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Abstract 
This paper provides a comprehensive review of the research progress on the overload 
phenomenon during projectile penetration, systematically analyzing the topic from four 
aspects: theoretical research, simulation technology, experimental testing, and 
propagation laws. In the theoretical research section, the physical mechanisms and 
changing patterns of different materials during high-speed penetration are explored. 
The simulation technology section focuses on the advancements in numerical 
simulations that enhance the ability to replicate complex physical phenomena during 
penetration. The experimental testing section summarizes the work scholars have done 
on projectile load storage testing apparatus, including the design of testing systems, 
protective device design, and subsequent test data processing. The propagation laws 
section introduces the relationship between penetration overload and various factors 
based on previous studies and points out problems that urgently need to be addressed 
in penetration overload research. 
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1. Introduction 

The penetration-explosion warhead is a type of implosive warhead that combines both penetration 
and blast capabilities. It relies on the structural strength of the warhead casing and the delay 
mechanism of the fuse to penetrate protective structures such as reinforced concrete and detonate 
within, causing damage to the target. As the penetration depth increases, the requirements for 
penetration overload capacity have also escalated, posing significant challenges to the structural and 
explosive design of penetration-explosion warheads. During the design, development, and 
standardization of new penetration-explosion warheads, there are increasingly stringent requirements 
for target penetration depth and overload capacity, making previous penetration data inadequate for 
reference. Both research and application units urgently need feedback and validation of actual 
warhead overload and target response data, which necessitates advanced research on penetration 
overload. Therefore, in-depth studies on warhead penetration overload provide a critical foundation 
for safety assessments and the optimization of structural and explosive design. 

This paper comprehensively reviews the research progress on warhead penetration overload from 
four perspectives: theoretical research, simulation technology, experimental testing, and propagation 
laws. By reviewing and summarizing existing research findings, it aims to provide references and 
insights for further research and application, thereby promoting the continued development of 
penetration-explosion warheads. 
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2. Current Research Status of Penetration Overload Theory 

In the context of rapid advancements in modern military technology, the penetration process is a 
crucial aspect of studying the behavior of high-speed objects penetrating targets, making its 
theoretical research particularly significant. With the increasing demands for the precision strike 
capabilities and destructive effectiveness of weapon systems, understanding and mastering the 
physical mechanisms and changing laws of the penetration process under various conditions has 
become a core topic for enhancing the performance of weapon systems. In recent years, scholars both 
domestically and internationally have made significant progress in the theoretical research of 
penetration, deepening the understanding of the penetration process and providing a solid theoretical 
foundation for experimental studies on penetration overload technology. 

 

 
Figure 1. The theory of spherical cavity expansion in the response zone of elastoplastic materials 

[1] 

 

Cavity expansion theory is one of the important theories for studying penetration issues, and extensive 
work has been conducted by researchers worldwide based on this theory. Deng Qiong et al.[2] found 
that the overload curves of projectiles calculated using the time discretization method based on the 
spherical cavity expansion theory(As shown in Figure 1) closely match the experimental overload 
curves in different media. This indicates that the cavity expansion theory can be approximately used 
for penetration calculations in multi-layered media. For concrete materials, Li et al. [3] derived 
theoretical expressions for the dynamic expansion response of spherical cavities using similarity 
transformation methods and proposed a spherical cavity expansion model for high-speed projectile 
penetration analysis. Given that penetration overload quantifies the target's resistance to projectile 
penetration during the process, the theoretical study of penetration resistance is key to exploring 
penetration overload. For concrete materials, Xue et al. [4] applied stress wave damage theory to 
analyze the penetration characteristics in the crater zone, establishing a new model for calculating the 
resistance on the surface of the projectile in the crater area,. Yang et al. [5] derived an expression for 
the resistance of conical projectiles during the penetration process and applied it to calculate the 
overload during projectile penetration in single-layer and multilayer media. Wang et al. [6] studied 
the entire process of rigid projectile penetration into power-law strain-hardening media and proposed 
a theoretical expression for the axial resistance of the projectile. By combining cylindrical cavity 
expansion theory with the projectile shape equation, they derived equations for the axial resistance of 
rigid projectiles and the changes in projectile velocity when penetrating semi-infinite thick power-
law strain-hardening media and finite thickness target plates. 

