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Abstract 

This study shows a numerical analysis of the ballistic 

characteristic of a bullet on a targeted stiffened plate. The 

numerical analysis compares the structural strength of the 

target plate with stiffener variations of I, L, T, Y, and X 

types with various material variations of Al 6061-T651, Al 

6082-T6, Weldox 460E, and Armox 500T. Numerical simu-

lations are performed at a squared stiffened target plate at 

projectile impact velocity of 341-863 m/s using ABAQUS/ 

Explicit® with the Johnson-Cook material model. The initial 

validation is successfully achieved by comparing the residual 

velocity values between the current study and the previous 

experiment. Simulation results demonstrate that incorporat-

ing an I stiffener significantly enhances ballistic resistance, 

with performance varying based on material types. Weldox 

460E combined with an I stiffener exhibits the best ballistic 

resistance performance. The study highlights the importance 

of optimising stiffener design and material selection to 

maximise ballistic protection performance. 

Ključne reči 

• balistički udar  

• ukrućivač 

• rezidualna brzina  

• izbor materijala 

• analiza konačnim elementima 

Izvod 

U radu je predstavljena numerička analiza balističkih 

karakteristika projektila sa ukrućenom pločom kao metom. 

U numeričkoj analizi se poredi čvrstoća konstrukcija ploče-

mete raznih tipova ukrućenja I, L, T, Y i X i različitih mate-

rijala Al 6061-T651, Al 6082-T6, Weldox 460E i Armox 

500T. Numeričke simulacije su izvedene sa kvadratnom ukru-

ćenom pločom-metom pri udarnoj brzini projektila od 341-

863 m/s primenom ABAQUS/Explicit® sa Džonson-Kuk mode-

lom materijala. Početna procena je uspešno obavljena upore-

đivanjem vrednosti rezidualne brzine prethodnog eksperi-

menta i rezultata u ovom radu. Rezultati simulacije pokazu-

ju da se uvođenjem I ukrućivača značajno povećava balis-

tička otpornost, gde se performanse menjaju zavisno od tipa 

materijala. Weldox 460E materijal u kombinaciji sa I ukru-

ćivačem pokazuje najbolje osobine balističke otpornosti. U 

radu se naglašavaju značaji optimizacije u dizajnu ukrući-

vača i izbora materijala, radi postizanja maksimalnih perfor-

mansi balističke otpornosti i zaštite. 

INTRODUCTION 

Ballistic penetration resistance is critical in designing 

structural systems to withstand high-speed impacts, particu-

larly for small arms such as pistols, submachine guns, and 

assault rifles, /1/. The defence industry places significant 

importance on understanding the behaviour of structures 

under ballistic impact to enhance military equipment and 

minimise losses during combat. Key design requirements for 

such structures include high ductility and mobility which 

demand lightweight materials without compromising struc-

tural integrity, /2/. The structural configuration of ballistic 

targets plays a crucial role in their resistance to penetration. 

Target structures can be strengthened by incorporating stiff-

eners which have been shown to enhance impact resistance 

significantly, /3/. 

Stiffened plates are commonly used in aircraft, ships, and 

civil structures due to their superior buckling resistance under 

blast loading. While their behaviour under static loads is 

understood, extensive research in the past decade has focused 

on their response to uniform and localised blast load condi-

tions /4, 5/. The stiffener type and arrangement are key in 

determining how resistant stiffened steel plates behave under 
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ballistic impact. Numerous studies demonstrate that stiffener 

size, shape and configuration substantially affect stiffened 

steel plate resistance and dynamic response under blast load 

/6/. Moreover, the failure modes of stiffened plates under 

blast loads include large plastic deformation, partial plate 

damage, tensile tearing at the boundaries, and shear failure, 

all strongly influenced by the characteristics and configura-

tions of the stiffeners. The position and arrangement of 

stiffeners affect these failure modes, and new sub-modes, 

such as partial tearing and rupture, have also been identified 

/7/. Moreover, stiffener type, number, and size significantly 

impact the energy absorption ratio of the stiffened plate, 

highlighting their critical role in energy dissipation during 

impact, /8, 9/. 

