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A B S T R A C T   

For impact velocities larger than a threshold velocity of 3 km/s, aluminium Whipple Shields present an enhanced 
protection capability with respect to monolithic protections with the same areal density. In particular, in the 
range between 3 and 7 km/s the projectile partially fragments and melts after impacting the bumper; modelling 
this transition might be complex due to the high number of parameters affecting the collision. In particular, 
limited data is available in literature with a systematic evaluation of such parameters. 

In this context, a campaign of 22 experiments was performed to assess the response of aluminium Whipple 
Shields to normal impacts of aluminium projectiles in the transition range up to 5 km/s. In the tests, the projectile 
diameter was fixed at 2.9 mm and the bumper thickness and impact velocity were systematically varied 
respectively at 1, 1.5, and 2 mm and between 2.6 and 5 km/s. Collected data included high-velocity videos of the 
debris cloud generated by the impacts at both low resolution (for all shots) and high resolution (for 19 out of 22 
tests); in addition, for 10 experiments high-resolution images of both the bumper and the wall were acquired 
after the tests. 

In this paper, the experimental campaign is described and the main collected results are presented; in 
particular, the influence of the different impact parameters is discussed. Experimental results are finally 
compared with numerical simulations conducted with a smoothed particle hydrodynamics method available in 
IMPETUS Solver.   

1. Introduction 

Whipple Shields were originally conceived to protect spacecraft 
vessels from meteoroids impacts [1]; once the issue of human-made 
debris was finally recognized [2], their utilization on crewed vehicles 
was better investigated [3]. To date, more efficient or less bulky pro-
tection are often employed on spacecraft; however, Whipple Shields are 
often employed as reference when comparing the ballistic properties of 
different protections [4,5] or developing new Ballistic Limit Equations 

(BLEs) [6,7]. 
In their first and simplest configuration, Whipple Shields consist of 

two-wall structures separated by a stand-off distance. Due to this ge-
ometry, Whipple Shields present an enhanced protection capability with 
respect to monolithic structures with the same areal density: the first 
wall, commonly referred as bumper, can partially fragment or melt an 
impacting projectile, creating an internal debris cloud that could be less 
dangerous for the rear wall compared to a single, massive impactor. 

The ballistic response of a Whipple Shield is directly related to the 
impact velocity [3]. For low velocities (ballistic regime, below 
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approximately 3 km/s for aluminium plates) the shield behaves simi-
larly to a monolithic plate with equivalent thickness, as the projectile 
mostly remains intact after impact with the bumper. For high velocities 
(hypervelocity regime, above approximately 7 km/s for aluminium), the 
bumper fully fragments and/or melts the projectile, generating a cloud 
of small fragments that act as a distributed pressure wave on the rear 
plate; in this regime, the Whipple Shield has its best performance with 
respect to a monolithic plate. In the intermediate range (shatter regime), 
the projectile fragmentation is only partial and generates a mixed debris 
cloud, with a residual central large fragment; the rear wall is therefore 
subjected both to a distributed load from the small debris in the cloud 
and a localised impact from the largest fragment. This last regime is the 
most complex to model and represents a transition between ballistic and 
hypervelocity impacts; in BLEs, it is usually represented by a linear 
interpolation between the limits of the two other regimes [8]. 

The development of Whipple Shields BLE required expensive and 
complex ground experiments; for this reason, data available in literature 
is often limited to punctual experiments, with no parametric investiga-
tion on the many parameters that may affect shield perforation, such as 
walls thickness on projectile diameter ratio, stand-off size, material, and 
impact velocity. A few exceptions are the experiments on aluminium 
plates from Piekutowski (impact velocities between 3.77 and 7.38 km/s, 
ratio tb/dp = 0.049, i.e. a projectile significantly larger than the thick-
ness of the bumper, [9]), Chi (impact velocities between 3.16 and 5.17 
km/s, ratio tb/dp of 0.157 and 0.210, [10]), and Wen (impact velocities 
between 2.2 and 5.2 km/s, tb/dp ratios from 0.078 to 0.315, [11]). In a 
similar fashion, only limited information is available on the debris 
clouds generated by the bumper and expanding in the stand-off. 

