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Inferring interiors and structural history of
top-shaped asteroids from external proper-
ties of asteroid (101955) Bennu
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Michael G. Daly 4, Ronald-L. Ballouz 3,5, Kevin J. Walsh 6,
Derek C. Richardson 7, Christine M. Hartzell 2 & Dante S. Lauretta 5

Asteroid interiors play a key role in our understanding of asteroid formation
and evolution. As no direct interior probing has been done yet, characterisa-
tion of asteroids’ interiors relies on interpretations of external properties. Here
we show, by numerical simulations, that the top-shaped rubble-pile asteroid
(101955) Bennu’s geophysical response to spinup is highly sensitive to its
material strength. This allows us to infer Bennu’s interior properties and pro-
vide general implications for top-shaped rubble piles’ structural evolution. We
find that low-cohesion (≲0.78 Pa at surface and≲1.3 Pa inside) and low-friction
(friction angle≲ 35∘) structures with several high-cohesion internal zones can
consistently account for all the known geophysical characteristics of Bennu
and explain the absence of moons. Furthermore, we reveal the underlying
mechanisms that lead to different failure behaviours and identify the recon-
figuration pathways of top-shaped asteroids as functions of their structural
properties that either facilitate or prevent the formation of moons.

Rubble-pile structures are expected to predominate among asteroids
with diameters of 200m to tens of kilometers according to the current
understanding of asteroid formation and collisional evolution1.
Observations indicate that a large fraction of these asteroids resemble
a spinning top, i.e., an oblate spheroid with an equatorial bulge
rotating about its short axis,withmanybeing accompaniedbymoons2.
Given that rubble-pile structures are susceptible to reconfiguration by
changes in spin states, the formation of top-shaped asteroids and
binary systems is commonly attributed to spinup via the thermal
Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect3–5. However, the
geophysical expressions and evolution of top-shaped asteroids driven
by this effect and their dependency on asteroid interior properties are
poorly understood1.

To date, little is known about the internal structure and material
properties of asteroids except for some indirect indications regarding
the internal density distribution6,7. Previous studies showed that the

reshaping process of a spherical rubble-pile body under YORP spinup
would be alteredby the amount anddistribution ofmaterial properties
within this body8–11 but lacked connections with actual asteroid surface
data. The next challenge is to use detailed geophysical features
returned by spacecraft equipped with state-of-the-art instruments to
constrain or even identify the interior properties as well as the asso-
ciated structural history of visited asteroids. This provides an oppor-
tunity to infer evolutionary scenarios from these asteroids’ origin to
their current states along with important insights for future asteroid
space exploration. In this study, we tackle this challenge.

Three top-shaped asteroids have been visited by spacecraft, i.e.,
(2867) Steins by the ESA’s Rosetta mission12, (162173) Ryugu by the
JAXA’s Hayabusa2 mission13, and (101955) Bennu by NASA’s Origins,
Spectral Interpretation, Resource Identification, and Security-Regolith
Explorer (OSIRIS-REx) mission14. With dedicated rendezvous investi-
gations, the latter two missions revealed tremendous details on the
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diverse surface geophysical features of the explored targets. Taking
the carbonaceous asteroid Bennu as an example, images obtained by
the OSIRIS-REx spacecraft confirmed that Bennu is a 500-m-diameter
rubble pile with a top-like shape15,16. There are several large craters
approximately 100 m in diameter distributed on Bennu’s equator17.
These craters are stratigraphically younger than the equatorial bulge
and may require up to 65 Myr Bennu’s residence time in the main belt
to form18. Driven by the YORP torque, Bennu is currently experiencing
a rotational acceleration of 3.63 ± 0.52 × 10−6 degrees day−2 (refs.
19,20). Assuming that the current spinup is steady, the time required
for Bennu’s spin rate to double is about 1.5Myr in its current near-Earth
orbit and about 6 Myr in the inner main belt. These timescales are
considerably smaller than the surface age of the equatorial bulge,
raising questions on how to preserve these large craters during rota-
tional instability21,22. Some local mass movements in the downslope
direction are also detected23. This direction and the associated colour
variation analyses suggest that thesemassmovements occurredwithin
the past 0.2 Myr, while the spin rate of Bennu was already close to the
current rate23,24. There are also some long linear features on the sur-
face, which may suggest internal stiffness16. In addition, according to
themeasurements of its gravity field, Bennu has a heterogeneousmass
distribution and is likely to have a lower-density interior7. Interpreta-
tion of this complex set of information require a comprehensive
understanding of asteroid geophysical processes and their proper
modelling.

Here we perform numerical simulations using the Soft-Sphere
Discrete Element Method (SSDEM)25,26 to test Bennu’s structural
response to YORP-induced spinup. By exploiting the numerical results
and making comparisons with Bennu’s geophysical features, we
quantify the interior properties and derive a unified evolutionary
scenario for Bennu, which allows us to draw general implications for
the structural evolution of top-shaped rubble piles.

Results
To capture the small-boulder distributions and shape of Bennu at high
resolution, wemodel Bennu as a self-gravitating rubble pile consisting
of approximately 41,000 spherical particles with radii ranging from

about 4 to 12 m following a power-law size distribution (Fig. 1a; see
Methods Section Bennu rubble-pile model). The SSDEM N-body code
PKDGRAV with quantitatively controllable material strengths is
applied to integrate themotion of particles (seeMethods Section Soft-
sphere discrete element method). A quasi-static spinup procedure is
designed to model the YORP spinup process (see Methods Section
Modelling of YORP-induced quasi-static spinup). To explore a wide
range of possible geological material properties, numerical experi-
ments are runwith four friction anglesϕ (i.e., 29∘, 32∘, 35∘, and40∘) and a
series of macroscopic cohesion values C∈ [0, 22] Pa. We first consider
homogeneous structures with uniform material strengths to investi-
gate material properties’ influence on the failure behaviours, and then
use layered structures, i.e., consisting of cohesive interiors and cohe-
sionless surfaces, and heterogeneous structures, i.e., consisting of
local high-cohesion internal regions and cohesionless matrix, to infer
Bennu’s structural properties.

