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 High-strength steel plates are commonly employed in civil and military vehicles to provide 

ballistic protection against various threat levels. This work's experimental tests involved 

shooting a 2 mm steel target (150×150 mm) with a Parabellum 9 × 19 full metal jacket 

projectile moving at a ballistic velocity of 370 m/s. On the other hand, numerical work was 

conducted to simulate the same event using LS-DYNA, an explicit finite element code. This 

work aimed to demonstrate the capability of LS-DYNA software in simulating the effects 

of ballistic impact and analyzing the performance of steel plate armor. The numerical 

analysis showed that all constitutive relations effectively predicted the qualitative behavior 

of the physical mechanisms during perforation. The influence of fracture criteria on 

numerical simulations of the perforation process was investigated. Detailed discussions 

were provided regarding the reasons behind these findings. For practical applications, the 

suitable selection of the type of constitutive model and criterion of fracture employing the 

finite element method (FEM) leads to an excellent agreement with the experimental results 

of projectile impacts on steel targets under the same conditions. 
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1. Introduction  

Perforation of any target by bullets involves various parameters 

such as strain and strain rate hardening, elastic and plastic 

deformation, plugging, crack formation, pedaling failure, 

shearing, and even thermal softening [1],[2]. These parameters 

depend on the characteristics and geometry of both the panels 

and projectiles and impact velocity. The first significant 

challenge is the complexity of experimental analysis, which 

demands advanced tools and laboratory facilities. 

Consequently, the numerical method is often the most reliable 

choice [3]; on the other hand, the second issue is selecting the 

appropriate FEM software for the specific case being studied. 

[4]-[6]. Comprehensive experimental and theoretical 

implementation in this scope has been documented [6]-[8]. 

Specific studies have investigated phenomena such as shear 

plugging and petalling failure in thin metallic plates [9],[10]. 

Additional work has focused on the effects of plate thickness 

and projectile shape [1]-[11]. The Finite Element Method 

(FEM) has been extensively used to simulate ballistic impact 

events[12],[13], highlighting its significance. The objective of 

this work is to compare the compatibility of both experimental 

and numerical approaches using LS-DYNA software. In the 

experimental part, 9 mm FMJ projectiles with a velocity of 370 

m/s are used to penetrate 2 mm thin steel plates. Conversely, 

the numerical simulation of the ballistic test is conducted in the 

second part. Furthermore, test data, including residual velocity, 

energy absorption, and failure modes, are compared with 

numerical simulation results in the final section of this article. 

The importance and contribution of the work are represented in 

a detailed comparison between experimental and numerical 

works using important software such as LS-Dyna software. It is 

considered one of the most important software in this field but 

is not widely used. Hence, one of the foundations of this work 

is to highlight the software's ability to find many solutions for 

many complicated studies in the ballistic impact field. 

2. Materials and Test 

2.1. Target Properties 

Square panels measuring 150×150 mm were made from (steel-

1080) with a thickness of 2mm and were used in the 

experimental part of this work. The plate's thermal Conductivity 

and Specific Heat are 47.7 W/m-K and 0.490 J/g-°C, 

respectively. Capacity to guarantee precise determination of the 

mechanical properties of steel plates, a tensile test was 
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considered using a universal testing machine. Test specimens 

were prepared according to ASTM standard E8/E8M using a 

water jet machine to achieve smoothness and mitigate the 

potential stress concentration resulting from the non-uniform 

shapes due to the cutting of specimens. Fig. 1 shows the 

appearance of the steel panel with the steel specimen subject to 

the tensile test beside the stress-strain curve. Table 1 also 

provides the essential elastic and plastic parameters. 

 

 

(a) 

 

(b) 

Figure 1. The steel plates and specimen after the tensile test 

with dimensions of specimens also, the stress-strain curve 

 

Table 1. Mechanical properties of steel plate-1080 

Material 
E 

(GPa)  

G 

(GPa) 𝝂 
𝝈𝑼𝑳 

(MPa) 
𝝆  

kg/m3 

Steel-

1080 
202.7 79.8 0.28 392 7706 

 

2.2. Nine mm Bullet Properties 

Bullet properties comprise various critical properties that affect 

its functionality and performance. Among these are hardness 

and elasticity, vital for maintaining the forces that stand up 

during a ballistic impact [14]. The composition of the material, 

typically lead encased inside a copper jacket, significantly 

influences the bullet behavior. Moreover, dimensions such as 

length and radius affect stability and penetration strength. 

