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Abstract

In this paper, we use a soft-sphere discrete element method code to simulate the transmission and study the
attenuation of a seismic wave. Then, we apply our findings to the different space missions that have had to touch
the surface of different small bodies in the solar system. Additionally, we do the same in regard to the seismic wave
generated by the hypervelocity impacts produced by the DART and Hayabusa2 missions once the shock wave
transforms into a seismic wave. We find that even at very low pressures, such as those present in the interior of
asteroids, the seismic wave speed can still be on the order of hundreds of meters per second depending on the
velocity of the 1mpact that produces the wave. As expected from experimental measurements, our results show that
wave velocity is directly dependent on P 1/6 where P is the total pressure (confining pressure plus wave-induced
pressure). Regardless of the pressure of the system and the velocity of the impact (in the investigated range),
energy dissipation is extremely high. These results provide us with a way to anticipate the extent to which a seismic
wave could have been capable of moving some small particles on the surface of a small body upon contact with a
spacecraft. Additionally, this rapid energy dissipation would imply that even hypervelocity impacts should perturb
only the external layer of a self-gravitating aggregate on which segregation and other phenomena could take place.
This would, in turn, produce a layered structure of which some evidence has been observed.

Unified Astronomy Thesaurus concepts: Asteroids (72); N-body simulations (1083); Microgravity (1046); Impact
phenomena (779); Planetary structure (1256); Regolith (2294)

Supporting material: animation

1. Introduction

The different space missions that have visited some of the many
asteroids in the solar system in the last decades have made it clear
that these small bodies are gravitational aggregates held together
by gravitational, cohesive, and adhesive forces (Thomas &
Robinson 2005; Fujiwara et al. 2006; Yano et al. 2006; Richardson
et al. 2009; Scheeres et al. 2010; Sanchez & Scheeres 2014, 2016).
In situ observations of asteroids Eros, Itokawa, Ryugu, and Bennu,
as well as thermal and radar observations of other asteroids, have
shown that they can be covered with grains with a size distribution
that spans from microns to tens of meters (Miyamoto et al. 2007;
Michikami et al. 2008). Images taken by the OSIRIS-REx and
Hayabusa2 missions while their spacecraft were in orbit also show
or imply the presence of dust (10-500 ym) on the surface of
asteroids Bennu and Ryugu, respectively (DellaGiustina et al.
2019; Jiang & Schmidt 2020; Tachibana et al. 2022). Additionally,
the current understanding points to asteroids that have evolved
collisionally to result in the bodies that we can observe today;
however, most of the impacts involved are nondisruptive. If this is
so, small, nondisruptive impacts should be common and energetic
enough to produce seismic waves and possibly even particle size
segregation on asteroid surfaces (Sdnchez et al. 2010; Perera et al.
2016; Wright et al. 2020).

The study of sound waves in granular matter is not new, with
studies going back to more than 80 yr ago (Hara 1935). However,
experimental studies deal with pressures that start at tens of
kilopascals, orders of magnitude higher than the typical internal
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pressure of a small asteroid. In spite of this, if one thing is clear
from a theoretical point of view, it is that sound speed and
pressure are intimately related (Walton 1977; Digby 1981). If we
take the tendency of the experimental results (Goddard 1990), this
would mean that impacts at a few hundreds of meters per second
on a small planetary body should be treated as supersonic.

The study of sound transmission in granular matter and
porous materials has been carried out through experimental,
theoretical, and numerical means but generally under terrestrial
conditions. The theory that has emerged is called effective
medium theory and is based on considering the media as
elastic, removing so the difficulties presented by particle size
and shape. Based on this assumption, it is possible to calculate,
from first principles, the bulk (K) and sheer (1) moduli and,
from them, the speed of sound. This theory, based on the
Hertzian laws for contacts, predicts a sound velocity that has a
Ps dependence on pressure (P), whereas the experiments have
found that this is true only for high enough pressures and that at
low pressures, the dependency changes to Pi (Velicky &
Caroli 2002; Makse et al. 1999).

Seismic waves are waves of energy that can be caused by
many different means. There are several different kinds of
seismic waves, and they all move in different ways. The two
main types of waves are body waves and surface waves. As
defined, body waves travel through the interior of a planetary
body and surface waves only through its surface. In turn, body
waves can be divided into two kinds: primary (pressure) waves
(P waves) and secondary (shear) waves (S waves).

More recently, other researchers have also studied the behavior
of seismic waves under low confining pressure. Simulations in 2D
idealized systems in which a granular bed of frictionless grains is
continually compressed by a piston at a constant speed have been
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carried out to understand the behavior of seismic waves in these
conditions (Gomez et al. 2012). It was found that the speed of
sound is dependent on the speed of the piston, and the authors
showed that a theory based on the microcompression of the grains
could explain their findings. A subsequent study (van den
Wildenberg et al. 2013) showed that experimental results had a
good correlation with the theory developed previously by Gémez
et al. (2012). Unfortunately, experiments in 3D systems are still
rare (Zeng et al. 2007; Tell et al. 2020), but some experimental
apparatuses have been developed with this very objective in mind
(Aumaitre et al. 2018). It is also important to note that most
experiments have been carried out in the kilopascal-megapascal
regime, whereas the pressure at the interior of small asteroids is
orders of magnitude smaller. In this research, we will study
seismic wave transmission at pressure levels close to those found
in asteroids and up to tens of kilopascals to overlap with the
existing measurements.

This being said, the study of seismic wave transmission in
granular systems under low confining pressure has several
potential applications in the context of asteroid research and
space exploration. This would include modeling seismic
shaking of granular asteroids; possible future seismology
experiments on asteroids; landing, roving, anchoring, and
sampling on their surfaces; and improving our understanding of
the mechanics of microgravity aggregates.

2. Research Methodology

For this research, we will use a soft-sphere discrete element
method (SSDEM) code. This method has been used by other
researchers in the field, specifically for research on sound wave
transmission in granular media, with great success. At the
moment, the code we have developed is able to simulate a self-
gravitating asteroid size aggregate (Sanchez & Scheeres 2014,
2016); however, this approach presents two problems, one
numerical and one physical. Numerically, the number of
particles that can be simulated to make the simulation time
accessible is limited, as is their size distribution. This means
that the simulations will be of low resolution. Additionally, due
to the nature of a self-gravitating body, there will be a pressure
gradient that will make it difficult to establish a well-defined
relationship between confining pressure and wave speed.

A second option, given that we have a parameter space with
at least three variables (impact speed, particle—particle tensile
strength, and confining pressure), is to explore it in such a way
that the parameters that characterize a small asteroid are within
the examined region of our parameter space. This would offer
us a greater resolution and hopefully a better understanding of
the phenomenon at hand and also how to relate our findings to
the experimental findings for Earth-bound systems. In view of
this, this is the approach we have decided to follow. In a wayj, it
will be similar to placing several small test boxes (>typical
particle size) inside a nonmonolithic, small planetary body and
seeing how the wave is transmitted inside them.

The parameter space that is studied is chosen so that the
parameter values that characterize a small granular asteroid are
included in the studied region. In the particular case at hand,
parameters such as confining pressure (P), impact velocity (v),
and particle—particle tensile strength (o,,) seem to be relevant.
The last one, however, will be left for a future report and set to
zero, given the extremely low cohesion found in asteroids
Bennu and Ryugu (Roberts et al. 2021). Theory tells us that P
is directly related to wave speed. It has been proposed that

Séanchez, Scheeres, & Quillen

small impacts on a granular asteroid could be responsible for
particle size segregation; tensile strength has been proposed as
a major influence for the structural stability of small asteroids
(Scheeres et al. 2010; Sanchez & Scheeres 2014). To explore
these two parameters, we have set up a system comprising a
simple rectangular container with horizontal periodic bound-
aries filled with a number of grains on which pressure can be
applied by a moving top (piston). Such a system would provide
us with much greater resolution and control than the simulation
of an asteroid size aggregate discussed above, and so we will
adopt it.

3. Simulation Code and Setup

The simulation program that is used for this research applies
an SSDEM (Cundall 1971; Cundall & Hart 1992) implemented
as a computational code (in-house developed) to simulate a
granular system (Biswas et al. 2003; Sanchez & Scheeres 2009,
2011, 2012). For this particular case, the particles are modeled
as perfect spheres with radii that follow a well-determined size
distribution. In this method, two particles are said to be in
contact when there is an overlap, which, for spheres, takes
place when the distance between any two particles is smaller
than the sum of their radii. Other shapes can also be modeled;
however, the contact detection algorithms have to be much
more sophisticated. When a contact takes place, normal and
tangential contact forces are calculated (Herrmann & Luding
1998). The former is modeled by a Hertzian spring-dashpot
system and is always repulsive, keeping the particles apart; the
latter is modeled with a linear spring that satisfies the local
Coulomb yield criterion. The normal elastic force is modeled as

fo=k0 ey
and the damping force as
fo = —méh, 2

where r; and r, are the radii of the two particles in contact.
Then, the total normal force on a particle is calculated as
Jn=f.+fa In these equations, k,, is the elastic constant, £ is the
overlap of the particles, v, is the damping constant (related to
the dashpot to simulate energy dissipation in a collision), ¢ is
the rate of deformation, and 7 is the vector joining the centers
of the colliding particles. This dashpot models the energy
dissipation that occurs during a real collision. Note that linear
instead of Hertzian springs can also be used in this simulation
method; however, we have chosen to use the latter option due
to our application.

The tangential component of the contact force models static
and dynamic surface—surface friction. This is calculated by
placing a linear spring attached to both particles at the contact
point at the beginning of the collision (Herrmann &
Luding 1998; Silbert et al. 2001) and producing a restoring
frictional force f,. The magnitude of the elongation of this
tangential spring is truncated in order to satisfy the local
Coulomb yield criterion |f;| < plf,|, where i is the coefficient
of dynamic friction.

