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MULTIPLE BALLISTIC IMPACTS OF THIN METALLIC 

PLATES: NUMERICAL SIMULATION

Abstract

The ballistic performance of protective structures under multiple projectile impacts attracts 

increasing attention due to its practical importance, and existing studies were seldomly devoted to 

exploring how the structure would deform and fail when subjected to such loads. This study aimed 

to characterize the multi-hit ballistic resistance of fully-clamped thin plates made of 304 stainless 

steel using finite element method, with the equivalent plastic strain employed to define material 

damage and failure/fracture. The numerical model was validated against existing experimental 

results of double impacts at the same location, with good agreement achieved. The model was 

subsequently employed to quantify the effects of impact position, interval time between successive 

hits, projectile nose shape (e.g., spherical, flat and conical), and boundary condition of target plate 

on ballistic limit and deformation/failure modes. Further, ballistic limit boundaries were constructed 

for both double and triple impacts of projectiles. Obtained results are helpful for designing 

high-performance protective structures against multiple projectile impacts.

Keywords: Multiple impacts; Ballistic limit; Failure modes; Metallic plate; Finite element 

simulation

1. Introduction

Often, protective structures need to endure multiple ballistic impacts, e.g., personnel armors 

and military fortifications subjected to continuous firing from automatic weapons1,2, civil/military 

vehicles hit by blast fragment cluster from shallow-buried mines3,4, and spacecrafts/satellites under 

hypervelocity impact of debris cloud5. At present, while many previous studies6-10 alluded to the 

importance of multiple ballistic impact loads, few attempted to systematically explore how a 
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structure would deform and fail when subjected to such loads. Different from multiple ballistic 

impacts, multiple (repeated) impact loadings with low impact velocity and relatively large interval 

time have been extensively investigated. In this case, structural fracture would not occur, and the 

transverse displacement of structure could be predicted by static analysis, which is known as 

pseudo-shakedown11,12. Further, upon enduring the initial ballistic impact, the structure would 

typically suffer from large deformation and damage, and hence how it would perform under 

ballistic impact(s) is of importance for practical protective design.

Existing studies of multiple ballistic impacts targeted mainly fiber-reinforced composites13-17 

and ceramic/metal armors18-21. For instance, multiple ballistic impacts of fragment simulating 

projectile on S-2 glass/SC15 laminates were investigated, both numerically13 and experimentally14. 

The initial impact damage was found to extend towards the supporting edges of the laminate, 

resulting in about 4.5% and 9% decrease in multi-hit ballistic limit velocity and energy absorption, 

respectively. In another study, with simultaneous and sequential firing of projectiles achieved by 

light-gas gun, it was found that, compared with simultaneous impact, sequential impact on 

S2-glass/epoxy laminate led to 10% increase in energy absorption and 18% enlargement in 

delamination area.15 Further, the dependence of the back deflection of ultra-high molecule weight 

polyethylene laminates upon the number of ballistic impacts was investigated.16,17 On the other 

hand, under multiple ballistic impacts from standardized bullets, ceramic composite armors with 

polyurethane resin adhesive employed for interfacial bonding exhibited less adhesive layer failure 

and ceramic debonding than those bonded using epoxy.18,19

In addition to fiber-reinforced composite laminates, the multi-hit ballistic performance of 

ceramic/metal bi-layer mosaic armors was evaluated in terms of probability of protection.20 The 

present authors used a combined experimental and numerical approach to investigate the ballistic 

behaviors of ceramic/metal bi-layer mosaic armors as well as metallic honeycomb enhanced mosaic 

armors.21 Special focus was placed upon quantifying the influence of ceramic tile size, impact 
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position, border-effect and inter tile gap width on single and multiple ballistic impact resistance. It 

was demonstrated that, relative to monolithic ceramic armor and traditional bi-layer mosaic armor, 

the honeycomb enhanced mosaic armor could efficiently localize the extent of damage after the first 

strike and maintain effective bonding between adjacent ceramic tiles and the back metallic plate, 

thus enabling balanced single and multiple impact resistance.21 In a separate study, a novel 

sandwich plate having metallic pyramidal lattice truss core with ceramic prism insertions and epoxy 

resin filling the void spaces was constructed, and its impact responses and ballistic resistance were 

evaluated.22 The ballistic limit velocity, energy absorption and failure mechanisms were 

systematically investigated, both numerically and experimentally. The proposed hybrid-cored 