Additionally, mass distribution and geometry influence path 

and terminal ballistic impact performance. Specifications of a 

9mm FMJ, also known as 9x19mm Parabellum, include several 

definitive aspects. The mass of the bullet is 8.5 grams, and it 

features a full metal jacket (FMJ). The bullet's length without 

the cartridge is 15 mm. Fig. 2 illustrates the appearance of the 

9 mm bullet.  

 

 

 

 

 

 

Figure 2. Nine mm bullet photo (a) With cartridge   

  (b) Without cartridge 

 

It's crucial to know that while these specifications offer a broad 

spectacle, variations can occur among industrialists and specific 

ammunition loads. Hence, referencing the exact details 

provided by manufacturers is essential for precise 

understanding and analysis. Table 2 lists the mechanical 

characteristics of the bullet's core materials and jacket, 

comprising lead and brass, respectively [11]. 

 

2.3 Experimental Work  

The work adopted the National Institute of Justice (NIJ) as the 

standard reference for conducting ballistic impact tests to assess 

specimen performance. Notably, many institutions, such as the 

Home Office Scientific Development Branch (HOSDB) and the 

North Atlantic Treaty Organization (NATO) [15]. However, the 

NIJ standards were particularly selected due to their common 

recognition and approval within the area, attributed to their 

universal guidelines and severe testing protocols. By following 

the NIJ standards, the work endeavors to ensure solidarity and 

comparability in evaluating the ballistic performance of the 

specimens under realization [15]. 

In the ballistic impact experiment, two fundamental kinds of 

penetration are observed: partial and complete penetration. 

Complete penetration takes place while the bullet fully crosses 

the panel; on the other hand, partial penetration includes only 

partial entry into the panel. In ballistic impact experiments, full 

penetration is particularly useful for assessing the energy 

absorption by the panel or the lost energy by the bullet upon 

Table 2. Mechanical properties of 9 mm bullet [4] 

Part 

Modulus of 

Elasticity 

(GPa) 

Tangent 

Modulus 

(GPa) 

Poisson 

Ratio 

Density 

(kg/m3) 

Jacket 116 506 0.32 8503 

Core 16.5 14 0.41 11262 

(a) (b) 
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test. Usually, this test is achieved experimentally by utilizing 

two chronographs, which are used to measure the speed of the 

projectile before and after the ballistic impact. Fig. 3 offers a 

chronograph device, the tool used to fix the specimens before 

the ballistic test.  

 

 

Figure 3. Ballistic test equipment:(a) Chronographs, (b) 

Specimen fixing tool 

 

The strike or initial velocity of bullets represents the speed 

before the impact, besides the velocity after penetration, called 

the residual velocity. Fig. 4 shows the arrangement of the 

device in the ballistic impact test. However, the following 

equation calculates lost or absorbed energy via a bullet and 

panel. However, Equation (1) is used to describe LEB (the lost 

energy of the bullet (J)), mb is the mass of the bullet, and Vi 

and Vr are the initial and residual velocities (m/sec), 

respectively [16]. 

 

 𝐿𝐸𝐵 = 0.5 ×  𝑚𝑏 ×  (𝑉𝑖
2 − 𝑉𝑟

2)…………….…..(1) 

 

 

Figure 4. Schematic showing the top view of the ballistic 

test equipment and bullet path according to NIJ standard 

3. Finite Element Modeling  

3.1 Mesh Generation 

LS-DYNA is a common software that uses the finite element 

method to analyze the body's response to static and dynamic 

loads. A 9 mm FMJ bullet consists of two major parts: the jacket 

and core. The jacket is made of brass material, covering the 

bullet's outer surface with a 0.4 mm thickness. On the other side, 

the material of the core is lead and represents the fatal part of 

the bullet. A 3D hexahedron mesh was utilized to model this 

projectile, as depicted in Fig. 5. 
 