Regarding metallic materials, Jiang et al .[7] Using finite spherical cavity expansion theory and an 
equivalent tensile strain fracture criterion, they obtained numerical solutions for projectile penetration 
resistance, successfully predicting the penetration behavior of projectiles in metallic target plates of 
varying lengths and thicknesses. Wang et al. [8] utilized unified strength theory to derive expressions 
for the radial stress in the cavity wall of linear hardening target materials during the elastoplastic and 
plastic stages, provides a better description of the dynamic response of the projectile-target interaction 
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during penetration and yields a series of analytical solutions for penetration resistance and depth 
based on different strength criteria. 

For rock materials, numerous studies suggest that rock targets may exhibit two types of responses: 
(1) elastic-crack-plastic response; (2) elastic-plastic response. When the cavity expansion velocity is 
low, the target material responds according to the first type; conversely, when the cavity expansion 
velocity is high, the crack zone disappears, and the target material responds according to the second 
type. Based on these assumptions, Zhang and Lin [9] investigated the cavity expansion theory model 
used in the study of penetration into highly brittle rocks. They proposed a new response partition for 
target materials-complete failure, cracking, and elastic zones-based on experimental results and the 
fundamentals of geotechnical damage mechanics, employing a constitutive model for fractured 
materials in their calculations. By solving for stress and displacement in each partition, they 
established the relationship between radial stress in the cavity wall and cavity expansion velocity. 
Wei et al [10]. applied unified strength theory as the failure criterion for rocks and calculated the 
resistance experienced by the projectile during penetration, analyzing the effects of projectile shape 
and strength theory parameters on penetration depth. 

3. Current Status of Penetration Overload Simulation Technology 
Development 

With advancements in computer simulation technology, penetration overload simulation based on 
numerical computation methods has become an important research tool. Accurately simulating the 
complex physical phenomena during the penetration process of high-speed objects is crucial for 
enhancing the effectiveness assessment of weapon systems and the design of protective structures. 
However, the accuracy of numerical simulations is highly dependent on factors such as the selection 
of model parameters, mesh partitioning strategies, and contact algorithms. 

Regarding the model parameters for medium materials, Ai et al. [11] combined the Johnson-
Holmquist model and the crack softening model to conduct numerical simulations of impacts on rock 
targets at different velocities, successfully simulating the damage and strain caused by impacts, 
thereby providing new insights into the behavior of rocks under dynamic loads. Wei et al. [12] 
implemented a combination of the TCK model and the K&C model using AUTODYN software, 
modifying parameters to fit the scenario of kinetic projectiles penetrating concrete targets. By 
discussing the treatment of tensile damage, this method can better simulate the actual damage process. 
Shi [13] employed various experimental methods and concluded that the ratio of shear strength to 
compressive strength of concrete varies with different strengths, and that the splitting tensile strength 
of concrete is typically less than its shear strength. Dai [14] used experimental determination methods 
for HJC model parameters to obtain the constitutive model parameters for high-strength concrete and 
performed numerical simulations of impact compression tests on Hopkinson pressure bars using finite 
element simulation software. Meng et al. [15] utilized the HJC concrete damage constitutive model 
and fluid-solid coupling algorithms, recalibrating simulation parameters through experimental data 
fitting, with the calculated ballistic limits and residual velocities aligning well with experimental data. 
Wu and colleagues [16] employing different fitting methods to obtain various JC constitutive model 
and failure model parameters, concluding that without considering temperature softening, using a 
high strain rate as a reference strain rate for fitting can more accurately characterize the stress-strain 
relationship of materials under high strain rates. Zhang et al. [17] performed simulation analysis of 
the penetration process using LS-DYNA software, identifying several key parameters of the HJC 
model for ultra-high performance concrete (UHPC) under dynamic impact, with simulated 
penetration results closely matching real experimental data. Lin et al. [18] proposed a method for 
simulating the failure criteria and parameters of reinforced concrete penetration based on the HJC 
material model, modifying the failure control parameter FS in the HJC material model and combining 
it with three auxiliary failure criteria to address the deficiencies in failure definition within the HJC 
model. 
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In terms of mesh parameters and parameter sensitivity, Chuang et al. [19] investigated the impact of 
target mesh on the numerical simulation results of high-speed projectiles penetrating concrete, finding 
that setting the target mesh edge length to one-sixth of the projectile radius meets accuracy 
requirements. Chen et al. [20] introduced orthogonal experimental design theory to configure, assess, 
and optimize penetration test schemes to determine the best parameter settings. Their research 
indicated that at a significance level of 0.05, the unit size and shape are the primary factors influencing 
simulation accuracy, while two-dimensional contact algorithms are secondary factors with minimal 
differences between them. Nie et al [21]. quantitatively calculated the contribution rates of different 
parameters in the RHT model for rock materials during the penetration process(As shown in Table 
1), providing important guidance for determining material model parameters and precise simulation 
calculations based on sensitivity rankings for different evaluation metrics. 

