of 1 mm is applied to all model 

components to ensure consistent discretization. The total 

simulation time is set to 0.03 s, which is sufficient to capture 

the complete penetration process of the projectile through the 

target plate [16]. 

 

 
 

Figure 4. Boundary condition and mesh modeling 

 

2.3 Johnson-Cook method 

 

This simulation employs the Johnson-Cook (JC) model, a 

widely used constitutive model that characterizes material 

behavior under extreme conditions involving high strain, high 

strain rate, and elevated temperature. In the present study, 

each material is defined by its corresponding Johnson-Cook 

parameters, including the individual layers of the 7.62 × 51 

mm projectile (brass and steel) as well as the target plate 

material (Hardox 400). The isotropic elastic properties and the 

Johnson-Cook material constants for all components are 

summarized in Tables 1–4. 

 

Table 1. Isotropic elasticity of 7.62 × 51 mm projectile part 

 

Property Steel (Core) Lead (Tip) 
Brass 

(Jacket) 

Density (kg/m3) 7850 10660 8520 

Young's 

modulus (MPa) 
210000 1000 115000 

Poisson's ratio 0.33 0.42 0.31 

Bulk modulus 

(Pa) 
2.058 × 10¹¹ 2.083 × 10⁹ 1.008 × 10¹¹ 

Shear modulus 

(Pa) 
7.894 × 10¹⁰ 3.521 × 10⁸ 4.389 × 10¹⁰ 

Specific heat 

capacity 

(J/KgK) 

452 124 385 

 

Table 2. Johnson-Cook strength of 7.62 × 51 mm projectile 

parts 

 
Parameter Steel (Core) Lead (Tip) Brass (Jacket) 

A (MPa) 1200 24 206 

B (MPa) 5000 300 505 

n 1 1 0.42 

C 0 0.1 0.01 

𝜀∗(1/s) 0.0005 0.0005 0.005 

m 1 1 1.68 

𝑇𝑚 (𝐾) 1800 760 1189 

Table 3. Isotropic elasticity of Hardox 400 
 

Parameter Value 

Density (kg/m3) 7850 

Young's modulus (MPa) 210000 

Poisson's ratio 0.33 

Bulk modulus (Pa) 1.75 1011 

Shear modulus (Pa) 8.0761010 

Specific heat capacity (J/KgK) 452 
 

Table 4. Johnson-Cook strength of Hardox 400 
 

Parameter Value 

A (MPa) 1350 

B (MPa) 362 

N 1 

C 0.0108 

𝜀∗(1/s) 0.0005 

m 1 

𝑇𝑚 (𝐾) 1500 

 

2.4 Spaced armor configuration 
 

In this study, spaced armor is defined as two Hardox 400 

steel plates separated by an air gap. The projectile first 

interacts with the front plate and subsequently with the rear 

plate, allowing the response of each plate to be evaluated 

separately. Numerical simulations are performed for three 

configurations using 3 mm, 4 mm, and 5 mm Hardox 400 

plates. For each configuration, the spacing between the front 

and rear plates is set equal to the plate thickness. Thus, the 

investigated cases represent 3 mm plates with a 3 mm gap, 4 

mm plates with a 4 mm gap, and 5 mm plates with a 5 mm 

gap. The configurations are illustrated in Figure 5. 
 

 
 

Figure 5. Spaced Hardox 400 armor configurations 
 

 

3. RESULTS AND DISCUSSION 
 

3.1 Plastic deformation 
 

Significant plastic deformation is observed around the 

projectile impact region, as illustrated in Figure 6. In all three 

configurations, the projectile perforates the front Hardox 400 

plate, producing localized deformation and damage in the 

contact region. Because the penetration extends through the 

front plate for the investigated 3–5 mm thicknesses, the front 

plate alone does not arrest the 7.62 × 51 mm projectile under 

the simulated conditions. 

The deformation field in Figure 6 extends beyond the 

projectile contact diameter, indicating that the local impact 

response is distributed over a wider region of the front plate. 

