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Abstract: 

Survivability of any structure in the event of ballistic impact depends on the impact 
resistance offered by that structure, which in turn depends on its material and geometry. 
It is required to predict and quantify the ballistic limit of such structures to enable the 
designers to decide upon their applicability in the environments involving high velocity 
impact such as uncontained engine rotor and propeller blade failure in aircrafts, bullet 
hits and small explosions on cockpit doors in aircraft and on battlefields. Designing 
ballistic protections is simple if a data base depicting ballistic limits for various plates 
made out of different materials or thicknesses is readily available. In present work, 
keeping in view this need for identification of ballistic limits and generation of ballistic 
limit database, numerical analysis using ABAQUS Explicit solver has been carried out 
for Al-2024-T3/T351, one of the most extensively used materials in the aerospace 
industry. Plates of Al-2024-T3/T351 of various thicknesses are impacted by spherical 
rigid projectile. Strain rate dependent, thermo-visco-plastic Johnson–Cook material 
model is used. Ballistic limits have been predicted and compared against the test data. 
The numerical predictions obtained are in close agreement with the experimental data 
available in literature. Methodology presented in this paper can be used for evaluation 
of ballistic limits and design verification of fragment barriers, shields and casing of 
aircraft engines subjected to high velocity impacts, bulletproof vests and body armors. 
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Introduction: 
Ballistic limit can be defined as the minimum energy that a projectile should possess for 
complete penetration of the target. Designing a structure that may be subjected to high speed 
impact by foreign objects requires knowledge of its ballistic limit and its response to high 
speed impact in order to ensure design adequacy and avoid catastrophic failure. An accurate 
prediction and quantification of ballistic limit is possible by deploying validated simulation 
methodology in association with accurate material model. In the present work, ballistic limits 
for Al 2024-T3/T351sheet/plates of various thicknesses is predicted and compared against 
available ballistic test data.  
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Review of Related Literature: 
Over last decade many analytical, experimental, and numerical investigations have been 
conducted to identify the ballistic limit for different plates/sheets and an attempt has been 
made to understand the failure mechanism for metal as well as composite plates. Donovan 
(K. Donovan et al., 2008) performed series of tests to characterize the ballistic performance 
of Al 2024-T3/T351sheets and plates. Impact curves were generated, and various modes of 
failure corresponding to different initial velocity and plate thickness have been studied in 
detail. Buyuk (M. Buyuk et al., 2009) studied and simulated the high strain rate material 
behavior of Al 2024-T3/T351 using LS DYNA, the results were compared against test 
results. Convergence study has been carried out for different material parameters and mesh 
patterns and it has been concluded on most accurate combination of material parameters and 
mesh pattern. Lesuer (Lesuer, 2000) critically evaluated the ability of the Johnson-Cook (J-C) 
material model to capture the deformation and failure response of Ti-6Al-4V and 2024-T3 
and concluded that the J-C material model can accurately capture the stress-strain response of 
the materials. Based on the findings of above researchers Johnson-Cook material model with 
optimal material parameters and mesh pattern has been adopted to simulate high strain rate 
dependent behavior of sheets/plates under consideration, ballistic limits are identified, failure 
modes are verified against test results and ballistic chart has been prepared. 
 
Methodology followed: 
Ø Benchmark problem solving; 
Ø Validation of results obtained for benchmark problem against test results; 
Ø Validation of methodology; 
Ø Application of validated methodology to carry out the parametric study; 
Ø Compilation of ballistic limits and generation of ballistic chart; 