 

Figure 5.  Nine mm FMJ bullet model After mesh generation 

 

To create the mesh employing LS-DYNA, the process includes 

initially utilizing the tool 2D Mesh Generation to create a 

quadrilateral mesh, then a 3D mesh by revolving the previous 

2D mesh about the axis of the edge, hence creating a 

hexahedron shape of mesh for the jacket and core. The total 

number of nodes and elements in the core and jacket is listed in 

Table 3. 

 

Table 3. Number of Elements and Nodes For a 9 mm bullet 

 

Type 
Elements 

Numbers 
Nodes Numbers 

Jacket 5402 2700 

Core 29200 29843 

 

To define the mesh for the plate, a 3D mesh was employed 

(hexahedron mesh) to mesh the target of the steel panel; the 

fundamental tool used for this purpose is the Box Solid tool to 

create the plate's simple structure (3D quadrilateral mesh). The 

process includes choosing the elements in each direction (X-Y-

Z) to build this model. Boundary condition was specified to 

simulate the clamping conditions (The steel plate is fixed on all 

edges) with two layers. The dynamic friction coefficient of 0.65 

is typical for clean dry. The elements and nodes for the target 

are provided in Table 4. Also, Fig.6 offers the hexahedron mesh 

for the target. 

 

Table 4:  Number of Elements and Nodes for steel plate 

Type Elements Numbers Nodes Numbers 

Steel 160,000 202,005 

 (a)                         (b)    
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Figure 6. Steel plate model (Quarter of plate) with bullet after 

3D mesh generation 

 

3.2 Mathematical Models  

Due to its simplicity, the Johnson-Cook (JC) empirical model 

is extensively utilized today, particularly for metallic materials. 

This model independently accounts for strain rate and 

temperature effects on flow stress. Therefore, when analyzing 

any structure, it is crucial to consider a range of temperatures 

and deformations. Equation (2) is used to express this model as 

follows [17]: 

 

𝜎𝑦 = (𝑎 + 𝑏𝜀̅𝑝
𝑛

)(1 + 𝑐 ln 𝜀 . )(1 − 𝑇𝑚)) …..….. (2) 

 

𝜎𝑦 is flow stress (MPa), and the parameters a, b, c, and n are 

constants (466, 338, 0.031, and 0.71, respectively) that 

represent the yield stress of the material under reference 

deformation conditions (MPa), Strain hardening constant 

(MPa), Strain rate strengthening coefficient, and Strain 

hardening coefficient respectively. Also, 𝜀 . effective plastic 

strain rate[18]. 

 

𝑇𝑚 =
𝑇 − 𝑇𝑟𝑜𝑜𝑚

𝑇𝑟𝑜𝑜𝑚 − 𝑇𝑚𝑒𝑙𝑡

… … … … … … … …              … (3) 

𝑇𝑚 can be found by using Equation (3), 𝑇, 𝑇𝑟𝑜𝑜𝑚, and 𝑇𝑚𝑒𝑙𝑡 , 

which are Homologous temperature (K), Deformation 

temperature (K), Reference deformation temperature (K), and 

Melting temperature of the material, respectively. However, the 

melting temperature is about 1452 C, and m is 7006. The 

fracture occurs when the value of D equals one, as shown in 

Equation (4). However, the fracture parameters of the Johnson-

Cook mode (D1, D2, D3, D4, and D5) are (0.026, 16.89, -14.77, 

0.0213, and 0.001, respectively ) [11].   

 

       𝐷 = ∑
∆ 𝜀−𝑝

𝑒𝑓  ………………………       …........ (4) 

 

Moreover, the Cowper–Symonds model employs a 

straightforward empirical formulation to characterize strain rate 

hardening and strain. This model can determine the initial yield 

stress by considering both strain rate and strain. This 

formulation is essential for understanding the material 

behavior; all terms must be derived from experimental 

approaches. The mathematical expression of this model is 

indicated by using Equations (5) and (6) as follows [19]: 

 

          𝑆𝑦 = [1 + (
𝜀.