 

Table 1. Ranking of the overall contribution rates of different evaluation index parameters. [21] 

Evaluation Indicators Contribution Rate Ranking 
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Lin et al. [22] studied the effects of two tensile failure modes-hydrostatic pressure and principal stress-
different mesh sizes of concrete target plates, and varying erosion strains on the calculated results of 
penetration depth and damage area on the front surface of the target plate, offering references for 
numerical simulations of concrete penetration. Ezzedin [23] examined the influence of erosion 
mechanisms on the numerical simulation of high-speed projectile impacts on reinforced concrete 
slabs, finding that erosion strain values and mesh size significantly affect the residual velocity of 
projectiles and the damage depth of concrete slabs. 

4. Current Development Status of Penetration Overload Testing Technology 

During the penetration of hard targets such as steel plates, concrete targets, or reinforced concrete 
structures, the warhead experiences immense impact forces, resulting in penetration accelerations 
reaching tens of thousands to hundreds of thousands of g. To accurately obtain empirical data on 
penetration overload, precise and reliable testing technologies are essential. The current primary 
method for testing penetration overload is based on onboard storage testing using high g-value 
accelerometers. 

In recent years, significant advancements have been made in penetration overload testing technology, 
driven by developments in integrated circuit technology, sensor technology, and data processing 
techniques. Accelerometers serve as the foundation for testing overload during the penetration 
process. In the realm of high-range accelerometers, Zhou and colleagues [24] from North University 
of China designed a high-range accelerometer using a pair of double-ended cantilever structures, 
providing a reference for the realization of a single-chip integrated three-axis accelerometer with three 
independent mass blocks. Wang [25] proposed a temperature compensation scheme for the non-
linearity in sensitivity of piezoresistive sensors by introducing polysilicon into the Wheatstone bridge. 

Regarding onboard testing systems, Zhang and colleagues [26] developed a super low-power, 
compact device for testing high-impact overload during projectile penetration. Niu [27] employed 
storage testing techniques to study acceleration overload, structural stress and strain, and internal 
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explosive pressure during the projectile's penetration of multilayer targets. Hang [28] designed a 
highly reliable control mechanism for the penetration overload testing system, effectively extending 
the system's operational duration and anti-interference performance. Zhang and colleagues [29] 
established a finite element model and conducted simulation analyses, which, when combined with 
field tests, indicated that the overload information recorded by the onboard storage testing device was 
closely aligned with the rigid body overload response when the rigidity of contact between the 
recording device and the projectile was minimal. Wei [30] researched common issues such as 
multilayer ceramic capacitor failures and lithium battery drift in onboard storage testing, providing 
theoretical support for the study of energy storage device failure mechanisms.  

In terms of protective design for penetration overload testing devices, Wang Yan [31]conducted 
experimental research on various protective structures, providing a foundational basis for structural 
design of onboard testing systems. Zhang et al. [32] validated through numerical simulation and 
experiments the energy absorption, vibration reduction characteristics, and buffering mechanisms of 
foam materials, offering important references for the design of new fuze buffering components that 
meet high overload resistance requirements. Zhang and colleagues [33] from the Xi'an Institute of 
Electromechanical Information Technology proposed a composite encapsulation method for fuzes 
based on the theory of stress wave attenuation at interfaces, with experimental results (As shown in 
Table 2)meeting the overload protection requirements for fuzes penetrating multilayer hard targets. 