For this particular set of simulations, we have chosen to use
material parameters close to those of basalt so that the results
are relevant for asteroids. We have chosen to simulate perfectly
spherical grains in order to remove a parameter that would
require a dedicated research effort on its own. Particles will
have a random close packing (RCP) to simulate a natural
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arrangement. We will be using 3120 spherical particles 2-3 cm
in diameter and follow a uniform random distribution. This size
variation will avoid the formation of a crystalline structure.

The particle density is 3200 kg m >, the average density of
LL chondrites (the low-iron, low-metal (LL) chemical group
of ordinary chondrites, distinguished by their low siderophile
element content, fairly large chondrules of ~0.9 mm, and oxygen
isotope compositions that are further above the terrestrial
fractionation line than those of other ordinary chondrites4);
Young’s modulus is 7.8 X 10'°N m72; and the Poisson ratio is
0.25 (Schultz 1995). Based on these parameters, the values of
k, and =, can be calculated as

2V
T ?3)
Yo = A AJE, 4)

where ¢ is the effective radius of the colliding spheres of radii
r1 and r,
1 1 1
—_— =4 —. 5)

Teff r rn

The coefficient A, can be adjusted in order to manipulate the
coefficient of restitution of the particles. In our simulations, we
have chosen to use two values: one while the particles are
settling (5 x 10~ that provides a coefficient of restitution of
0.1 and another (2 x 1074) for the actual simulations, which
results in a coefficient of restitution of ~0.5. We have chosen
this value as an average of what has been found experimentally
for nonspherical particles (Wang et al. 2020). Having a very
low coefficient of restitution during the settling period
diminishes the settling time.

The particles are contained in a box with a solid bottom
(15 x 15 cm), horizontal periodic boundary conditions, and a
moving top that allows us to impose a very well determined
confining pressure to the system. The solid bottom is treated as
a body with infinite mass, whereas the moving top is treated as
any other particle but with a single degree of freedom along the
vertical axis. The moving top has the same horizontal
dimensions as the container; it is 4 cm thick and has a density
of 3200 kg m >, exactly as the particles in the container. There
is nothing really special about the thickness or density of this
body at this point; however, making it much less massive
would make it much more sensitive to small forces (due to
numerical inaccuracies), and the system would become less
stable. The settling procedure is as follows. Initially, the
particles are placed inside this box so that their centers form a
hexagonal close packed lattice. To produce an RCP arrange-
ment, the particle separation is 2.1 times the diameter of the
largest particles so that they have enough space to move around
and avoid any initial overlap, and they are given random speeds
in all three axes of motion ([—0.15, 0.15] m sfl). After that, the
code lets the particles settle under Earth’s gravity. Settling the
particles only under the nominal confining pressure and no
gravity or under lower levels of gravity would result in
unnecessarily long settling times without any practical benefit.

Once that is done, the moving top is placed on the surface of
the grains, and the system is allowed to settle again. Finally, the
weight of the entire system is calculated, gravity is set to zero, and
a force equal to that weight is applied to the moving top so that the

4 Taken from hitps:/ /meteorites.asu.edu /chondrites /11.
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system is minimally disturbed, and it is allowed to settle again.
Particle polydispersity and packing do have an influence over
sound wave propagation (Ruiz-Botello et al. 2016), so in order to
reduce the parameter space, all simulations are done with exactly
the same granular system up to this point. After this, the force on
the moving top is diminished by 1 order of magnitude, and the
system is allowed the settle for as many times as needed to reach
the desired confining pressure. During this process, the particles
are also subjected to a Stokes-like drag (Sdnchez et al. 2004;
Sanchez & Scheeres 2014; Zacny et al. 2018) so that the energy
released when the pressure is reduced is quickly removed. The
aggregates so obtained had a filling fraction of ~0.64. We also
considered the possibility of simply reducing the gravitational
field as a means to reduce the pressure on the grains; however, this
would have left the system with a pressure gradient that could
have modified the results. The time step (67) that is used during the
settling procedure is 2 x 10 s for P < 2500 Pa; this was
changed to 1 x 107° s if this condition was not met. Not doing
this results in artificially active systems, as particle—particle
overlap, which is directly related to the magnitude of the repulsive
forces, would be excessive. The experiment starts after all of this
lengthy settling procedure is finished, and ¢ was further reduced
to 2 x 107" s to allow for greater accuracy and consistency among
all of the simulations.

In order to ensure that our systems are not artificially active, we
ran simulations with several values of 6t and found that the values
provided here were a good compromise between accuracy and
speed. The height of the settled system is approximately 1.77 m.
The accuracy of the confining pressure applied to the system is
monitored at the bottom of the container and through the net force
on the moving top; in general, the variation from the nominal
value applied to the moving top is 0.001%—1% for all of the tested
values. Exactitude was increased as the confining pressure was
increased.

The wave is initiated by the piston 0.5s after the settling
procedure has finished, and the piston is given a vertical velocity
(downward in the simulation setup; see Figure 1 and the corr-
esponding animation of a complete simulation). This velocity
will be either constant, in order to calculate the sound speed in
the medium, or instantaneous (as a pulse), to study the atten-
uation of the energy in the system. The entire system is divided
into horizontal slices 5 cm thick so that more than a monolayer is
observed at a time. The kinetic energy (translational and
rotational) of the particles in each slice is calculated in order
to observe the wave transmission. We define a wave in terms of
the spatial distribution of the kinetic energy of the particles and
its transmission in terms of the position of the wave front (see
Figure 2). Data are collected every 5 x 107 s after the wave is
started; this is done for 0.015 s, which gives enough time for the
wave to go through the system completely. For the pulse
experiments, we will be measuring the time that it takes for the
peak of the wave to travel between the center of the 36th slice
and the center of the first slice from the bottom (1.775 m), as
there is only one pulse that will be generated in any simulation.
Also, the confining pressure will be set at 0.1, 1, 10, 100, 1000,
10,000 and 50,000 Pa; simulations will run for 0.6s in total.
Greater confining pressures have already being explored in the
available literature and are outside the scope of this paper.

In order to measure the effect of the passing wave on the
granular medium, we also calculate the stress tensor and the
principal stresses of the particles in each slice. As in our
previous research (Sdnchez & Scheeres 2012), this is done by
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Figure 1. Simulation setup and seismic wave transmission through a granular
medium. The redder the color of a particle, the greater its speed in the vertical
direction (see color bar). From left to right, = 0.5, 0.50005, 0.5021, and
0.5050 s. The system is subjected to a confining pressure of 1 kPa, and the
piston is moving at a constant speed of 0.5 m s~'. An animation of the seismic
wave transmission is available in the online Journal. The animated version
proceeds from ¢=0.005 to 0.6s. From 0.005-0.5s, the particles finish
stabilizing under the nominal confining pressure; from 0.5-0.505 s, the piston
moves at constant velocity to compress the grains; and from 0.505-0.6, the
system (including the piston) is left to relax, and the dynamics are controlled by
contact forces.

(An animation of this figure is available.)

calculating the average Cauchy stress tensor. That is, the
stress tensor of an aggregate of particles contained within a
volume V is equal to the sum of the dyadic product of the
reaction force (f ) between any two particles in contact and the
arm vector (/) between their centroids (Anthony et al. 2004).
Mathematically,

F=2Sfol (©6)

cEKy

In the above equation, Ky is the set of contacts between the
particles in the volume V, and the weight function w has a value
of 1 for contacts of particles in the same volume and 0.5 when
they are in different volumes (Luding 2008). By doing this, the
contribution to the stress provided by two particles whose
centers are contained in the same volume will be fully added to
that volume, whereas if the particles are contained in different
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Figure 2. Time evolution of the vertical velocity profile of the particles inside
the container at 0.1 Pa. The piston speed is set at 0.1 ms™'.

volumes, the stress will be equally divided between them. Once
the stress tensor is calculated, we calculate their eigenvalues
and, from them, the hydrostatic pressure. For this specific
simulation, we will calculate the stress tensor over each slice of
the container and over the entire container. The former will
provide a very accurate description of the stress state of the
system as the wave progresses, whereas the latter will provide a
space-averaged description of the medium.

4. Results
4.1. Constant Velocity Compression

In order to measure the speed of sound within the simulated
granular media, we simulate a piston-compression experiment.
As explained above, the grains settled under different confining
pressures generated by a moving piston. Now we are going to
use this piston, compressing the medium at a constant speed, to
generate a wave front. The advancement of this pressure wave
front will allow us to measure the sound speed in the medium
(GOmez et al. 2012). The compression speeds we tested are
0.001, 0.005, 0.01, 0.1, 0.5, 2, 3.5, and Sms_l; the particles
are always cohesionless, and the tested confining pressures are
0.1, 1, 10, 100, 1000, 10,000, and 50,000 Pa.

Figure 2 shows the time evolution of the vertical velocities (v,)
of all of the particles for a confining pressure of 0.1 Pa and a
compression speed of 0.1 ms . Figure 3, on the other hand,
shows the corresponding evolution of the Py, component of the
stress tensor inside each individual slice of the granular medium.
Both figures show the advancement of the wave front at what
appears to be a constant rate. Measuring this rate advancement is
what allows us to calculate the speed of the seismic wave.

In Figure 4, we have plotted the measured wave speed as a
function of the confining pressure (P.) of the different systems,
showing that different wave speeds can be obtained at the same
confining pressures. In this plot, different symbols represent
data points that correspond to the different compression speeds
that were used; furthermore, it seems there is a minimum wave
speed for each confining pressure. Additionally, data points that
correspond to the same compression speed are almost in a
horizontal line as the value of v, increases, which means that P,
is important at very low compression speeds, but compression
speed is more important as it increases.
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Figure 3. Time evolution of the P,, component of the stress tensor of the
particles in each slide inside the container at 0.1 Pa. The piston speed is set at
0.1ms .
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Figure 4. Wave speed vs. confining pressure in the simulated systems. The
different colors represent the different compression speeds of the piston. The
horizontal axis above has been scaled by Young’s modulus of the material,
whereas the vertical axis at the right has been scaled by the wave velocity in
basalt, vy =5 x 10°ms ™.