𝐶
)

1
𝑝⁄

(𝑆𝑜 + 𝛽 𝐸𝑝𝜀𝑝
𝑒𝑓𝑓

)]…  ......(5) 

 

         𝐸𝑝 =
𝐸𝑡𝑎𝑛 −𝐸

𝐸−𝐸𝑡𝑎𝑛
  ……………………………….(6) 

 

Therefore, the effectiveness of this material model largely relies 

on the data obtained from experimental tests. Additionally, the 

accuracy of any model's description is influenced by the 

constant values and the type of model chosen. Consequently, 

the Cowper–Symonds constitutive model has been validated for 

its capability to assess various structures subjected to high strain 

rates. [20]. 

 

4. Results and Discussion 

4.1 Residual Velocity of Experimental and Theoretical 

Results.  

This work employs two types of constitutive models to model 

both the projectile and targets. Thus, the validation process is 

definitive to ensure the reliability and precision of the numerical 

modeling. This work concentrates on assessing the performance 

of targets after ballistic impact by a 9mm FMJ bullet. The 

projectiles' velocity after impact (residual velocity) was 

employed to validate the numerical simulation results. Table 

5shows the initial and residual velocities after the experimental 

and numerical works. In this context, the table explains a strong 

agreement between these approaches, with an error percentage 

equal to 5.2 % and 9.3 % for the residual velocity and the lost 

energy of the bullet, respectively. 

Table 5:  Initial and residual velocity results in both 

experimental and numerical approaches 

Steel plate Experimental Numerical 
Error 

% 

Initial 

velocity (m/s) 
370 370 0 

Residual 

velocity (m/s) 
253 266 5.2 

LEB   (J) 255 232 9.3 

 

The projectile's kinetic energy benefits the energy the structure 

must absorb after ballistic impact. Fig. 7 demonstrates the 

history of the bullet velocity during the ballistic impact with 

samples of plate deformation. Thus, from this figure, this work 

observed that the ballistic velocity gradually decreases from 
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370 m/s to 266 m/s within 75 μsec, and the reason for this 

decrease is the conversion of energy from kinetic energy to 

strain energy as distortion in the plate. Consequently, it depends 

on the failure the panel has been exposed to. 

 

 

Figure 7. History of the bullet velocity compared with the 

amount of kinetic energy 

 

4.2 Energy Absorption, Fracture, and Plate Distortion  

The response of a target to the ballistic impact can vary 

depending on huge factors, including the characteristics of the 

target, the impact angle, and the projectile's mass and velocity; 

usually, in the region of the impact, the target submitted to the 

rapid deformation in a short time. This deformation can be 

apparent as elastic with plastic failure (permanent deformation) 

because the impacted zone directly impacted by the projectile 

will cause localized damage with the high energy transmitted 

from the projectile to the target. The structure of the target, such 

as the thickness and composition of the panel, also plays a vital 

role in the fracture type. 

However, due to the high stresses in the impact area, cracks may 

propagate from the local region to the nearby area. Fig. 8 

explains the gradual stress transition in a very short time (32 

μsec). 

 

 

Figure 8. The surface stress field shows the front face of 

the steel plate after the ballistic impact and the time of 

effects. 

 

As seen from Fig. 8, initially, when the bullet makes contact 

with the plate, the stress is concentrated in the local zone 

(around the site of impact). This localized stress gradually 

spreads from the inside to the outside area. Hence, the stress 

distribution develops in a short time and spreads through the 

target structure. Thus, the stress levels will increase rapidly and 

propagate as the distortion through the steel structure. However, 

Spalling or fragmentation is often observed in this event, 

especially at high impact speed; in this work, spalling appeared 

after 15 μsec due to high energy absorption. 

The form of deformation over short sectors of time (5, 8, 15, 20, 

and 32 μsec ) witnesses a significant change, and this depends 

mainly on the material's ability to deform, especially the 

ductility property, which is considered one of the distinctive 

properties of metallic materials. Thus, on the opposite side of 

the steel panel (back face), the deformation of the steel plate 

increases clearly and rises directly during the energy 

transmission. Fig.9 illustrates the stress distribution within the 

steel plate during the impact event. 