The finite element method (FEM) has become an essential 

tool, complementing experimental results with numerical 

simulations. As noted in /10/, simulation offers the flexibil-

ity to explore hypothetical situations with minimal resources, 

accelerating the design and evaluation process. Widely used 

FEM tools, such as Abaqus® and LS-DYNA®, are employed 

to model and simulate impact scenarios on stiffened plates 

/11-14/. Nonlinear finite element study of ballistic phenom-

ena may lead to safer and more affordable design, /15/. In 

these simulations, the Johnson-Cook (JC) model is com-

monly applied to accurately express the material behaviour 

under high strain rates and elevated temperature, /16, 17/. 

Over the past decades, extensive studies have been per-

formed on unstiffened target plates of various sizes and mate-

rials subjected to low-velocity impact loading, such as cir-

cular and square plates, /18, 19/. Investigations have been 

conducted into the impacts of boundary conditions, the in-

denter’s mass and velocity, plate material and its shape /20-

22/. However, stiffened and unstiffened plates fundamen-

tally differ, complicating the penetration physical effects /23/. 

Several previous investigations have been conducted on the 

ballistic impact of stiffened panels, both numerical and 

experimental tests. By examining the impact point-stiffener 

configuration relationship, /24/, it is found that projectile 

attitude variation impacts target plate failure mode. In /25-

28/ the researchers conducted low-velocity impact tests on 

stiffened panels under various stiffener spacing and material 

thickness, demonstrating the distinct effects of geometry on 

impact resistance. Large-scale investigations by Wang et al. 

/29/ on unstiffened and stiffened 921A steel target stiffened 

plates under truncated ogive projectiles examined the need 

to include Lode angle and stress triaxiality in the fracture 

criterion. Other studies on the low-velocity impact behaviour 

of T-shaped stiffened plate for ship structures under low-

velocity impact were studied in /30/. Moreover, other stiff-

ener configurations, such as double, cross, double cross, and 

U-shaped stiffener configurations, are subjected to blast load-

ing, /31-33/. 

Previous studies have provided a comprehensive under-

standing of the impact response of relatively thin, stiffened 

steels, primarily by employing modelling and analysis tech-

niques for ballistic impacts. However, these studies have 

predominantly focused on specific stiffener configurations 

and material types, leaving gaps in knowledge regarding the 

broader range of design possibilities. Therefore, further inves-

tigation is required to explore the behaviour of stiffened steel 

plates under varying stiffener arrangements, geometric design, 

and alternative material selection. This current study numer-

ically investigates the ballistic impact on stiffened steel plates 

using various stiffener configurations and material types by 

using FEM software. Benchmark tests compare previous 

experimental tests conducted by /34/ which focus on the 

ballistic impact tests involving target plates struck by ogive-

nose steel rods under normal impact conditions. 

REFERENCE PROFILE 

This research employs FEM software, building upon the 

experimental study conducted in /34/. The previous research 

focused on the energy absorption of aluminium plates sub-

jected to ballistic impact, analysing the resulting plate defor-

mations and residual velocities of projectiles. To ensure 

validity, the present study compares the FEM simulation 

results for residual projectile velocity and deformation con-

tours with the experimental findings in /34/. 

The FEM analysis in this study utilised the ABAQUS® 

software, adopting the same material properties and geo-

metric configurations as those used in the earlier experi-

mental study for consistency and validation. The projectile 

employed in the simulation features an ogive-nose geome-

try with a head radius of 3.0 calibre, a length of 67.5 mm, a 

diameter of 12.9 mm, and mass of 82 g. The target plate is a 

square Al 6061-T651 aluminium plate with dimensions of 

304 mm  304 mm and thickness of 26.3 mm. In this study, 

the initial velocity is placed at the reference point (RP) in 

the centre of the rear end of the projectile. The bottom side 

of the target plate is defined as fixed by constrained dis-

placement and rotational DOF on that side. The mesh size 

for the FEM model is refined to 0.01 mm in the non-impact 

zone and 0.001 mm in the impact zone to capture localised 

effects accurately. 

The study simulated nine variations of initial projectile 

velocities, with results summarised in Table 1 as residual 

velocities. Figure 1 compares the deformation contours of 

the target plates obtained from FEM simulations with those 

from experimental study across various initial velocities. 

The agreement between FEM results and experimental data 

is strong, with a maximum error of 2.99 %. It indicates the 

reliability of the FEM approach in replicating the ballistic 

impact behaviour of aluminium plates, further validating the 

model and methodology employed. 

