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The NEAR mission found surprisingly low densities 

for the C-asteroid Mathilde and the S-asteroid Eros, 
lower than bulk densities of likely meteorite analogs. 
A key question is whether there is significant macro-
scopic void space between major structural compo-
nents of asteroids, which may cause the asteroid bulk 
densities to be significantly less than that of the com-
ponents. If fines can drain into fractures, as appears to 
be the case at the surface of Eros, then the structural 
components must be underdense compared with mete-
orite analogs. Previous analyses have shown that fric-
tion does not prevent fines from filling fractures, but 
previous work has not considered cohesion. This pa-
per shows that for fines to drain into the deep interior 
of an asteroid the size of Eros, the cohesion must be 
much smaller than that of lunar soils. The required 
cohesion to prevent filling of fractures decreases fur-
ther for smaller asteroids. At the 400-meter mean di-
ameter of 25143 Itokawa, which will be visited by 
MUSES-C in 2005, the cohesion can be up to ~ 10-3 of 
lunar values, or else fines cannot fall into cracks. A 
low density is therefore predicted for S-type Itokawa, 
less than or comparable to that of Eros, as Itokawa 
must have been shattered by impacts or perhaps turned 
into a rubble pile. 

Britt and Consolmagno [1] first proposed that the 
density of Eros is low compared with that of  meteorite 
analogs because fines are forced by friction to remain 
at the surface of Eros. Fractures within the asteroid are 
therefore empty. However, Cheng [2] noted that in a 
self-consistent solution, fines are able to fall into open 
cracks. In [1] the forces of gravity and friction on a 
grain are 
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where the friction force is related to lithostatic pres-
sure via a friction coefficient µ while the k1 and k2 
are geometric constants. The densities of the grain 
and the asteroid are ρ and ρa. Bodies are assumed 
spherical, with r the grain radius, R the distance to 
the asteroid center, and RT the asteroid radius. The 
ratio RRRrFF Tgravityfriction /)(/ 221 −∝ −  

is such that friction dominates for small particles 
(under a meter), and the dominance of friction over 
gravity increases as the depth increases [1]. Britt 

and Consolmagno concluded that fractures within 
Eros are empty [1]. 

However, a stress balance applies in static equilib-
rium, but this cannot be described by Eq. 1 because 
the pressure was not determined self-consistently [2]. 
Such a calculation is illustrated below. A granular 
medium is assumed to fill a rigid vessel defined by the 
walls of a fracture, which here takes the shape of a 
vertical cylinder of diameter D. The weight of a cylin-
drical slab of thickness dR is ρg (πD2/4) dR, where the 
acceleration of gravity in the spherical body is g = 
4πGρaR/3. Here ρ is re-interpreted as the bulk density 
of the granular medium. The weight is balanced by the 
pressure gradient -(πD2/4) dP and the friction force 
µPπD dR , so the stress balance becomes 
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This equation is well known in the terrestrial context 
[3] with constant g. For a spherical asteroid with a 
stress-free surface at R=RT , the pressure in the granu-
lar medium becomes 
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using the notation of Eq. 1. The granular medium 
pressure reaches a maximum at a shallow depth of 

 
Figure 1. Picture of Britt and Consolmagno [1], 
which suggested that cracks and macroscopic 
voids within Eros would be void because of 
friction. However, friction does not keep fines 
from draining into cracks (Cheng [2]). 
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several times D/4µ, below which depth the pressure 
decreases towards the center of the asteroid. The 
pressure of Eq. 3 varies roughly linearly with radius 
over almost the entire volume of the asteroid, as re-
quired to achieve stress balance. This is the pressure 
within the granular medium between structural com-
ponents, whereas the lithostatic pressure applies 
within the components. 

Although a self-consistent static equilibrium can be 
found including friction and gravity for grains filling a 
crack, regolith grains must also exhibit cohesion, and 
even small values of cohesion can be important on 
small bodies with little gravity [4]. If the shear strength 
of the granular medium takes the Mohr-Coulomb form 
C + µP with cohesion C,  then the stress balance equa-
tion is modified to  
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With a stress-free surface at R = RT , the pressure in the 
granular medium including cohesion now becomes 
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Here, the pressure now falls to zero at a non-zero ra-
dius Rmin; that is, it rises from zero at the surface to a 
maximum at shallow depth and then falls roughly line-
arly as radius decreases, reaching zero again at Rmin . 
Physically, cohesion allows fines to bridge across a 
gap without any pressure at all. 

The requirement for a physical solution of eq. 4 is  
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since the pressure gradient at the surface must be 
negative to yield a positive pressure in the granular 
medium. A condition of this form can also be obtained 
from dimensional analysis and therefore applies in 
general: it says that for fines to fall into cracks, cohe-
sion cannot be too large compared to gravity. 

Especially in small asteroids with little gravity, ex-
tremely small cohesion can prevent fines from filling 
voids. Even Eros may be small in this sense: if C takes 
a value of 0.2 kPa, less than values measured in-situ 
for lunar soils (0.44 to 3.8 kPa; Carrier et al. 1991), 
and if also D =100 m and RT = 9 km (close to widths 
of large grooves on Eros and the radius of Eros) with 
µ = 0.5, ρ = 1.3 g/cc and ρa =2.7 g/cc, then it can be 
verified that Rmin = 0.9 RT , so that most of the fracture 
volume would be empty. Fines do drain into fractures 
at the surface of Eros (Figure 2), but are fractures deep 
within Eros mostly void? The maximum allowed value 

of C, from Eq. 5 assuming 
Eros parameters, is only 0.2207 
kPa – lower than any lunar soil. 
Asteroid Itokawa, the MUSES-
C target, is even smaller. With 
its short collisional lifetimes 
[4,5], it must be a shattered 
body or a rubble pile, and its 
fractures will most likely be 
empty, unless the cohesion is a 
thousand times smaller than that 
for lunar fines. Will MUSES-C 
be able to peer within the cracks 
of Itokawa? 
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Figure 2. Fines draining into fractures on Eros. From Prockter et al. [6]. 
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