Typical failure behaviours of top-shaped rubble piles
Based on our spinup numerical experimental results, four distinct
rotational failure modes are identified for the Bennu rubble-pile
model, i.e., Type I local surface landslides, Type II internal deforma-
tion, Type III mass shedding, and Type IV tensile disruption (Supple-
mentary Table 1). Among these failure modes, the Type I mode only
causes regional surface mass movement in some high slope regions
and the rubble pile can be continuously spun up and keep its overall
structure stable at faster spin; conversely, Type II–IV modes induce a
spin-down effect due to either global reconfiguration or mass ejection
and faster spin states are therefore prohibited. Supplementary
Movies 1–12 present the surface and interior structural evolution of
several typical cases, showing that a rubble-pile model can exhibit
multiple failure behaviours during spinup. By computing the dynami-
cal surface and internal slope/cohesion of the rubble pile at failure (see
Methods Section Dynamical internal/surface slope and cohesion dis-
tribution of a rubble pile; Eqs. (5)–(10)), we find that the surface and
internal response of the Bennu-like rubble pile to YORP spinup is
highly sensitive to the material properties, which determine the
failure mode.

Fig. 1 | Surface mass movement on the Bennu-shaped rubble pile during YORP
spinup. a Cut-away schematic of the Bennu-shaped rubble-pile model, where
surface particles are highlighted in beige (i.e., the top 25-m-depth layer, where the
total particle number is 11,148). The blue and yellow arrows indicate the general
internal deformation and surfacemassmovement direction. The rotation direction
is indicated by the black arrowson the top.b Surface particlemovementmap in the

case of friction angle ϕ = 29∘, cohesion C =0 Pa. The displacement measures the
distancebetween a surfaceparticle's initial position and its position atT = 4.296h in
the body-fixed frame. c, d The percentage of surface particles with displacement
larger than 1m for simulationswith different friction angles and cohesive strengths,
respectively. Source data are provided as a Source Data file.
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Taking the homogeneous Bennu-shaped model as an example,
when the material is cohesionless, the failure mode gradually
switches from Types I & II to Types I & III with increasing friction
angle (Supplementary Movies 1, 2, 4–6). For instance, when ϕ = 29∘,
both the surface and interior locally violate the stability criterion at
the spin limit (i.e., surface/internal slopes ≥ϕ), leading to landslides
and internal deformation (Figs. 1b, c and 2a). The body is reconfi-
gured into a more oblate shape with slower rotation, by conserva-
tion of angular momentum, and a less dense interior due to shear
dilatancy (Supplementary Fig. 1). For ϕ ≳ 35∘, some local surface
regions near the equator experience outward accelerations before
internal slopes exceedϕ (Fig. 2b, c). Particles at these regions canbe
lofted into some close orbits above the surface, and the spin rate of
the body slightly decreases to conserve angular momentum in the
system.

When the material is cohesive, surface landslides are completely
inhibited when C ≳0.78 Pa (Fig. 1d), and the failure mode gradually
evolves from Type II to Type IV with increasing cohesion (Supple-
mentary Movies 3, 7). As shown in Fig. 3b, the required cohesion for

surface stability is much smaller than that for internal stability.
Therefore, cohesive rubble piles are prone to fail internally. When
C ≳ 10 Pa, surface layers are subject to intensive tensile stress as
revealed by the dynamical internal pressure distribution in Fig. 3a. In
this case, when the interior starts to deform, surface fractures are
generated along the longitudinal directions, leading to tensile
disruption.

A unified phase diagram for failure-mode diagnosis
According to the discovered instability patterns and stress/slope dis-
tribution characteristics of each failure mode, we derived theoretical
failure conditions (seeMethods Section Theoretical failure conditions)
and constructed a unified phase diagram (Fig. 4) that can quantita-
tively predict the structural evolution of a Bennu-shaped rubble pile.
The same semi-analytical approach could be applied to other bodies
with a different shape for assessing their structural properties and
evolution without running any SSDEM simulations.

The limiting spin period that can activate each failuremode in a
rubble pile with given material properties is plotted in Fig. 4. Since
the failure condition is evaluated based on the stress state at dif-
ferent failure locations for different failure modes and the stress
state in a rubble pile varies significantly within the body (see Fig. 2
for examples), the limiting spin periods of the body for different
failure modes are substantially different from each other. During a
spinup process (from left to right in Fig. 4a, b), the body will exhibit
the corresponding failure behaviour when its spin period decreases
to the limiting spin period of a certain failuremode, i.e., by reaching
the corresponding failure curve. As landslides only occur locally at
some high slope regions and the slopes at these regions can be
reduced concurrently with the landslides27, the body can enter the
right-hand sides of the Type I curves in Fig. 4 when it is spun up by
the YORP effect. However, as Types II–IV involve large reconfi-
guration/mass ejection and can trigger substantial spin-down, spin
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Fig. 2 | Pattern of internal and surface failure regions of cohesionless rubble
piles. a–c Dynamical internal slopes over a cross-section and surface slope map at
the critical spin periodTcrit for simulationswith three friction anglesϕ, respectively.
The surface regions where material can be lofted are marked with negative slopes
(the bluish areas). Regional failure is initiated when the local dynamical internal/
surface slope exceeds the value of ϕ, which determines the failure behaviours as
indicated on the top of each panel. The dynamical internal slope are calculated
based on the averaged-stress analysis using representative volume elements (the
patches shown represent the elements in these cross-sections), and the dynamical
surface slope are derived based on the rubble-pile alpha-shape model (Methods).
Source data are provided as a Source Data file.
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Fig. 3 | Pattern of internal and surface failure regions of a cohesive rubble pile.
Dynamical internal pressure (a; tensile stress is expressed as a negative value) and
internal and surface cohesion map (b) at the critical spin limit Tcrit for a simulation
with strong cohesion (C = 10 Pa). Regional failure is initiated when the local dyna-
mical internal/surface cohesion exceeds the value of the cohesive strengthC, which
determines the failure behaviours as indicated on the top of this figure. The
dynamical internal pressure and cohesion are calculated based on the averaged-
stress analysis using representative volume elements (the patches shown represent
the elements in these cross-sections), and the dynamical surface cohesion is
derived based on the rubble-pile alpha-shape model (Methods). Source data are
provided as a Source Data file.
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states in the right-hand sides of the Types II–IV curves are strictly
forbidden. Therefore, for a given ϕ or C, the failure mode can be
deduced from this diagram.

