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The finite element method is used to analyze the failure deformation and deter-
mine the V50 value of aramid UD cloth (Uni-Directional Fabric) under 1.1 g 
fragment ballistic impact, and the numerical results are basically consistent with 
the actual experimental results. The paper concludes that the numerical method 
can be used to optimize the aramid UD cloth, it can more intuitively see the 
whole ballistic penetration process, provide accurate design methods for better 
applications of aramid UD cloth in the field of ballistic protection, and provide 
theoretical basis and data support for practical structural design. 

Key words: aramid UD cloth, 1.1 g fragmentation, target simulation 

Introduction  

A large amount of data show that personal protection plays a key role in war, it can 

effectively reduce the casualties of soldiers, so the study of personal protection is of great sig-

nificance. 1972 Kevlar (Kevlar) fiber developed by DuPont in the USA is of great signifi-

cance, which marks the beginning of the transformation of protective materials from the tradi-

tional hard to soft [1]. 

The ballistic penetration is a hot topic in both academia and industry, and extreme 

research has been conducted [2, 3]. Bulletproof mechanism and ballistic properties are mainly 

obtained through experimental methods, theoretical model analysis and numerical simulation 

of three methods of approach, the previous research on ballistic penetration of fiber compo-

sites is often used in an experimental way can be the most direct penetration results, the ex-

perimental data obtained can be used to judge the accuracy of theoretical analysis and numer-

ical simulation, so the experiments are the basis of other research methods. However, the ex-

perimental research needs to spend a lot of manpower and material resources, and the penetra-

tion effect of the projectile on the fiber composite material is completed in an instant, and a 

lot of experimental phenomena cannot be directly observed by the naked eye. Although the 

theoretical model analysis can reflect the main mechanical mechanism in the penetration 

problem to a certain extent, the calculation results will have a relatively large error because 

–––––––––––––– 
* Corresponding author, e-mail: zhaolei7365@163.com  

mailto:zhaolei7365@163.com


Zhao, J., et al.: Finite Element Analysis of Ballistic Penetration of … 
1712 THERMAL SCIENCE: Year 2025, Vol. 29, No. 3A, pp. 1711-1717 

the theoretical analysis is based on a simplified analytical model. With the rapid development 

of computer hardware and software, numerical simulation methods are increasingly used to 

study the penetration problem. Compared with experimental research and theoretical analysis, 

the finite element numerical simulation method has its advantages, which are that it can dy-

namically reproduce the whole process of penetration, provide more detailed data, and ob-

serve some physical phenomena that are difficult to observe in experiments. The development 

of computer hardware and software has contributed to the increased use of numerical methods 

in the study of penetration problems. Compared with experimental and theoretical methods, 

numerical simulation has many advantages, but in the field of personal protection of aramid 

UD cloth, a complete set of models has not yet been established. 

There are also many factors that affect the ballistic impact performance of woven 

composite materials, and the ballistic penetration process is very complex, such as the charac-

teristics of the raw material, the structure of the fabric, the geometry of the projectile, the ve-

locity of the projectile, the type of resin system, the angle of incidence and other factors have 

an impact. An important factor that limits in-depth research is that the time of the ballistic im-

pact process is very short, and in the actual ballistic penetration test, only the incident velocity 

of the bullet and the residual velocity after penetrating the target plate can be obtained, and 

people cannot capture the information of some historical changes in the penetration of some 

of the penetration process, including, for example, the change of the velocity history of the 

projectile body, the change of the acceleration history of the projectile body, the deformation 

of the target plate process, and the destruction mode of the materials, etc. This information is 

very useful for analyzing the deformation and damage pattern of the target plate in the pene-

tration process, as well as the ballistic penetration mechanism. Although high-speed camera, 

infrared velocity meter, laser velocity meter or 

micro velocity sensor have been used, these 

methods are far from meeting practical re-

quirements, and the test results are often inac-

curate after mathematical processing.  