In order to understand this behavior, we observe in Figure 3
that, as time passes, the pressure in the compressed section of
the medium begins to stabilize. Once the wave front has
passed, P,, stops changing. This is observed in all of our
simulations of this type. This being so, it is possible to define
what we call a “stable pressure” (P) as an average of the Py,
component of the stress tensor of each slice in which the
pressure has stabilized.

In Figure 5, we plot the seismic wave speed as a function of
the stable pressure (P,) and three trend lines that fit the data
points to the expression

vy, = AJa + bP°c. @)

We add the trend lines, as the main prediction of the theory
(Goddard 1990; Makse et al. 1999) is that the scaling of the
bulk modulus K and shear modulus y vary with the pressure as
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Figure 5. Seismic wave speed vs. stable pressure for all of the constant velocity
compression simulations The three trend lines have been added to show how
different pressure exponents adjust the data points. The data points represented
by the purple triangles labeled as “anomalies” were not taken into account. The
horizontal axis above has been scaled by Young’s modulus of the material,
whereas the vertical axis at the right has been scaled by the wave velocity in
basalt, vg =5 X 10° ms™".

Table 1
Fitting Parameters for the Trend Lines in Figure 5
Trend Line Color a b c v, at P,=0
Blue 481.663 3159.51 0.330296 21.9
Orange 29,533.8 259.201 1/2 171.9
Green 1240.03 3020.76 1/3 352

P'/®. So, for vanishingly small confining pressures, such as
those existing in the asteroid environments, v,, should tend to
zero. However, there is experimental evidence showing that for
small confining pressures, the dependency changes to P4
(Goddard 1990). Table 1 collects the values of a, b, and ¢ for
the three different trend lines in Figure 5.

Note that for the trend lines with P'/* and P/ 6, the value of ¢
was fixed, whereas for po33/ 2, the exponent was also one of the
fitted parameters. However, as can be observed, the trend lines
resulting from PY® and P**/? are almost indistinguishable from
one another. This result agrees with the theory as long as the
pressure that is accounted for is what we have denominated “stable
pressure’” and not only the confining pressure initially provided by
the moving piston. Also, we are not observing a P4 dependency,
as that is a purely experimental result not yet fully explained
(Goddard 1990; Makse et al. 1999; Velicky & Caroli 2002), and
our simulated system is as ideal as the theory requires, that is,
cohesionless, perfectly spherical grains under a constant confining
pressure.

Though Figure 5 is similar to Figure 3 in Gémez et al.
(2012), their figure shows a relationship between wave speed
and compression speed, and ours is between wave speed and
confining pressure. Additionally, the theory they developed is
for a 2D system, so their applicability to a 3D system, like ours,
cannot be taken for granted. In fact, if we use their Equation (2)
to calculate the wave speed, the results are consistently ~3.2
times higher than our measured values.
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Figure 6. Compression speed vs. the pressure induced by the compression. The
different symbols correspond to the confining pressure of the system in which
the measurement was carried out. The blue line is a fit of the data with the
equation P = 4.36 x 10518,

The data points termed “anomalies” were not taken into
account for the calculation of any of the trend lines. These data
points were observed for P = 10 kPa at 0.001 ms ™' compres-
sion speed and P =50 kPa at 0.001, 0.005, and 0.01 ms !
compression speed, that is, the highest simulated pressures and
the slowest compression speeds. This could be due to
numerical inaccuracies that are more evident for these specific
cases and could possibly be resolved by reducing our éf even
more for the integration of the equations for motion. However,
solving this problem is outside of the scope of this paper.

Thus far, we have shown that wave speed is related to P,
and we have also seen that the value of P, changes depending
on v, even for systems at the same confining pressure. This
tells us that the compression driven by the motion of the piston
is adding to the confining pressure, this addition results in the
observed stable pressure, and this added/induced pressure (P;)
is directly related to the compression speed. If the pressure that
is induced by the motion of the piston is independent of the
value of P, (at least within the low values tested here), a plot of
the compression speed versus the induced pressure should
show a straight line and several data points on the same
position corresponding to simulations with the same compres-
sion speed. Such a plot can be observed in Figure 6, where all
of these characteristics are present. The value of the induced
pressure has been calculated as P; = P, — P,.

Figure 6 confirms that there is a very clear relationship between
P; and v,, shows that the former can vary from ~10% 1o 10° Pa,
and establishes that P, can be defined as P; + P.. This would be
the reason why, as v, increases, so does v,,. If Pc > P;, as for the
cases with very small v. and P, in the kilopascal regime, P, will
mostly determine wave speed. On the other hand, if Pi>> P,, as
for compression speeds in the meters per second regime, P; will
mostly determine wave speed. As v, increases, P; increases, and
this causes v,, to increase. As an example, the smallest v. was
0.001 ms™!, and for these cases, P;~ 120 Pa, so regardless of
how small the value of P, could be, v,, has to conform to that
value of P;. This is why, in Figure 4, all data points at the same v,
show a plateau at small confining pressures, but the plateau
disappears at high compression speeds.
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4.2. Transmission of a Pulse

The average impact velocity among colliding asteroids in
the solar system, as well as the most probable one, is in the
~5 kms ' range (Bottke et al. 1994); this puts these collisions
in the hypersonic regime. The simulations presented in this
paper are ill suited to address how this collision will initially
evolve, as there will be chemical and physical processes that
have not being coded in the simulations, comminution, heat
transfer, or even melting. However, at some point, within the
interior of the asteroid, the shock wave produced by the impact
will lose enough energy to become a seismic wave, and it is
here where our results can potentially be applied.

Measuring the maximum amount of energy per unit area (the
peak) that can be transmitted through the asteroid will bound
the size of the particles that could be lofted and their speeds.
This lofting could potentially trigger particle flows, resurfacing,
particle ejection, crater erasure, or particle size segregation
(Wright et al. 2020). In the particular case of the impacts
generated by the Hayabusa2 and DART missions, in principle,
the same should be expected. The impact on asteroid Ryugu
used a 2 kg projectile at ~2 kms~' (Arakawa et al. 2017), and
the impact on asteroid Dimorphos will use the entire mass of
the spacecraft (610 kg) at an impact velocity of ~6.5 kms ™
(Cheng et al. 2020).

For these simulations, the piston is given an instantaneous
vertical velocity downward and is free to move vertically. We
do this to study how the energy of a low-velocity impact is
transmitted and dissipated in a granular medium that simulates
the asteroid environment. The impact speeds will be 0.01, 0.1,
0.5, and 5ms~ ", and the confining pressure will be 0.1, 1, 10,
100, 1000, 10,000, and 50,000 Pa.

The impact is produced at r=0.5s, and data are collected
every 0.00005 s for 0.03 s, which provides enough time for the
peak in kinetic energy to travel through the entire container.
The peak is said to have initiated its travel at t=0.5s and
arrived at the last slice at the bottom of the container at the
instant at which the kinetic energy of that slice has reached a
peak. Figure 7 shows, for a cohesionless (oy, = 0) system at a
conﬁnin% pressure of 0.1 Pa that is impacted by a piston at
0.5ms ', (a) the kinetic energy of the particles versus the
height at intervals of 0.001s after the impact, (b) the P,
component of the stress tensor versus the height at intervals of
0.001 s after the impact, and (c) the position of the peak of both
kinetic energy and P,, versus time. These measurements allow
us to calculate the velocity of transmission of the peak of the
kinetic energy produced by the impact on the system. They also
show how energy is quickly dissipated as the peak reaches the
bottom of the container. Additionally, Figure 7(c) shows little
variation in the transmission speed of the peak, be this the
kinetic energy or pressure, across the length of the granular
system. This means that when measuring the velocity of
transmission of the peak in kinetic energy or pressure produced
by the pulse, the results should not vary by much, even if, as
can be observed, the peak in pressure tends to precede the
arrival of the peak in kinetic energy. Figures 7(a) and (c) show
that as time passes, there is a decay of the pulse amplitude and a
broadening of the pulse, similar to what has been observed at
higher confining pressures (Langlois & Jia 2015; Quillen et al.
2022). Pulse broadening arises due to variations and irregula-
rities in the force contact network, such as variations in travel
times along different force contact chains (Owens &
Daniels 2011) and irregularities in the force contact network
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Figure 7. (a) Kinetic energy of the particles vs. height and over time, (b) Py, component of the stress tensor vs. height and over time, and (c) position of the peak of

both kinetic energy and Py, vs. time.

(Hostler & Brennen 2005). Energy can be dissipated (leading to
attenuation) via several mechanisms, including frictional and
inelastic particle interactions (discussed by Hostler & Brennen
2005), particle rearrangements (discussed by Zhai et al. 2020),
scattering through the particle contact network (Owens &
Daniels 2011), and scattering due to variations in particle
stiffness (Langlois & Jia 2015), packing fraction or porosity,
and connectivity of the particle contact network.

Figure 8 shows the velocity of transmission of the peak of
the energy of the impact through the granular medium versus
the confining pressure applied to the system. The plot shows
the formation of plateaus at low enough pressures; the range of
pressures where these plateaus exist depends on the speed of
the impact. These are similar to those observed by van den
Wildenberg et al. (2013), but in this case, they are measuring
the wave speed and not just the speed of transmission of the
peak in kinetic energy. More significantly, this structure is the
same as shown in Figure 4, which would imply a similar
reason, that is, that the pressure that is induced by the pulse is
also controlling the transmission speed of the pulse. However,
given the decay in amplitude and the broadening of the pulse,
defining a stable pressure, as we did for the compression
simulations, is impossible.
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Figure 8. Velocity of transmission of the peak (U,,) of the energy of the impact
through the granular medium vs. the confining pressure applied to the system.