The deformation patterns in Figures 7(A–C) show that the rear 

Hardox 400 plate provides additional resistance after the 

projectile has passed through the front plate. The response of 

the rear plate therefore provides an important measure of the 

performance of the two-plate spaced armor configuration. 
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Figure 6. Total deformation of 1st layer: (A) 3 mm Hardox 400, (B) 4 mm Hardox 400, (C) 5 mm Hardox 400 
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Figure 7. Total deformation of the 2nd layer: (A) Hardox 400 3 mm, (B) Hardox 400 4 mm, (C) Hardox 400 5 mm 
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Figure 8. Equivalent (von Mises) Stress 1st layer: (A) Hardox 400 3 mm, (B) Hardox 400 4 mm, (C) Hardox 400 5 mm 
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Figure 9. Equivalent (von Mises) Stress 2nd layer: (A) Hardox 3 mm, (B) Hardox 4 mm, (C) Hardox 5 mm 
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As illustrated in Figure 7(A), Model A exhibits 

approximately 8 mm of rear-plate deformation without 

complete perforation. In Figure 7(B), the reported penetration 

depth is approximately 2 mm, while in Figure 7(C) it decreases 

to approximately 0.9 mm. These results show that the rear-

plate deformation and penetration response vary substantially 

with the investigated plate thickness and spacing 

configurations. The smaller reported penetration depth in 

Model C indicates improved resistance to local penetration in 

this metric; however, direct energy absorption should be 

quantified from energy-history outputs rather than inferred 

solely from deformation or stress contours. 

 

3.2 von Mises stress distribution 

 

The von Mises stress criterion is employed to evaluate the 

onset of yielding in a material subjected to multiaxial stress 

conditions. It is derived from the Distortion Energy Theory, 

which posits that plastic deformation begins when the 

material’s distortion energy reaches a critical threshold. The 

simulation results presented in Figure 8 illustrate the von 

Mises stress distribution on the first Hardox 400 plate during 

and after projectile impact.  

As illustrated in Figure 8, the maximum von Mises stress is 

concentrated around the projectile impact region. The 

maximum values are approximately 1320.8 MPa for Model A, 

1260.2 MPa for Model B, and 1176.8 MPa for Model C. The 

stress contours show radial propagation away from the impact 

region, while the highest values remain localized near the 

projectile-plate interaction zone. 

The deformation profiles shown on the right side of Figure 

8 indicate that deformation is primarily localized around the 

impact area, whereas regions farther from the impact point 

experience lower deformation. A reduction in the reported 

maximum front-plate stress is observed from Model A to 

Model C. This trend demonstrates that plate thickness and 

spacing configuration alter the stress response; it should not, 

by itself, be interpreted as direct evidence of greater energy 

absorption. 

As the loading event progresses, the stress field propagates 

radially outward from the impact zone. Localized stress 

concentrations remain near the contact region, while a large 

portion of the plate is subjected to lower stress levels. The 

contours therefore provide information on the spatial 

distribution of the impact-induced stress field, while energy 

dissipation should be evaluated separately using appropriate 

energy-history results. 

Figure 9 illustrates the von Mises stress distribution in the 

rear plate, with peak stress values of approximately 1259.3 

MPa, 966.5 MPa, and 986.5 MPa for Models A, B, and C, 

respectively. Compared with Model A, Models B and C 

exhibit lower peak stresses, indicating a reduction in stress 

concentration within the rear plate. Because the simulation 

employs a rate-dependent Johnson-Cook material model, 

these equivalent-stress values should be interpreted together 

with plastic deformation, penetration, failure response, and 

projectile velocity rather than compared with a single static 

yield-strength threshold as standalone evidence of ballistic 

resistance. 

Furthermore, the rear-plate stress contours exhibit different 

spatial distributions among the three configurations. Model C 

shows a smaller localized high-stress region around the impact 

center, whereas Model A exhibits the highest reported 

maximum rear-plate stress. These differences indicate that 

plate thickness and spacing affect the transient stress field. A 

more uniform or lower peak stress should not be equated 

directly with higher absorbed energy unless supported by 

energy-history data. 