 

Table 2. Experimental Results of Composite Encapsulation Method 
Serial 

Number 
Encapsulation Scheme 

Encapsulated 
Device 

Nominal 
Overload /g 

Impact Failure 
Count/Occurrences 

1 Silicone Rubber 

DC/DC 50 000 

7 
2 Epoxy Resin 4 
3 Electronic Potting Adhesive 4 

4 
Silicone Rubber - Epoxy Resin 
- Electronic Potting Adhesive 

10 

5 
Epoxy Resin-Electronic Potting 

Adhesive-Silicone Rubber 
5 

6 
Electronic Potting Adhesive-
Silicone Rubber-Epoxy Resin 

3 

 

In the area of signal processing for measured penetration overload, Xie [34] proposed an adaptive 
optimized variational mode decomposition method for analyzing penetration overload signals. Wang 
et al. [36] introduced the concept of critical cutoff frequency, using low-pass filtering to obtain rigid 
body overload values that are similar to those obtained through semi-empirical methods. Zheng 
Hongliang and colleagues [37] proposed a method based on feedforward denoising convolutional 
neural networks (DnCNN), which can accurately estimate rigid body overload from penetration 
overload signals, demonstrating significant advantages in denoising capability and automation over 
traditional methods. Kang [35] and others proposed a synchronous analysis method for time and 
frequency information based on the fundamental theories of wavelets and wavelet packets. 

5. Current Research Status on Penetration Overload Transmission Laws 

In recent years, research on penetration overload has deepened, with scholars approaching the topic 
from various perspectives and utilizing multiple methods such as simulations, experiments, and data 
analysis techniques, yielding significant results. Ren et al. [38] combined dimensional theory with 
experimental research to perform regression analysis on the acceleration curves of projectiles 
penetrating concrete, resulting in specific formulas for engineering calculation models, which were 
validated by the measured overload characteristic parameters obtained during experiments. Wang  et 
al. [39] conducted numerical simulations using ANSYS/LS-DYNA finite element software to analyze 
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the penetration process of a 125 mm caliber explosive projectile into a finite thickness C35 concrete 
target, deriving empirical formulas for the maximum front overload during penetration under different 
conditions based on simulation data: 
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Addressing the issue of penetration depth for different materials, Wang et al. [40] characterized the 
influence of key factors on penetration depth using a dimensionless impact index, establishing a new 
formula for calculating penetration depth: 
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Peng Yong et al.[41] conducted experiments to measure the deceleration of rigid projectiles during 
the penetration process and the structural vibrations, providing a theoretical model for the 
deceleration time of projectile penetration/perforation. 

By analyzing large-scale model penetration test data of various media materials such as concrete and 
rock, the reasonableness of the formula was verified. Several scholars have established penetration 
depth equations for different materials. Shen et al. [42] studied the penetration effects of projectiles 
in rock masses, deriving overload characteristics and motion laws during the penetration process 
through experimental and theoretical analysis, and proposed a new formula for calculating depth in 
rock masses. For steel plate targets, Lu et al. [43] obtained the relationship between the penetration 
depth of the projectile core into the target plate and the impact speed and kinetic energy upon impact 
through numerical simulation, providing an important reference for the design and performance 
evaluation of armor-piercing projectiles. 