The measurement of U, provides us with a way to know the
appropriate time at which energy dissipation should be
measured given that the experimental setup is finite. Figure 9
shows the fraction of the initial energy of the impactor that had
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Figure 9. Fraction of energy loss for all values of confining pressure and
impact speed not taking into account the initial energy of the impactor.

already been lost by the system at the time the peak of the
kinetic energy of the particles arrived at the bottom of the
container. Notice that we are calculating this loss as the
difference between the maximum amount of energy that was
transmitted to the grains due to the impact and the amount that
the grains have at the moment the peak of the wave arrives at
the bottom of the container; we are not using the energy of the
impactor as a point of comparison. For the investigated range
of parameters, this fraction varies between ~0.8 and 0.95. If the
initial energy of the impactor is considered instead, the fraction
of energy that is lost goes from =0.95 to 0.99. This finding
agrees with other sets of simulations (Sdnchez & Scheeres
2020, 2021a, 2021b) carried out within a shorter container but
with the same material parameters. We will use this later
estimate of energy loss in the next sections given that usually
what is known is the energy of the spacecraft at the moment of
contact. As can be noticed, this figure shows that energy
dissipation increases as the confining pressure increases; in
particular, there is a peak for P.=1 kPa. As explained by
Fonseka et al. (2022), energy dissipation increases with
confining pressure in the weak shock regime as strongly
preloaded contacts dissipate more energy. They obtained this
result for simulated constant velocity compression experiments
similar to ours and with a similar simulation code but in 2D.
Their lowest confining pressure was higher than ours, but some
of the compression velocities are comparable. We are applying
their results to our pulse transmission experiments because
within the simulation method used, energy dissipation between
two particles in contact is independent of the reason for the
relative movement of the grains.

Figure 10 shows the attenuation of the peak of the pressure
pulse as it moves through the granular media. Figure 10(a)
shows the attenuation for a confining pressure of 0.1 Pa and
various impact speeds. Figure 10(b) shows the attenuation of
the same pressure pulses but normalized with respect to the
value of their individual initial peaks. It is evident that the rate
of attenuation of the peak pressure increases with the impact
speed. Similar plots can be obtained for confining pressures of
up to 50 kPa. Figure 10(c) shows the attenuation of the peak of
the pulse for a single impact speed (5ms™") and all of the
tested confining pressures. As is evident, all of the points
collapse in a single curve up to the instant when the peak of the
wave reaches the bottom of the container. This, however, does
not happen for all impact speeds; in fact, the curves tend to
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collapse as the impact speed increases. This suggests that the
rate of attenuation of the peak of the wave is independent of the
confining pressure only for high enough pressures, and so it is
the total pressure, the sum of the confining pressure and the
pressure induced by the pulse, that controls the attenuation of
the peak.

4.3. Impactor Energy and Momentum

Thus far, we have explored how the energy of the impact is
transmitted through the granular medium. However, we have said
nothing about the impactor itself, and it is unclear whether it is its
energy or momentum that sets the value of U,,. Understanding this
would provide us a way to scale and extrapolate our results to
impact regimes in which DEM simulations would be too time-
consuming, as the momentum would be too high to make
simulations practical. Note that this extrapolation should not reach
the hypervelocity regime, as at those impact speeds, other
chemical and physical phenomena not coded in our simulations
also take place.

In order to do this, the simulation will have to change a little.
We will initiate the wave with the piston; we will change its
thickness so that its mass changes, and we will also change its
impact velocity. As before, the piston will be provided with an
instantaneous vertical velocity at t = 0.5 s; everything else will
be the same. The thickness of the piston was set to 4, 8, and 16
cm; the impact speed was 0.1, 0.2, 0.4, 0.8, and 1.6 m s~!. The
nominal confining pressure was kept at 10 Pa to minimize the
settling time and keep the accuracy of the numerical method.

We have designed the simulations in such a way that, by
systematically varying the impact speed and piston height, a
few of them would have exactly the same values of either
energy or momentum per surface area for the impact of the
piston. Figure 11 shows the results of these simulations in
which we have also added trend lines. From them, it is difficult
to choose one scaling over the other within the explored
parameter space. The two of them can be approximated by a
power law, and similar values of kinetic energy (or momentum)
will produce similar transmission velocities for the peak. The
equations for the trend lines are

U, = 236.7E;""! (8)
and

U, = 135.1M°7, )

where E,:';, is the kinetic energy, and M;,k is the momentum of the
piston, both per unit area and at the moment of impact.

5. Asteroids and Impacts

At the time of the writing of this paper, there had been at least
three space missions to small asteroids: the JAXA Hayabusa
(Fujiwara et al. 2006) and Hayabusa2 (Watanabe et al. 2017)
missions to asteroids Itokawa and Ryugu and the NASA
OSIRIS-REx (Lauretta et al. 2012) mission to asteroid Bennu
(currently on its way back to Earth). Apart from these, there is
the (now-defunct) NASA ARRM mission, the NASA DART
mission to binary asteroid Didymos, and the ESA HERA
mission to the same asteroid. The last one has not launched yet.
Additionally, the ESA ROSETTA mission successfully landed a
pod on comet Churyumov-Gerasimenko 67/P (Biele et al.
2015). All of these missions have one thing in common: they all
had or will have interactions with the surfaces of their target



THE PLANETARY SCIENCE JOURNAL, 3:245 (14pp), 2022 October Séanchez, Scheeres, & Quillen

e 0.01m/s 01m/s » 05m/s o 5m/s e 0.01 m/s 0.1m/s o 0.5m/s o 5mis
L ——————_—_—_——_——————
50 [ . -"'.'. 1
10 08f <~ L S ]
T 1000 . 2 06F o AR R
S e e I Lo ..
o 04
101 ;
0.2}
0.1~ [
0.0t ¢ 4

0500 0501 0502 0503 0504 0505 0.506 0500 0501 0502 0503 0504 0505 0506
(a) t[s] (b) t[s]
e 0.1Pa = 1Pa « 10Pa a 100Pa
v 1000 Pa o 10000 Pa = 50000 Pa

1.0f = T
08 o .
5 060 1
© 04
0.2f
[ | .
0.0b™ ., . 0
0.500 0.501 0.502 0.503 0.504 0.505 0.506
(c) t[s]

Figure 10. Amplitude of the pressure peak generated by different impacts over time as it is transmitted through the granular medium. (a) Confining pressure of 0.1 Pa,
(b) normalized amplitude of the same system (confining pressure 0.1 Pa, where Py"; is the peak value of the pressure generated by the pulse), and (c) normalized
amplitude for 5 m s~ impacts at different confining pressures.

] L s B 500F
400} 400}
= 300/ w 3007
E i £ i
> 200/ S 200f
100+ 1 100} 1
0:\ T S T S S T T (S S S BT 0:‘ L 1 L L 1 L n L n n n I3
0 100 200 300 400 500 600 0 200 400 600 800

Piston E,/Area [J/m?]
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bodies, and, as far as we have observed and calculated, these
surfaces are granular and cohesive, though the cohesive strength

bodies, the landing and sampling operations are carried out in the
centimeter per second range; however, explosions and impacts

is very weak compared to terrestrial standards. Additionally,
asteroid evolution is collisional, but the frequency of the impacts
depends on the size and velocity of the impactor and the target
(Bottke et al. 1994). Given the low escape velocity on small

are much more energetic, and so the question of how the
surrounding terrain or the asteroid as a whole is going to be
perturbed has to be taken into account. This is then strictly
related to how energy is transmitted through and absorbed by the
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Figure 12. Schematic view of the assumed expansion of the wave inside a 3D body. Here A is the surface area in contact with the granular medium, R is the distance
from any point on the impactor to the closest point in the wave front, and / is the side of the body if the shape of A, were a square.

impacted body, which is, at a very basic level, a granular
medium at very low pressure. Even if the impacts are at hyper-
velocity, at some point, the impact waves have to be transformed
into seismic waves.

5.1. Low-velocity Impacts

Examples of this kind of impact are those generated by the
landing of the Hayabusa mission on asteroid Itokawa, the
landing of the ROSETTA mission on comet Churyumov-—
Gerasimenko 67/P, and the touch-and-go (TAG) experiment of
the OSIRIS-REx mission. Additionally, the impact on asteroid
Didymos of the debris generated by the impact of the DART
spacecraft will also be in this regime. All of these impacts take
place in the meters per second regime, and so our results should
be applicable.

All of the simulations carried out by us and presented in this
and previous papers (Sdnchez & Scheeres 2020, 2021a) have
shown that energy dissipation is almost constant across most
values of the studied parameters, so we will use this to make
some comparisons. That is, about 95% of the energy is
dissipated by the time the peak of the wave has arrived at the
end of the container. Energy transmission per unit area then
would go as 0.05%/177 where R is the distance from the impact
point if the surface area does not change. So, in general, energy
per unit area (E,;?) would decay roughly as

x _ Ekorya
Ey A, "4, (10)

where E;q is the kinetic energy of the impactor at the moment
of impact, T is the transmission rate (0.05 in this case, as there
is a 95% loss), A is a characteristic distance traveled by the
peak of the kinetic energy so that it decays by 95% (in this
case, 1.77 m), Ay is the area of contact of the impactor, and R is
the distance from the impactor. If we add to this the 3D nature
of the system, the energy per unit surface area would go as R~ 2.
We realize that the effective area of the hemisphere over which
the energy is transmitted should be reduced by ¢, the filling
fraction of the granular medium. However, A already contains
that implicit dependence, as its value was obtained from our
simulations, and the medium is porous by construction.
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In order to calculate how the energy of the impact of an
extended object is going to be spread inside a 3D body, we will
have to make some assumptions and simplifications. We will
start by assuming that the expansion is going to be spherical
from every point on the surface of the impactor, the impactor is
square, and it makes complete contact with a flat surface. Note
that surface waves do not expand at the same speed as body
waves, and we are disregarding this fact. However, as far as we
are aware, no studies to understand how these behave at
extremely low confining pressures have been carried out
(including ours). So for the time being, we will assume that
there is no difference between body waves and surface waves.
Then, we can say that from each corner the wave expands with
spherical symmetry, from each side, it expands as a cylinder
with constant height and that the flat part does not expand, but
it stays constant as the wave front moves downward; this
idealization is depicted in Figure 12.

If we follow this scheme, the area of the expanding wave
front could be calculated as the sum of the area of the
contacting surface (A), four quarters of a cylinder (one per
edge) and four eights of a sphere (one per corner). If A,, is the
area of the wave front, then

mRI 47R?