The horizontal dashed lineswith arrowheads in Fig. 4 illustrate the
spinup process and the failure mode of a rubble pile with given
material properties.Without cohesion (Fig. 4a), whenϕ = 30∘, the body
would first enter the Type I failure region during spinup and experi-
ence local landslides at slow spin and then cross the Type II curve and
be globally reshaped through internal deformation; whenϕ ≳ 35∘, local
landslides could still occur, but the body would eventually cross the
Type III curve and shedmass tooffset the rotational accelerationat fast
spin. When cohesion is present (Fig. 4b), the Type III curve is
unreachable in the case of ϕ = 29∘ as the body would first cross the
Type II curve. Similarly, the body can never go through the Type I
failure when C ≳0.3 Pa (2σ).

The dependency of failure modes on asteroids’ material proper-
ties revealed in the current study is muchmore complex and sensitive
than previous studies predicted. It has been suggested, based on both
continuum-theory analyses8 and SSDEM simulations9, that in homo-
geneous spherical rubble piles, the internal core would always fail
before the surface shell. However, our results show that a rubble-pile
model with homogeneous structures can also fail superficially via the
Type III mass-shedding mode when the friction angle is sufficiently
large. The internal failure mode (i.e., the Type II failure mode) only
occurs for some combinations of friction and cohesion values. This
discrepancy could be mainly due to the utilisation of increased-
resolution SSDEMmodels and the quasi-static spinup procedure in the
current study that can characterise the geophysical features (such as
the shape and surface slopes) and YORP-induced structural response
of an actual asteroid. Both cannot be captured by the static continuum
analyses and the lower-resolution SSDEM models used in these pre-
vious studies. This high sensitivity of the failure mode to the material
properties revealed here lays out the foundation for interpreting the
interiors and structural histories of a rubble-pile asteroid such
as Bennu.

Structural properties and evolution of Bennu
Given that morphological evidence for surfacemovement of boulders
and smaller particles has been found atmost locations on Bennu23, our
results indicate that Bennu is unlikely to have large surface cohesion
globally. The downslope mass movement signatures and surface flow
distribution on Bennu23 match well with our simulation results using
small or zero cohesion (Fig. 1b). According to the surface mobility
analyses shown in Fig. 1d, Bennu’s surface cohesion should be ≲0.78
Pa. This minimal surface cohesion characteristic can account for the
cratermorphology28 and the terrace expressions27 observed onBennu,
and is also consistent with the fact that small resistance forces were
experienced during the penetration of the sampling head of the
OSIRIS-REx spacecraft29,30.

Nonetheless, Bennu could still have a highly cohesive interior. A
few craters on Bennu have central mounds, implying the presence of
material with increased strength located a few metres beneath the
surface31. Some surface lineament features are also indicative of
internal cohesion16. To determine whether this possibility could actu-
ally represent Bennu, we performed simulations of spinup evolution of
layered structures with a cohesionless surface and a cohesive interior.

Due to the high surface mobility of these layered structures, Type
I landslides are ubiquitous during the spinup processes (Supplemen-
tary Movies 8–10). These rubble piles would fail by Type II internal
deformation (C < 1.3 Pa) or Type III mass shedding (C ≳ 1.3 Pa) at rapid
spin. The failure-mode transition between Types II and III happens
when the interior cohesion is sufficiently strong to resist the internal
shear stress. This can be inferred from the failure-mode diagram. For
example, based on Fig. 4a, the critical spin limit for mass shedding is
about 3.7 h for a cohesionless surface with ϕ = 29∘. By imposing this
spin limit on Fig. 4b, the corresponding critical cohesion for internal
deformation is about 1 Pa.