Table 1. Validation tests between the present study and 

experimental results. 

Initial impact 

velocity (m/s) 

Residual velocity (m/s) 
Error 

(%) 
Experiment, 

/34/ 

Numerical test 

(present study) 

341 164 168.9 2.99 

396 266 262.7 1.24 

454 347 343.8 0.92 
508 415 412.3 0.65 
565 482 481.0 0.21 
630 555 555.8 0.14 
633 561 560.7 0.05 
730 665 668.3 0.50 
863 802 811.3 1.16 
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a) results from /34/ 

 
V0 = 341 m/s 

 
V0 = 396 m/s 

V0 = 508 m/s

  

V0 = 730 m/s

  

V0 = 863 m/s

  

b) present study 

V0 = 341 m/s

  

V0 = 396 m/s

 

 

 

 

Figure 1. Comparison of contour deformation between previous 

research and current study. 

V0 = 508 m/s 

V0 = 730 m/s 

V0 = 863 m/s 
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MESH CONVERGENCE STUDY 

A mesh convergence analysis is performed to determine 

an optimal mesh size that balances computational efficiency 

with simulation accuracy. Using a coarser mesh can lead to 

inaccurate results, while an excellent mesh significantly in-

creases computation time without substantial gains in accu-

racy. Conducting a mesh convergence analysis ensures that 

the FEM model provides reliable results while minimising 

computational overhead. This analysis was conducted before 

the parametric study to establish a stable and efficient mesh 

configuration. 

The convergence analysis involves comparing residual 

velocity results at varying mesh sizes. As shown in Fig. 2, 

convergence was observed at a mesh size range of 0.0025-

0.004 mm in the contact zone of the target plate. The FEM 

model employs trilinear displacement and temperature set-

tings, with the target plate model using an 8-node thermally 

connected brick element. A mesh size of 0.01 mm is applied 

for the non-impact zone, resulting in 26 elements through the 

plate thickness. Based on the convergence analysis, a mesh 

size of 0.0025 mm is selected for the impact zone, as de-

picted in Fig. 3. This choice balances accuracy and compu-

tational efficiency, ensuring stable and relevant simulation 

results for subsequent parametric studies. 

 
Figure 2. Mesh convergence test of residual velocity results. 

 
Figure 3. Computational mesh model of targeted stiffened plate. 

GEOMETRICAL MODEL 

The simulation in this study comprises two primary com-

ponents. The projectile, illustrated in Fig. 4a, features a round 

head with a radius of 3.0 calibre and a mass of 82 g, and is 

modelled as an analytically stiff body. This assumption 

ensures the projectile remains rigid during impact, isolating 

the deformation analysis to the target plate. The target plate, 

depicted in Fig. 4b, is modelled as a deformable solid with a 

square beam configuration. Six variations of the target plate 

are analysed to investigate the structural performance under 

ballistic impact. Five of these variations incorporate addi-

tional stiffeners designed in distinct geometrical shapes: I, 

L, T, Y, and X, as shown in Fig. 5. Each stiffener config-

uration is developed to evaluate its influence on the structural 

response and performance of the target plate under impact. 

a)

 

b)

 
Figure 4. Geometry of: a) 3.0 circle-radius-head projectile; 

b) targeted plate. 

a)

 

b)

 

c)

 

d)

 

e)

 
Figure 5. Stiffener geometry types: a) I; b) L; c) T; d) Y; and e) X. 
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JOHNSON-COOK MATERIAL PROPERTIES 

This study considers four materials for ballistic applica-

tions. Al 6061-T651 exhibits significant potential for mili-

tary use due to its balance of strength, relatively low cost, and 

high-impact resistance, /35/. Al 6082-T6 is widely employed 

in artillery, defence vehicles, and aircraft structures owing 

to its favourable strength-to-weight ratio and corrosion 

resistance, /36/. Weldox 460E steel plates are frequently 

utilised in military applications for their robust projectile 

impact resistance, /21/. Meanwhile, Armox 500T steel is 

designed to protect against bullet penetration in ballistic 

scenarios /37/. Under high-speed impact, material behaviour 

is governed by strain rate and temperature effects. In this 

research, the target plate is modelled using the Johnson-

Cook (JC) constitutive equation. The relevant JC material 

parameters for the target plate are listed in Table 2. The JC 

model describes the von Mises stress ( ) as a function of 

equivalent plastic strain ( pl ), equivalent plastic strain rate 

( pl ), and temperature (T), as seen in Eq.(1), /38/, 

 *
0( ( ) ) /1 ln( / )) / (1 )
plpl n pl mA B C T   = + + − . (1) 