AW:A0+4T+4 s (11
A, = Ay + TRJAy + 27R2. (12)

As can be seen, A,, = A, for R =0, and it tends to 27R* (the
area of a hemisphere) for large values of R. Also, if A,, is
independent of R, as in our simulations, A,, = Ag. With this, we
can write the following equation:

* EyoTR/A

Ef = . (13)
¥ Ao + TRJA, + 27R?

Now we need to calculate the velocity that the particles will
acquire as the peak of the kinetic energy passes through them,

(14)

s5)




THE PLANETARY SCIENCE JOURNAL, 3:245 (14pp), 2022 October

where r, is the particle radius, p, is its density, and ¢ is the
filling fraction of the granular medium. Notice that in what
follows, we are assuming that the entire energy of the wave is
carried as a Dirac delta by the peak. This will provide an upper
bound in the effects.

The Hayabusa mission. The spacecraft (S/C) had a mass of
510 kg, the dimensions of the core were 1.0m x 1.1m x 1.6 m
(Hexahedron; ISAS 2022), and the touchdown velocity was
calculated to be ~6.9cms ! (Yano et al. 2006). The
macroporosity of asteroid Itokawa (1-¢) has been calculated
at ~41% (Fujiwara et al. 2006). If we assume a perfect contact
between two flat surfaces (as the sampler horn was not a solid
structure), we would have a momentum per unit area of ~32 kg
m m~. Using the equation for the trend lines in Figure 11, we
obtain ~247 or 211.3ms ' for the velocity of the peak,
depending on whether we use an energy (U,,) or momentum
scaling (U,,,), respectively. Note that this velocity could be
dependent on the particle size (something we have not tested)
and might increase for smaller particles. The escape velocity
for asteroid Itokawa is ~0.2ms ! (Engelmann et al. 2017),
which means that 1 cm particles with a density of 3400 kg m >
(Tsuchiyama et al. 2011) up to ~30 cm away from the border
of the S/C could have a high enough velocity to escape. The
larger the particles, the closer they have to be to the S/C to
acquire enough energy to escape the gravitational field. Smaller
particles could be farther, but cohesive forces begin to be
important for them, and some of the energy should be used to
break the cohesive bond (Scheeres et al. 2010).

The OSIRIS-REx mission. The S/C of this mission had a
mass of ~1300kg (Ballouz et al. 2021) when the sampling
maneuver took place, and the nominal approaching velocity
was ~0.Ims~'. During the maneuver, the TAG sample
acquisition mechanism (TAGSAM) arm did not retract, and so
the entire mass of the S/C interacted with the surface of the
asteroid Bennu for a short while before the gas (to drive the
sample into the sample chamber) was fired. Additionally, the
TAGSAM head had an outer ring that made first contact with
the asteroid surface and had an area of ~0.046 m”. The particle
density is ~2000kgm >, and the escape velocity has a
maximum and minimum of 0.178 and 0.00534 ms™ ', respec-
tively (Jiang & Schmidt 2020). Around Osprey, the sampling
site, the escape velocity is ~0.09 ms~'. The macroporosity of
Bennu has been calculated at 12% (Tricarico et al. 2021). This
means that 1 cm up to ~1.39 m from the impact site would
have had enough energy to escape Bennu’s gravitational field.
The images taken by the spacecraft (Walsh et al. 2022) show
that an area of 0.51 m” around the impact point was disturbed
due to the TAGSAM maneuver, which implies a radius of
~40 cm. Our result is about three times larger; however, given
that we are assuming that all of energy left in the system is
carried by the peak, this is not a surprise. Furthermore, it shows
that our results are an upper bound of reality, as expected.

The ROSETTA mission. The lander of the ROSETTA
mission, Philae, had a mass of 97.63 kg and used three landing
pads (Bibring et al. 2007; Biele et al. 2015). The landing on
asteroid Churyumov—Gerasimenko 67/P had an initial energy
of 7.02 4+ 0.37 J before contact and 2.83 £0.22 J afterward.
Additionally, Philae made contact with the surface with only
the side of one landing pad, which leads to a contact area of
225 + 40 cm? (Heinisch et al. 2019). Given that Philae could
rotate, it is difficult to use the momentum equation (Figure 11),
but the energy scaling equation results in U, ~ 393 ms .
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The density of the comets is calculated at 532 +7 kg m >, and
its porosity is from 70% to 75% (Jorda et al. 2016), which
means that the grain density is ~1773kgm °. The escape
velocity of this comet is 0.5ms™" (Fulle et al. 2010, 2016;
Thomas et al. 2015), which means that 1 cm particles up to
~0.83 m from the impact point had enough energy to escape.

In all of these cases, the interaction between the S/C and the
surface of a small body created a small but visible crater. The
distances up to which 1cm particles could have acquired
enough energy to escape are provided as a rough approx-
imation of the crater size, though it is a very crude way to
calculate it. For the next case, the DART mission, the crater
formation process is different, so we will not attempt to
approximate its size. However, some of the particles that form
the ejecta field will land on Didymos at relatively slow impact
velocities.

The DART mission. The impact of the S/C will be hypersonic,
and it will generate an ejecta field. Part of this ejecta will escape,
part will land back on Dimorphos, and part will fall on Didymos.
The debris falling on Didymos has been predicted to have speeds
up to 1 ms~" (Yu & Michel 2018). If we suppose that particles as
large as 10 cm will impact Didymos, it is possible to do some
calculations. The bulk density of Dimorphos has been calculated
to be ~2200.0kgm > (Agrusa et al. 2022), so each impact will
deliver Ek = 73.8 Jm 2 on the assumed regolith-covered surface
of Didymos. The porosity of asteroid Didymos is uncertain at the
moment of this writing, and it has been estimated to be ~40%
(Naidu et al. 2020). If the escape velocity of Didymos is 1 ms ™'
(Michel et al. 2016), each impact will provide enough energy for
1 cm particles up to ~8 cm from the borders of the impactors to
escape Didymos.

In every case, larger particles could also escape, but they
would have to be closer to the impact point. Particles that do
not have enough energy to escape would still be able to move
and delineate a crater. Figure 13 shows these results for all of
the cases discussed above. We have used Equation (15),
equating v, to the escape velocity of each body to obtain
relationships between particle radii and distance from the
impact site. Particles to the right of the mission lines would be
too far and would not have enough energy; particles above
these lines would be too large. Particles to the left/above the
gray dotted line (r, = R) cannot exist, as they should be closer
to the impact site than their radii would allow. The purple
dashed horizontal line represents r, =5 mm (1 cm in size/
diameter), so the intersections between this line and the mission
lines mark the distances at which 1 cm particles would be able
to acquire enough kinetic energy to escape their respective
gravitational field.

5.2. High-velocity Impacts

The DART mission. The S/C of the DART mission was
scheduled to impact asteroid Dimorphos at ~6.58 kms~" on 2022
September 26, a few months after the writing of this paper. The
mass of the S/C will be of ~610 kg at impact (Cheng et al. 2020);
this implies that the kinetic energy delivered will be ~1.32 x 10"
J (not taking into account any remaining fuel), and the radius of
the crater generated is predicted be between 5.96 and 45.1 m,
depending on the material properties of the asteroid. The crater
depth-to-diameter ratio for this size crater is 0.11 (Stopar et al.
2017), so the depth of the crater in Dimorphos should be between
1.32 and 9.9 m. The crater size depends on the material properties
of Dimorphos, which have not been established yet; however, we
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Figure 13. The different lines represent the distance at which particles of a certain size could have acquired enough energy to escape the gravitational field of the target

bodies upon the impacts of the S/C for each space mission. The horizontal line represents
R at which these particles would have enough energy to reach escape velocity.

can assume, as did Naidu et al. (2020), that Dimorphos and
Didymos have the same bulk density and porosity (2200 kg m >,
40%, respectively). Given the size of Dimorphos (=160 m in
diameter), the distance that the seismic wave would have to travel
to reach the antipode to the impact would change minimally.
Additionally, the escape velocity of Dimorphos is ~0.03ms™'
(Bernauer et al. 2020).

With all this in mind, in the best-case scenario, when the
entirety of the energy of the impact is converted into a seismic
wave, 1 cm particles would acquire enough energy to escape to
an asteroid gravitational field up to 12.5 and 11 m from the wall
of the crater for the small and big craters, respectively, for the
two possible crater sizes. Particles 17 m away from the crater
would have to be in the micrometer range to have a speed of
0.003 ms~". This would make it impossible for regolith on the
antipode to be lofted. However, surface particles a few tens of
meters outside the crater will be displaced and possibly escape
along with the particles forming the ejecta field.

The Hayabusa2 mission. Impacts such as that executed on
asteroid Ryugu by the Hayabusa2 mission are at least
supersonic; it should not have caused much of a disturbance
on the asteroid as a whole, just in a small region around the
impact site. The Small Carry-on Impactor (SCI) of the
Hayabusa2 mission had an impact velocity of 2 kms~' and a
mass of 2kg. The escape velocity of asteroid Ryugu is
~0.14ms™' (Kikuchi et al. 2020), and the density of its
regolith is ~1282kgm > (Yada et al. 2022). Additionally, the
macroporosity of asteroid Ryugu has been calculated to be 14%,
and the particle density is 1380 kg m > (Herbst et al. 2021). If, as
in the case for the DART impact, we assume that all of the
energy is converted into a seismic wave that starts at the edge of
the crater, 1 cm particles ~5 m from the edge of the crater would
have had enough energy to escape the asteroid, and, at the 10 m
mark, the particle size would have had to be reduced to 1 pm to
reach this speed; but, as noted above, at this particle size,
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cohesive forces need to be taken into account. Note that we have
not taken into account the energy spent in compressing the very
porous surface, how porosity affects energy dissipation, or the
formation of an ejecta field. However, Nishiyama et al. (2021)
carried out an extended study of the SCI impact and also
concluded that the seismic waves that were generated dissipate
rapidly, or energy conversion from impact to seismic waves is
small.

