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1. Hypervolocity Impact Experiments on Low Temperature 
Sand:Ice Targets [Simcox et al.]

• 砂氷混合物へ1mmステンレス球を5km/sで衝突
• 砂：4種類（粒径分布、丸さが異なる）

• 砂が浸るだけの水
• 温度：255 K or 200 K

HYPERVELOCITY IMPACT EXPERIMENTS ON LOW TEMPERATURE SAND:ICE TARGETS.  T. B. 
Simcox1, D. R. I. Wall1 and M. J. Burchell1, 1School of Physical Sciences, University of Kent, Canterbury, Kent CT2 
7NH, UK (m.j.burchell@kent.ac.uk). 

 
 
Introduction:  The Martian surface is increasingly 

seen as a mixture of rock/sand and near-subsurface ice 
in many regions [1]. The widespread impact craters on 
Mars will therefore not all have occurred in either rock, 
sand or pure ice, but some will have taken place in 
mixtures or layered materials. It has been suggested [2] 
for example that the presence of sub-surface ice layer-
ing may explain features of Martian craters such as 
layered ejecta blankets found around the craters [3, 4], 
so the nature of the Martian surface is clearly important 
in understanding impact processes. 

Laboratory experiments are not at the correct size 
scale to provide full explanations of large impact cra-
tering events. However, they can provide insights into 
general behaviour under impact. Accordingly here we 
look at hypervelocity impacts into mixed sand:ice tar-
gets. Note these are not layered, the sand and ice are 
intimately mixed. 

Experimental Method:  We used an impact speed 
of ~5 km s-1 (close to the Martian in-fall speed) ob-
tained in the Univ. of Kent two stage light gas gun [5] 
with 1 mm dia., spherical stainless steel projectiles. We 
used 4 different types of sands in the various targets 
including (S1) NASA JSC Mars-1 simulant [6] (grain 
size: 98% between 20 and 1000 !m). The other sands 
were: (S2) semi-rounded silicate building sand (98% 
between 229 and 836 !m), (S3) ground semi-rounded 
silicate building sand (98% between 27 and 585 !m) 
and (S4) diatomaceous sand (individual grains < 20 
!m). The sands were mixed with water to form water 
saturated targets. By weight, the sand: water ratios 
were: S1 = 2.6:1, S2 = 5.3:1, S3 = 4.5:1, S4 = 0.52:1. 
The S4 samples required much greater amounts of wa-
ter in order to cause saturation. Two targets were made 
in each case and frozen to different temperatures. The 
first temperature was 255 K which is typical of that 
used in many laboratory impact experiments with ice 
targets. The second temperature was approximately 
180 – 200 K which is more typical of Martian surface 
temperatures. 

After each shot the craters were measured using 
micrometer gauges held above the surface and moved 
across two diameters of the crater giving depth pro-
files, from which crater diameter and depth were ob-
tained accurate to ±½ mm (see Table 1). The targets 
were weighed immediately pre and post shot to obtain 
an estimate of the mass during cratering (Table 1). Im-
ages of two craters are shown in Fig. 1 and of a depth 
profile in Fig. 2. The craters from impacts on S1, S3 

and S2(255 K) were similar in appearance to Fig 1a, 
whereas those in S2(182 K) and S4 were like Fig. 1b.  

 

 

 
Fig 1. (a) Crater in S2 at 255 K (coin diameter = 22.5 
mm). (b) Crater in S4 at 203 K, where the deeper cen-
tral pit (arrowed) is surrounded by an incomplete spall 
zone (coin diameter = 24.5 mm). 
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Fig. 2 Depth profile across crater S1 (-18°C). Note the 
difference in vertical and horizontal scales which exag-
gerates the crater depth. 
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Fig. 2 Depth profile across crater S1 (-18°C). Note the 
difference in vertical and horizontal scales which exag-
gerates the crater depth. 
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Fig. 2 Depth profile across crater S1 (-18°C). Note the 
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1. Hypervolocity Impact Experiments on Low Temperature 
Sand:Ice Targets [Simcox et al.]