Below this critical cohesion, the interior of the body first crosses
theType II curveof Fig. 4b andwoulddeformbeforebeing able to shed
mass from the surface. This failuremode through internal deformation
naturally prevents YORP-induced satellite formation4 and would

Fig. 4 | Bennu-shaped rubble-pile failure-mode diagram. Failure spin periods of
the four failure types as functions of the material friction (a, where C =0 Pa) and
cohesion (b, whereϕ = 29∘) are shownby the solid curveswith different colours (see
Methods Section Theoretical failure conditions for the procedure to generate this
diagram). The grey horizontal dashed lines with arrowheads represent some pos-
sible evolutionary pathways of rubble piles during YORP-induced spinup.
Depending on the material properties, a rubble pile would end up reaching dif-
ferent failure curves, where its structure would fail via the corresponding failure
types as indicated by the grey text. The distributions of surface slopes and cohesion
of the Bennu-shaped rubble pile are shown as the median (i.e., the dashed yellow

curves) and 1σ to 2σ ranges (i.e., the yellowish regions with different opacity as
indicated by the double-sided arrows), indicating that only a small portion of sur-
face area is subject to high slope/cohesion. Therefore, rubble piles can cross the
Type I failure curves with local landslides, but spin periods shorter than the Types
II--IV failure curves are unreachable because of global structural failure. At Bennu's
current spin period (as indicated by the black vertical dashed line), surface land-
slides could be initiated when the material friction and cohesion are small, and its
internal structure could deform if its material is cohesionless and friction angle is
smaller than 22∘. Source data are provided as a Source Data file.
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preserve the large equatorial crater topography as observed onBennu.
Above this critical cohesion, Type III mass shedding occurs. The orbits
of ejected particles would be within the region where they could effi-
ciently accumulate into a satellite32 (Supplementary Fig. 2). In effect,
the rubble-pile structures of both Bennu and a close-in accumulated
satellite could help to reach a long-term stable equilibrium for a syn-
chronous system33. However, currently no natural satellite is orbiting
Bennu, and the detected ejection of small grains from Bennu’s surface
is more likely due to other mechanisms (e.g., thermal fracturing,
dehydration, and/or meteoroid impacts) rather than the YORP
spinup34. Furthermore, the substantial mass shedding and possible
subsequent mass deposit induced by this Type III failure would not
allow preserving the large equatorial crater topography.

The better fit of Type II over Type III puts strong constraints on
both the global friction angle and the overall internal cohesion of
Bennu. First, the global friction angle must be <35∘. This threshold is
lower than the maximum slopes found on Bennu’s surface16, which
extend to more than 60∘. These steep local surface regions are on
metre-length scales and could be evidence of cohesion16,27. To infer the
material strength for sustaining Bennu’s surface slopes, we carried out
avalanche simulations under Bennu’s microgravity (see Methods Sec-
tion Avalanche numerical experiments). The results show that a tiny
amount of cohesion C =0.038 Pa can keep a 2-m-thick layer with
ϕ = 29∘ stable at slopes ≥60∘. The required cohesion is much smaller
than the surface-boulder-movement threshold of 0.78 Pa. Therefore, a
relatively low-friction surfacewithC about0.01–0.1 Pa can consistently
account for both the detected surface topography and mass move-
ment activities on Bennu.

Second, the overall internal cohesion must be < 1.3 Pa. This
threshold is substantially smaller than the local subsurface cohesion
(140–670 Pa) deduced from the outcome of the artificial impact
experiment on the asteroid Ryugu by the Hayabusa2 mission35. Con-
sidering that themain sourceof cohesion in airlessbodies is thought to
arise from interparticle van der Waals forces, which are linked to par-
ticle size and surface properties36, the remarkable heterogeneity in
particle sizes17,37 and compositions38 detected on Bennu would imply a
nonuniform internal cohesion distribution22.

To explore the evolution of heterogeneous rubble piles, we con-
structed models with local strong cohesive regions embedded in a
cohesionlessmatrix, andperformed spinup simulations. Todrawmore
general implications for top-shaped rubble piles and eliminate the
effect of shape asymmetry, weused the longitudinally averaged profile
of Bennu’s northern hemisphere to shape these models (see Methods
Section Bennu rubble-pile model). The results show that internal and
surface particle flows are profoundly influenced by the presence of
these strong regions. The failure mode is Types I & II when ϕ < 35∘ and
Types I & III when ϕ ≳ 35∘ (Supplementary Movies 11–12).

Figure 5 presents the results of the heterogeneous model with
four strong regions near the equator and one in the southern hemi-
sphere, with ϕ = 29∘, and whose reconfiguration process can system-
atically explain all Bennu’s known geophysical features: (1) the Types I
& II failure mode is consistent with the recent surface mass
movement23, the absence of moons, and the large-crater retention in
the equatorial bulge17; (2) the heterogeneous landslides facilitate the
formation of a non-circular equator (Fig. 5e), and the accompanying
internal deformation, which is symmetric along the x = 0 and y =0 axis
(Fig. 5c,d), leads to a squarish equatorial shape (Fig. 5b), resembling
the shape of Bennu16; (3) the cohesive region in the southern hemi-
sphere is pushed towards the centre and surface particle flow is less
intense in the southern hemisphere (Fig. 5c, e), resembling the north-
south hemispherical differences found on Bennu, where the north has
more evidence of boulder movement and surface flow23,37; (4) surface
flow near the equator could be at the origin of the mass wasting sig-
natures observedonBennu’s equator16; and (5) the outwardmovement
of the strong equatorial regions and internal shear deformation result

in a large decrease in the internal filling efficiency and a dilute core
(Supplementary Fig. 3), consistent with Bennu’s gravity field
measurements7.

Discussion
By linking observed geophysical features with numerical experiments,
weprobeBennu’s interior and identify associatedpaths in its structural
evolution. We find that surface cohesion ≳0.78 Pa would impede any
detectable surface boulder movement, and homogeneous interior
cohesion ≳ 1.3 Pa would cause mass shedding and facilitate moon
formation; both scenarios are contrary to Bennu’s observed features.
Instead, low-cohesion and relatively low-friction structures with sev-
eral local high-cohesion internal regions could systematically account
for all the known geophysical characteristics of Bennu.

