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Introduction: A combination of laboratory ex-

periments and numerical simulations reveal subsurface 
failure patterns in transparent targets [e.g., 1-4].  Two 
main regions characterize the subsurface failure:  a 
damage region extending below (and uprange from) the 
impact point and a diving “tongue” downrange [4-5]. 
Numerical models reveal that plastic shear failure 
dominates the primary damage region below the impact 
point. The downrange, diving tongue, however, has not 
been replicated by these simulations [4]. Here, we ex-
perimentally isolate the process responsible for the 
downrange tongue.  

Experimental Approach: The combination of 
laboratory and numerical experiments allows close 
examination of subsurface damage in PMMA targets.  
Numerical simulations provide a way to test conclu-
sions about failure mode and dominant processes seen 
in small-scale experiments.   

Experiments were performed at the NASA Ames 
Vertical Gun Range (AVGR) in order to isolate the 
processes responsible for the downrange “tongue” fea-
ture.  With increasing impact angle (with respect to the 
horizontal), this downrange feature becomes less pro-
nounced and subtends a smaller angle around the im-
pact point.  Moreover, the extent of this feature can be 
matched for identical values of impactor momentum at 
a given impact angle. Consequently, the momentum 
vector of the projectile directed downrange plays a role 
in the formation of the tongue. Further, development of 
the tongue appears to be related to the failure of the 
projectile. 

Transparent PMMA target blocks were modified to 
isolate downrange sibling impacts by the decapitated 
projectile from an oblique impact (15-30°), following 
[5]. Plasticine clay was pressed into a 5-cm milled 
shelf in the target and positioned downrange from the  
impact point. This strategy shielded impacts by projec-
tile fragments (siblings) from impacting the PMMA 
block downrange and allowed assessing the effects of 
sibling impacts on the downrange tongue. The shelf 
depth ranged from 0.158 – 0.3175 cm (corresponding 
to 0.25-0.5 times the projectile diameter). The Plas-
ticine layer absorbed and/or scattered the energy from 
the second impact by projectile material [5-6].  

Comparisons with three-dimensional CTH models 
[7] reveal details about the mode of failure.  The calcu-
lations used a Mie-Grüneisen  equation of state (EOS) 
for the PMMA substrate and the semi-analytical 
ANEOS [8] for aluminum.  The Johnson-Cook fracture 
model [9] tracks failure within the PMMA target.  Plas-

tic failure occurs when the material experiences speci-
fied values of plastic strain after it reaches the com-
pressive yield strength.  Here, failure is set at 10% 
strain, benchmarked by comparisons with other impact 
experiments [4].  Extensional failure (examined sepa-
rately) occurs when tensional stresses exceed the yield 
strength of the material. 

Results and Discussion:  Figure 1 shows the final 
damage extent and morphology for two impacts with 
approximately identical impact conditions: 0.635-cm 
aluminum projectile impacting at ~4.8 km/s at an angle 
of 15° above the horizontal for an unmodified target 
(Figure 1, top) and a downrange Plasticine layer over a 
notched target (Figure 1, bottom). Here, the final dam-
age extent below the impact point is equivalent, and the 
main damage region grows in the same manner for 
both target geometries.  The downrange, diving tongue 
is absent for the target with the downrage surface layer, 
however (Figure 1, bottom). For comparison, three-
dimensional, laboratory-scale CTH models of AVGR 
impacts do not resolve this feature either (Figure 2).  

 

 
Figure 1.  Final damage extent for two equivalent impacts: 
0.635-cm aluminum projectile into a planar PMMA target at 
~4.8 km/s. Impact angle: 15° from the horizontal; the projec-
tile size is shown for scale, and the white line indicates the 
top surface of the PMMA block.  (top) Impact into an un-
modified target; (bottom) impact into PMMA with a surface 
layer (0.158 cm thick) downrange that was lost during im-
pact. 
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These new experimental results demonstrate that 
the failure zone dipping downrange results from strain 
created by decapitated projectile fragments impacting 
the target downrange. Projectile decapitation is a fun-
damental process, especially for highly oblique im-
pacts, that has significant implications for the cratering 
process [e.g., 6, 10-15], and is easily identifiable for 
grazing impacts on planetary surfaces (Figure 3).  Our 
experiments reveal another aspect of projectile failure 
in subsurface damage expression: extended shallow 
failure downrange (this is also seen in quarter space 
experiments [16]).  Removing the tongue-like feature 
by decoupling the decapitation/re-impact process re-
sults in a damage zone more consistent with numerical 
simulations (Figure 2), excluding free surface effects. 
Consequently, numerical models do not yet fully cap-
ture all of the processes occurring during oblique im-
pacts. 

 
Figure 2. Comparison between laboratory experiment (top) 
and a CTH model (below) with identical impact conditions.  
Damage extent is shown at 30 µsec after impact, after the 
damage had finished growing. Impact of a 0.635-cm alumi-
num projectile into a planar PMMA target at ~3.9 km/s. Im-
pact angle: 15° from the horizontal; the projectile size is 
shown for scale. (top) AVGR experiment, the white line indi-
cates the top surface of the PMMA block.  (bottom) CTH 
model showing damage.  Failure occurs when dmg=1.  Note 
the absence of diving tongue downrange in the model, even 
though the overall damage extent below the impact point is 
similar to the experiment.  

 

 
Figure 3. Mosaic of three THEMIS images showing an 

elongated crater on Mars (V13947003, V30669005 and 
V12100004).  Note the failure pattern downrange resulting 
from re-impact by pieces of the decapitated projectile (impact 
is from left to right). 
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