• 純氷上のクレーターより直径が小さい
• クレーター形状の依存性

• 温度：低温では若干浅くなる
• 粒子サイズ：小さいほど浅い
• 砂含有量少：スポールが起こる

• 定量化は今後の課題

Table 1. Crater sizes in this study. 

Sand Temp. 
(K) 

Vel. 
(km s-1) 

Dia. 
(mm) 

Depth 
(mm) 

Spall 
Zone 

S1 255 5.08 32.5 7.33 No 

S1 189±10 5.08 26.5 7.28 No 

S2 255 5.05 28.0 10.14 No 

S2 182±13 4.96 45.0 9.00 Yes 

S3 255 5.02 29.5 8.19 No 

S3 188±14 5.13 31.0 7.16 No 

S4 255 5.03 48.5 9.97 Yes 

S4 203±14 4.97 46.5 9.77 Yes 

 
Analysis: At 255 K the craters in S1 and S3 were 

very similar in size. This may reflect the similar size 
distributions of the sand grains used. The crater in S2 
however was noticeably deeper. When comparing im-
pacts at different temperatures for S1 and S3 there is 
little difference as the temperature is lowered, however 
for S2 there is a significant increase in crater diameter 
by a factor of ×1.6. This is because the deeper central 
crater in S2 at 182 K is surrounded by a shallow spalla-
tion zone typically 2 mm deep. By examining photo-
graphs taken of the target pre-shot it appears there was 
a thin ice layer on the surface of this target due to ex-
cess water. If the spall zone is excluded the crater di-
ameter is 27 mm. Shallow spall zones are observed in 
both impacts on targets S4 (extra care was taken to 
remove all excess surface water from the S4 targets so 
this was not the cause of this spall zone).  

Discussion:  The results can be compared to previ-
ous laboratory impact studies on a variety of materials.  
Impacts on pure water ice targets at 255 K [7-9] pro-
duced much larger diameter craters (impacts of 1 mm 
st. st. proj. at ~5 km s-1 gave craters with dia. ~10 cm 
and depth ~1.3 cm). In the present work the wide, shal-
low spallation zones around pure water ice craters are 
absent for S1, S2(255 K) and S3 targets. They are pre-
sent for S2(182 K) and S4 but are still smaller than for 
pure ice targets. The impact onto S2 at low temperature 
needs to be repeated to check that it really was due to 
an excess surface water layer. The present craters are 
also much smaller than those arising from similar im-
pacts into dry sand e.g. [10-11] and are closer in size to 
those found in impacts in dense, crystalline rock e.g. 
[12-13].   

These results can be compared to those reported in 
[14] for impacts on ice:silicate targets (5 – 20% silicate 
by mass, grain size < 24 !m) at 255 – 265 K and at up 
to 3.3 km s-1. There, the craters had a deep central pit 
surrounded by a wider, shallow spallation zone. This is 
similar to S4 here (33% sand by mass) and impacts on 
pure water ice in general. As well as a smaller sand 
grain size, we note that the S4 targets had a greater 

water content than the other targets here, and those in 
[14] were even more so. In [14] it was proposed that 
excavated crater volume depended only on silicate con-
tent by mass. By contrast, we suggest that at the scales 
used here, the sand grain size may also be important.  

Previous hypervelocity experiments have also 
looked at impacts in pure water ice targets over a range 
of temperatures [15]. In [15] crater dia. remained con-
stant as the target temperature fell over the range here, 
whereas crater depth  fell by ~17% as the temp. de-
creased, qualitatively similar to here.  

