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INTRODUCTION
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Figure 1: 1-dimensional shock loading results from
0.1-20 km/s for 4 different simulated materials
(based on chondrite equation of state data) with the
same initial density.
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The morphological and mechanical properties of
asteroids play a significant role in determining the
response to impulsive-deflection strategies for potentially
hazardous objects on paths towards Earth. The wide
variation in composition, material state and structure of
asteroids constitute a significant barrier to understand
their response to impulsive loading. The role of porosity
and strength of fractured and gravitationally consolidated
“rubble pile” asteroids to a standoff explosion or highvelocity impact are investigated here for nominally
spherical objects considered for the 2015 PDC
hypothetical asteroid-impact scenario [1]. The interplay
between micro- and macro-scale porosity and material
strength are compared between these two different
scenarios. Scaling laws between strength and porosity
are known for several terrestrial rock types (e.g.
sandstone, limestone) and are considered here in the
absence of detailed knowledge of an asteroid’s material
composition. Energy deposition profiles are considered
here in one and three dimensions measuring the melt
depth as a function of initial porosity and disruption
velocity distributions for different materials.
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Figure 2: Comparison of melt depths for four
different materials with an energy deposition of
4
2
1.4 10 J/mm .
The initial deposition profile
produces a dispersive pulse in all cases up to 40%
porosity, where the pore space is not closed enough
to produce an acoustic pulse.
ENERGY DEPOSITION AND MELT DEPTH
Impulsive loading of loosely consolidated “rubble pile”
asteroids has been considered in [2], with the individual
boulders treated as rigid bodies.
Recently, [3]
investigated the effects of micro- and macroporosity on
the β factor in simulations of asteroid impacts. It is likely
that the density of a potentially threatening object will be
known more accurately than its composition. This
means that deflection or disruption scenarios will be
constrained by knowing the mass and speed of the
object, but very little about the possible mechanical
response. The authors in [4] suggest that the majority of
near earth objects (NEO) may be categorized within the
LL chondrites, which is a small fraction of the vast
material types present within the overall asteroid
population. The porosity may vary widely within the
NEO population [5,6], which means the compressibility
of the asteroid bulk material may vary widely as shown
in Figure 1, where four different materials have been
constructed based on a Tillotson equation of state fit to
shock loading data for hydrated chondrites. The initial
density of each material shown is 1.26 g/cc, which is the
reported value for 101955 Bennu from [7]. For each
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material, the solid equation of state parameters were
unchanged except for the solid density such that
ρ0=ρs(1-φ )=1.26. The solid density values are also listed
in Figure 1. Note that the highly porous material is less
stiff for lower pressures, but for higher pressures
compaction and bulking processes heat the material
more than a nonporous material.
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Figure 3: Melt depth measurements for the four
materials shown in Figure 2.
In Figure 2 a comparison of melt depths for four different
4
2
materials with an energy deposition of 1.410 J/mm
described in Managan, et. al. (IAA-PDC-15-P-53). The
initial deposition profile produces a dispersive pulse in all
cases up to 40% porosity, where the pore space is not
closed enough to produce an appreciable acoustic
pulse. The energy deposition profile melts at least 1 mm
of material, and the resulting shock melts to depths
depending on the initial porosity.
It should be
emphasized that the spline fit shown in Figure 3 is only
included to indicate that very high levels of porosity may
not produce an acoustic pulse, which may affect the melt
depth by an order of magnitude. It is interesting that the
melt depth due to the passage of a shock-like pulse
increases with porosity. This may be due to the
additional heating due to porous compaction, but a more
systematic investigation is needed to be sure.
DEFLECTION SCENARIOS
The response of different asteroid structures largely
depends on where the porosity resides. In Figure 4, a
sectioned view of a “rubble pile” and fractured
consolidated asteroid are subjected to the same standoff
explosion where 5 kt was coupled to the outermost layer
of the finite element mesh using a LLNL parallel
Lagrangian finite element code named GEODYN-L,
which is capable of large deformation, contact, fracture,
erosion and particle conversion. Figure 4 elucidates the
large difference in wave propagation depending on the
internal structure. The “rubble pile” asteroid transmits
information through the material via contacting boulders
with small contact patches, while the fractured

Figure 4: Sectioned view of standoff-explosion
results comparing the response of a nominally 500m-diameter gravitational aggregate (left) and
fractured consolidated body (right) at times t = 0.9 s
and t = 7.1 s respectively. The color variation shows
the velocity magnitude ranging from 0 - 1 m/s.
consolidated body is much more efficient at propagating
waves.
There is almost an order of magnitude
difference in time when the impulse has propagated
halfway across the simulated asteroid (0.9 s compared
to 7.1 s). It is also clear that the impulse is influenced by
the internal structure of the asteroid that can affect the
dispersion velocity of the individual pieces once the
initial impulse has passed through the entire body.
Tracking the statistical motion of resultant pieces is
important for deflection or disruption assessments, and
are shown in Figure 5 and Figure 6.