5.3. Other Implications

Another implication of our findings is that seismic shaking
over long distances is unlikely to take place on granular
asteroids. If seismic shaking due to small meteorite impacts on
small bodies is not produced, or at least not to the extent that
has previously been portrayed, the Brazil nut effect (BNE;
Asphaug et al. 2001) might not be a possible explanation for
global particle size segregation of the kind observed on asteroid
Itokawa (Miyamoto et al. 2007) by the Hayabusa mission. This
conclusion is also supported by what was found by previous
studies; Sanchez et al. (2010) argued that a 2D, self-gravitating
aggregate, if continuously impacted in random directions,
would show an outer ring in which its particles are size
segregated. This result was also enhanced by the fact that the
smaller particles would escape after an energetic collision.
Perera et al. (2016) showed that if the particles of a spherical
aggregate were provided with a small random velocity (seismic
shaking), the aggregate would segregate the particles on its
surface by size, but its interior would remain mixed. These
authors made sure that the provided random velocity was not
enough for the particles to escape. Shinbrot et al. (2017)
completely discarded the BNE in favor what they called
“ballistic sorting.” At the same time, Wright et al. (2020)
proposed that a single pulse can cause boulders to wind up on
top via ballistic sorting if material is lofted by the pulse, so
shaking would not be required. Sautel et al. (2021) found that
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the particles of a simulated asteroid would segregate almost
completely by size when short quakes (inversion of the
gravitational field) were applied to the system; however, they
recognized that future work should focus on a more realistic
perturbation method. Regardless of the true mechanism that is
driving the particle segregation that is observed, one thing
seems certain: if impacts are the ultimate cause, segregation
takes place only on the surface, not the interior. If this is so, as
argued by Sanchez & Scheeres (2018), an asteroid with a weak
core could be formed by the size segregation of the particles on
its surface. This would provide a very weak outer shell formed
by large particles, a strong middle shell formed by small
regolith and dust, and a well-mixed interior that would be
weaker than the previous shell. This would form a three-shell
structure for a quasi-spherical asteroid. If the spin rate of this
body is subsequently increased by the YORP effect, the core
would fail before the other two shells, and at the appropriate
size (the radius of the core is ~0.7 of the radius of the body),
the body would deform toward the shape of a peanut, similar to
Itokawa, by breaking the outermost shell, as shown by Sanchez
& Scheeres (2018). This would expose the finer material of the
intermediate shell (also mentioned by Walsh et al. 2022 about
asteroid Bennu) in the neck and back regions, leaving the
coarser material at both ends of the deformed body.

Though it is difficult to definitively ascertain the strength and
structure of asteroid interiors, there are some observations
made by the OSIRIS-REx and Hayabusa2 missions that
indicate this configuration. The analysis of the interior of the
craters on asteroid Bennu shows that crater morphology
changes at ~20 m in diameter. The floors of craters below
this size are generally rock-free and appear to contain an
abundance of finer material (Bierhaus et al. 2019, 2020). On the
other hand, Arakawa et al. (2020) mentioned that the crater
formed by the SCI impact has a central pit, similar to what is
observed on craters on the Moon, and that this happens because
of its layered surface (a hard subsurface below cohesionless
regolith). They explained that the surface of Ryugu could have
a similar layered structure. Additionally, assuming that the
crater wall represents the subsurface structure, they concluded
that the subsurface layer is dominated by regolith with rock
sizes smaller than 20 cm.

Putting all this together, the evidence from simulations about
impacts on small self-gravitating aggregates predicts a layered
surface due to the segregation of their particles and escape of
the smaller ones. In this paper, we have presented evidence that
suggests that granular matter at extremely low pressure can
dissipate energy very rapidly. This would imply that if a
layered surface exists in real asteroids, this layer would be up to
a couple of tens of meters thick. The evidence from recent
space missions shows that the particles that form the surfaces of
small, granular asteroids are segregated as observed in the
interior of natural and artificially formed craters. This finding,
in our view, seems to confirm the predictions made by the
authors cited above.

We should also point out that if the efficiency of seismic
wave transmission is as low as we have been able to measure
with our simulations, the fluidization of the entirety of the body
of a granular asteroid due to micrometeorite impacts (Tanga
et al. 2009) seems unlikely. That is, major shape deformation
due to small micrometeorite impacts would not be expected.
Surely, if the impact is large enough to cause the complete
disruption of the asteroid, a new shape would emerge, but this
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would then be a new asteroid formed by the remnants of the
parent bodies.

Finally, if, as we have shown here, the speed of sound in
granular materials at extremely low pressure depends on the
velocity of the impacts, care should be taken when classifying
whether an impact is truly at hyper- or supersonic velocities.
This will possibly have repercussions on the numerical and
theoretical tools that are used to study them.

6. Conclusions

In this paper, we have studied how seismic waves generated
by a single pulse used as a proxy for a low-velocity impact are
transmitted in granular media with a view to applying our
findings to the asteroid environment where the confining
pressure goes from almost zero to just a few tens of pascals.

The study has been carried out through simulation using an
SSDEM code using perfect spheres as a proxy to real grains.
We have tested confining pressures from 0.1 to 50,000 Pa and
impact/compression speeds from 0.001 to Sms ™.

We have shown that the speed of seismic waves at low
enough confining pressures depends not only on the confining
pressure (P.) but also on the pressure that is produced by the
wave itself (P;). Also, that wave speed (v,,) of compression
waves depends approximately on PSI/ 6 where Py=P,+ P; is
the stable pressure on the section of the material through which
the wave front has already passed.

Our simulations show that the velocity of transmission of the
peak (U,) pressure depends not only on the confining pressure
but also on the impact that produced it. Also, within the regime
that was investigated, U, can be scaled through either the
momentum or the kinetic energy of the impact. More
importantly, and in view of the immediate application of this
research, our simulations have shown that pulse pressure
attenuates very rapidly, and its energy is quickly dissipated.
With these results in mind, we have linked our results to the
possible seismic behavior of granular asteroids (mind the
caveats) and also tried to provide some insight into the possible
surface dynamics that could have taken place on different small
solar system bodies with which a few spacecraft have
interacted or will interact.

In addition to this, and given how greatly energy can be
dissipated in a granular medium even at extremely low
confining pressures, we have found that impacts on the surface
of small granular asteroids would have affected only their
surface (possibly down to a few tens of meters in depth). This
implies that all of the segregation phenomena of which the
morphology of observed craters (on asteroids Bennu and
Ryugu) provide evidence would be restricted to this external
shell. This would in turn imply that a layered structure is
formed, at the very least, by an outer layer formed by large
grains and mostly cohesionless, a middle layer formed by
smaller grains that would have greater cohesive strength and,
an inner core, undisturbed by the impacts (not segregated),
which would be structurally weaker than the middle layer. This
structure, as explained above and argued in previous research
(Sanchez & Scheeres 2018), could explain the segregation
observed in asteroid Itokawa.

The authors acknowledge financial support from NASA
grant 8ONSSC18K0491. P.S. would like to thank Beau
Bierhaus (Lockheed Martin Aerospace) for his help on the
discussion of the findings of the OSIRIS-REx mission on



THE PLANETARY SCIENCE JOURNAL, 3:245 (14pp), 2022 October

Bennu and Hongyang Chenk (University of Twente) for the
helpful discussions and for commenting on earlier versions of
this manuscript.

ORCID iDs

Paul Sénchez © https: //orcid.org/0000-0003-3610-5480
Daniel J. Scheeres @ https: //orcid.org/0000-0003-0558-3842
Alice C. Quillen ® https: //orcid.org /0000-0003-1280-2054

References

Agrusa, H. F., Ballouz, R., Meyer, A. J., et al. 2022, A&A, 664, L3

Anthony, S. J., Hoyle, W., & Ding, Y. 2004, Granular Materials: Fundamentals
and Applications (Cambridge: The Royal Society of Chemistry), 108

Arakawa, M., Saiki, T., Wada, K., et al. 2020, Sci, 368, 67

Arakawa, M., Wada, K., Saiki, T., et al. 2017, SSRv, 208, 187

Asphaug, E., King, P. J., Swift, M. R., & Merrifield, M. R. 2001, LPSC,
32, 1708

Aumaitre, S., Behringer, R. P., Cazaubiel, A., et al. 2018, RScI, 89, 075103

Ballouz, R.-L., Walsh, K. J., Sanchez, P., et al. 2021, MNRAS, 507,
5087

Bernauer, F., Garcia, R. F., Murdoch, N., et al. 2020, EP&S, 72, 191

Bibring, J. P., Rosenbauer, H., Boehnhardt, H., et al. 2007, SSRv,
128, 205

Biele, J., Ulamec, S., Maibaum, M., et al. 2015, Sci, 349, aaa9816

Bierhaus, E., Barnouin, O., Walsh, K., et al. 2019, EPSC, 13, 1134

Bierhaus, E., Trang, D., Barnouin, O., et al. 2020, LPI Contribution,
2326, 2156

Biswas, P., Sanchez, P., Swift, M., & King, P. 2003, PhRVE, 68, 050301

Bottke, W. F., Nolan, M. C., Greenberg, R., & Kolvoord, R. A. 1994, Icar,
107, 255

Cheng, A. F., Stickle, A. M., Fahnestock, E. G., et al. 2020, Icar, 352, 113989

Cundall, P. 1971, in Proc. Int. Symp. on Rock Mechanics (Gottingen:
Rubrecht), 129

Cundall, P. A., & Hart, R. D. 1992, EngCo, 9, 101

DellaGiustina, D. N., Emery, J. P., Golish, D. R, et al. 2019, NatAs, 3, 341

Digby, P. J. 1981, JAM, 48, 803

Engelmann, J., Wiinnemann, K., Luther, R., & Zhu, M.-H. 2017, EPSC,
11, 251

Fonseka, R. D. J. I., Awasthi, A., Lambros, J., & Geubelle, P. H. 2022, JAM,
89, 051003

Fujiwara, A., Kawaguchi, J., Yeomans, D. K., et al. 2006, Sci, 312, 1330

Fulle, M., Colangeli, L., Agarwal, J., et al. 2010, A&A, 522, A63

Fulle, M., Marzari, F., Corte, V. D., et al. 2016, ApJ, 821, 19

Goddard, J. D. 1990, RSPSA, 430, 105

Goémez, L. R., Turner, A. M., van Hecke, M., & Vitelli, V. 2012, PhRvL, 108,
058001