Based on Eq.(1), A, B, and m are constants, n is the strain 

hardening exponent, 
0/
plpl   is the normalised plastic strain 

rate equivalent (usually normalised to 1.0 s-1), and homolo-

gous temperature (T*) is calculated using Eq.(2), where T0 

is initial temperature, T is the deformation temperature, and 

Tmelt is melting temperature. 

 *
0 0 0( ) / ( )  for  melt meltT T T T T T T T= − −   . (2) 

Table 2. Comparison of material properties of targeted plates, /39/. 

Material properties Al 6061-

T651 

Al 6082-

T6 

Weldox 

460E 

Armox 

500T 

Density,  (kg/m3) 2750 2700 7850 7850 

Poisson’s ratio,  0.3 0.3 0.33 0.33 

Young’s modulus, E (GPa) 69 70 200 201 

Expansion coefficient 2.10E-05 2.10E-05 1.17E-05 1.15E-05 

Initial yield stress, A (MPa) 324 201.55 490 1372.488 

Strain hardening coef-

ficient, B (MPa) 

144 250.87 807 835.022 

Strain hardening expo-

nent, n 

0.42 0.206 0.73 0.2467 

Strain sensitivity coeffi-

cient, C 

0.002 0.00977 0.012 0.0617 

Thermal softening 

constant, m 

1.34 1.31 0.94 0.84 

Reference strain rate () 1 0.001 0.0005 1 

Melting temperature, 

melting (K) 

600 855 1800 1800 

Transition temperature, 

transition (K) 

50 293 293 293 

Specific heat, Cp (J/kgK) 900 900 452 455 

JC damage material 

constant, 𝐷1 

-0.77 0.0164 0.0705 0.9 

JC damage material 

constant, 𝐷2 

1.45 2.245 1.732 0.04289 

JC damage material 

constant, 𝐷3 

0.47 -2.798 -0.54 2.1521 

JC damage material 

constant, 𝐷4 

0 0.007 0.147 -2.7575 

JC damage material 

constant, 𝐷5 

1.6 3.65 0 -0.0066 

The JC model defines the yield stress (A), strain hard-

ening constants (B and m), elasticity modulus (E), and Pois-

son’s ratio (). Equation (3) defines equivalent plastic strain 

at the onset of damage in the JC model, 

1

0

*
2 3 4e, xp 1 l, n

pl
pl m
f pl

pl
f

DT D D D
 


 






   
= + +   








 








 

 

 *
5[1 ]D T + , (3) 

where: D1 to D5 are material parameters obtained based on 

different mechanical tests; D1, D2, and D3 are stress triaxial 

parameters; D4 is a strain rate-dependent damage parameter; 

D5 is a temperature-dependent strain parameter; /m   is a 

stress triaxial ratio; m is the average stress. 

RESULTS AND DISCUSSION 

This study conducted a numerical analysis to determine 

the projectile’s residual velocity, calculated from its initial 

velocity at impact until it fully penetrates the target plate 

/39-48/. Additionally, impact outlines are presented to illus-

trate stress and strain distributions within the target. The 

plastic strain values are specifically examined to highlight 

permanent deformations resulting from ballistic impact. 

RESPONSE OF BALLISTIC IMPACT ON VARIOUS 

STIFFENER DESIGNS 

Figure 6 compares the residual velocity of projectiles 

impacting target plates with five different stiffener configu-

rations, namely I, L, T, Y, and X stiffeners, across a range 

of initial velocities. The result shows that as initial velocity 

increases, the residual velocity also increases for all config-

urations, indicating that higher incoming energy leads to 

higher exit velocities. Nevertheless, clear distinctions emerge 

among stiffener types due to their energy absorption capa-

bilities and consequent velocity reduction. It can be found 

that the I stiffener consistently exhibits the most significant 

decrease in projectile velocity at comparable initial veloci-

ties. At 396 m/s, the I stiffener absorbs 3828.04 J of energy 

and reduces the projectile’s velocity by 49.54 %, the highest 

among stiffener variants. This superior performance implies 

that the I stiffener design offers enhanced structural rigidity 

and an improved capacity for dissipating impact energy. 