sandwich construction exhibited excellent ballistic performance under single and multiple ballistic 

impacts, with the back face-sheet playing a more significant role than the front face-sheet in 

resisting ballistic impacts.22

The ballistic performance of a bi-layer construction comprising a stainless steel plate glued 

onto a carbon fiber-reinforced composite laminate plate was characterized experimentally.23 Both 

single and double impacts (at the same location) by a steel ball were considered, and the ballistic 

performance was compared with monolithic stainless steel plate and monolithic composite laminate 

plate having identical area mass. As shown in Figure 1, with the initial velocity denoted by VI and 

subsequent velocity by VII, the ballistic performance of the target could be characterized by 

introducing the VI-VII space and the ballistic limit boundary separating the perforation and 

non-perforation regimes; further, the double-impact resistance could be quantified by defining the 

equivelocity ballistic limit velocity V2L.23 Subsequently, these experimental results of both single 

and double impacts were reproduced using the method of finite elements (FE).24 Built upon the 

geometric intervals method25, two (non-contacting) projectiles were constructed in the FE model 

such that multiple impacts at the same location of the target plate could be realized by tailoring the 

position of one projectile relative to other projectiles.24 Nonetheless, in terms of computational 
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efficiency, such numerical methodology is suitable for the case when the spatial distance intervals 

between successive projectiles are relatively small, such as blast fragment cluster26.

The studies cited above only considered multiple impacts at fixed impact locations and did not 

consider the variation in impact position. Further, how the interval time between successive impacts, 

projectile morphology (nose shape), multiple impacts at different locations, and boundary condition 

affects the ballistic performance of the target plate remains elusive. This study aimed to address 

these issues using FE simulations. For validation, the simulation results were compared with 

existing experimental data and FE results. To improve the computational efficiency, the method of 

full-restart was employed in lieu of the geometric intervals method. Further, triple ballistic impacts 

at the same location were carried out to extend the ballistic limit boundary of Figure 1 to ballistic 

limit surface. The paper was organized as follows. Section 2 introduced the problem of multiple 

ballistic impacts. Section 3 described FE simulation settings, determination of material parameters, 

and validation of simulation results. Section 4 presented the simulated multi-hit ballistic responses 

of stainless steel plates, explored the underlying physical mechanism, and discussed the effects of 

impact position, interval time between successive impacts, projectile nose shape, and boundary 

condition of target plate. Finally, according to the simulation results of triple impacts, the ballistic 

limit surface in VI-VII-VIII space was constructed.

2. The problem of multiple ballistic impacts

As shown in Figure 2(a), let subscripts “I” and “II” denote separately projectile I and projectile 

II, which have initial velocity VI and VII, respectively. In accordance with the impact tests reported 

in previous studies23,24, the projectiles were taken as rigid spheres, each having a diameter of 12.7 

mm and a mass of 8.3 g, while the target plate was a thin circular disc made of 304 stainless steel 

(SS), fully clamped around its edges. A series of FE simulations of double ballistic impacts at the 

same location on the target were performed. To validate the present FE model, the results were 

compared with existing experimental and numerical results.
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The validated FE model was subsequently employed to carry out the following tasks:

i) To study the effect of sequential impacts at different locations on ballistic performance of 

the target plate, spherical projectile I impacting at plate center was maintained, while the impact 

location of spherical projectile II was shifted from plate center by d = 0 mm, 12.7 mm, and 25 mm, 

respectively; the interval time t between projectiles I and II was fixed at 1000 s.

ii) For spherical projectiles, with the shift of impact location d fixed at 12.7 mm, t was varied 

to quantify the effect of interval time.

iii) Double impacts at the same location with projectiles having different projectile nose shapes 

(i.e., sphere, flat, and cone) but fixed mass and diameter were considered, as shown in Figure 2(b), 

with t = 1000 s.

iv) To study the effect of boundary condition on ballistic performance, double impacts (at the 

same location; t = 1000 s; spherical projectiles) of fully-fixed disc, fully-fixed square, and 

oppositely-fixed square having the same effective impacted area were investigated, as shown in 

Figure 2(c).

v) Triple impacts (t = 1000 s) at the same location were performed.

Note that, in the current study, only normal impacts were considered, i.e., the projectiles were 

perpendicular to the target plate.