The inferred globally low-strength interior supports the idea that
Bennu was formed by gravitational reaccumulation of fragments fol-
lowing the catastrophic collision of its parent body39. Strong cohesive
local internal zones could be due to the presence of large boulders or
local concentrations of cohesive fine grains40 that existed during the
reaccumulation or were produced later in Bennu’s evolution. As
spherical rubble piles formed via reaccumulation generally have low
resistance to shear stress39,41, our best-fit structural and material
properties can consistently link Bennu’s current features and evolu-
tionary history with its collisional origin.

The low surface cohesion may be due to the lack of dust and sub-
mm-sized grains on Bennu’s surface40,42. However, the reason why fine
grains are not present remains a question, and may be related to the
efficiency of processes, such as impact comminution and thermal
fatigue, for grinding down carbonaceous materials to fines43. Some
mechanisms, such as electrostatic forces44, could also loft and remove
fines from asteroid surfaces. Another possibility is that fines percolate
into the subsurface thanks to the large structural macroporosity and/
or seismic shaking effects45,46, which may explain the presence of
subsurface sub-mm-sized grains observed during the OSIRIS-REx
mission’s sampling operation47. Nonetheless, our prediction of the
regional lack of cohesion in Bennu’s interior implies that fine sedi-
mentation may not be effective globally in such a small body.

Our analysis of Bennu allows inferring interior properties from
observed surface characteristics and goes beyond Bennu itself by
identifying the different structural evolutionary paths of top-shaped
asteroids. In particular, if carbonaceous rubble piles have similar
material properties as those inferred for Bennu, the underlying low-
strength structures lead to internal deformation in response to YORP
spinup and consequently to the inhibition of satellite formation. Thus,
we predict that the lack of both fines and moon generation by spinup
processes could be characteristics of asteroids of carbonaceous type
in general48.

Methods
Bennu rubble-pile model
Bennu is explicitly modelled as a self-gravitating rubble pile in our
numerical investigation. A two-stepprocedure is designed to construct
the Bennu-shaped rubble-pilemodel and can be applied to any kind of
rubble pile. First, a Bennu-sized granular assembly is created by
simulating the gravitational collapse of a spherical cloud of particles
with a predefined size distribution. To mimic a rubble-pile configura-
tion experiencing impact induced global seismicity46, particles in the
assembly are assignedwith randomvelocitieswithin the range of 0 to 5
cm/s, and the assembly is then allowed to settle down under its own
self-gravity. Frictionless material parameters are used for the above
procedure to obtain a macroscopically homogeneous close-packing
aggregate45. Next, we use the Bennu shape model derived from the
data collected by the OSIRIS-REx Laser Altimeter37,49 (OLA v20) to
shave extra particles off the assembly to resemble Bennu’s shape, and
settle down this Bennu-shaped model at a spin period of T = 10 h with
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the corresponding material friction parameters for different tests.
Supplementary Fig. 4 compares the derived Bennu-shaped rubble-pile
model with the OLA shape model, showing good agreements.

The constructed Bennu-shaped rubble-pile model consists of
approximately 41,000 spheres with radii ranging from about 4 to
12 m, which represent the small-boulder constituents of Bennu.
According to the size-frequency distribution of boulders with simi-
lar radii on Bennu15,17, the particle size distribution is set to follow a
differential power law with an exponent of −3. Due to the limit of

current computational power, smaller cobbles, pebbles, and fine
grains are not explicitly simulated, but their cumulative friction and
cohesion effects on the metre-sized boulders are captured by our
discrete element modelling10. As demonstrated in our previous
spinup simulations of top-shaped rubble piles50, the failure beha-
viour and condition are not sensitive to the particle size resolution.
Therefore, this rubble-pile model provides a reliable and computa-
tionally feasible numerical representation of Bennu for the aim of
this study.

Fig. 5 | Reconfiguration and resurfacing of a heterogeneous top-shaped rubble
pile. a Cut-away translucent schematic of the heterogeneousmodel, where surface
particles are highlighted in beige and internal strong cohesive spherical regions
(C = 100 Pa) are highlighted in blue (whose mass centres located at the equatorial
plane and radii = 80 m) and green (whose mass centre located at (x, y, z) = (0, 0,−
100) m and radius = 100 m). The friction angle ϕ = 29∘. Two consecutive spinup-
settling paths are applied to this model for testing its structural evolution

(Supplementary Fig. 3).b Equatorial profile of the rubble pile at the beginning (near
spherical) and the end of the two spinup-settling paths. The initial positions of the
four equatorial strong regions are indicated by the yellow-dashed circles.
c,d Internal particle flowof thefirst spinup-settling path over a centre cross-section
parallel to the x–z and x–yplanes, respectively. e Surface particlemovementmapof
the first spinup-settling path. Source data are provided as a Source Data file.
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The internal packing efficiency of this rubble-pile model, i.e., the
fraction of the volume in the model’s internal structure that is occu-
pied by the constituent particles (which is evaluated based on the
Voronoi tesselation51), ηinter ≈ 67%, is consistent with the estimated
range of Bennu’s packing efficiency (i.e., 50–75%) inferred from its bulk
density16. The coordination number, i.e., the average contact number
of each particle, Ncont ranges from 3.7 to 4.8, depending on the
material friction and cohesion. The mass and bulk density of this
model are set to 7.329 × 1010 kg and 1190 kg/m3, respectively (the same
as those of Bennu). To consider the possible mass density hetero-
geneity of Bennu’s interior7, we considered three density distributions:
an underdense core (i.e., the mass density of the centre 100-m-radius
region is smaller than that of the outer region, where ρinter = 0.8ρouter);
a denser core (ρinter = 1.2ρouter); and a uniform density (ρinter = ρouter),
respectively. Supplementary Table 1 summarises the results for the
three models, which fail with the same behaviour, showing that
the failure behaviour is not strongly sensitive to these models. The
underdense-core Bennu-shaped rubble-pile model is taken as the
representation to present the results and analyses in this study, unless
otherwise specified.