This article is based on the explicit gen-

eral nonlinear finite element analysis software 

LS-DYNA, and takes the ballistic impact of 

1.1 g fragments on aramid UD cloth as the re-

search object. A relevant model is established, and numerical simulation is carried out. The 

experimental data is compared to verify the accuracy of the model. The structural schematic 

diagram of aramid UD cloth is shown in fig. 1. 

Finite element simulation  

There are various numerical methods [4-6], among which the finite element method 

is the most widely used method in engineering [7, 8]. In this paper, the finite element method 

is used, LS-DYNA explicit solution is applied, and a subroutine is used to control the struc-

ture and performance of the single cell, and the single cell of the model is to be consistent 

with the real single cell structure when meshing in Hypermesh, i.e. the same dimensions and 

positions are basically the same, but in order to reduce the fluctuation of calculation results, 

the 1/4 model is used for modeling, taking into account the periodicity and the cost of calcula-

tion. 

The performance parameters of the aramid UD cloth used in the model and the 1.1 g 

breaking performance parameters are shown in tabs. 1 and 2. In tab. 1, E represents the modu-

 

Figure 1. The schematic diagram of  
UD cloth 



Zhao, J., et al.: Finite Element Analysis of Ballistic Penetration of … 
THERMAL SCIENCE: Year 2025, Vol. 29, No. 3A, pp. 1711-1717 1713 

lus of aramid UD cloth, G – the stiffness of aramid UD cloth, and Poisson ratio – the ratio of 

transverse normal strain to axial normal strain of aramid UD cloth under uniaxial tension. In 

tab. 2, E represents the modulus of the 1.1 g fragment, and Poisson ratio represents the ratio of 

the transverse normal strain to the axial normal strain of the 1.1 g fragment under unidirec-

tional compression. 

Table 1. The aramid performance 
parameters 

E [GPa] G [GPa] Poisson ratio 

80 0.29 0.4 
 

 
Table 2. The 1.1 g fragmentation performance 
parameters 

E [GPa] Density [kgm–³] Poisson ratio 

210 7.9×103 0.3 
 

 

The theory of composite mechanics is applied in the calculation through the general-

ized Hooke's law, and the stiffness matrix is obtained by axis transformation according to the 

fine mechanics of the composite material, so as to establish the single-cell model, and the fi-

nite element mesh model is shown in fig. 2. 

In the simulations we assume: 

– The monofilaments in the yarn are continu-

ous and parallel. 

– The resin is uniformly distributed in the 

yarn tow, the fibers are fully infiltrated, and 

the fibers are perfectly bonded to the ma-

trix. 

– The effects of fiber matrix defects, cracks, 

and porosity, as well as residual stresses, 

residual strains, and environmental effects in the composite material are neglected. 

– The mass of the projectile in the penetration process is assumed to be unchanged, the heat 

dissipated in the penetration process is negligible, the loss of kinetic energy of the projec-

tile is assumed to be completely absorbed by the target, and the projectile is assumed to 

be a rigid body in the simulation process. 

Since the LS-DYNA software cannot set the unit scale by itself, the unit system of 

each physical quantity must be harmonized or unified with each other during the numerical 

simulation. 

The unit system of physical quantities must be coordinated or unified with each oth-

er, which really means that the known physical quantities and the physical quantities derived 

after the derivation must have a unit system that is unified with each other, which is necessary 

to ensure that the results obtained are reliable and to enable the researchers to reduce some 

unnecessary errors. The units used for each physical parameter in the simulation process are 

shown in tab. 3. 

Table 3. Unit system used in this paper 

Mass Force Length Time Velocity Accelerated velocity Modulus Stress 

[kg] [KN] [mm] [ms] [mm per ms] [mm per ms2] [GPa] [GPa] 

 

The simulation is performed using the commercial explicit finite element software 

LS-DYNA. When the program calls the subroutine, the main program passes the variables 

 

Figure 2. Schematic diagram of 1/4 model  
of the target 
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such as strain increment, history variable, current time step and cumulative time to the set of 

equations of the constitutive relation of the subroutine for calculation. The calculated stress 

increment is calculated. When the program calls the subroutine, the main program passes the 

variables such as strain increment, history variable, current time step, and accumulated time 

into the subroutine's set of ontological relationship equations for calculation. The result of the 

calculation, such as the stress increment and the corresponding history variable, is passed to 

the next time step for calculation. Finally, the subroutine evaluates the strain result passed by 

the main program, and the mesh cell that reaches the maximum strain is deleted as soon as the 

material damage criterion is satisfied, thus the material is damaged. If the material is not de-

stroyed, the displacement and stress of the material will continue to increase until the material 

is finally destroyed. 