3. Numerical simulations

3.1 Finite element model

For the tasks described in the previous section, numerical simulations were performed using 

the commercially available FE code LS-DYNA. As shown in Figure 3, the 304 SS target plate, 

fully-clamped at its edges, had a diameter of 100 mm and a thickness of 0.71 mm, same as those 

reported in previous studies23,24. Constant stress solid elements (Solid 164) were used to establish 

the FE model. To ensure numerical convergence, finer meshes (element size ~ 0.178 mm × 0.178 
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mm × 0.178 mm) were employed for the central area of the plate where impacts took place while, 

outside this region, the mesh size in plane was gradually increased along the radial direction of the 

disk (mesh size in thickness fixed at 0.178mm). The projectile was meshed with an element size of 

~ 0.5 mm × 0.5 mm × 0.5 mm. Such meshing was consistent with the results of mesh sensitivity 

study reported.24

In the present study, the damping effect was applied to the target plate to mimic the actual 

impact experiment23 such that the plate after impact could quickly approach a stable equilibrium 

state27. Specifically, the method of mass-weighted nodal damping was adopted wherein the 

damping factor was calculated from the first-order natural frequency of the target plate.28 Contact 

between the impacting projectiles and the target plate was defined as 

ERODING_SURFACE_TO_SURFACE, with penalty contact formulation adopted and the 

dynamic coefficient of friction specified as 0.5724.

The method of full-restart was adopted to simulate multiple ballistic impacts. For each new 

impact, a full restart was activated: the previous projectile was deleted such that a new projectile 

could be added, and the “d3dump” database (containing deformation, stress and strain fields in 

target plate) obtained at the end of the previous ballistic impact were used to carry out the new 

impact via *STRESS_INITIALIZTION. However, when investigating the influence of interval time 

between sequential impacts on ballistic performance, the method of geometric intervals was 

employed: the two projectiles were established at one step, with the interval time tailored by 

varying the distance between the projectiles.

3.2 Constitutive models

As previously mentioned, the projectiles were regarded as rigid bodies with a density of 7778 

kg m-3. The constitutive behavior of 304 SS was described using the Johnson-Cook model29, while 

the strain rate effect was characterized using the Cowper-Symonds model30. The dynamic stress was 

thence written as:
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(1)

where A, B, n and m were material constants,  was the equivalent plastic strain, T was the pl

actual temperature, Tr and Tm was the room and melting temperature, respectively, C and P were the 

parameters governing strain rate effect, and  was the actual plastic strain rate. As shown in pl 

Figure 4, relevant values of A, B, n, C, P were fitted from the experimental results of 304 SS 

reported23,24,30, and were listed in Table 1.

The failure and fracture of 304 SS were based on damage evolution wherein damage of the 

material was assumed to occur, and the corresponding elements were removed when the damage 

parameter D exceeded unity. The damage parameter D was defined as:

,
pl

pl
f

=D 


 
 
 

 (2)

where  and  were the increment of equivalent plastic strain and the strain at fracture, pl pl
f

respectively. Once the plastic strain accumulated in all incremental steps of an element reached the 

fracture strain, the element was directly removed (without stiffness degradation31). Further,  pl
f

was given by:

, 
pl

pl r
f 1 2 3 4 5

0 m r

exp 1 ln 1 T TD D D D D
T T

 



                         

(3)

where  was the stress triaxiality, and D1-D5 were the failure parameters. Values of these failure  

parameters for 304 SS were taken,32 and listed in Table 1.
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3.3 Validation of numerical simulations

The present numerical simulations were validated against existing experimental results23 and 

numerical results24 for double impacts of spherical projectiles at the same location on clamped 304 

SS circular disks. As shown in Figure 5, the predicted ballistic limit boundary in VI-VII space 

matched closely to those obtained experimentally23 and numerically24. It was seen that the ballistic 

limit boundary was approximately linear in each of the two regions labeled as A and B, consistent 

with existing results23,24. Note that the numerical verification was based on t = 1000 s, and the 

effect of t was discussed later in Section 4.2.

The endpoints of the ballistic limit boundary shown in Figure 1 represented the ballistic limit 

velocity VL for single impact, while the intersection of this boundary with the trajectory VI = VII 

defined the equivelocity ballistic limit velocity V2L for double impacts at the same location. 