With the objective to better comprehend the transition between 
ballistic and shatter regime and the effect of the main parameters 
affecting it, a campaign of impact tests was conceived and recently 
performed through a collaboration between Delft University of Tech-
nology, Norwegian University of Science and Technology, and Univer-
sity of Padova. In the tests, the plate material, the rear wall thickness, the 
stand-off distance, and the projectile diameter were fixed and only the 
bumper thickness and impact velocity were systematically varied, to 
obtain a full set of data and understand the effect of those parameters on 
the Whipple Shield. The experimental data also included videos of the 
debris cloud generated by the bumper from high-speed cameras, to 
better identify the transition from a large central fragment to a more 
distributed debris cloud. Experimental results are currently being ana-
lysed [12] and will be employed for the development and validation of 
numerical codes under investigation by the involved institutions [13, 
14]. 

This paper presents a summary of the experimental campaign and a 
selection of the main results. Next section describes the test facility and 
setup and describes the performed experiments. Section 3 compares the 
experimental results with the Whipple Shield analytical BLEs developed 
by Christiansen [3]. Section 4 summarized the preliminary analysis of 
the bumper plates and the high-velocity videos. Section 5 finally 

compares a selection of test data with numerical simulations conducted 
with a coupled finite element-discrete element method available in 
LS-DYNA. 

2. Experimental campaign 

The experimental campaign was performed with the Light Gas Gun 
(LGG) in the hypervelocity impact test laboratory of the University of 
Padova [15,16]. The current facility can be seen in Fig. 1; it is capable of 
accelerating projectiles up to 100 mg at a maximum speed of 5.5 km/s 
and with a high shot frequency, up to 10 experiments per day, achiev-
able due to a specific setup which employs reusable components in the 
whole main gas gun subsystem [17,18]. 

The experimental setup can be seen in Fig. 2 (left) and consisted in a 
Whipple Shield configuration, with the addition of a Witness plate 
behind the rear wall. All plates were in Aluminium AA6061-T6, with a 
20 × 20 cm2 area; both the witness plate and the rear wall had a 
thickness of 3 mm, while three bumper thicknesses (1, 1.5, and 2 mm) 
were considered in the campaign. The plates were mounted with elastic 
springs to a movable frame (Fig. 2, right), allowing fast target prepa-
ration and recovery from the LGG impact chamber. 

Two high velocity cameras, a Phantom v2511 and a Phantom M310, 
were employed to capture the development of the debris cloud. They 
were placed outside the LGG impact chamber, in line with the midpoint 
between the bumper and the rear wall; the fields of view of the two 
cameras were placed on orthogonal planes to reconstruct the cloud 
shape in three dimensions (see Fig. 3). 

In the tests, the projectile diameter was fixed at 2.9 mm and the 
bumper thickness and impact velocity were systematically varied 
respectively at 1, 1.5, and 2 mm and at 2.60, 3.00, 3.30, 4.00, 4.65, and 
5.00 km/s. The experimental campaign consisted of 22 shots, listed in 
Table 1. In three experiments, only the Phantom M310 camera was able 
to record the impact (CAMERA label in the table notes); in other nine 
tests the target was contaminated by sabot failures (SABOT label in the 
table notes), but it was still possible to detect the debris cloud 

Nomenclature 

c Velocity of sound in the material, km/s 
db Diameter of bumper hole, mm 
dp Projectile diameter, mm 
m Mass, g 
S1 Stand-off length, mm 
SWP Distance rear wall – witness plate, mm 
tb Bumper thickness, mm 
tw Wall thickness, mm 
v Impact velocity, km/s 
ρ Density, kg/m3  

Fig. 1. Cisas hypervelocity impact facility with the light gas gun.  
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perforation diameter on the bumper. 
Fig. 4 shows the debris cloud (top) and the damages on bumper and 

rear wall (bottom) for test #9244, with bumper thickness of 1.5 mm and 
impact velocity of 3.96 km/s. The perforation of the bumper generated a 
large cloud, with a dense front. The damage on the rear wall consisted in 
surface craterisation and deposit. On the rear wall back face a detached 
spall was detected, indicating the failure of this shield. 