 
Finite element Modeling and Analysis: 
The target is modeled as three dimensional deformable solid and meshed with C3D8R (8-
node linear brick, reduced integration) elements available in ABAQUS. The converged in-
plane mesh pattern is chosen from literature (Buyuk et al., 2009) for all the target plates. 
Smooth mesh transition between regions is ensured to prevent stress wave reflections from 
the boundary. All the six degrees of freedom are constrained at the outer edges to simulate 
the clamped boundary conditions. Surface to node contact is defined between the projectile 
and target plate. Hard contact with penalty constraint enforcement method is used for 
dynamic contact simulation. High velocity impact on aluminum plates involves high strain 
rates coupled with temperature dependent response. Hence strain rate and temperature 
dependent Visco-Plastic J-C material model (Johnson and Cook, 1983) has been chosen for 
accurate prediction of ballistic limit and impact response. To evaluate the credibility of the 
methodology the study has been initiated by solving a benchmark problem and verification of 
the results obtained from bench mark problem against the test results. 
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Figure 1.(a) Impact model with boundary conditions enforced(b) Mesh pattern for quarter 

portion of the target and (c) Perspective view of mesh in impact region 

Benchmark Problem: 
Square plate of 304.8 x 304.8mm made out of Aluminum 2024-T3 material with1.5875 
(1/16”) thicknesses is subjected to normal impact by 12.7mm diameter chrome 52100 alloy 
steel sphere. The plates were clamped along the edges 25.4mm wide which gives us a 254 x 
254mm free target area. Three elements through the thickness are used for 1.5875mm thick 
plate. And the projectile is modeled as a discrete rigid, meshed with R3D4 (4-node, bilinear 
quadrilateral) elements. The assembled geometrical model and mesh details are as shown in 
figure 1.J-C material parameters used for target plates are given in Table1,11% of elongation 
at break is used to simulate damage evolution for 1.5875mm thick target (Kelley and 
Johnson, 2006). 

Benchmark problem simulation results and its validation: 
The results obtained for benchmark problem have been validated in terms of ballistic limit, 
residual velocities and similarities between deformation contours of simulation and test 
results (Buyuk et al., 2009) and shown in figure 2 and figure 3. The failure of the plate starts 
with petal formation followed by plugging prior to complete penetration of the projectile. 4 to 
5 number of petals can be observed with radial cracks in between. The deformation, local 
bending of the plate and petals are closely resembled with experimental data. The predicted 
ballistic limit 127 m/s is in close agreement against test value of 122m/s. The inaccuracy 
observed in the ballistic limit prediction can be attributed to number of simplifying 
assumptions and idealizations (rigid projectile, friction less contact, absolute fixed boundary 
condition at the clamps and artificial stiffening of the target plate due to fine meshing in the 
vicinity of impact area) made during constructing the finite element model. The radial cracks 
between petals, local bending of the target in the impact zone, number of petals formed are in 
well agreement with test result. The simulation methodology so validated has been utilized 
for carrying out detailed parametric study presented in the following section. 
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Table 1.J-C Material Model parameters: Al 2024-T3/T351 (Buyuk et al., 2009). 

Material Parameter Notation For  1.5875 and 
3.175mm 
targets 

For 
6.35mm 
target 

Density (kg/m3)    2770 2770 
Poisson's ratio    0.33 0.33 
Modulus of Elasticity (MPa)  E 73084 73084 
Static Yield limit (MPa)  A 369 369 
Strain Hardening Modulus (MPa) B 684 684 
Strain Hardening Exponent  n 0.73 0.73 
Strain Rate coefficient  C 0.0083 0.0083 
Thermal Softening Exponent  m 1.7 1.7 
Reference strain rate s-1 1 1 
Reference temperature (°K)  Troom 294 294 
Melting Temperature (°K)  Tmelt 775 775 
Specific heat (J /kg-°K)  Cp 875 875 
 