 

3.3 Bullet velocity 

 

Projectile velocity is a key parameter in ballistic impact 

analysis because it reflects the deceleration the projectile 

experiences during its interaction with the target. In this study, 

we examine the velocity–time histories to evaluate and 

compare projectile responses across Hardox 400 

configurations with plate spacings of 3 mm, 4 mm, and 5 mm. 

The velocity data are interpreted together with deformation 

and penetration results to characterize the overall numerical 

ballistic response. 

 

Table 5. Comparison of projectile velocity after penetrating 

the plate 

 
Hardox 400 

3 mm 

Hardox 400 

4 mm 

Hardox 400 

5 mm 

 
Time = 0 Bullet 

velocity = 850 m/s 

 
Time = 0 Bullet 

velocity = 850 m/s 

 
Time = 0 Bullet 

velocity = 850 m/s 

 
Time = 1.5 × 10⁻⁴ 

Bullet velocity = 

66.454 

 
Time = 1.5 × 10⁻⁴ 

Bullet velocity = 

81.748 m/s 

 
Time =1.5 × 10⁻⁴ 

Bullet velocity = 

94.891 m/s 

 
Time = 3.0 × 10⁻⁴ 

Bullet velocity = 

77.103 m/s 

 
Time = 3.0 × 10⁻⁴ 

Bullet velocity = 

86.970 m/s 

 
Time = 3.0 × 10⁻⁴ 

Bullet velocity = 

95.135 m/s 

 
Time = 4.5 × 10⁻⁴ 

Bullet velocity = 

86.524 m/s 

 
Time = 4.5 × 10⁻⁴ 

Bullet velocity = 

95.369 m/s 

 
Time = 4.5 × 10⁻⁴ 

Bullet velocity = 

101.44 m/s 

 
Time = 6 × 10⁻⁴ 

Bullet velocity = 

89.169 m/s 

 
Time = 6 × 10⁻⁴ 

Bullet velocity = 

95.425 m/s 

 
Time = 6 × 10⁻⁴ 

Bullet velocity = 

102.89 m/s 

 

Changes in projectile velocity indicate momentum and 

kinetic-energy changes during the impact event; however, the 

distribution of absorbed energy among the front plate, rear 

plate, projectile, contact, and other numerical components 
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cannot be determined from projectile velocity alone. Direct 

claims regarding energy absorption therefore require the 

corresponding kinetic- and internal-energy histories from the 

explicit dynamic analysis. 

Accordingly, the projectile velocity history is used here as 

a comparative response parameter rather than as independent 

validation of the numerical model. Table 5 summarizes the 

reported projectile velocities at selected times, and Figure 10 

presents the corresponding velocity-time relationship for the 

three investigated configurations. 

Figure 10 shows a rapid reduction in projectile velocity 

immediately after initial contact with the target. The initial 

velocity is approximately 850 m/s for all configurations, 

followed by substantial deceleration over a short time interval 

as the projectile interacts with the front and rear plates. This 

response confirms strong projectile-target interaction but does 

not, by itself, identify how the lost projectile kinetic energy is 

partitioned within the numerical system. 

 

 
 

Figure 10. Relationship between projectile velocity and time 

 

Following the initial deceleration stage, the reported 

projectile velocities remain much lower than the initial 850 

m/s value. At the sampled later times, the 3 mm configuration 

shows the lowest reported velocity, while the 4 mm and 5 mm 

configurations show higher values. Because this trend is not 

monotonic with increasing plate thickness and differs from the 

penetration-depth trend, the velocity results should be 

interpreted together with the timing of projectile-plate 

interaction, deformation, penetration, and other numerical 

outputs rather than used alone to rank the configurations. 

Minor fluctuations are observed in the velocity curves after 

the primary impact phase. These variations may reflect 

transient projectile-target interaction, stress-wave effects, 

contact changes, and numerical response during the explicit 

dynamic analysis. Their physical significance should be 

evaluated together with the contact history and other solver 

outputs. 