The impact velocity of the 1.1 g fragment is 529 m/s, and the aramid woven fabric is 

29 layers, after setting the material parameters and boundary conditions, the finite element 

analysis simulation is carried out, and the calculation cloud of the target destruction in differ-

ent time periods is shown in fig. 3. From fig. 3, it can be seen that throughout the impact 

penetration process, the units are gradually destroyed and the stiffness is subsequently re-

duced, and as the bullet penetrates further into the material, more units are subsequently de-

stroyed due to the gradual reduction of stiffness. The aforementioned series of diagrams is a 

top view of the impact during the bullet penetration process, from which it can be seen that 

the lateral propagation of the stress wave, the destruction of the single cell, and the formation 

of a tiny bulge at the time of the exit surface. 

In the process of penetration, the fiber aggregate and matrix bearing is the main way 

of composite material resistance to damage, the projectile and composite material contact, the 

first failure and destruction of the unit near the point of elasticity, with the continuation of the 

penetration process, the projectile and composite material in the fiber and matrix contact the 

more, the more the unit of failure and destruction, the gradual formation of bullet holes. At the 

same time, in the target plate from the shooting surface will see some bulging bulge, which is 

matrix This is the matrix cracking, the target material back by the tensile deformation results. 

The final damage obtained by finite element simulation is shown in fig. 4, from 

which it can be seen that the projectile impact velocity is 529 m/s, and the fragmented projec-

tile finally stays in the UD cloth target body, staying in the penultimate layer, which is con-

sidered to be the V50 value of such material in the simulation, and the actual test of hitting the 

target is the 29-layer aramid UD cloth, and the V50 value of 1 g fragmentation is 538 m/s, 

which can be seen in tab. 4, where the two data are within 2% of each other. The 1 g fragmen-

tation is 538 m/s, as shown in tab. 4, where the two data are within 2% of each other. As can 

be seen from tab. 4, the error between the two data is within 2%, and the data from the finite 

element simulation and the actual test are basically in agreement. 

Table 4. The V50 value of 1.1 g fragment in actual ballistic test 

 1 2 3 4 5 6 7 9 

Incident velocity 490 590 573 553 561 574 557 595 

Penetration No Yes Yes No No Yes No Yes 

V50 value of 1.1 g fragment is 538 m/s 
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Figure 3.  Cloud diagrams of target damage calculation in different time periods 
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Conclusions 

This paper analyzes the structure of ar-

amid UD cloth, establishes a fine structural 

single-cell model, uses commercial finite ele-

ment software LS-DYNA combined with the 

user-defined material subroutine VUMAT to 

perform ballistic impact intrusion finite ele-

ment simulation for the ballistic stability of 

aramid UD cloth, obtains the residual velocity 

and deformation morphology of the target 

plate after the projectile penetrates the target plate, and compares the calculated results with 

the actual ballistic test results of fragmentation. Based on the real structure of aramid woven 

fabric, the corresponding finite element model is established. As far as possible, the model 

structure of the composite material is consistent with the real physical structure. The mesh di-

vision of the material is as far as possible to make it consistent with the real single cell, and 

numerical simulation calculations are carried out by the finite element software LS-DYNA 

and the VUMAT subroutine written in FORTRAN language, which can simulate the process 

of penetration of the 1 g fragment into the aramid UD cloth with a high degree of accuracy, 

and simulations are carried out. The 1 g fragment into the aramid fabric with a high degree of 

accuracy, and simulations are obtained to obtain the residual velocity, residual energy, residu-

al energy, and residual energy of the target body. Residual velocity, residual energy, target de-

formation, etc., the simulation results and the actual experimental results are in good agree-

ment, indicating that the finite element analysis method has the effectiveness and feasibility of 

the single-cell model and the corresponding user subroutine can be borrowed and applied to 

other dynamic impact analysis. The simulated 1.1 g fragmentation resistance of 29-layer ara-

mid UD cloth has a certain deviation from the actual experimental data, but it is within the ac-

ceptable range of experimental error, and the single-cell model can simulate the ballistic sta-

bility of aramid UD cloth more accurately. 