Quantitative comparisons of VL and V2L were presented in Table 2, and it was seen that the 

percentage errors of the present FE simulation relative to existing experimental results were less 

than 5%. Moreover, as shown in Figure 6, the failure modes predicted by the present FE simulation 

agreed fairly well with those from experiment23 and simulation24. Specifically, the present 

simulation successfully captured circumferential cracking after significant bulging when the 

clamped plate was impacted at just below VL in single impact, as well as secondary radial fracture 

after plugging when the plate was impacted at just below V2L in double impacts. Therefore, the 

feasibility and validity of the numerical model developed in the present study was established.

4. Results and discussions

4.1 Impact location

The effect of impact location on ballistic performance was studied by impacting the center of 

target plate with projectile I, followed by impacting with projectile II at selected offset locations: d 

= 0 mm, 12.7 mm, and 25 mm. Both projectiles were spheres and the interval time between hits I 

and II was fixed at t = 1000 s. The calculated ballistic limit boundaries were displayed in Figure 
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7(a), while corresponding deformation profiles and failure/fracture modes were presented in Figure 

8(e). It was seen that, with the initial impact velocity VI fixed, the ballistic limit velocity of second 

impact increased with increasing offset position d. When the offset d was sufficiently large, the 

ballistic limit velocity of second impact would approach the single-impact ballistic limit of VL = 

206.3 m s-1, causing the ballistic limit boundary to become nearly horizontal. For clarity, the three 

points located at the upper left corner of Figure 7(a) were enlarged to compare the single impact 

performance at different locations. It was shown that the target was easier to be perforated closer to 

its boundary.33,34

The residual velocity of projectile II impacting at different offset locations was presented in 

Figures 7(b) and (c) for VI = 120 m s-1 and 220 m s-1, respectively. Increasing the VI caused obvious 

shifting of the residual velocity curve toward the left if d = 12.7 mm, thus reduced ballistic 

resistance. However, if the offset was increased to d = 25 mm, the ballistic resistance was almost 

not affected as no obvious shifting of the residual velocity curve was observed. This was 

understandable, as in the former case, 12.7 mm was also the diameter of the spherical projectile, so 

that the damage caused by the second projectile complemented that caused by the first projectile, 

thus leading to severe damage (Figure 8(e)) and inferior ballistic resistance. In contrast, in the case 

of d = 25 mm, the damage zones of the two separate impacts did not overlap, as shown clearly in 

Figure 8(e), so that the offset had little influence on ballistic resistance.

In Figure 7(d), the residual velocity of projectile II was plotted as a function of its impact time 

for varying offset but fixed VI (=120 m s-1), where VZ and VX represented the velocity of the 

projectile perpendicular to and along the radial direction of the target plate, respectively. When 

projectile II hit at the center of the target, same as projectile I, it perforated the target, with quickly 

dropped velocity. In contrast, when projectile II hit at an offset location, the saucer-like deformation 

profile of the target plate caused by projectile I forced projectile II to exhibit a velocity component 

along the radial direction, i.e., VX, albeit relatively small. As shown in Figure 8(a), after the impact 
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by projectile I, local inclination of the target plate at the location of d = 12.7 mm was larger than 

that at d = 25 mm, such that the radial velocity of projectile II was larger in the former case than 

that in the latter. Note that, the negative value of VX indicated that projectile II moved somewhat 

toward the axis of the target plate after it impacted the target, either at d = 12.7 mm or 25 mm.

The effect of impact location was mainly attributed to the accumulation and evolution of 

effective plastic strain, for it had been widely used to characterize material ductility damage as 

defined in Eq. (2). Figure 8(a) presented the effective plastic strain contour of target plate at the end 

of the first impact (VI = 120 m s-1) but before the second impact initiated, i.e., tII = 0 s. 

Subsequently, as the plate was impacted by projectile II at varying locations, Figures 8(b) ~ (d) 

displayed separately the evolution of effective plastic strain in the plate for d = 0, 12.7 and 25 mm. 