 

Figure 9. Historic deformation of the rear side of the 

steel plate 

The kinetic energy of the projectile leads to distortion of the 

steel panel. Besides, it transforms into heat and occasionally 

spalls. Failure, petaling plugging, and fragmentation failure. 

Fig. 10 compares experimental and numerical betaling failure 

in the steel plate. 
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Figure 10. Comparison between experimental and 

numerical betaling deformation of steel plate after impact 

 

Thus, the present work validated the mode of failure to 

guarantee the accuracy of the numerical model of the ballistic 

impact compared to the experimental test. However, the steel 

plate is isotropic, which means the characteristics in all 

directions are the same. Therefore, the most likely failure mode 

of the steel plate is petaling deformation. 

The comparative analysis detects several keys that can be 

observed regarding the deformation behavior of the target in 

numerical simulation versus experimental tests. Both 

approaches explain a similar overall deformation response, 

including bending, bulging, or stretching. On the other hand, 

numerical simulations supply additional data about the internal 

stress distribution and localization of strain. Hence, they may 

not be readily observable in experimental testing. Also, 

numerical simulations permit parametric studies to discuss the 

influence of various factors on the panel's behavior after impact. 

Fig. 11 offers a more inclusive comparison between the two 

approaches to understanding the underlying mechanisms. 

 

 

Figure 11. Longitudinal section of the deformation after 

ballistic impact of steel plate in the experimental and 

numerical approaches 

5. Conclusions 

From the present work, experimental analysis and numerical 

simulation have been achieved, and thin steel plates (2 mm) 

were subjected to ballistic impact by a 9 mm bullet with an 

incident velocity of 370 m/sec. The lost energy from the 

projectile was calculated experimentally and numerically by 

measuring the initial and residual velocities. Numerical 

simulations were conducted using the Explicit LS-DYNA code, 

incorporating the Johnson and Cook plasticity algorithm with a 

strain rate with fracture criterion, to reproduce the experimental 

tests. The results show agreement between the predicted 

numerical work and the experimental approach. However, the 

energy absorbed predicted by the simulation work closely 

matches with the experimental test. 

On the other hand, the numerical model successfully 

apprehends transference in modes of failure. Furthermore, work 

was conducted on the strain rates during deformation within the 

specimens under ballistic impact. Finally, this work confirms 

the significance of both experimental analysis and numerical 

simulation approaches to understanding the behavior of steel 

plates under ballistic impact. The close agreement between 

experimental and predicted data highlights the effectiveness of 

the utilized numerical method. It emphasizes the importance of 

the reliability of LS-DYNA software in this scope of work. 
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Symbols 

   a 
Constant represents the yield 

stress 
MPa 

   b Strain hardening constant MPa 

   c 
Strain rate strengthening 

coefficient 
MPa 

   D Damage parameter - 

   E Elastic modulus MPa 

   Ep Plastic hardening modulus MPa 

   

Etan 

Tangent elastic modulus MPa 

   G Modulus of rigidity Gpa 

 

LEB 
The lost energy of the bullet J 

  mb Mass of the bullet kg 

  n Strain hardening coefficient MPa 

 Tm Homologous temperature K 
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      Troom 
Reference deformation  

temperature 
K 

   Tmelt 
Melting temperature of the 

material 
K 

T Deformation temperature K 

  vi Initial velocity m/s 

  vr Residual velocity m/s 

   𝜎𝑦  Flow stress MPa 

𝜀 .
 Effective plastic strain rate s-1 

𝜈 Poisons’ ratio - 

 𝑒𝑓
 Strain at fracture - 

 𝑆𝑦  Shear strength MPa 

   Sy Cowper–Symonds strain rate MPa 

   β Strain hardening parameter - 

 εpeff Effective plastic strain - 

  𝜎𝑢𝑙  Ultimate strength MPa 

𝜌 Density of material Kg/

m3 
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