 
Damage parameters 

D1 0.112 0.31 
D2 0.123 0.045 
D3 -1.5 -1.7 
D4 0.007 0.005 
D5 0 0 

 
Parametric study: Target plate thickness 
For parametric studies; material parameters, in-plane mesh pattern, projectile geometry and 
type have been kept constant and only plate thickness has been varied. For 3.175 mm and 
6.35 mm target plates, 14% and 20% elongation at break is used for simulating damage 
evolution (Kelley and Johnson, 2006).For 3.175mm and 6.35mm thick plate predicted 
ballistic limit is 212m/s and 373m/s which show a close agreement with experimental 
ballistic limit of213m/s and 411.5m/s respectively. Initial velocity versus residual velocity 
comparisons for various thicknesses is plotted at figure 2. Damage contours for both front 
and rear face of plate for all thicknesses are presented at figure 3. Plates of gauge thickness 
1/16” inch (1.5875mm) failed through significant petaling followed by plugging, while thick 
plates (3.175mm and above) exhibit dual mode failure with both petaling and shearing. 
Shearing and spalling is the dominant mode of failure for targets with thickness 6.35mm and 
beyond. Hence it can be stated that failure mode changes with thickness. The transition of 
failure mode from 1/16” (1.5875mm) to1/4” (6.35mm) gauge thickness can be seen in figure 
3. The damage contours obtained by simulation are compared with test results, compiled at 
figure 3 and show good match. 
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Figure 2.Initial vs. residual velocity plot for different

Ballistic limit chart: 
Further parametric study is continued up to 12.7
ballistic limit data for various thicknesses of aluminum 2024
speed impact by 12.7mm diameter steel spherical projectile
Damage parameters are approximated to be same as that of 6.35mm plate and the percentage 
elongation at break has been considered to be 20% (
has been made to understand the trend of ballistic limit with corresponding increase in plate 
thickness. A chart of this type can be handy for designers as ready reckoner for design
impact worthy structures and selection of gauge
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.Initial vs. residual velocity plot for different Al 2024 T3 plate thicknesses 

Further parametric study is continued up to 12.7mm (1/2" gauge thickness) plate to generate a 
ballistic limit data for various thicknesses of aluminum 2024-T3 plates subjected to high 

12.7mm diameter steel spherical projectile and is summarized
Damage parameters are approximated to be same as that of 6.35mm plate and the percentage 
elongation at break has been considered to be 20% (Kelley and Johnson, 2006).

en made to understand the trend of ballistic limit with corresponding increase in plate 
chart of this type can be handy for designers as ready reckoner for design

selection of gauge thickness required for particular application
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Figure3.Damage contour comparisons for front and rear face of the target plates

Table 2.Ballistic chart (Ballistic limit
Plate/sheet thickness mm 

(inch) 
1.5875 (1/16") 
2.54 (1/10") 
3.175 (1/8") 
4.826 (1/5") 
6.35 (1/4") 
9.525 (3/8") 
12.7 (1/2") 

 
Result Summary and conclusion
Ballistic limits, residual velocities 
different gauge thicknesses. For thin plates the dominant failure mode 
and bending followed by plugging while
Damage evolution parameters that are 
better accuracy for corresponding thicknesses alone
has to be obtained for different gauge thicknesses 
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Damage contour comparisons for front and rear face of the target plates

Ballistic limits for different thicknesses of Al 2024-
Predicted Ballistic limit 

(m/s) Kinetic Energy (J)
127 67.75 
181 137.62 
212 188.8 
287 346 
373 584.45 
468 920.1 
571 1369.62 

Summary and conclusion:  
allistic limits, residual velocities are established for Al2024-T3/T351sheets/

For thin plates the dominant failure mode observed 
bending followed by plugging while thick plates failed through plugging and shearing

Damage evolution parameters that are available in literature for certain thicknesses provides
thicknesses alone, which shows that damage parameters, 

has to be obtained for different gauge thicknesses for more accurate predictions. The
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contours observed are different for different initial projectile velocity, clearly showing that 
the failure modes are function of initial projectile velocity. Method described in this paper 
can be adopted for prediction of ballistic limits for various combinations of projectile mass 
and target materials like Al-Ti alloy, steel etc. Ballistic data generated in present study can be 
used as ready reckoner while designing ballistic protections such as shields, fragment 
barriers, covers against projectile under consideration. 
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