The study of penetration overload and its influencing factors is also crucial. Several scholars have 
focused on the main influencing factors of penetration overload, including the geometric shape, speed, 
material properties of the penetrator, and the characteristics of the target material. Xiaodong et al. [44] 
found that factors such as projectile speed, mass, diameter, and CRH ratio significantly affect static 
resistance, proposing an empirical formula to predict static resistance. Zhang et al. [45] analyzed the 
relationship model between mass abrasion and CRH, concluding that the impact of CRH on 
penetration depth increases with speed. Zhou and Hui et al. [46]-[47] analyzed the effects of different 
shapes of warheads on penetration overload through numerical simulation and finite element analysis. 
Yan et al. [48] proposed a non-proportional scaling design method, experimentally validating a scaled 
model of a projectile penetration overload testing device, finding that this non-proportional scaling 
model effectively simulates the rigid deceleration characteristics of the prototype projectile. 
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6. Conclusion 

The study of projectile penetration overload is a complex interdisciplinary field that has made 
significant advances in recent years in areas such as theoretical research, simulation technology, 
experimental testing, and transmission laws. These research findings have not only deepened the 
understanding of the physical mechanisms underlying the penetration process but have also provided 
crucial technical support for the design and optimization of explosive warheads. 

Despite the notable progress in the study of projectile penetration overload, several pressing issues 
remain to be addressed: 

In terms of simulation research, the response characteristics of different materials during high-speed 
penetration processes are complex and variable. Existing material models (such as the Johnson-
Holmquist model and HJC model) perform well under certain conditions, but their applicability under 
other conditions still needs validation, particularly under extreme conditions (such as high 
temperatures and high strain rates), where the material constitutive relations and damage models 
exhibit considerable uncertainty. 

In experimental research, the limitations of projectile-mounted storage testing methods become 
apparent when measuring ultra-high overloads exceeding 100,000 g, as the devices are prone to 
circuit failure under significant impacts; furthermore, the need to alter projectile structures also 
restricts the development of projectile-mounted storage testing. Future research could take an energy 
conversion perspective, transforming the energy of the target during the penetration process into 
directly measurable quantities such as target stress and vibration signals, thereby achieving more 
reliable ultra-high overload testing. 

Acknowledgments 

This work was supported by funds from Postgraduate Research & Practice Innovation Program of 
Jiangsu Province (KYCX23_0447). 

References 
[1] Forrestal M. J., Luk V. K. (1988). Dynamic spherical cavity expansion in a compressible elastic-plastic 

solid. Trans ASME J Appl Mech, 55, 275-279. 

[2] Deng Qiong, Li Yulong, Yu Qingjun. Research on the calculation of overload curves using the theory of 
spherical cavity expansion. Proceedings of the 4th National Conference on Computational Explosion 
Dynamics. 2008, 404-409. 

[3] Li Zhikang, Pi Aiguo, Huang Fanglei, et al. Spherical cavity expansion model for high-speed projectile 
penetration into concrete targets. Proceedings of the 11th National Conference on Impact Dynamics. 2013, 
1-6. 

[4] Xue Jianfeng, Shen Peihui, Wang Xiaoming. Calculation of resistance during the excavation phase of 
projectile penetration into concrete. Journal of High Pressure Physics, 2016, 30(06), 499-504. 

[5] Yang Ying, Ge Tao, Li Jie. Overload analysis of conical projectiles during penetration. Journal of PLA 
University of Science and Technology (Natural Science Edition), 2006, (04), 356-359. 

[6] Wang Wu, Yang Jun, Wang Anbao, et al. Resistance analysis of rigid projectiles penetrating power-law 
strain-hardening elastoplastic media. Protection Engineering, 2024, 46(2), 36-44. 

[7] Jiang Zhigang, Zeng Shouyi, Zhou Jianping. Three-stage penetration model for moderately thick metal 
target plates. Journal of Ordnance Engineering, 2007, (09), 1046-1052. 

[8] Wang Juan, Zhao Junhai, Zhang Jianhua, et al. Mechanism and model study of rigid projectiles penetrating 
thick metal targets with limited diameters. Engineering Mechanics, 2021, 38(7), 239-247. 

[9] Zhang Dezhi, Lin Junde. Cavity expansion theoretical model for penetration studies on highly brittle 
rocks. Proceedings of the 9th Academic Annual Meeting of the Protective Engineering Division of the 
Chinese Civil Engineering Society. 601-610. 



International Core Journal of Engineering Volume 11 Issue 1, 2025
ISSN: 2414-1895 DOI: 10.6919/ICJE.202501_11(1).0011

 

107 

[10] Wei Xueying, Wang Yanbin, Xu Shuanqiang, et al. Theoretical analysis of cavity expansion during high-
speed penetration of rocks by long rods. Proceedings of the 7th Academic Conference of the Chinese 
Society of Rock Mechanics and Engineering. Beijing: China Science and Technology Press, 2002, 279-
282. 