Conclusions: We have shown that in mixed water 
ice:sand targets, the crater morphology depends 
strongly on the target composition. This may be due to 
the size of the component sand grains or the water con-
tent, this remains to be fully determined. It has previ-
ously been reported in low strain rate tests, that the 
tensile strength of ice:silicate mixtures increases with 
the % content of the silicate in the sample and at over 
50% content, plastic deformation is reported rather 
than brittle fracture [16], there is also some evidence it 
may depend on grain size. In [16] it is suggested the 
diameter of spall zones, in laboratory impact experi-
ments on ice, scale inversely with tensile strength, 
which given the high sand content in samples S1, 
S2(255 K) and S3 explains the lack of a significant 
spall zone. We have also shown that as in [15] the tar-
get temperature plays a role in determining crater depth 
but not diameter over these temperature ranges.  
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2. Asteroids Without Ejecta [Housen & Holsapple]

• quartz sand+ perlite、 

Porosity = 83%

• Poly弾(1.33g)、1.3km/s

• 掘削粒子流を自動検出 

• クレーター形成
• compactionが主（下向
きの流れ）

• shearing・ejectionは少
ない

figure).  Given the very low cohesion of the material, 

this shape was unstable and collapsed to form the final 

crater whose profile is shown by the blue curve. 

Discussion: These results support the crater formation 

and ejection proceses described in [3].  That is, in-

creased porosity of the target material results in lower 

ejection velocities.  Furthermore, the quarter-space 

experiments clearly show that crater formation in 

highly porosus targets occurs mainly by compaction, 

rather than the shearing and excavation mechanisms 

typically observed in soils with moderate porosity.  

 The question of whether an ejecta blanket forms 

depends on the mass of material that is ejected beyond 

the crater rim.  This in turn depends on the magnitude 

of the ejecta velocities and the size of the crater.  Fig-

ure 3 shows the results of a preliminary model that is 

based on current data for ejection velocities and crater 
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2. Asteroids Without Ejecta [Housen & Holsapple]
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Holsapple, 2003)
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2. Asteroids Without Ejecta [Housen & Holsapple]

figure).  Given the very low cohesion of the material, 

this shape was unstable and collapsed to form the final 

crater whose profile is shown by the blue curve. 

Discussion: These results support the crater formation 

and ejection proceses described in [3].  That is, in-

creased porosity of the target material results in lower 

ejection velocities.  Furthermore, the quarter-space 

experiments clearly show that crater formation in 

highly porosus targets occurs mainly by compaction, 

rather than the shearing and excavation mechanisms 

typically observed in soils with moderate porosity.  

 The question of whether an ejecta blanket forms 

depends on the mass of material that is ejected beyond 

the crater rim.  This in turn depends on the magnitude 

of the ejecta velocities and the size of the crater.  Fig-

ure 3 shows the results of a preliminary model that is 

based on current data for ejection velocities and crater 

scaling laws [4].  For a given size of body, ejecta blan-

kets are extinguished above a threshold crater size.   

Below this size, a significant mass of material is 

ejected beyond the crater rim.  Lines are shown for 

target porosities of 45% and 70%.  Craters above the 

line for a given porosity should exhibit minimal ejecta.  

The model results are consistent with observations of 

the four small bodies shown in the figure.  Additional 

experiments are being planned to explore crater forma-

tion in highly porous materials and to reveal the condi-

tions under which ejecta blankets are expected to form 

around craters on porous bodies. 

This work was supported by NASA Grant 

NNX08AG11G. 

 

 
Figure 1.  Ejection velocity vs launch position for sand 

and porous materials. 

 

 

Figure 2.  Material trajectories for an impact into a 

target with 83% porosity. 
 

 

Figure 3.  Thresholds for ejecta blanket formation. 

References: [1] Veverka J. et al. (1999). ICARUS 140, 3-

16.  [2]  Thomas P.C. et al. (2007) Nature, 448, 50-53.  [3]  

Housen K.R. and K.A. Holsapple (2003) ICARUS 163, 102-

119.  [4] Housen K.R. and K.A. Holsapple (2010) Submitted 

to ICARUS.  [5] Housen K.R. (2003) LPSC XXXIV, #1300. 

 

2354.pdf41st Lunar and Planetary Science Conference (2010)

figure).  Given the very low cohesion of the material, 

this shape was unstable and collapsed to form the final 

crater whose profile is shown by the blue curve. 