For the heterogeneous rubble-pile models investigated later in
this study, the northern and southern hemispheres of thesemodels are
instead carved by the longitudinally averaged profile of Bennu’s
northern hemisphere to eliminate the effect of shape asymmetry on
structural evolution (some small scales of heterogeneous landslides
and deformation have been detected in our spinup simulations with
the Bennu-shaped rubble-pile model, which may obscure the effect of
strength heterogeneity), and only the uniform density distribution is
considered in this case. Other model properties are close to those of
the Bennu-shaped rubble-pile model. Together, we refer these models
as Bennu-like rubble-pile models.

Note that, due to computational constraints, previous SSDEM
simulations dedicated to the study of rubble-pile failure behaviour,
e.g., refs. 8,9, commonly used rubble-pile models that consisted of N
about 3000 spheres with size differences Rmax=Rmin < 1:5, which can-
not capture the high-accuracy shape model of a space-mission target
like Bennu, and thus limit the modelling of the target’s geophysical
features and evolution. In this study, thanks to the hierarchical tree
data structure and high-efficiency parallelisation of our modelling
code, PKDGRAV52,53 (see below), a self-gravityN-body systemwithN up
to 105 can be readily modelled within acceptable computational
costs50. By using the increased-resolution models with relatively large
particle size differences, we are able to mimic the observed boulder
distribution on Bennu and capture the shape of Bennu at relatively
high resolution. This increased-resolution model also enables us to
design the analytical approach (see “Methods” sections Dynamical
internal slope and cohesion distribution of a rubble pile, and Dyna-
mical surface slope and cohesion distribution of a rubble pile) to cal-
culate the internal stress-state and surface slope/cohesion distribution
(see Figs. 2, 3 for examples), which helps reveal the underlying
mechanisms that lead to different failure behaviour and provide
insights into the surface and internal properties of top-shaped aster-
oids and their geophysical evolution. As demonstrated in Supple-
mentary Fig. 5, the surface slope distribution of our rubble-pilemodels
resembles that of Bennu, which allows us to carry out the surfacemass
movement analyses and make direct comparisons with the geophysi-
cal features discovered by the OSIRIS-REx mission (see Fig. 1). These
modelling and data analysis techniques in turn enable us to constrain
Bennu’s surface and interior material properties and develop a unified
evolutionary scenario for Bennu as discussed in the main text.

Soft-sphere discrete element method
We use the high-efficiency parallel N-body tree code, PKDGRAV52,53,
and its SSDEM framework26, including an improved rolling friction51

and cohesion10 model, to solve the gravity and contact interactions

between spherical particles representing the components of a simu-
lated rubble pile. The movement and rotation of each particle are
obtained by solving the equations of motion with a second-order
leapfrog integrator. Two compiled versions of PKDGRAV are provided
as Supplementary Software 1.

Briefly, the SSDEMmodel includes a linear spring-dashpot normal
contact force, a normal cohesive force, a spring-dashpot-slider tan-
gential contact force, and two spring-dashpot-slider rotational torques
in the rolling and twisting directions. A set of interparticle parameters
is used to adjust the mechanical properties, including: two stiffness
constants, (kN, kS), for controlling the compressive strength along the
normal and tangential directions; two coefficients of restitution,
(εN, εS), for controlling the contact energy dissipation along the normal
and tangential directions; three friction coefficients, (μS, μR, μT), for
controlling the material shear strength along the tangential, rolling,
and twisting directions; a shape factor, β, to take into account the fact
that real particles are not spherical; and an interparticle tensile
strength coefficient, c, for controlling the material cohesive strength
along the normal direction. The SSDEM model and the relation
between the parameter sets and mechanical properties have been
calibrated with laboratory experiments on real sands10,26. The perfor-
mance and reproducibility of this SSDEM model has been verified by
comparisons with another SSDEM package, i.e., the open-source code
Chrono54.

Based on the compressive strength estimated for metre-sized
boulders on Bennu42,55, i.e., about 0.1–1 MPa, the normal stiffness kN is
set to 2.0 × 107 N/m. The tangential stiffness kS is taken to be (2/7)kN to
maintain the same oscillation frequencies along the normal and tan-
gential directions26. The two coefficients of restitution, εN and εS, are
both taken tobe0.55,which is close to the low-speed collisional energy
dissipation of terrestrial rocks56. μR and μT are taken to be 1.05 and 1.3,
respectively, representing the rough surfaces of medium-hardness
rocks57. To keep particle overlaps smaller than 1% of the minimum
particle radius and integrate the particle contacts precisely, an inte-
gration timestep of 0.02 s is used. The free parameter set, (μS, β, c), is
used to adjust the material shear and cohesive strength of the simu-
lated rubble pile. Considering the possible material heterogeneity
within a rubblepile, the interactionbetweendifferent particle pairs can
have different values of c. In a homogeneous structure, a constant c is
used throughout the rubble-pile model; in a layered structure, c is set
to 0 Pa in the 25-m-depth surface layer and nonzero values in the
interior; in a heterogeneous structure, only the specified cohesive
regions have nonzero c and particle interactions in other locations are
cohesionless.

The friction angleϕ andmacroscopic cohesionC are the twomain
properties that are commonly used to characterise the macroscopic
strength of geological materials. By using the homogenisation and
averaged-stress-analysis method introduced below, the value of ϕ can
be derived for each interparticle parameter set. In the case where a
rubblepile fails through internal deformation,we canderive its friction
angle by finding the maximum internal slope according to Eq. (5) (see
below) at its failure spin state, ϕ= maxj2RVEs θ

inter
j ∣failure. In the case

where it fails through surfacemass shedding,ϕ is taken to be the angle
of repose derived from our avalanche numerical experiments (see
below). Although the angle of friction and the angle of repose may
differ due to the different confining pressure58, by taking the case of
(μS, β) = (0.2, 0.3) as an example, our avalanche numerical experiments
show that the internal friction angle is close to the angle of repose
under the microgravity environment of Bennu.