It was seen that, as the initial effective plastic strain was the largest when d = 0 mm, second impact 

at the identical location was the easiest and fastest route for the plate to fail, accompanied with the 

lowest ballistic limit velocity of second impact. Simultaneously, because the double impacts at d = 

0 mm were axial-symmetrical, the distribution of effective plastic strain in Figure 8(b) remained 

also axial-symmetrical during the entire impacting process, with double peaks. Accordingly, the 

plate failed first at the two peaks, exhibiting a plug-type failure at the same positions as shown in 

Figure 8(e). As the impact location of projectile II was shifted from the target center to d = 12.7 and 

25 mm, the curves of effective plastic strain were increasingly shifted away from the target center, 

as shown in Figures 8(c) and (d). In addition, corresponding to the shifting, the peaks of the curve 

also trended to move to the central area of the plate, resulting in its tearing and petalling failure in 

the case of d = 12.7 mm, as shown in Figure 8(e). Such trend was attributed to the lateral movement 

of projectile II (Figure 7(d)) due to the inclination of the plate after the impact by projectile I 

(Figure 8(a)). As previously discussed, when projectile II (diameter 12.7 mm) hit the target at the 

location of d = 12.7 mm, the resulting effective plastic strain interacted closely with that left by 

projectile I (diameter 12.7 mm) hitting the target center. The accumulated effective plastic strain at 

Page 11 of 39

http://mc.manuscriptcentral.com/(site)

Journal name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Author Accepted Manuscript



For Peer Review

12

the impact location (d = 12.7 mm, Figure 8(c)) was significantly larger than that in the case of d = 

25 mm, and hence the extent of damage and failure was much more severe in the case of d = 12.7 

mm, as shown in Figure 8(e). Correspondingly, the ballistic limit velocity of second impact was 

lower.

4.2 Interval time between first and second impacts

In this section, the effect of interval time (t) between the first and second impacts on ballistic 

performance was investigated for the case of d = 12.7 mm, with no collision between projectiles I 

and II considered. Figure 9(a) plotted the evolution of deflection at the center of the clamped plate 

after it was impacted by projectile I with a velocity of 120 m s-1. At 258 s, the deflection reached a 

peak and the plate began to oscillate reciprocally: that is, the plate started to spring back from the 

peak deflection as part of the kinetic energy of projectile I was transferred as elastic deformation 

energy stored in the plate, thus enabling the plate to spring back once its deflection peaked. 

Accordingly, the dynamic response of the plate during projectile I impact could be divided into the 

bulge phase (0 ~ 258 s) and the springback phase ( 258 s). Figure 9(b) displayed the 

deformation process of the plate during the bulge phase. Upon impacting by projectile I, the plate 

started local bulging in a few microseconds. Subsequently, bending plastic hinges were formed and 

started to propagate toward the clamped boundary. During this phase, as the deflection at the plate 

center was further increased, the central impact area of the plate experienced membrane stretching 

from surrounding material. The whole plate was subjected to membrane stretching when the plastic 

hinges reached its clamped boundary, causing a saucer-like deformation profile as shown in Figure 

9(b). During the springback phase, the deflection of the plate oscillated reciprocally with gradually 

decreasing magnitude due to damping, eventually reaching a steady state wherein the deflection 

became permanent. In terms of the interaction between projectile I and the clamped plate, the 

dynamic response could be divided into the coupling response phase and the free response phase. 

Figure 9(a) plotted the contact force between projectile I and the plate as a function of impact time. 
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It was seen that, during the coupling response phase, the contact force increased rapidly upon 

impacting, reaching a peak, and then dropped sharply, followed by oscillation. At 334.5 s, the 

contact force became zero, and projectile I broke away from the target plate such that the plate 

entered the completely free response wherein dynamic springback occurred.

To quantify the effect of interval time on ballistic performance, the residual velocity of 

projectile II was presented in Figure 10(a) for varying interval time between first and second 

impacts, with VI = 120 m s-1 and VII = 220 m s-1. Note that immediately before the plate was hit by 

projectile II, its deformation profile induced by projectile I was displayed in Figure 9(a). It was seen 

from Figure 10(a) that, when t = 0 s, the residual velocity of projectile II was the lowest, 

implying that the target plate had the best ballistic resistance when projectiles I and II hit it 

simultaneously. As t was gradually increased, the target plate experienced increasingly large 

deformation before projectile II started impacting and, as a result, the residual velocity of projectile 

II increased nearly linearly. When t was increased to 64.5 s, the residual velocity was increased 

to 150 m s-1. However, further increasing t did not lead to a significant increase in residual 

velocity: from 150 m s-1 to 162 m s-1 when t was 258 s. Subsequently, as the moving direction of 

projectile II was not consistent with the oscillating direction of the target plate, its residual velocity 

fluctuated; Figure 10(a).

Figure 10(b) displayed ballistic limit boundaries corresponding to t = 0 s, 32 s and 1000 s. 