The later-stage velocity response indicates that the 

projectile remains strongly decelerated relative to its initial 

condition. Overall, the velocity history confirms that the three 

spaced armor configurations produce different projectile 

responses. Quantification of energy absorption or dissipation, 

however, requires direct evaluation of kinetic energy, internal 

energy, contact energy, and energy-balance histories from the 

simulation. 

 

3.4 Discussion 

 

The present results provide plate-level numerical 

information on the response of two Hardox 400 plates 

separated by an air gap under a 7.62 × 51 mm projectile 

impact. The observed differences in stress, deformation, 

penetration, and projectile velocity demonstrate that plate 

thickness and spacing configuration influence the transient 

ballistic response. These findings are consistent with the 

broader literature showing that layered and separated metallic 

plates can exhibit different impact responses from monolithic 

targets [17-19]. Nevertheless, the current model does not 

represent a complete wall, building component, connection, or 

vehicle armor assembly. 

The numerical comparisons can support further parametric 

studies of plate thickness, spacing, and material configuration, 

as previous investigations have demonstrated that ballistic 

performance is strongly influenced by target geometry, 

material arrangement, and energy dissipation mechanisms in 

metallic and multilayer protection systems [20-23]. However, 

the current results should not be treated as direct design values 

for a protective wall or vehicle system because structural 

supports, joints, panel dimensions, areal density, multi-hit 

behavior, oblique impact, spall, and full-scale boundary 

conditions are not represented. Similarly, ballistic standards 

such as the NIJ standard [24] should be considered only as test 

or performance evaluation frameworks when the modeled 

projectile, impact velocity, target configuration, conditioning 

procedures, and acceptance criteria correspond to the 

requirements of the applicable standard. 

Moreover, Potential applications of spaced metallic armor 

include protective structural components and vehicle armor, 

but such applications remain outside the direct validation 

scope of the present plate-level simulation. Before practical 

implementation, the numerical model should be supported by 

mesh-sensitivity studies, experimental ballistic tests, direct 

energy-balance evaluation, and application-specific system 

modeling [25-27]. Future work may also investigate different 

gap ratios, asymmetric front/rear plate thicknesses, oblique 

impact, repeated or multi-hit loading, and alternative projectile 

conditions.  
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4. CONCLUSIONS 

 

This study numerically investigated three spaced Hardox 

400 armor configurations subjected to a 7.62 × 51 mm 

projectile impact using an explicit-dynamic FEM model. The 

front-plate maximum von Mises stresses are approximately 

1320.8 MPa, 1260.2 MPa, and 1176.8 MPa for Models A, B, 

and C, respectively, while the corresponding rear-plate values 

are approximately 1259.3 MPa, 966.5 MPa, and 986.5 MPa. 

The stress field is concentrated around the projectile impact 

region and propagates outward across the plates. 

The deformation and penetration results show clear 

differences among the investigated configurations. Model A 

exhibits approximately 8 mm of rear-plate deformation 

without complete perforation, while the reported penetration 

depth decreases to approximately 2 mm in Model B and 0.9 

mm in Model C. Model C therefore provides the smallest 

reported penetration depth, whereas Model B exhibits the 

lowest reported maximum rear-plate von Mises stress. These 

observations show that different response metrics do not 

necessarily identify the same configuration as uniformly 

optimal. 

Overall, the results demonstrate that plate thickness and 

inter-plate spacing influence the numerical ballistic response 

of the spaced Hardox 400 system. The projectile velocity-time 

histories confirm substantial deceleration after impact, but the 

later reported velocity trend is not monotonic with increasing 

plate thickness and should be interpreted together with 

penetration and deformation results. The present findings are 

limited to the simulated two-plate configurations and should 

not be extrapolated directly to complete buildings, walls, 

military vehicles, or larger ballistic and explosive threats. 

Experimental validation, mesh-sensitivity analysis, direct 

energy-history assessment, and full-scale system studies are 

recommended before practical implementation. 
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