The macroscopic cohesion C can then be estimated according to
the packing properties of the rubble-pile model by50

C =
cβ2Ncontηinter tanϕ

4π
: ð1Þ
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To consider a wide range of geological material properties that
are expected to affect the failure behaviours of rubble piles according
to previous studies50,59–61, experiments were run with four friction
angles and a series of cohesion values, as summarised in Supplemen-
tary Table 1.

Modelling of YORP-induced quasi-static spinup
Given that the mechanical performance of granular medium is sensi-
tive to the loading history62, we need to let the rubble-pilemodel settle
down in a stress-free state and simulate its realistic loading history.
Therefore, in our simulations, to precisely capture the spin-driven
structural evolution of Bennu, the rubble-pilemodel is initially rotating
at a relaxed spin rate and is spun up slowly consistent with the YORP
effect.

We implemented a quasi-static spinup procedure that sets the
simulated rubble pile’s spinperiodT to a prescribed value as a function
of time t (Supplementary Fig. 1; only shortest-principal-axis rotation is
considered in this study). In the beginning of the simulation, the body
settles down at a slow spin state where T = 10 h. Then, the body’s spin
period is first linearly decreased to T = 4 h with an averaged accelera-
tion rate of about 1500 degrees day−2, and is further decreased with an
averaged acceleration rate of about 800degrees day−2. The spin period
of the simulated body is strictly constrained to the predefined spinup
path until structural failure occurs, at which point the body is set to
freely evolve under its self-gravity. To enable the detection of some
distinct failure behaviours from the simulations, failure is identified at
the state when the longest axis of the body changes by 1.5% of the
initial value (i.e., about the radius of the smallest particle). The spinup
rates were chosen so that the simulations remain computationally
expedient and the rubble pile can stay in quasi-equilibrium states
during the spinup. Our previous study has confirmed that the evolu-
tion of stress-state variables within a stable rubble pile is not sensitive
to changes in the spinup rate provided that the loading is quasi-static51.
Furthermore, the resulting Euler acceleration is two orders of magni-
tude smaller than the centrifugal acceleration and, thus, is negligible.
Therefore, although the adopted spinup rates are much larger than
Bennu’s actual YORP acceleration rate, the structural response of
Bennu to the YORP spin-up effect can be readily modelled.

It has been suggested that the surface topography changes driven
by surface mass movement or cratering events could alter the mag-
nitude and direction of the YORP torque63,64, and the spin evolution of
Bennu might therefore deviate from the adopted spinup path. How-
ever, our preliminary simulations of Bennu’s coupled shape and spin
evolution found negligible changes in the YORP torque until global
structural failure occurs65. If this is the case, Bennuwould be spunup in
a relatively constant rate; otherwise, due to the randomness of the
YORP torque, the spin-rate-doubling timescale would be longer than
the current YORP torque predicts. Nonetheless, the structural failure
behaviours of Bennu at its spin limit should be independent of the
YORP torque magnitude. Therefore, it is justified to use a continuous
spinup path for the purpose of this study.

Dynamical internal slope and cohesion distribution of a
rubble pile
In discrete elementmodelling, all the calculations are performed at the
microscopic particle level. However, for geological materials, the
concept of frictional and cohesive strength is commonly associated
with the macroscopic properties defined within the context of elastic-
plastic theory for continuummedia66. This definition involves variables
that cannot be clearly related to the interparticle contact character-
istics at the microscopic scale. Based on the homogenisation and
averaged-stress-analysis method10,67, we divide the simulated rubble
pile into representative volume elements (RVEs) and use these ele-
ments to calculate the stress distribution. The average stress tensor of
a local region, e.g., the j-th RVE, in a rubble pile can be assessed by

averaging the stress tensor for every particle in this RVE,

�σRVE
j =

1

VRVE
j

∑
NRVE

j

i = 1
∑

Ncont,i

k = 1
xi,k � f i,k , ð2Þ

whereNRVE
j is the total particle number and VRVE

j is the total volume of
RVE j.Ncont,i is the total contact number of particle i. The branch vector
xi,k links the particle centre to the contact point for the k-th contact,
with the corresponding contact force fi,k. The Cauchy stress tensor for
particle i is expressed as the summation of the dyadic product of xi,k

and fi,k. With the derived principal stresses of the average stress tensor,
its first invariant I1 and the deviatoric stress J2 for the j-th RVE can then
be calculated by,

IRVE1,j = �σRVE
j,1 + �σRVE

j,2 + �σRVE
j,3 ,

JRVE2,j = ½ð�σRVE
j,1 � �σRVE

j,2 Þ2 + ð�σRVE
j,2 � �σRVE

j,3 Þ2 + ð�σRVE
j,3 � �σRVE

j,1 Þ2�=6:
ð3Þ

In effect, IRVE1,j measures the pressure acting on each RVE, and we
use this to evaluate the distribution of the dynamical internal pres-
sure (Fig. 3).