When t = 0 s, the ballistic limit velocity of projectile II at d = 12.7 mm slightly increased with 

increasing VI. This could be attributed to the fact that, when subjected to simultaneous impacting of 

projectiles I and II, it is easier for the target plate to deform globally such that local failure at 

location d = 12.7 mm became more difficult. However, the variation trend was reversed when t 

was increased to 32 s or 1000 s, i.e., the ballistic limit velocity of second impact decreased, 

nearly linearly, with increasing VI; Figure 10(b). Further, with VI fixed, the ballistic limit velocity of 

projectile II decreased with increasing t.
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4.3 Projectile nose shape

To explore how projectile nose shape affects multi-impact ballistic resistance, projectiles 

having conical and flat noses were considered in addition to spherical projectiles, as shown in 

Figure 2(b). For illustration, all projectiles had identical mass and diameter, with d = 0 mm (i.e., no 

offset in impact locations) and t = 1000 s. To avoid instability of numerical calculations, a small 

portion of the sharp conical nose was cut off such that its front had a circular cross-section, whose 

diameter was one-tenth the projectile diameter (12.7 mm). Figure 11(a) presented the residual 

velocity of projectile I having varying nose shape for the case of single impact, from which it was 

seen that the ballistic limit velocity VL decreased if the nose shape of projectile I was varied from 

sphere to flat and then from flat to cone. In Figure 12(a), for single impact, the effect of projectile 

nose shape upon deformation and failure modes was presented, with VI = 120 m s-1. A flat projectile 

caused severe shearing in the localized region of the plate where it met with the sharp edge of the 

flat projectile, while the plate as a whole experienced membrane stretching. Accordingly, as shown 

in Figure 12(a), plugging failure was easier to occur when the plate was hit by a flat projectile in 

lieu of a spherical one, thus it had a lower ballistic resistance to the flat projectile. In comparison 

with spherical and flat projectiles, due to the more concentrated action of a conical nosed impactor 

on the plate during the bulge phase, the conical projectile led to the severest localized deformation, 

causing petalling failure and hence the least ballistic resistance; Figure 12(a). It should be noted that 

the current result is limited to thin 304 SS plates that are prone to plastic bulging and membrane 

stretching. If the target plate is thicker or made of other metallic sheets, the order of nose shapes 

may be various.

Varying the projectile nose shape not only led to significantly different ballistic limit velocity, 

but also altered the ballistic limit boundary, as shown in Figure 11(b). Consider first double impacts 

by projectiles having the same nose shape. Similar to double impacts by spherical projectiles, the 

ballistic limit boundary of double impacts by flat projectiles was also approximately bi-linear, while 
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that of conical projectiles exhibited a circular arc morphology. The differences in the shape of 

ballistic limit boundaries were mainly attributed to differences in failure modes, as shown in Figure 

12(b). When subjected to double impacts by spherical, flat and conical projectiles, the target plate 

exhibited secondary radial fracture after plugging, shear plugging and petalling failure, respectively. 

Similar failure modes were observed experimentally in aluminum alloy plates hit by projectiles 

having different nose shapes in the reference35.

The ballistic limit boundaries obtained by hitting the target plate first by spherical projectile (I) 

and then by conical projectile (II) as well as first by conical projectile (I) and then by spherical 

projectile (II) were also presented in Figure 11(b), the former marked as Sphere-Cone and the latter 

as Cone-Sphere. Due to the combined effects of projectile nose shape and impacting sequence of 

projectiles having different nose shapes, it could be seen from Figure 11(b) that the size of 

equivelocity ballistic limit velocity was reduced in the following order: Sphere-Sphere, Flat-Flat, 

Sphere-Cone, Cone-Cone, Cone-Sphere. As previously mentioned, when the target plate was hit 

first by the conical projectile, it already experienced severe deformation such that its capability to 

absorb the impact energy of the follow-up spherical projectile was weakened. Consequently, the 

equivelocity ballistic limit velocity of Cone-Sphere double impacts was lower than that of 

Sphere-Cone double impacts; Figure 11(b).