In the reminder of this paper, the failure of a shield (due to detached 
spall, e.g. shot #9244, or perforation, e.g. #9249, of the rear wall) will 
be indicated by P; shields passing this failure criterion will be indicated 
as NP. 

3. Ballistic limit investigation 

Among the 22 performed tests, only four (the aforementioned #9244 
and shots #9249, #9258, and #9260) led to the failure of the rear wall; 
for experiments #9258 and #9260, this was due to the contamination 
from the sabot. The failure mode for tests #9244 (tb = 1.5 mm, v = 3.96 
km/s) and #9249 (tb = 2.0 mm, v = 3.28 km/s) can be seen in Fig. 6 (left 
and centre) and can be classified as detached spall, indicating that for 
these impact conditions the Whipple Shield is slightly above its ballistic 
limit. It can be noted that for the latter case, a similar test (#9253, tb =

2.0 mm, v = 3.22 km/s, Fig. 6 on the right) was classified as NP, sug-
gesting that the ballistic limit is not a rigid threshold but should be at 

Fig. 2. Test configuration with Whipple Shield and Witness Plate (left) and experimental setup mounted on a suspension system (right).  

Fig. 3. On the left: high-velocity cameras configuration and fields of view (not in scale). On the right, the two cameras placed on top and on the side of the 
impact chamber. 

Table 1 
Summary of the experimental campaign. The labels CAMERA and SABOT in the notes of a test indicate respectively that only the Phantom M310 was able to record the 
impact or that the sabot contaminated on the target. For tests #9244, #9249, #9258, and #9260 the red letter P indicates the failure of the rear wall.  

Nominal velocity, km/s Plate thickness 

1 mm 1.5 mm 2 mm 

vel, km/s SHOT # NOTES vel, km/s SHOT # NOTES vel, km/s SHOT # NOTES 

2.60 2.60 9265 / 2.59 9263 / 2.62 9266 / 
2.64 9264 / 

3.00 3.12 9254 SABOT 3.05 9261 SABOT / / / 
3.30 3.36 9247 CAMERA 3.27 9248 / 3.22 9253 / 

3.28 9249 P, CAMERA 
4.00 3.99 9246 / 3.96 9244 P 3.99 9245 / 

4.02 9243 CAMERA 
4.65 4.63 9252 SABOT 4.65 9250 / 4.71 9251 SABOT 
5.00 4.97 9260 P, SABOT 4.95 9255 SABOT 4.85 9256 SABOT 

5.00 9258 P, SABOT 4.93 9259 SABOT  
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least expressed within an uncertainty band; this approach would be in 
accordance with the models developed in Ref. [19]. 

This can be better appreciated in Fig. 5, in which the experiments are 
compared with the BLEs developed by Christiansen [3], i.e. the curve 
indicating the limit between the Whipple Shield failure (P, area above 
the curve) and survivability (NP, below the BLE). It can be observed that 
for tb = 1 mm (top), the BLE predicts perforation for velocities below 
approximately 4 km/s; however, all the valid tests (i.e. not considering 
#9268 and #9260, with sabot failure) did not perforate the Whipple 
Shield. This suggests that for this bumper thickness the BLE un-
derestimates the shield performance. With respect to the intermediate 
thickness (tb = 1.5 mm, centre), it can be noted another deviation from 
BLE prediction: the two lower velocity tests, above the BLE, did not 
perforate the shield, but for test #9244, below the BLE, a detached spall 
indicated the failure of this configuration. Last, for tb = 2 mm the two 
tests in close proximity to the BLE (# 9249 and #9253) resulted in a 
failure (P) and a non-perforation (NP). These preliminary results further 
suggest that the transition between ballistic and shatter regimes should 
be better investigated, in order to obtain more reliable BLEs that may 
consider different failure causes or transition thresholds (e.g. Ref. [20]). 

4. Test data analysis 

In this section, the first results of this experimental campaign are 
presented; the samples are still under analysis and additional results 
might be obtained in the future. 