[11] Ai H., Ahrens T. Simulation of dynamic response of granite: A numerical approach to shock-induced 
damage beneath impact craters. International Journal of Impact Engineering, 2006, 33(1), 1-10. 

[12] Wei Qiang, Huang Xicheng, Yan Yixia, et al. Dynamic damage model for concrete. Proceedings of the 
10th National Conference on Impact Dynamics. 2011, 1. 

[13] Shi Shisheng. Shear strength, shear modulus, and elastic modulus of concrete. Journal of Civil 
Engineering, 1999, (02), 47-52. 

[14] Dai Huiyu. Research on the dynamic characteristics of the dynamic system for high-speed penetration of 
concrete. North University of China, 2023. 

[15] Meng Yang, Wen Heping. Numerical simulation of the response of reinforced concrete target plates under 
projectile impact and explosive loading. Journal of High Pressure Physics, 2011, 25(04), 370-378. 

[16] Wu Xingxing, Liu Jianhu, Zhang Lunping, et al. Influence of different material constant fitting methods 
on predicting warhead impacts on metal targets. Journal of High Pressure Physics, 2019, 33(4), 155-163. 

[17] Zhang Wenhua, Zhang Yunsheng, Chen Zhenyu. Experimental and numerical simulation of ultra-high-
performance concrete under penetration by ratio drill projectiles. Engineering Mechanics, 2018, 35(7), 
167-175, 186. 

[18] Lin Chen, Xu Jianjun, Yang Jinwei, et al. Failure criteria and parameters of the HJC model based on 
perforation simulation. Journal of Detection & Control, 2017, 39(2), 100-105. 

[19] Chuang Chen, Weibing Li, Xiaoming Wang, et al. The influence of target mesh on the simulation results 
of high-velocity projectile penetration. Proceedings of the Second International Conference on Frontiers 
of Manufacturing and Design Science. 2011, 2323-2327. 

[20] Chen Yan, Su Qunxing, Mi Shuangshan. Parameter optimization in finite element simulation of 
penetration. Computer Simulation, 2007, 24(9), 82-85. 

[21] Nie Zhengyue, Peng Yong, Chen Rong, et al. Sensitivity analysis of RHT model parameters for rock-like 
materials under penetration conditions. Vibration and Shock, 2021, 40(14), 108-116. 

[22] Lin Hualing, Ding Yuqing, Tang Wenhui. Factors affecting numerical simulation of concrete 
penetration. Explosion and Shock, 2013, 33(4), 425-429. 

[23] Ezzedin Galuta, Wafa Regig. Numerical simulations of RC panels subjected to high-speed projectiles - 
Erosion selection in AUTODYN-3D code. IJISET - International Journal of Innovative Science, 
Engineering & Technology, 2017, ISSN (Online) 2348 - 7968. 

[24] Zhou Zhijun, Shi Yunbo, Tang Jun, et al. Performance testing of a wide-range acceleration sensor. Journal 
of Sensor Technology, 2013, (6), 834-837. 

[25] Wang Yuting, Shi Yunbo, Zhang Yue, et al. Temperature compensation design for piezoresistive high-g 
acceleration sensors. Industrial Instruments and Automation Devices, 2023, (4), 3-7. 

[26] Institute of Engineering Physics, China Academy of Engineering Physics. Overload testing device and 
method for projectile penetration: CN202010264735.0. 2024-10-22. 

[27] Niu Mingjie. Research on the overload parameter storage testing system for warhead penetration. Nanjing 
University of Science and Technology, 2019. 

[28] Hang Yu. Research on testing methods for typical ammunition overload parameters under launch and 
penetration environments. Nanjing University of Science and Technology, 2022. 

[29] Zhang Huisuo, Luo Xu, Zhang Yuangao. Analysis of the influence of installation methods of projectile 
overload recorders on peak penetration overload. Journal of North University of China (Natural Science 
Edition), 2014, 35(03), 252-257. 