Discussion: These results support the crater formation 

and ejection proceses described in [3].  That is, in-

creased porosity of the target material results in lower 

ejection velocities.  Furthermore, the quarter-space 

experiments clearly show that crater formation in 

highly porosus targets occurs mainly by compaction, 

rather than the shearing and excavation mechanisms 

typically observed in soils with moderate porosity.  

 The question of whether an ejecta blanket forms 

depends on the mass of material that is ejected beyond 

the crater rim.  This in turn depends on the magnitude 

of the ejecta velocities and the size of the crater.  Fig-

ure 3 shows the results of a preliminary model that is 

based on current data for ejection velocities and crater 

scaling laws [4].  For a given size of body, ejecta blan-

kets are extinguished above a threshold crater size.   

Below this size, a significant mass of material is 

ejected beyond the crater rim.  Lines are shown for 

target porosities of 45% and 70%.  Craters above the 

line for a given porosity should exhibit minimal ejecta.  

The model results are consistent with observations of 

the four small bodies shown in the figure.  Additional 

experiments are being planned to explore crater forma-

tion in highly porous materials and to reveal the condi-

tions under which ejecta blankets are expected to form 

around craters on porous bodies. 

This work was supported by NASA Grant 

NNX08AG11G. 

 

 
Figure 1.  Ejection velocity vs launch position for sand 

and porous materials. 

 

 

Figure 2.  Material trajectories for an impact into a 

target with 83% porosity. 
 

 

Figure 3.  Thresholds for ejecta blanket formation. 

References: [1] Veverka J. et al. (1999). ICARUS 140, 3-

16.  [2]  Thomas P.C. et al. (2007) Nature, 448, 50-53.  [3]  

Housen K.R. and K.A. Holsapple (2003) ICARUS 163, 102-

119.  [4] Housen K.R. and K.A. Holsapple (2010) Submitted 

to ICARUS.  [5] Housen K.R. (2003) LPSC XXXIV, #1300. 

 

2354.pdf41st Lunar and Planetary Science Conference (2010)

Less Ejecta BlanketLess Ejecta Blanket

空隙率大、重力大
#ejecta少

Hyperion

Phobos

Tempel1

Mathilde

3. Comparing Experimental and Numerical Results for 
Subsurface Failure Following Oblique Impacts into Planar 

Targets [Stickle & Schultz]

 
Figure 1. Comparison between observed and predicted 

damage zone sizes.  Impact by a Pyrex projectile at 5.5 

km/s for a 30 degree impact:  a) 8 !sec after first con-

tact; b) 91 !sec after first contact, after damage zone 

finished growing.  Though morphologically similar, 

CTH simulations cannot exactly reproduce the observed 

damage zones.  The red line corresponds to D=1, and 

locations where conditions for failure have been met, 

while the green line shows the total extent of the dam-

aged zone (0 < D < 1).  Failure criterion is set to 5% 

strain to failure.  

 

 

Figure 2. Linear failure planes along impact trajectory 

for impact of aluminum projectile into PMMA block. 

Bladed failure is much more apparent following im-

pacts with Aluminum, while failure appears to be dis-

tributed following impact with Pyrex projectile. CTH 

models indicate blades are the result of shear failure. 
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• 弾丸による破壊の違い

• Al球：弾丸方向に刃状亀裂、CTHと類似（剪断破壊
のため）

• Pyrex球：亀裂は分散

Bladed failure%



4. Large-scale Experiments to Determine the coefficient of 
Restitution for Meter-scale Granite Spheres [Durda et al.]

• 大きな物体は小さなものより早くdissipateするか？
（!数値計算）
• 1m花崗岩球の振り子衝突（<2m/s）
• 反発係数を測定
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Introduction:  The fast N-body code pkdgrav 