Bin Count

melt depth [cm]

3










Average Aggregate Velocity [cm/s]



Figure 5: Velocity distribution of 2380 boulders from
a GEODYN-L simulation where 5.4 kt was deposited
into a regolith layer. The material in this calculation
had a porosity of 8.6% and macroporosity of 21.4%
for 30% total porosity.
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Further investigation is required to better assess these
differences.
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Figure 6: Velocity distribution of 2380 boulders from
a GEODYN-L simulation where 5.4 kt was deposited
into a regolith layer. The material in this calculation
has a 30% microporosity and the boulders were
meshed separately such that they do not support
tension.
In Figure 5 the velocity distribution for 2380 boulders is
shown for the radial and axial direction for the rubble-pile
object shown on the left side of Figure 4. The resultant
deflection velocity distribution has a mean of
approximately 5 cm/s and a mass weighted average of
7.8 cm/s. The shape of the velocity distribution is
described well by a normal PDF. In contrast, the mean
value of the axial deflection velocity shown in Figure 6 is
much larger (approximately 12.5 cm/s), but the mass
weighted average of the boulder deflection velocity is
lower at 6.9 cm/s. The overall initial object mass and
deposited energy were identical for both scenarios.
The 13% increase in deflection velocity for the rubblepile asteroid may be attributed to the ~8 time difference
in pulse propagation across each body as shown in
Figure 4 noting that the ejecta above escape velocity
changes in time such that the deflection momentum
converges to a final value. In other words, some error is
expected for the deflection velocity measurement due to
this time dependent process. Differences may also arise
due to the contact surface between the meshed regolith
layer (not shown) and the underlying boulders.
However, from Figure 3 it was observed that higher
porosity material (around 30%) produced a greater melt
depth than lower porosity material.
Both simulated objects have an overall porosity of 30%
and, in the case of the rubble-pile asteroid, the individual
boulders have a porosity of 8.6%. It may be reasonable
to assume that the melt depth would be lower for the
8.6% porous material compared with the 30% porous
material in the fractured consolidated body, which
contrasts the mass averaged deflection velocity results.

Figure 7: GEODYN-L simulation of a rubble-pile
object with 50 kt energy deposited into a regolith
cap. Much more material is excavated than in Figure
4. It is also observed that the heterogeneity in the
packing structure of the boulders produces an
asymmetric crater. It should be emphasized that
surface effects such as the trajectory of the blowoff
causing angular momentum changes should also
extend to the object’s interior, since the internal
structure may belie a smooth outer surface.
In Figure 7 the rubble pile object is subjected to a 50 kt
deposition layer and shown at 7 s similar to Figure 4.
The velocity magnitude distribution (in mm/μs) has a
range only for densities >1.9 g/cc (i.e. lower density
material is traveling much faster). Also included in this
figure are discrete particles away from the crater shape
which are formed when finite elements attain a density
lower than 0.1 g/cc or a plastic strain >3.0.
An
asymmetric crater is clearly visible. It is interesting to
note that a nominally spherical object may eject material
asymmetrically due to the underlying heterogeneity.
This is an important observation as it is a more subtle
point than accounting for surface topology alone.
CONCLUSIONS
For impacts and stand-off explosions alike, high porosity
(micro, macro or combined) may prohibit shock wave
generation.
Comparing 4 materials with different
porosities ranging from 0-60%, a shock was not
produced for porosities above 40%. This affects the
melt depth by over an order of magnitude in 1d
simulations. The internal structure of asteroid objects
affects the dispersion of fragments meaning that if
external symmetry is observed it does not necessarily
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indicate that one should expect a symmetric response.
This also means that standoff explosions and normal
impacts alike may produce rotation in the remaining
object (i.e. with velocity lower than the escape value)
simply due to the internal structure of the asteroid.
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