It shall be underlined that due to the different sabot contaminations 
the experiments reported in Table 1 could be only partially employed in 
the following analysis. With respect to the investigation of the bumper 
hole (section 4.1), in addition to all successful experiments for a large 
section of the sabot contaminations the sabot impact point was different 
from the projectile one, allowing the identification of the hole; for this 

reason, only shots #9251, #9254, #9258, #9259, and #9260 were 
discharged. On the contrary, for the investigation of the mass lost from 
the bumper (section 4.2) all sabot failures could not be used. Last, for 
debris cloud parameters reconstruction (section 4.3) the sabot contam-
inated experiments were still employable in the analysis, as in the in-
terval between projectile and sabot impact on the bumper it was possible 
to record at least a few frames of the debris cloud expansion. 

4.1. Bumper hole diameter 

For the impact parameters selected in this campaign, the bumper can 
be considered a thin plate; the tb/dp ratios are between 0.34 and 0.69. In 
all successful tests it was possible to measure the diameter of the 
perforation hole on the bumper; this was valid also for a subset of the 
experiments with sabot failure: in these experiments, high-speed videos 
showed that the sabot fragments collided with the bumper after pro-
jectile perforation and the determination of the projectile hole was still 
possible. 

Fig. 7 compares the measured bumper hole diameter with the pre-
dictions for thin plates from Hill [21]; the analytical equations are re-
ported in Appendix A. It can be observed that for the thinnest bumper (1 
mm, red triangles and lines) experimental data and models are in 
accordance (average difference below 0.1 mm). On the contrary, a larger 
deviation can be observed for the 2-mm thick bumper, in particular for 
the lowest velocities: at 2.62 km/s the difference between prediction and 
measurement is of about 0.77 mm on a 5.5 mm diameter. However, the 
prediction error in this case is still below 15%, suggesting that the Hill’s 
equations can still represent the order of magnitude of the bumper 
perforation hole. 

4.2. Mass lost from bumper 

Before and after each impact test, the bumper plates were weighed 

Fig. 4. Shot #9244 (tb = 1.5 mm, v = 3.96 km/s, failure due to spalling). On 
top, debris cloud generated by the bumper. On bottom, damage on bumper 
front plate (left) and rear wall (right). 

Fig. 5. BLEs and experiments data for the three bumper thicknesses. NP – Not 
Perforated, P – Perforated. 
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with a scale with 0.001 g resolution. This allowed evaluating the amount 
of mass lost by the bumper due to the impact. In this analysis, experi-
ments with sabot contamination were discharged. 

Fig. 8 shows the lost mass for the successful experiments. As ex-
pected, thicker plates are more affected by the impact, as the projectile 

can interact with a larger fraction of material before perforating the 
bumper. Results from the thinner (red triangles) and the thicker (blue 
circles) configurations show a quasi-linear trend with the velocity and a 
strong influence of the thickness. The 1.5 mm thick plate data is scat-
tered between the other values, but present a strongly non-linear trend; 
in particular, the test at 3.27 km/s, #9248, shows a lost mass on the 
bumper comparable to the 2-mm thick plate, that would need further 
investigation. 

4.3. Debris cloud parameters 

The debris clouds that developed between the bumper and the rear 
wall were captured using the high-speed cameras, and features of the 
clouds were measured in each frame. The main measurement points are 
shown in Fig. 9. A parameter lc is defined, measuring the distance be-
tween the rear side of the bumper and the front fragment of the debris 
cloud. The maximum debris cloud diameter dc is then measured for each 
frame and corresponding lc. To compare the debris cloud measurements, 
all tests were evaluated at lc ≈ 90 mm, right before the debris cloud 
impacts the rear wall. 

Fig. 10 shows the debris cloud diameter dc as a function of the 
bumper thickness tb for the test series at 2.6. km/s and 5 km/s. The 
debris cloud diameter is larger for higher impact velocities, and is found 
to decrease with increasing bumper thickness. For the test series at 5 
km/s, the decrease is linear, and for the test series at 2.6 km/s, the re-
sults flatten out after 1.5 mm bumper thickness. 

The residual velocity vres of the debris cloud is measured as the 
average velocity of the front fragment from all frames over the length lc, 
and is shown in Fig. 11 as a function of the bumper thickness tb for the 
test series at 2.6. km/s and 5 km/s. The residual velocity, shown in the 
figure as a percentage of the impact velocity v, is higher for higher 
impact velocities, and decreases with increasing bumper thickness. For 
the 2 mm bumper thickness, the velocity is reduced by an equal 

Fig. 6. Rear wall back face damages for shots #9244 (tb = 1.5 mm, v = 3.96 km/s, P), #9249 (tb = 2.0 mm, v = 3.28 km/s, P), and #9253 (tb = 2.0 mm, v = 3.22 
km/s, NP). 