4.4 Boundary condition

To understand how the boundary condition of the target plate affects its ballistic resistance, 

additional FE simulations were carried out for double impacts by spherical projectiles at the same 

location (target center), with t fixed at 1000 s. As shown in Figure. 2(c), fully-fixed disc, 

fully-fixed square, and oppositely-fixed square having the same effective impacted area were 

considered, and the simulation results were presented in Figure 13. It was seen that, for the cases 

considered in the present study, boundary conditions had minimal influence on the ballistic limit 

boundary in VI-VII space. The deformation and failure modes of the target were not altered when 
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boundary condition was varied, remained as (in order of occurrence): local bulging, propagation of 

plastic hinges due to bending, membrane stretching and saucer-like deformation, and finally 

secondary radial fracture after plugging. Moreover, this numerical result agreed well with the 

experimental data reported in a previous study33, so the ballistic performance was independent of 

the boundary shape.

Of course, such conclusion was only preliminary and subjected to the following assumptions: 

t = 1000 s, impacting at the target center, double impacts at the same location (no offset), the 

diameter of projectile (12.7 mm) much smaller than diameter/width (100 mm) of the target, and no 

change in projectile nose shape. For instance, if the impact position was not at the target center but 

offset and adjacent to the boundary of the target, its ballistic performance might be significantly 

different from that reported here. Clarification of this and other issues not addressed in the current 

investigation will be presented in a separate study. 

4.5 Ballistic limit surface in VI-VII-VIII space

Next, the concept of ballistic limit boundary in VI-VII space was extended to VI-VII-VIII space to 

construct the ballistic limit surface. For illustration, triple impacts at the identical location of a 

fully-clamped disc were simulated, with the interval time between sequential impacts at 1000 s. 

Figure 14(a) displayed the ballistic limit surface fitted using the method of thin-plate spline 

interpolation, which appeared to be approximately spherical. The intersection of this ballistic limit 

surface with cube diagonal was defined herein as the equivelocity ballistic limit velocity, V3L. For 

the case considered, V3L ~ 95 m s-1, which is considerably smaller than the corresponding limit 

(121.3 m s-1) of double-impact, let alone the limit (206.3 m s-1) of single-impact. That is, as the 

number of impacts (at the same location) increased, the equivelocity ballistic limit velocity 

decreased. According to the pseudo-shakedown phenomenon11,12, it can be inferred that the 

equivelocity ballistic limit velocity might tend to a constant as the number of impacts is increased, 

but this remains to be verified in the future.
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In Figure 14(b), contour lines of the ballistic limit surface in VI-VII space were plotted. These 

contour lines were seen to be asymmetrical. For typical instance, V3L = 102.5 m s-1 at position A (VI 

= 145 m s-1 and VII = 45 m s-1), while V3L = 88.5 m s-1 at position B (VI = 45 m s-1 and VII = 145 m 

s-1).

5. Concluding remarks

Numerical simulations based on the finite element method were carried out to investigate the 

ballistic performance of fully-clamped 304 stainless steel plates under multiple impacts of rigid 

projectiles, with the equivalent plastic strain employed to define material damage and 

failure/fracture. For double impacts at the same location, the predicted ballistic limit velocity VL 

(single impact), equivelocity ballistic limit velocity V2L (double impacts), ballistic limit boundary in 

VI-VII space, and corresponding deformation/failure modes agreed well with existing experimental 

results. Subsequently, the effects of impact position, interval time between sequential impacts, the 

shape of projectile nose, and boundary condition on multi-hit ballistic performance, including 

ballistic limit velocity and deformation/failure modes, were systematically characterized. In 

addition, for triple impacts at the same location, the concept of ballistic limit boundary was 

extended to construct ballistic limit surface in VI-VII-VIII space. The main conclusions were 

summarized as follows:

i) With the impact velocity of projectile I fixed, the larger the impact position offset of 

projectile II, the higher the ballistic limit velocity (i.e., ballistic resistance) under double impacts.

ii) As the interval time between sequential impacts was increased, the residual velocity of 

projectile II increased and tended to a constant value.

iii) Due to the combined effects of projectile nose shape and impacting sequence of projectiles 

having different nose shapes (spherical, flat and conical), the size of equivelocity ballistic limit 

velocity for double impacts at the identical location was reduced, in the following order: 

Sphere-Sphere, Flat-Flat, Sphere-Cone, Cone-Cone, Cone-Sphere.
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iv) For double impacts by spherical projectiles at target center, the ballistic limit boundary was 

not affected by the boundary condition of target plate.

v) For multiple impacts by spherical projectiles at the identical location, the equivelocity 

ballistic limit velocity decreased with the increasing number of impacts, i.e., VL > V2L > V3L.