Hara, G. 1935, Elektr. Nachr. Techn, 12, 191

Heinisch, P., Auster, H.-U., Gundlach, B., et al. 2019, A&A, 630, A2

Herbst, W., Greenwood, J. P., & Yap, T. E. 2021, PSJ, 2, 110

Herrmann, H., & Luding, S. 1998, CMT, 10, 189

Hostler, S. R., & Brennen, C. E. 2005, PhRvVE, 72, 031303

ISAS 2022, Hayabusa Website [accessed: 2022-03-11], https: / /www.isas.jaxa.
jp/en/missions/spacecraft/past/hayabusa.html

Jiang, Y., & Schmidt, J. 2020, Heliyon, 6, €05275

Jorda, L., Gaskell, R., Capanna, C., et al. 2016, Icar, 277, 257

Kikuchi, S., Terui, F., Ogawa, N., et al. 2020, JSpRo, 57, 1033

Langlois, V., & Jia, X. 2015, PhRVE, 91, 022205

14

Séanchez, Scheeres, & Quillen

Lauretta, D., Barucci, M., Bierhaus, E., et al. 2012, LPI Contribution,
1667, 6291

Luding, S. 2008, Particuology, 6, 501, simulation and Modeling of Particulate
Systems, doi:10.1016/j.partic.2008.07.020

Makse, H. A., Gland, N., Johnson, D. L., & Schwartz, L. M. 1999, PhRvL,
83, 5070

Michel, P., Cheng, A., Kiippers, M., et al. 2016, AdSpR, 57, 2529

Michikami, T., Nakamura, A., Hirata, N., et al. 2008, EP&S, 60, 13

Miyamoto, H., Yano, H., Scheeres, D. J., et al. 2007, Sci, 316, 1011

Naidu, S., Benner, L., Brozovic, M., et al. 2020, Icar, 348, 113777

Nishiyama, G., Kawamura, T., Namiki, N., et al. 2021, JGRE, 126, e06594

Owens, E. T., & Daniels, K. E. 2011, EL, 94, 54005

Perera, V., Jackson, A. P., Asphaug, E., & Ballouz, R.-L. 2016, Icar,
278, 194

Quillen, A., Neiderbach, M., Suo, B., et al. 2022, Icar, 386, 115139

Richardson, D., Michel, P., Walsh, K., & Flynn, K. 2009, P&SS, 57, 183

Roberts, J., Barnouin, O., Daly, M., et al. 2021, P&SS, 204, 105268

Ruiz-Botello, F., Castellanos, A., & Tournat, V. 2016, Ultra, 69, 193

Sanchez, D., & Scheeres, D. 2021a, LPSC, 15, 1850

Sanchez, D. P., & Scheeres, D. J. 2012, Icar, 218, 876

Sanchez, P., & Scheeres, D. J. 2009, LPSC, 40, 2228

Sanchez, P., & Scheeres, D. J. 2011, ApJ, 727, 120

Sanchez, P., & Scheeres, D. J. 2014, M&PS, 49, 788

Sanchez, P., & Scheeres, D. J. 2016, Icar, 271, 453

Sanchez, P., & Scheeres, D. J. 2018, P&SS, 157, 39

Sanchez, P., & Scheeres, D. J. 2020, LPSC, 51, 1685

Sanchez, P., & Scheeres, D. J. 2021b, in EPJ Web of Conf. 249, Powders &
Grains 2021—9th Int. Conf. on Micromechanics on Granular Media, ed.
M. A. Aguirre et al. (Les Ulis: EDP Sciences), 13001

Sénchez, P., Scheeres, D. J., & Swift, M. R. 2010, LPSC, 41, 2634

Sanchez, P., Swift, M. R., & King, P. J. 2004, PhRvL, 93, 184302

Sautel, J., Lecomte, C.-E., & Taberlet, N. 2021, PhRvVE, 103, 022901

Scheeres, D., Hartzell, C., Sanchez, P., & Swift, M. 2010, Icar, 210, 968

Schultz, R. A. 1995, RMRE, 28, 1

Shinbrot, T., Sabuwala, T., Siu, T., Vivar Lazo, M., & Chakraborty, P. 2017,
PhRvVL, 118, 111101

Silbert, L. E., Ertas, D., Grest, G. S., et al. 2001, PhRVE, 64, 051302

Stopar, J. D., Robinson, M. S., Barnouin, O. S., et al. 2017, Icar, 298, 34

Tachibana, S., Sawada, H., Okazaki, R., et al. 2022, Sci, 375, 1011

Tanga, P., Comito, C., Paolicchi, P., et al. 2009, ApJL, 706, L197

Tell, K., DreiBligacker, C., Tchapnda, A. C., Yu, P., & Sperl, M. 2020, RScI,
91, 033906

Thomas, N., Davidsson, B., El-Maarry, M. R., et al. 2015, A&A,
583, A17

Thomas, P. C., & Robinson, M. S. 2005, Natur, 436, 366

Tricarico, P., Scheeres, D., French, A., et al. 2021, Icar, 370, 114665

Tsuchiyama, A., Uesugi, M., Matsushima, T., et al. 2011, Sci, 333, 1125

van den Wildenberg, S., van Loo, R., & van Hecke, M. 2013, PhRvL, 111,
218003

Velicky, B., & Caroli, C. 2002, PhRVE, 65, 021307

Walsh, K. J., Ballouz, R.-L., Jawin, E. R., et al. 2022, SciA, 8, eabm6229

Walton, K. 1977, Geoll, 48, 461

Wang, J., Zhang, M., Feng, L., et al. 2020, Powder Technology, 363, 187

Watanabe, S.-i., Tsuda, Y., Yoshikawa, M., et al. 2017, SSRv, 208, 3

Wright, E., Quillen, A. C., South, J., et al. 2020, Icar, 337, 113424

Yada, T., Abe, M., Okada, T., et al. 2022, NatAs, 6, 214

Yano, H., Kubota, T., Miyamoto, H., et al. 2006, Sci, 312, 1350

Yu, Y., & Michel, P. 2018, Icar, 312, 128

Zacny, K., Bierhaus, E. B., Britt, D. T., et al. 2018, in Primitive Meteorites and
Asteroids, ed. N. Abreu (Amsterdam: Elsevier), 439