Fig. 7. Comparison of measured bumper perforation holes with the analytical 
models from Hill [18]. 

Fig. 8. Mass lost by the bumper due to the impact.  Fig. 9. Measurement points of debris clouds.  
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percentage for 2.5 and 5 km/s. 

5. Comparison with numerical simulations 

Numerical models of the Whipple shield configurations were estab-
lished in IMPETUS Solver using an SPH (smoothed particle hydrody-
namics) formulation. This solver is developed by IMPETUS Afea to 
predict large deformations of structures and components exposed to 
extreme loading conditions, such as explosions, blasts, and impacts. For 
this model, the modified Johnson-Cook constitutive relation [22,23] is 
applied, combined with the Mie-Grüneisen equation of state (EOS). The 
material data for these models for Aluminium 6061-T6 are adapted from 
Færgestad et al. [13], where a full description of the models can also be 
found. The models were set up with a total of approximately 30 million 
SPH particles, and a bumper of reduced size (2 × 2 cm2) to limit the 
computational time, as shown in Fig. 12. 

The numerical results for one configuration (#9250) are shown in 
Figs. 13 and 14, compared to the corresponding experimental results. 
First, the debris clouds are compared at lc ≈ 90 mm in Fig. 13, right 

Fig. 10. Debris cloud diameter dc as a function of the bumper thickness tb, 
measured at lc = 90 mm. 

Fig. 11. Residual velocity Vres as a function of the bumper thickness tb.  

Fig. 12. Numerical model of Whipple shield configuration.  

Fig. 13. Comparison between numerical simulation and experimental result for 
the debris cloud at lc ≈ 90 mm in test #9250. The bumper material in the 
simulation is shown in blue, and the projectile material is shown in red. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 14. Comparison between numerical simulation and experimental result for 
the damage pattern on the rear wall in test #9250. 
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before the debris cloud impacts the rear wall. Then, the damage pattern 
created by the debris cloud on the rear wall is compared in Fig. 14. For 
the damage pattern visualisation, a temperature contour plot of the rear 
wall is used, where SPH particles with increased temperature as a result 
of impact are white, while the unaffected particles are grey. There is 
generally good agreement between the numerical and experimental 
results. The debris cloud is somewhat narrower in the numerical simu-
lation than in the experiments, but the overall shape and distribution of 
fragments is similar. The damage pattern on the rear wall is similar in 
both size and shape, and the craters are of similar size and distribution. 

6. Conclusions 

In this work a campaign of experimental tests on a Whipple Shield 
configuration was presented. 22 experiments were executed, fixing the 
projectile diameter at 2.9 mm and systematically varying the bumper 
thickness at 1, 1.5, and 2 mm and the impact velocity between 2.6 and 5 
km/s. Only three tests showed the failure of the Whipple Shield, mainly 
due to spalling phenomena; the comparison with Christiansen’s BLE 
suggest that the transition between ballistic and shatter regimes should 
be better investigated with further experiments. 

Data analysis showed accordance between measurements of the hole 

diameter in the first plate and prediction from literature models; in 
addition, the main parameters of the debris cloud propagating inside the 
Whipple Shield were obtained. 

Last, the comparison of experimental data with numerical simula-
tions performed with IMPETUS Solver showed good accordance in terms 
of the reconstruction of the debris cloud and the damage pattern on the 
rear wall. 
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Appendix A. Hill damage equations 

The following damage equations, developed by Hill [21], were employed to predict the bumper hole diameter. Subscripts p and t indicates 
respectively the projectile and the target (that is, in this case, the bumper). 

Eq. (1): 

dh = 3.309 dp

(
V
cp

)0.033(V
ct

)0.298(ρp

ρt

)0.022( tt

dp

)0.359 

Eq. (2): 

dh = 2.947 dp

(
V
cp

)0.055(V
ct

)0.339(ρp

ρt

)0.028( tt

dp

)0.414

+ 0.342 dp  
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