[1] is used to study many problems in planetary sci-

ence, ranging from the collisional and dynamical evo-

lution of planetary ring systems [2], to planetesimal 

accretion [3,4], to the outcomes of disruptive asteroid 

collisions [5,6].  Within the code is the assumption of a 

coefficient of restitution (often chosen to have a value 

of 0.5) characterizing the outcomes of ~10 m/s inelas-

tic collisions between ~10-m size bodies.  Previous 

work by other researchers [7-10] has already estab-

lished that the coefficient of restitution varies with size 

and impact speed for ~1 cm/s impacts between ~1–10-

cm diameter water ice spheres, but little or no work 

has been done to characterize the coefficient of restitu-

tion for rocky bodies or for larger ice bodies.  Since 

large rocky bodies tend to have larger and more nu-

merous structural flaws (that fail at lower stress levels 

and strain rates) than small bodies, collisions between 

larger bodies may be more dissipative than impacts at 

the same speeds between smaller bodies.  Without the 

necessary experimental data, however, we have no 

reliable basis for setting the coefficient of restitution 

over the full range of compositions, sizes, and impact 

speeds presently being modeled. 

Experiments: We have conducted an extensive se-

ries of large-scale experiments to measure the coeffi-

cient of restitution for impacts between 1-m diameter 

granite spheres with collision speeds up to ~2 m/s.  

These data, the first gathered at these size scales to our 

knowledge, will allow us to establish scaling laws for 

low-speed collisions between bodies of representative 

compositions that can then be reasonably extrapolated 

to the ~10-m size scales and ~10 m/s impact speeds 

being widely modeled through pkdgrav simulations.  

The scaling laws we determine will allow reliable es-

timates to be made for the coefficient of restitution 

applicable at these sizes and impact speeds and will 

allow a reasonable parameterization of its value for 

variable impact conditions. 

Operations for the large-scale experiments were 

conducted at SwRI’s San Antonio headquarters cam-

pus the week of 26-–30 May, 2009.  We contracted 

two 40-ton cranes to suspend the spheres for the ex-

periments.  Lifting straps were attached to suspend 

each sphere from its respective crane.  The straps were 

slung under each sphere perpendicular to each other so 

that the spheres were securely cradled while still al-

lowing significant open rock face for unobstructed 

rock-on-rock contact during the experiments (Fig. 1). 

 
Figure 1.  A 1-meter-diameter granite sphere sus-

pended for the large-scale ‘pendulum’ experiments.  

Left: Placement of support strapping and lifting from 

forklift.  Right: Sphere suspended in place for experi-

ment with 1-meter scale bar and experiment run num-

ber marker shown. 

Before the actual experiment runs began, basic 

characterization/calibration data were obtained.  The 

spheres were weighed using on-board crane sensors at 

3000 and 2700 lbs, to within the 100 lb precision al-

lowed by the sensors.  One sphere was displaced ap-

proximately 1 meter from its equilibrium position and 

allowed to free swing for several cycles to gather data 

on any energy losses inherent in the suspension sys-

tem. 

 
Figure 2.  Granite spheres in equilibrium position.  

Left: Headache balls low near the spheres.  Right: 
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Headache balls moved higher up to minimize sphere 

wobble after impacts. 

For the actual experiment runs, the two cranes were 

parked back-to-back so that the two spheres could be 

suspended in-line between the cranes and so that attach 

points on the rear bumpers of the cranes could be used 

to mount ratcheting ‘come alongs’ used to displace the 

spheres.  Three different configurations of the ca-

ble/strap suspension for the spheres were used, adjust-

ing the positions of the so-called ‘headache ball’ (a 90-

100 lbs steel sphere) used to stabilize crane loads 

against winds in order to find a configuration that 

minimized wobble of the granite spheres after impacts 

due to ‘double pendulum’ effects. 