Zeng, X., Agui, J., & Nakagawa, M. 2007, JAerE, 20, 116

Zhai, C., Herbold, E. B., & Hurley, R. C. 2020, PNAS, 117, 16234


https://orcid.org/0000-0003-3610-5480
https://orcid.org/0000-0003-3610-5480
https://orcid.org/0000-0003-3610-5480
https://orcid.org/0000-0003-3610-5480
https://orcid.org/0000-0003-3610-5480
https://orcid.org/0000-0003-3610-5480
https://orcid.org/0000-0003-3610-5480
https://orcid.org/0000-0003-3610-5480
https://orcid.org/0000-0003-0558-3842
https://orcid.org/0000-0003-0558-3842
https://orcid.org/0000-0003-0558-3842
https://orcid.org/0000-0003-0558-3842
https://orcid.org/0000-0003-0558-3842
https://orcid.org/0000-0003-0558-3842
https://orcid.org/0000-0003-0558-3842
https://orcid.org/0000-0003-0558-3842
https://orcid.org/0000-0003-1280-2054
https://orcid.org/0000-0003-1280-2054
https://orcid.org/0000-0003-1280-2054
https://orcid.org/0000-0003-1280-2054
https://orcid.org/0000-0003-1280-2054
https://orcid.org/0000-0003-1280-2054
https://orcid.org/0000-0003-1280-2054
https://orcid.org/0000-0003-1280-2054
https://doi.org/10.1051/0004-6361/202244388
https://ui.adsabs.harvard.edu/abs/2022A&A...664L...3A/abstract
https://doi.org/10.1126/science.aaz1701
https://ui.adsabs.harvard.edu/abs/2020Sci...368...67A/abstract
https://doi.org/10.1007/s11214-016-0290-z
https://ui.adsabs.harvard.edu/abs/2017SSRv..208..187A/abstract
https://ui.adsabs.harvard.edu/abs/2001LPI....32.1708A/abstract
https://ui.adsabs.harvard.edu/abs/2001LPI....32.1708A/abstract
https://doi.org/10.1063/1.5034061
https://ui.adsabs.harvard.edu/abs/2018RScI...89g5103A/abstract
https://doi.org/10.1093/mnras/stab2365
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.5087B/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.5087B/abstract
https://doi.org/10.1186/s40623-020-01333-9
https://ui.adsabs.harvard.edu/abs/2020EP&S...72..191B/abstract
https://doi.org/10.1007/s11214-006-9138-2
https://ui.adsabs.harvard.edu/abs/2007SSRv..128..205B/abstract
https://ui.adsabs.harvard.edu/abs/2007SSRv..128..205B/abstract
https://doi.org/10.1126/science.aaa9816
https://ui.adsabs.harvard.edu/abs/2015Sci...349a9816B/abstract
https://ui.adsabs.harvard.edu/abs/2019EPSC...13.1134B/abstract
https://ui.adsabs.harvard.edu/abs/2020LPI....51.2156B/abstract
https://ui.adsabs.harvard.edu/abs/2020LPI....51.2156B/abstract
https://doi.org/10.1103/PhysRevE.68.050301
https://ui.adsabs.harvard.edu/abs/2003PhRvE..68e0301B/abstract
https://doi.org/10.1006/icar.1994.1021
https://ui.adsabs.harvard.edu/abs/1994Icar..107..255B/abstract
https://ui.adsabs.harvard.edu/abs/1994Icar..107..255B/abstract
https://doi.org/10.1016/j.icarus.2020.113989
https://doi.org/10.1108/eb023851
https://doi.org/10.1038/s41550-019-0731-1
https://ui.adsabs.harvard.edu/abs/2019NatAs...3..341D/abstract
https://doi.org/10.1115/1.3157738
https://ui.adsabs.harvard.edu/abs/1981JAM....48..803D/abstract
https://ui.adsabs.harvard.edu/abs/2017EPSC...11..251E/abstract
https://ui.adsabs.harvard.edu/abs/2017EPSC...11..251E/abstract
https://doi.org/10.1115/1.4053622
https://ui.adsabs.harvard.edu/abs/2022JAM....89e1003F/abstract
https://ui.adsabs.harvard.edu/abs/2022JAM....89e1003F/abstract
https://doi.org/10.1126/science.1125841
https://ui.adsabs.harvard.edu/abs/2006Sci...312.1330F/abstract
https://doi.org/10.1051/0004-6361/201014928
https://ui.adsabs.harvard.edu/abs/2010A&A...522A..63F/abstract
https://doi.org/10.3847/0004-637X/821/1/19
https://ui.adsabs.harvard.edu/abs/2016ApJ...821...19F/abstract
https://doi.org/10.1098/rspa.1990.0083
https://ui.adsabs.harvard.edu/abs/1990RSPSA.430..105G/abstract
https://doi.org/10.1103/PhysRevLett.108.058001
https://ui.adsabs.harvard.edu/abs/2012PhRvL.108e8001G/abstract
https://ui.adsabs.harvard.edu/abs/2012PhRvL.108e8001G/abstract
https://doi.org/10.1051/0004-6361/201833889
https://ui.adsabs.harvard.edu/abs/2019A&A...630A...2H/abstract
https://doi.org/10.3847/PSJ/abf7c0
https://ui.adsabs.harvard.edu/abs/2021PSJ.....2..110H/abstract
https://doi.org/10.1007/s001610050089
https://ui.adsabs.harvard.edu/abs/1998CMT....10..189H/abstract
https://doi.org/10.1103/PhysRevE.72.031303
https://ui.adsabs.harvard.edu/abs/2005PhRvE..72c1303H/abstract
https://www.isas.jaxa.jp/en/missions/spacecraft/past/hayabusa.html
https://www.isas.jaxa.jp/en/missions/spacecraft/past/hayabusa.html
https://doi.org/10.1016/j.heliyon.2020.e05275
https://doi.org/10.1016/j.icarus.2016.05.002
https://ui.adsabs.harvard.edu/abs/2016Icar..277..257J/abstract
https://doi.org/10.2514/1.A34683
https://ui.adsabs.harvard.edu/abs/2020JSpRo..57.1033K/abstract
https://doi.org/10.1103/PhysRevE.91.022205
https://ui.adsabs.harvard.edu/abs/2015PhRvE..91b2205L/abstract
https://ui.adsabs.harvard.edu/abs/2012LPICo1667.6291L/abstract
https://ui.adsabs.harvard.edu/abs/2012LPICo1667.6291L/abstract
http://dx.doi.org/10.1016/j.partic.2008.07.020
https://doi.org/10.1103/PhysRevLett.83.5070
https://ui.adsabs.harvard.edu/abs/1999PhRvL..83.5070M/abstract
https://ui.adsabs.harvard.edu/abs/1999PhRvL..83.5070M/abstract
https://doi.org/10.1016/j.asr.2016.03.031
https://ui.adsabs.harvard.edu/abs/2016AdSpR..57.2529M/abstract
https://doi.org/10.1186/BF03352757
https://ui.adsabs.harvard.edu/abs/2008EP&S...60...13M/abstract
https://doi.org/10.1126/science.1134390
https://ui.adsabs.harvard.edu/abs/2007Sci...316.1011M/abstract
https://doi.org/10.1016/j.icarus.2020.113777
https://ui.adsabs.harvard.edu/abs/2020Icar..34813777N/abstract
https://doi.org/10.1029/2020JE006594
https://ui.adsabs.harvard.edu/abs/2021JGRE..12606594N/abstract
https://doi.org/10.1209/0295-5075/94/54005
https://ui.adsabs.harvard.edu/abs/2011EL.....9454005O/abstract
https://doi.org/10.1016/j.icarus.2016.06.014
https://ui.adsabs.harvard.edu/abs/2016Icar..278..194P/abstract
https://ui.adsabs.harvard.edu/abs/2016Icar..278..194P/abstract
https://doi.org/10.1016/j.icarus.2022.115139
https://ui.adsabs.harvard.edu/abs/2022Icar..38615139Q/abstract
https://doi.org/10.1016/j.pss.2008.04.015
https://ui.adsabs.harvard.edu/abs/2009P&SS...57..183R/abstract
https://doi.org/10.1016/j.pss.2021.105268
https://ui.adsabs.harvard.edu/abs/2021P&SS..20405268R/abstract
https://doi.org/10.1016/j.ultras.2015.11.011
https://ui.adsabs.harvard.edu/abs/2021LPI....52.1850S/abstract
https://doi.org/10.1016/j.icarus.2012.01.014
https://ui.adsabs.harvard.edu/abs/2012Icar..218..876S/abstract
https://ui.adsabs.harvard.edu/abs/2009LPI....40.2228S/abstract
https://doi.org/10.1088/0004-637X/727/2/120
https://ui.adsabs.harvard.edu/abs/2011ApJ...727..120S/abstract
https://doi.org/10.1111/maps.12293
https://ui.adsabs.harvard.edu/abs/2014M&PS...49..788S/abstract
https://doi.org/10.1016/j.icarus.2016.01.016
https://ui.adsabs.harvard.edu/abs/2016Icar..271..453S/abstract
https://doi.org/10.1016/j.pss.2018.04.001
https://ui.adsabs.harvard.edu/abs/2018P&SS..157...39S/abstract
https://ui.adsabs.harvard.edu/abs/2020LPI....51.1685S/abstract
https://ui.adsabs.harvard.edu/abs/2021EPJWC.24913001S/abstract
https://ui.adsabs.harvard.edu/abs/2010LPI....41.2634S/abstract
https://doi.org/10.1103/PhysRevLett.93.184302
https://ui.adsabs.harvard.edu/abs/2004PhRvL..93r4302S/abstract
https://doi.org/10.1103/PhysRevE.103.022901
https://ui.adsabs.harvard.edu/abs/2021PhRvE.103b2901S/abstract
https://doi.org/10.1016/j.icarus.2010.07.009
https://ui.adsabs.harvard.edu/abs/2010Icar..210..968S/abstract
https://doi.org/10.1007/BF01024770
https://ui.adsabs.harvard.edu/abs/1995RMRE...28....1S/abstract
https://doi.org/10.1103/PhysRevLett.118.111101
https://ui.adsabs.harvard.edu/abs/2017PhRvL.118k1101S/abstract
https://doi.org/10.1103/PhysRevE.64.051302
https://ui.adsabs.harvard.edu/abs/2001PhRvE..64e1302S/abstract
https://doi.org/10.1016/j.icarus.2017.05.022
https://ui.adsabs.harvard.edu/abs/2017Icar..298...34S/abstract
https://doi.org/10.1126/science.abj8624
https://ui.adsabs.harvard.edu/abs/2022Sci...375.1011T/abstract
https://doi.org/10.1088/0004-637X/706/1/L197
https://ui.adsabs.harvard.edu/abs/2009ApJ...706L.197T/abstract
https://doi.org/10.1063/1.5122848
https://ui.adsabs.harvard.edu/abs/2020RScI...91c3906T/abstract
https://ui.adsabs.harvard.edu/abs/2020RScI...91c3906T/abstract
https://doi.org/10.1051/0004-6361/201526049
https://ui.adsabs.harvard.edu/abs/2015A&A...583A..17T/abstract
https://ui.adsabs.harvard.edu/abs/2015A&A...583A..17T/abstract
https://doi.org/10.1038/nature03855
https://ui.adsabs.harvard.edu/abs/2005Natur.436..366T/abstract
https://doi.org/10.1016/j.icarus.2021.114665
https://ui.adsabs.harvard.edu/abs/2021Icar..37014665T/abstract
https://doi.org/10.1126/science.1207807
https://ui.adsabs.harvard.edu/abs/2011Sci...333.1125T/abstract
https://doi.org/10.1103/PhysRevLett.111.218003
https://ui.adsabs.harvard.edu/abs/2013PhRvL.111u8003V/abstract
https://ui.adsabs.harvard.edu/abs/2013PhRvL.111u8003V/abstract
https://doi.org/10.1103/PhysRevE.65.021307
https://ui.adsabs.harvard.edu/abs/2002PhRvE..65b1307V/abstract
https://doi.org/10.1126/sciadv.abm6229
https://ui.adsabs.harvard.edu/abs/2022SciA....8M6229W/abstract
https://doi.org/10.1111/j.1365-246X.1977.tb03683.x
https://ui.adsabs.harvard.edu/abs/1977GeoJI..48..461W/abstract
https://doi.org/10.1016/j.powtec.2019.12.041
https://doi.org/10.1007/s11214-017-0377-1
https://ui.adsabs.harvard.edu/abs/2017SSRv..208....3W/abstract
https://doi.org/10.1016/j.icarus.2019.113424
https://ui.adsabs.harvard.edu/abs/2020Icar..33713424W/abstract
https://doi.org/10.1038/s41550-021-01550-6
https://ui.adsabs.harvard.edu/abs/2022NatAs...6..214Y/abstract
https://doi.org/10.1126/science.1126164
https://ui.adsabs.harvard.edu/abs/2006Sci...312.1350Y/abstract
https://doi.org/10.1016/j.icarus.2018.04.017
https://ui.adsabs.harvard.edu/abs/2018Icar..312..128Y/abstract
https://doi.org/10.1061/(ASCE)0893-1321(2007)20:2(116)
https://doi.org/10.1073/pnas.2004356117
https://ui.adsabs.harvard.edu/abs/2020PNAS..11716234Z/abstract

	1. Introduction
	2. Research Methodology
	3. Simulation Code and Setup
	4. Results
	4.1. Constant Velocity Compression
	4.2. Transmission of a Pulse
	4.3. Impactor Energy and Momentum

	5. Asteroids and Impacts
	5.1. Low-velocity Impacts
	5.2. High-velocity Impacts
	5.3. Other Implications

	6. Conclusions
	References



