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Introduction: The impact cratering process on sand
targets is generally considered to be controlled mainly
by gravity (the so called ‘gravity regime’). However,
adhesive forces (e.g. van der Waals force) acting be-
tween granular particles play an important role when
particle size and/or gravity are small. The van der Waals
force acting on a particle, I, is proportional to its par-
ticle size, d, while the gravitational force acting on a
particle, F,, is proportional to d®g, where g is gravita-
tional acceleration. The ratio between these two forces,
F,/F,, is thus proportional to 1/(d%g). Therefore, F,
may become dominant (the so called “strength regime”)
for the impact cratering process on granular materials
with small particle size and gravity, such as regolith lay-
ers on small asteroids. In fact, recent impact experi-
ments show that the crater radius becomes small when
the target particle size is small[1]. Under micro-gravity,
the crater radius becomes smaller than that predicted by
the scaling law for the gravity regime[2].

To investigate the influence of inter-particle adhe-
sion on the impact cratering process, we numerically
simulate impacts into granular materials with various
values of adhesion. Our code is based on the Distinct
Element Method (DEM), in which particle motions are
calculated directly by solving the equations of motion
for each particle (e.g. [3]). It has been shown that our
code is able to simulate the cratering process for gran-
ular targets (dry sand) with no adhesion [4,5]. In this
study, we introduce a simple adhesion model into our
code. We then show how the crater size depends on the
force ratio F,,/ Fy.

DEM model: In our DEM model, the mechani-
cal interaction forces between contact spherical parti-
cles are expressed by elastic force and friction mod-
elled by the Voigt-model, which consists of a spring and
dash-pot pair. The spring gives elastic force based on
the Hertzian elastic contact theory. The dash-pot ex-
presses energy dissipation during contact to realize in-
elastic collision with a given coefficient of restitution.
For the tangential direction between contact particles, a
friction slider is introduced to express Coulomb’s fric-
tion law with a given coefficient of friction. As an ad-
hesion model, we assume that the constant attractive
force given by F, = xF,, where x is a dimensionless
constant, acts on the normal direction between particles
during in contact with each other.  is a parameter used
to prescribe the degree of adhesive force.

Initial conditions and parameters. We prepared a

granular target that consists of 384,000 equal-sized par-
ticles (radius, 1mm; density, 2.7g/cm?; Young’s mod-
ulus, 94GPa; Poisson’s ratio, 0.17) randomly placed in
the rectangular container (20cmx20cmx7cm). The co-
efficient of restitution of the walls of the container is
set to 0 so that the occurrence of reflection waves at the
walls can be suppressed as much as possible. A projec-
tile particle (radius, 3mm; density, 2.7g/cm?; Young’s
modulus, 70GPa; Poisson’s ratio, 0.35) impacts verti-
cally into the target at velocities of 100, 300, and 600
m/s. g is assumed to be 9.8 m/s2 (or 1G). In this study,
we change x between 1 and 104, while the coefficients
of restitution and friction between particles are set as 0.4
and 0.5, respectively.

Numerical results: The cross sectional views of the
transient craters formed in our simulation for y = 10
and xy = 103 are shown in Fig. 1. The cavity size for
x = 102 is clearly smaller than that for y = 10, indi-
cating that the larger the adhesive force, the smaller the
crater cavity.
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Figure 1: Cross sectional views of the transient crater cavity for
x = 10 (upper) and x = 103 (lower). For visual clarity, only the
particles whose centers are located within this cross section (4mm
thick) are shown, with colors corresponding to their initial depth.

The crater radii R obtained in our simulations are
evaluated in terms of 7-scaling dimensionless parame-
ters (e.g. [6]). According to the 7-scaling theorem[6],
there is a power-law relation between the dimensionless
crater radius wr and the dimensionless gravity-scaled
size o for the gravity regime (mr and o are defined
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by R(p:/m)"/? and 3.22ga,/U?, respectively, where p;
is the target bulk density, m is the projectile mass, a
is the projectile radius and U is the impact velocity).
Our numerical results are plotted on a wo-mr diagram
(Fig. 2). The data points for y < 102 are distributed
around the scaling lines obtained by impact experiments
for dry sand[6] and also by our previous numerical sim-
ulation without adhesion (x = 0)[4]. However, the data
points for y > 103 are distributed away from these scal-
ing lines. This suggests that the cratering process for
x < 102 can be treated within the gravity regime and
the influence of adhesive force does not appear clearly
until y > 103,
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Figure 2: 7o vs. wr with various x values. The red line indi-
cates the scaling line obtained by our simulation for x = 0[4]:r g =
0.9075 %195, The black dotted line indicates the scaling lines ob-

tained by impact experiment on dry sand[6]:7 g = 0.847; *-17.
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Figure 3: 73 vs. wx for numerical results. The black line fits

the data for x > 10%: 7g = 1175 %-2°. The data plotted on the
left-hand side of this line are for x < 10.

According to the m-scaling theorem for the strength
regime, wg is given by a power of the dimensionless
strength 3. 73 is defined by Y/p,U?, where Y is the
target strength. In this study, Y is given by the ten-
sile strength and calculated by the Rumpf’s equation[7],
Y ~ ((1 —p)/p) x F,/d?, where p is the target poros-
ity (~ 0.43 in this study). In Fig. 3 we plot 73 and 7
for our numerical results. The data points with higher

w3 values (y > 102) are distributed linearly on the log-
scale plot, independent of impact velocity. This sug-
gests that there exists a scaling law of the strength regime
for large x values. The fitting line for this data is given
by 7r = 1.175 %2 On the contrary, the data points
for x = 1 and x = 10 for each impact velocity are dis-
tributed horizontally independent of 73, indicating that
these are not in the strength regime, but in the gravity
regime.

Discussion: Our numerical results show that the cases
with y < 102 are consistent with the scaling relation
for the gravity regime, 7z w;ﬁ (in this study g =
0.165), whereas the cases with y > 102 are for the
strength regime, mr oc 75 7 (in this study v = 0.20).
According to the m-scaling with point source approx-
imation[6], which means introducing the coupling pa-
rameter C' o< aU*, the power-law exponents of the scal-
ing relations, 3 and ~, are expressed by 3 = 11/(2 + p)
and v = p/2, respectively. The parameter p ranges
from 1/3 (momentum scaling limit) to 2/3 (energy scal-
ing limit). Based on these equations, we can calcu-
late the value of x from the 3 and ~ obtained in our
simulations. The calculated . becomes 0.40 for both
8 = 0.165 and v = 0.20. This calculated p value is
close to 1/3, the momentum scaling limit. Therefore,
it is concluded that the cratering process on adhesive
granular materials can be scaled by using the momen-
tum scaling in the gravity regime if y < 102, and in the
strength regime if xy > 102

The critical value of y~102 corresponds to the van
der Waals force acting on a particle with size of ~100um
under gravity of 1G. That is to say, the impact cratering
process on granular target with particle size less than
~ 100pm on the Earth will be affected by the adhesive
force. The gravity is much less than 1G on the surface
of small asteroids (e.g. ~mG on Eros). Therefore, the
adhesive force will be effective for the impact on the
regolith layer of asteroids, such as on Eros, even if the
particle size of regolith is larger than 1 mm.
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