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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 εn ≈ 0.85 for v < 2 m/s impacts 
between 1-meter diameter granite spheres. 
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