 
Figure 6. Residual velocity at different stiffener models. 
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Moreover, the L stiffener yields the highest residual veloc-

ity for a given initial velocity, reflecting the least efficient 

energy absorption. At an initial velocity of 396 m/s, it 

absorbs only 1777.64 J, amounting to a velocity reduction of 

just 20.04 %. Consequently, the L stiffener is less effective in 

mitigating projectile penetration than other stiffener models. 

The T, Y, and X stiffeners generally demonstrate moderate 

energy absorption capabilities, with outcomes between the I 

and L stiffeners. 

a)

 

b)

 

c)

 

d)

 

e)

 
Figure 7. Stress contour of target plate with stiffeners: a) I; b) L; 

c) T; d) Y; and e) X. 

Figure 7 presents stress contours corresponding to each 

stiffener configuration (I, L, T, Y, and X) over projectile 

impact velocities from 341 m/s to 863 m/s. The maximum 

stress is observed near the direct impact zone, where the 

projectile makes contact with the plate. With an increase in 

impact velocity (e.g., exceeding 630 m/s), the stress distri-

bution from the impact centre becomes more extensive, 

resulting in larger areas of the plate experiencing elevated 

stress levels. At increased velocities, fragments of plate mate-

rial and projectile debris become more evident, indicating 

enhanced damage and plastic deformation. At reduced veloc-

ities, stress remains localised around the impact point, result-

ing in smaller permanent deformations. As velocity increases 

(e.g., 730 m/s and above), the plate experiences elevated 

levels of plastic deformation, occasionally resulting in spall-

ation and the detachment of material fragments from the rear 

side. Plates exhibiting a more uniform stress distribution, 

especially the I stiffener and certain features of the X stiff-

ener, are associated with enhanced energy absorption and 

decreased residual projectile velocity due to their effective 

load distribution during impact. In contrast, configurations 

such as the L stiffener intensify stress concentrations, thereby 

reducing the plate’s ability to dissipate impact energy and 

resulting in an increased residual velocity of the projectile. 

The plastic strain contours of the target plate under projec-

tile impacts in each of the five stiffener configurations are 

depicted in Fig. 8. The impacts range from approximately 

341 m/s to 863 m/s. The regions of greatest plastic strain are 

consistently observed near the site of projectile contact. The 

direct kinetic energy transfer into the plate results in the most 

severe deformation in this area. These zones of intense strain 

tend to expand and penetrate deeper into the plate thickness 

as the impact velocity increases, indicating more significant 

overall damage. The I stiffener’s high energy absorption 

capacity is demonstrated by plastic strain contours in Fig. 8, 

which suggest that deformation is directed along its height, 

resulting in a broader yet more uniform strain distribution. 

Conversely, the L stiffener’s corner geometry concentrates 

strain at higher velocities, resulting in less efficient load dis-

tribution and higher residual projectile velocities. As ob-

served in other analyses, the I and Y stiffener configurations 

effectively disperse high-strain zones more than the L stiff-

ener, consistent with their relatively higher energy absorption 

and lower residual projectile velocities. 

a)
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b)

 

c)

 

d)

 

e)

 
Figure 8. Strain contour of target plate with different stiffeners: 

a) I; b) L; c) T; d) Y; and e) X. 

RESIDUAL VELOCITY TRENDLINE ON VARIOUS 

STIFFENER DESIGNS 

Figure 9 presents the residual versus initial velocity for 

each stiffener type and their respective polynomial trendlines. 

All five configurations generally show increasing residual 

velocity as the projectile’s initial velocity rises, indicating 

that higher impact speeds result in greater energy carry-

through after perforation. However, clear distinctions emerge 

in how effectively each stiffener mitigates projectile speed. 