[30] Wei Da. Research on the transmission of high-impact dynamics in multi-body systems and failure 
mechanisms of typical energy storage devices. Nanjing University of Science and Technology, 2022. 

[31] Wang Yan. Design and optimization of protective structures for overload recording devices. North 
University of China, 2020. 



International Core Journal of Engineering Volume 11 Issue 1, 2025
ISSN: 2414-1895 DOI: 10.6919/ICJE.202501_11(1).0011

 

108 

[32] Zhang Pengfei. Research on the impact buffering characteristics of spherical perforated foam 
aluminum. Harbin Institute of Technology, 2022. 

[33] Zhang Zhiyuan, Zhao Yu, Guo Changyue, et al. High-overload composite encapsulation method for 
penetration fuses. Journal of Detection and Control, 2023, 45(4), 124-129. 

[34] Xie Yucen, Gao Wangxin, Shao Zhihao, et al. Adaptive variational modal decomposition time-frequency 
analysis method for penetration overload signals. Journal of Detection and Control, 2024, 46(4), 69-78. 

[35] Kang Jingxin, Li Kejie, Song Ping, et al. Application of wavelet packets in analyzing simulation results 
of hard target penetration. Journal of Detection and Control, 2002, 24(4), 34-38. 

[36] Wang Chenghua, Chen Peiyin, Xu Xiaocheng. Filtering of measured data on penetration overload and 
determination of rigid body overload during projectile penetration. Explosion and Shock, 2007, 27(5), 
416-419. 

[37] Zheng Hongliang, Jia Senqing, Guo Yupeng, et al. DnCNN-based time-frequency denoising method for 
penetration overload. Equipment Environment Engineering, 2024, 21(8), 17-24. 

[38] Ren Huiqi, He Xiang, Liu Ruichao, et al. Study on the overload characteristics of concrete penetration by 
projectiles. Journal of Civil Engineering, 2005, 38(1), 110-116. 

[39] Wang Xiaopeng, Wang Yushi, Wen Quan, et al. Empirical formula for the overload experienced by fuses 
during the penetration of finite-thickness concrete targets. Journal of Detection and Control, 2017, 39(05), 
14-19. 

[40] Wang Anbao, Deng Guoqiang, Yang Xiumin, et al. A new universal formula for calculating penetration 
depth. Journal of Civil Engineering, 2021, 54(10), 36-46. 

[41] Peng Y, Wu H, Fang Q, et al. Deceleration time of projectile penetration/perforation into a concrete target: 
Experiment and discussions. Advances in Structural Engineering, 2019, 22(1), 112-125. 

[42] Shen Jun, Liu Ruichao, Yang Jianchao, et al. Experimental and theoretical research on the effects of 
projectile penetration into rock masses. Journal of Rock Mechanics and Engineering, 2008, (05), 946-952. 

[43] Lu Wencheng, Chu Qingguo, Wang Xiaodong, et al. Study on the penetration behavior of 12.7mm 
incendiary projectiles into 603 armor steel. Journal of Weapon Materials Science and Engineering, 2023, 
46(4), 8-14. 

[44] Xiaodong N, Xiangyun W, Zhi Y, et al. Discussion on static resistance of granite under 
penetration. Materials (Basel, Switzerland), 2023, 16(9). 

[45] Zhang Xuelun, Liu Zongwei. Research on the impact of projectile CRH value on penetration depth into 
concrete. Journal of Ordnance Equipment Engineering, 2016, 37(10), 31-34. 

[46] Zhou Dong, He Chun. The influence of typical head shapes of kinetic energy penetration warheads on 
penetration performance. Tactical Missile Technology, 2013, (01), 106-110. 

[47] Hui Jianghai, Shang Yaling, Xu Haowen. The relationship between the high-speed penetration overload 
of warheads and changes in their shape. Modern Defense Technology, 2015, 43(05), 63-69+93. 

[48] Amin Y, Aiguo P, He Y, et al. Study on the equivalence of penetration overloading for projectile-borne 
components in nonproportional penetrators. Shock and Vibration, 2022. 

 
 