Acknowledgment 

 This work is supported by Provincial Scientific Research Platform Open Project 

Funding of Yancheng Polytechnic College (YGKF202011), Jiangsu Higher Vocational Col-

lege Teachers’ Professional Leaders’ High and Training (2022TDFX008), Qing Lan Project 

of Jiangsu Colleges and Universities for Excellent Teaching Team (2023 No. 27), the doctoral 

research initiation fund project of Yancheng Polytechnic College (2023), Jiangsu Province 

Higher Vocational Education High-level Major Group Construction Project (2020 No. 31), 

Brand Major Construction Project of International Talent Training in Colleges and Universi-

ties (2022 No. 8), Key technology innovation platform for flame retardant fiber and functional 

textiles in Jiangsu Province (2022JMRH-003). 

References 

[1] Abrate, S., Impact on Laminated Composite Materials, Applied Mechanics Reviews, 44 (1991), 4, pp. 
155-189 

[2] Soorya-Prabha, P., et al., FEA Analysis of Ballistic Impact on Carbon Nanotube Bulletproof Vest, Mate-
rials Today: Proceedings, 46 (2021), Part 9, pp. 3937-3940 

[3] Li, Z., et al., Hybrid Ratio Optimizations on Ballistic Penetration of Carbon Kevlar UHMWPE Fiber 
Laminates, International Journal of Mechanical Sciences, 258 (2023), 108585 

Figure 4. Final damage diagram of the target 



Zhao, J., et al.: Finite Element Analysis of Ballistic Penetration of … 
THERMAL SCIENCE: Year 2025, Vol. 29, No. 3A, pp. 1711-1717 1717 

[4] Elmoghazy, Y. H., et al., Finite Element Analysis for Dynamic Response of Viscoelastic Sandwiched 
Structures Integrated with Aluminum Sheets, Facta Universitatis, Series: Mechanical Engineering, 21 
(2023), 4, pp. 591-614 

[5] Li, X. J., He, J.-H., Variational Multi-Scale Finite Element Method for the Two-Phase Flow of Polymer 
Melt Filling Process, International Journal of Numerical Methods for Heat & Fluid Flow, 30 (2020), 3, 
pp. 1407-1426 

[6] He, J.-H., et al., Gold Nanoparticles' Morphology Affects Blood Flow near a Wavy Biological Tissue 
Wall: An Application for Cancer Therapy, Journal of Applied and Computational Mechanics, 10 (2024), 
2, pp. 342-356 

[7] He, J.-H., et al., Unsteady MHD flow in a Rotating Annular Region with Homogeneous-Heterogeneous 
Chemical Reactions of Walters' B Fluids: Time-Periodic Boundary Criteria, International Journal of 
Modern Physics B，38 (2024), 14, 2450169  

[8] He, J.-H., et al.,  Efficacy of a Modulated Viscosity-Dependent Temperature/Nanoparticles Concentra-
tion Parameter on a Nonlinear Radiative Electromagneto-Nanofluid Flow along an Elongated Stretching 
Sheet, Journal of Applied and Computational Mechanics, 9 (2023), 3, pp. 848-860 

 

 

 

 

 

 

 

 

 

 

 

 
 

Paper submitted: May 7, 2024   
Paper revised: June 16, 2024 2025 Published by the Vinča Institute of Nuclear Sciences, Belgrade, Serbia. 
Paper accepted: June 16, 2024 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.  

http://www.vin.bg.ac.rs/index.php/en/