It can be found that I stiffener in Fig. 9a exhibits the lowest 

residual velocity over the same range of initial velocities, 

aligning with its stronger energy absorption capabilities. By 

contrast, the L stiffener depicted in Fig. 9b shows a noticea-

bly higher residual velocity, reflecting poorer ballistic re-

sistance. The T, Y, and X stiffeners generally plot between 

these two extremes, with the X stiffener often trending closer 

to the I-stiffener in reducing projectile speed. These trend-

lines highlight how stiffener geometry directly affects the 

target plate’s ability to dissipate impact energy and reduce 

residual velocity. 
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Figure 9. Trendline of the residual velocity graph of different 

stiffeners: a) I; b) L; c) T; d) Y; and e) X stiffener. 

Ballistic impact on target plate structure material 

The material utilised in the previous scenario is Al 6061-

T561 for the target plate subjected to ballistic impact. This 

study performed simulations on the target plate using various 

material configurations to enhance protection against ballistic 

impact. The materials utilised includes Al 6061-T651, Al 

6082-T6, Weldox 460E, and Armox 500T. This study aims 

to evaluate the performance of four materials under ballistic 

impact analysed in nine initial velocities, as detailed in Table 

1. The target plate configuration featuring an I stiffener is 

selected due to its superior performance, as illustrated in 

Fig. 6. Figure 10 illustrates the simulation results of residual 

velocity generated by each material with nine initial bullet 

velocities. It can be found that Al 6082-T6 and Al 6061-T651 

have elevated residual velocities throughout the spectrum of 

initial velocities, indicating enhanced energy retention and 

reduced deformation upon contact. On the other hand, 

Weldox 460E and Armox 500T have markedly reduced 

residual velocities, especially at elevated initial velocities, 

signifying enhanced energy dissipation and superior impact 

resistance. This comparison underscores the different mate-

rial characteristics, with aluminium alloys emphasizing low 

energy retention, aside from steel materials such  
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Figure 10. Comparison of residual velocity and initial velocity 

results using different material types. 

as Weldox 460E and Armox 500T, which provide superior 

energy absorption and penetration resistance, proving them 

suitable for protective applications. 

The Von-Mises stress contours in Fig. 11 for the analysed 

materials reveal notable disparities in their capacity to endure 

and distribute stress under impact scenarios at different 

velocities. For Al 6061-T651, stress escalates with increasing 

impact velocities, exhibiting localised concentration in the 

impact zone at lower speeds and considerable deformation 

and fracture at elevated velocities when stress surpasses the 

yield strength. Al 6082 T6 has comparable behaviour, with 

stress concentration at the impact zone and marginally ele-

vated stress levels, signifying reduced resistance to high-

impact forces compared to Al 6061-T651. Conversely, the 

Weldox 460E exhibits significantly greater stress resilience 

with a more consistent stress distribution, even at elevated 

velocities. The steel material maintains its structural integrity 

at higher velocities, demonstrating enhanced impact resist-

ance and energy absorption capabilities. Armox 500T, a 

high-strength steel, demonstrates superior stress tolerance 

compared to the other three materials. The stress is concen-

trated at the projectile interface, even at maximal velocities 

with no deformation, exhibiting its remarkable capacity to 

withstand high-velocity impacts, hence proving it more suita-

ble for applications demanding enhanced impact resistance. 

a)

 

b)

 

c)
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d)

 
Figure 11. Von-Mises stress contours between material types: a) Al 

6061-T651; b) Al 6082 T6; c) Weldox 460E; and d) Armox 500T. 

CONCLUSIONS 

This numerical study has been carried out to assess the 

performance of stiffened target plate structures in absorbing 

impact energy from projectile penetration. The investigation 

involves analysing five stiffener profiles and four target plate 

materials under various initial projectile velocities using 

finite element analysis (FEA) software. The findings indicate 

that the I-stiffener demonstrates superior energy absorption 

capabilities, as evidenced by its ability to consistently reduce 

the projectile's velocity during penetration, resulting in the 

lowest residual velocity across the evaluated velocity range. 

In contrast, the L stiffener is less effective in mitigating pro-

jectile penetration, reflected by its higher residual velocity 

trendline. 

Regarding material performance, the Weldox 460E and 

Armox 500T show significantly enhanced impact resistance, 

particularly at higher initial velocities. These materials ex-

hibit superior energy dissipation, reducing residual velocities 

and highlighting their suitability for protective applications 

in structural design subjected to dynamic loading. Key areas 

for future investigation include repeated projectile impacts 

and the temperature effect on impact resistance, which can 

be investigated. 
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