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Fine regolith in rubble pile asteroids may act as a
sort of “van der Waals concrete” that forms bridges
that bind larger boulders and strengthens small aster-
oids, allowing them to rotate more rapidly. We test
these ideas using DEM simulations.

Introduction:
It can be shown that the ideal tensile stress of re-

golith grains with van der Waals cohesion is inversely
proportional to the grain size [1]. Thus the presence of
fine regolith grains distributed throughout a rubble pile
asteroid may serve as a matrix to strengthen the body
and bind larger boulders to it. This implies that the
modeling of fine-grain regolith distribution and pack-
ing may be as important as modeling the relative at-
traction of larger boulders that comprise the body.

The numerical codes that have been used to sim-
ulate “rubble pile” asteroids usually portray them as
a collection of perfectly spherical, cohesionless, large
grains (tens of meters)[2, 3, 4, 5]. It now has been
accepted that cohesive forces in real asteroids could
have an important role in the dynamics of these NEOs
[6]. Furthermore, in a µG environment, it is the
smaller regolith that would be most affected by co-
hesion, therefore affecting the behaviour of the entire
asteroid. However, the simulation of this small re-
golith in a large scale simulation of a real-size aster-
oid may prove to be impractical due to the extremely
large number of particles that would be needed. In or-
der to calculate this effect we study a simpler system
to help us devise a model that could be implemented in
a larger simulation. The resulting dynamics show elas-
tic and plastic behaviours before breaking, something
that could easily be implemented via a soft potential
without the need of the simulation of the regolith.

Simulation Method:
In our simulations we use self-gravitating systems

that consist of two spherical “boulders”, 1m in size
that, though not in contact, are connected to one an-
other through thousands of smaller, cohesive particles.
After the settling process, the final geometry of these
systems resembles that of a liquid bridge when it is
formed between two small spheres due to adhesion.

Our numerical code uses a Soft-Sphere DEM [2]
code that implements the cohesive forces between
spheres as a contact force with a value given by:

fc = Ah
r1r2
r1 + r2

(1)

whereAh is a modified Hamaker constant with a value
of 3.6 × 10−2 N m−1 and r1 and r2 are the radii of

the contacting particles [6]; here we assume a clean-
lyness factor of 1. Normal contact forces are mod-
elled through a linear spring-dashpot; tangential forces
(static and dynamic friction) are modelled as a a stick-
slip interaction through a linear spring and a coeffi-
cient of dynamic friction [7]. The regolith that forms
the bridges consist of 2340, 4680, 7020 and 9360 par-
ticles between 2 and 3 cm in size. These four systems
are termed L1, L2, L3 and L4 respectively.

Results:
In order to have a control experiment, we ran a sim-

ulation of a L1 non-cohesive system and followed the
pulling procedure exactly as outlined above. Snap-
shots of this simulation are presented in fig. 1 (top).
Fig. 1 (bottom) shows snapshots of the same L1 sys-
tem, but with cohesive particles. Even though they
have initially the same geometry their dynamics are
very different as the snapshots reflect. Other systems
with more particles conserve a similar geometry to that
shown in Fig. 1, but with a larger bridge. The snap-
shots show the evolution of the system at points at
which the changes are evident to the naked eye.
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Figure 1: L1 system with non-cohesive particles (top) and
with cohesive particles (bottom).

An analysis of the stress tensor of these two sys-
tems also reveals that the normal stress between the
boulders is always much smaller for the non-cohesive
systems. In addition, after the first pull (fp = fg),
the normal stress reduces its value by two orders of
magnitude. Further more, in the non-cohesive system,
after the first pull, all components of stress go slowly
towards zero. On the other hand, the cohesive system
presents a very sharp change when the bridge finally
yields to the pull, indicating a brittle fracture.

In order to find the exact force that is needed to sep-
arate the two boulders in our systems we plot ∆f , the
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difference between the pulling force (fp) we are ap-
plying on one of the boulders and the gravitational pull
(fg) due to the rest of the particles. Fig. 2 shows these
results averaged over various simulations. Each differ-
ent line represents a different system.

In fig. 2 the orange line represents the dynamics of
the non-cohesive L1 system, whereas the other lines
represent cohesive systems (L1, L2, L3 and L4 are
coloured in blue, red, green and grey respectively).
From this plot it seems evident that if cohesion is not
present, the boulders begin to move apart as soon as a
force greater than the gravitational attraction is exerted
over them. For all the other systems, they start to move
apart when ∆f is about 4.5 × 10−4 N, this is approx-
imately twice the gravitational pull, regardless of the
number of particles forming the bridge.
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Figure 2: Net pulling force on the top boulder vs. the vari-
ation of the distance between both boulders. Cohesive sys-
tems: L1 (blue), L2 (red), L3 (green) and L4 (grey); the or-
ange line represent a non-cohesive L1 system.

The formed bridges have their maximum packing
fraction near their centre, with values that range be-
tween 0.55 to 0.6. The radii of the bridges increase
with the number of particles as expected; near the cen-
tre their values are approximately 0.3, 0.35, 0.4 and
0.43. All cohesive bridges remain virtually unchanged
and deform only slightly from their initial shape un-
til they break. This is of course not the case for the
non-cohesive bridge, which in the lack of other forces,
conforms to the gravitational pull. In addition, after
the cohesive bridges have yielded, there are no other
sharp changes in motion or stresses except when the
bridge is visibly broken, which means that the main
role of cohesion is as a contact attractive force when
the boulders are in static equilibrium and in close prox-
imity. Our continuing investigations will determine
if the same behaviour could be observed by pulling a
boulder out of the surface of a cohesive granular bed.

If we assume that, in order for the bridge to yield,
we need to overcome the gravitational attraction, the
frictional forces and the cohesive forces, the value at

which the bridge yields should represent the summa-
tion of frictional forces and cohesion. As the bridge
is not deforming, but breaking as a brittle material,
we could also assume that the role of friction, though
not negligible, is not as important as cohesion. This is
also evident if we remember that frictional forces, due
to surface friction and geometrical arrangement, were
also present in our cohesion-less system and they did
not prevent the separation of the boulders.

The independence of the breaking force with re-
spect to the number of particles shows that the grain
contacts at the center of the distributions dominated the
cohesive forces. We note that the total cohesive force
at yield corresponds to the breakage of a few cohesive
grains in contact. This implies that contact or force
chains are important for controlling the strength of the
matrix holding the larger boulders together. We hy-
pothesize that a different settling mechanism may re-
sult in a larger number of contacts and hence a stronger
matrix. This additional work will be presented at the
conference.

Application:
Now we turn our attention to the application of these

results to the simulation of asteroids. As explained
in the introduction, most DEM simulations treat aster-
oids as collections of self-gravitating spheres. Though
contacts in these systems are among multiple particles
(SSDEM), for the purpose of the application of the re-
sults here presented, they can be seen as multiple bi-
nary contacts. Therefore, it should be possible to re-
place the smaller regolith in simulations with an effec-
tive cohesive force among the boulders that form the
asteroid. In compliance with our findings, this force
should at least act radially between pairs of particles
and as long as they are in static contact or just some
particle radii apart.
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