We began the experiment series with sphere dis-

placement at a minimum (displacements of only ~10 

cm) in order to assess both the safety of the strap/sling 

supports and to insure that the spheres would not be 

overly damaged or even destroyed during the first few 

runs.  For these early runs the spheres were simply 

displaced by hand, by pulling on rope loops that had 

been fed through the strap supports.  For the first set of 

runs, we displaced only one sphere and let it impact 

the other, undisplaced, sphere.  In this manner we 

slowly increased the displacement of the single sphere 

until displacements of over a meter were achieved, 

yielding impact speeds of order ~1 m/s.  For higher 

impact speeds we needed greater displacements.  We 

found it physically too difficult to pull and hold the 

sphere for these higher impact speeds and devised a 

mechanical mechanism to accomplish the task.  Ratch-

eting cable pullers (‘come alongs’) were attached to 

the bumpers of the cranes and heavy-duty (175 lb rat-

ing) cable ties were looped to the rope loop holding the 

sphere.  The cable ties were then cut on cue to release 

the sphere.  This arrangement had the advantages of 

being able to pull and maintain greater displacement 

force than could be done by hand (thus achieving 

higher relative impact speeds) and of establishing 

much more stabilized initial conditions before sphere 

release. 

Analysis of Data and Results:  We obtained a to-

tal of 108 science data runs.  All runs were imaged 

with HD resolution video to record the raw science 

data: the ratio of initial sphere displacement and speed 

before impact to displacement and speed after impact.  

To ensure that prominent measurement points would 

always be resolved on each sphere we placed several 

white, ~1-inch squares of self-adhesive Velcro patches 

on each sphere (Fig. 1, right). 

Video data from 24 runs in the optimal strap/cable 

length configuration have been reduced and analyzed 

to derive the coefficient of restitution as a function of 

impact speed.  A typical experiment run consists of 

~150 frames of video data.  In each frame the horizon-

tal and vertical position (pixel index) of the center of 

each sphere is measured, as a function of time (frame 

number).  Each sphere executes simple pendulum mo-

tion, with different amplitude before and after colli-

sion.  The relative speeds of the spheres both before 

and after impact can be determined from the fit ampli-

tudes and angular frequencies of the two pendula, and 

the coefficient of restitution derived from the ratio of 

speeds. 

 
Figure 3.  Coefficient of restitution as a function of 

impact speed for 1-meter diameter granite spheres. 

Figure 3 shows the resulting derived coefficient of 

restitution as a function of impact speed for the 24 

experiment runs analyzed to date.  Low-speed impacts 

generate a derived coefficient of restitution with larger 

uncertainties than the impacts at higher speed (this is 

due to our limited image resolution making the fit pen-

dula sinusoids look more like step functions with 2–3 

steps than sine functions).  There is no clear speed-

dependent trend in coefficient of restitution apparent in 

this preliminary analysis of a subset of our data, al-

though it appears that !n " 0.85 for v < 2 m/s impacts 

between 1-meter diameter granite spheres. 

 

References: [1] Richardson D.C. et al. (2000), Icarus, 

143, 45–59. [2] Porco C.C. et al. (2008) Astron. J. 136, 

2172–2200. [3] Richardson et al. (2009) Plan. & Space Sci. 

57, 183–192. [4] Leinhardt Z.M. et al. (2009) Mon. Not. 

R. Astron. Soc. 396, 718–728.  [5] Durda D.D. et al. 

(2004) Icarus 170, 243-257.  [6] Michel P., et al. 

(2002) Icarus 160, 10–23.  [7] Bridges F.G. et al. 

(1984) Nature 309, 333–335.  [8] Hatzes A.P. et al. 

(1988) Mon. Not. R. Astron. Soc. 231, 1091–1115.  [9]  

Supulver K.D. et al. (1995) Icarus 113, 188–199.  [10]  

Dilley J.P. and Crawford D. (1996) J. Geophys. Res. 

101, 9267–9270. 

 

1896.pdf41st Lunar and Planetary Science Conference (2010)

4. Large-scale Experiments to Determine the coefficient of 
Restitution for Meter-scale Granite Spheres [Durda et al.]

• 反発係数の衝突速度依存性は見られない
• Vi ~ 0.2 m/sの誤差大"画像分解能
! "～0.85（@ Vi ＜ 2 m/s）
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