The results presented in this study are helpful for designing high-performance protective 

systems against multiple projectile impacts. It should be noted that the current study is limited to the 

ballistic performance of thin 304 SS plates under multiple impacts of the rigid projectiles with a 

fixed diameter of 12.7 mm and a fixed mass of 8.3 g. Changes in impact conditions (such as 

thickness and material properties of target plate, mass of impactor, etc.) may lead to considerably 

different phenomena and results, thus requiring further studies.
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List of Table and Figure captions

Table 1. Material parameters of 304 SS.23,24,30,32

Table 2. Comparison of ballistic limit data obtained from experiment23, simulation24 and this study.

Figure 1. Ballistic limit boundary in VI-VII space.23

Figure 2. (a) Schematic of impact location and interval time, (b) three different projectile nose 

shapes, and (c) three different boundary conditions of target plate.

Figure 3. Finite element model of fully-clamped plate impacted by rigid spherical projectile.

Figure 4. Fitting of material parameters for 304 SS: (a) quasi-static tensile true stress versus plastic 

strain curve and (b) strain rate effect.

Figure 5. Ballistic limit boundary for double impacts at the same location: comparison with 

existing experimental and numerical results23,24.

Figure 6. Comparison of failure modes from single impact just below VL between (a) experiment23 

and (b) present FE simulation. Comparison of failure modes from double impacts at V2L among (c) 

experiment23, (d) simulation24, and (e) present FE simulation.

Figure 7. (a) Ballistic limit boundary for different offset distances d, (b) residual velocity of 

projectile II (VI = 120 m s-1), and (c) residual velocity of projectile II (VI = 220 m s-1) for selected 

offsets. (d) Evolution of axial and radial components of projectile II for varying offset, with VI = 

120 m s-1.

Figure 8. (a) Effective plastic strain contour of target plate at tII = 0 s (i.e., just before the impact 

of projectile II was initiated). Evolution of equivalent plastic strain for varying impact location of 

projectile II (VII = 140 m s-1): (b) d = 0 mm, (c) d = 12.7 mm, and (d) d = 25 mm. (e) Influence of 

impact location of projectile II (VII = 140 m s-1) on failure modes of target plate. For all plotting, the 

impact velocity of projectile I was fixed at VI = 120 m s-1.

Figure 9. Dynamic response of the target plate during projectile I impact (VI = 120 m s-1): (a) 

evolution of deflection and contact force between projectile and target plate, and (b) deformation 
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process during the bulge phase.

Figure 10. (a) Residual velocity of projectile II versus interval time of impact t, with VI = 120 m 

s-1 and VII = 220 m s-1. (b) Ballistic limit boundaries for t = 0 s, 32 s and 1000 s.

Figure 11. (a) Residual velocity of projectile I having varying nose shape (single impact) and (b) 

effect of projectile nose shape and impact sequence of projectiles I and II having different nose 

shapes on ballistic limit boundary.

Figure 12. Effects of projectile nose shape on deformation and failure modes of target plate after (a) 

first impact and (b) second impact, with VI = 120 m s-1 and VII = 120 m s-1.

Figure 13. Effect of boundary condition on ballistic limit boundary under double impacts at target 

center.

Figure 14. (a) Three-dimensional and (b) top view of ballistic limit surface in VI-VII-VIII space for 

triple impacts by spherical projectiles at the identical location.
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Table 1

Parameters Value

Density,  (kg m-3) 7800

Shear modulus, G (GPa) 76.9

Static yield strength, A (MPa) 287.7

Strain hardening constant, B (MPa) 583.5

Strain hardening exponent, n 0.53

Strain rate constant, C (s-1) 12540

Strain rate constant, P 6

Thermal softening exponent, m 0

Damage constant, D1 0.2

Damage constant, D2 0.76

Damage constant, D3 - 0.95

Damage constant, D4 0

Damage constant, D5 0
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Table 2

Source
Ballistic limit 

velocity VL (m s-1)

Prediction error 

for VL (%)

Equivelocity 

ballistic limit 

velocity V2L (m s-1)

Prediction error 

for V2L (%)

Experiment23 205.1  127.2 

Simulation24 209.9 + 2.3 133.6 + 5.0

This study 206.3 + 0.6 121.3 - 4.6
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 11
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Figure 12
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Figure 13
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