When cohesion is not present, the structural stability of each RVE
is assessed by the dynamical internal slope θinter. Based on the
Drucker–Prager failure criterion66, i.e.,

ffiffiffiffi
J2

p
≤

6C cosϕffiffiffi
3

p
ð3� sinϕÞ

+
2 sinϕffiffiffi

3
p

ð3� sinϕÞ
I1, ð4Þ

the internal slope of the j-th RVE is determined by solving (taking C = 0
Pa)

2 sin θinterjffiffiffi
3

p
ð3� sinθinterj Þ

=

ffiffiffiffiffiffiffiffi
JRVE2,j

q
IRVE1,j

: ð5Þ

Accordingly, we can derive the friction angle of a rubble pile by
finding the maximum internal slope at its failure spin state, ϕ=
maxj2RVEs θ

inter
j ∣failure. An RVE is considered to experience structural

failure if its θRVE is larger than the material friction angle ϕ.
When cohesion is present, the structural stability of each RVE is

then assessed by the dynamical internal cohesion CRVE. Based on the
same failure criterion, the internal cohesion of the j-th RVE is com-
puted by

CRVE
j =

ffiffiffi
3

p
ð3� sinϕÞ
6 cosϕ

ffiffiffiffiffiffiffiffi
JRVE2,j

q
� tanϕ

3
IRVE1,j : ð6Þ

Similarly, an RVE is considered to fail if its CRVE is larger than the
material cohesion C.

Dynamical surface slope and cohesion distribution of a
rubble pile
For a rubble pile rotating with an angular velocity Ω, the equation of
motion for a surface particle with radius Rp located at rp in the body-
fixed frame can be written as, ap = a

grav
p + acentp + aEulerp + aCorip +Fcont

p =mp,
where ap and mp are the acceleration and mass of the particle,
respectively. agravp is the local gravitational acceleration. The cen-
trifugal acceleration acentp = �Ω× ðΩ× rpÞ. The Euler acceleration
aEulerp = � _Ω× rp. We define the sum of these first three terms as the
static effective acceleration aeffp . When the contact force Fcont

p is not
able to balance the effective acceleration, the particle gains net
acceleration and starts tomove on the surface. In this case, theCoriolis
acceleration, aCorip = �2ðΩ×vpÞ, where vp is the particle velocity, could
become dominant and even loft the particle above the surface.
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When cohesion is not present, we define the dynamical surface
slope θsur to assess the surface stability. We first compute a tentative
slope as the angle between the local surface normal and the effective
acceleration, i.e.,

�θ
sur
p = arccos½ðaeffp � n̂pÞ=aeff

p �, ð7Þ

to evaluate the mobility of the surface particle. We construct a poly-
hedral shape of the given rubble-pile model to calculate n̂p based on
the alpha-shape algorithm68. By varying the alpha radius α from 10 to
50, incremented by 10, we obtained α = 30 for best fitting the surface
slope distribution of Bennu69 (Supplementary Fig. 5).With the adopted
spinup rate _Ω= 800–1,500 degrees day−2, aEuler

p is two orders of
magnitude smaller than acent

p . Therefore, �θ
sur
p is almost the same as the

commonly used definition of planetary body surface slopes70.
If �θ

sur
p > ϕ, we take the Coriolis acceleration into account and

consider a conservative estimate of the particle speed,
vp =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Rpaeff

p cos �θ
sur
p ðtan �θ

sur
p � tanϕÞ

q
, i.e., the speed of an initially

static surface particle travelling Rp on the surface. To consider the
upper lofting limit with this speed, the direction of aCorip is set to align
with the local surface normal n̂p. Then we use the estimated Coriolis
acceleration to check if the particle can be lofted andmodify the slope
accordingly, i.e.,

θsurp =
�1, aeff

p cosθsurp < aCori
p ðloftedÞ;

�θ
sur
p , otherwise:

(
ð8Þ

When cohesion is present, we define the dynamical surface
cohesion Csur for the surface stability assessment. The minimum
cohesive force required to prevent a surface particle from moving is
given as,

mpa
cohe
p =

0, θsurp ≤ϕ;

mpa
eff
p cosθsurp ½ðtan θsurp Þ=ðtanϕÞ � 1�, θsur

p > ϕ:

(
ð9Þ

According to our cohesive force model and Eq. (1), the dynamical
surface cohesion can then be calculated by

Csur
p =

mpa
cohe
p Ncontηinter tanϕ

4πR2
p

: ð10Þ

A surface particle can be mobilised if Csur
p > C. In this case, this

particle could be lofted if

aeff
p cos θsurp + 4πR2

pC=ðNcontηinter tanϕÞ < aCori
p , ð11Þ

where the particle speed is calculated by
vp =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Rp½aeff

p sin �θ
sur
p � ðaeff

p cos �θ
sur
p +acohe

p Þ tanϕ�
q

.
In the analyses of Figs. 2–4, we adopted the maximum particle

radius in our rubble-pile model, i.e., Rp = 12 m, for the Coriolis accel-
eration and the surface cohesion estimation. As Csur

p / Rp, smaller
particles are generally more difficult to loft. These macroscopic par-
ticles could be individual boulders or agglomerates of smaller grains
that clump together due to physical interlocking and/or chemical
attractions. The formation of cohesive clumps in surfacemass wasting
is commonly observed terrestrially71, and theoretical analyses have
shown that clumps of cm-scale and smaller grains are possible to form
on asteroids and may be easier to detach from a surface than their
constituent grains72.

Theoretical failure conditions
Based on the above analyses, we develop a semi-analytical method to
quantify the failure conditions for the four failure types identified in
this study. With a given rubble-pile body and the associated alpha-
shapemodel, the theoretical failure condition for each failure type can

be derived from the dynamical surface slope/cohesion or the stress
state distribution of the body. The failuremode of this bodywith given
material properties can be thendiagnosed fromadiagramconstructed
from these theoretical failure conditions (see Fig. 4 and Supplemen-
tary Fig. 6 for example), without running any N-body simulations. The
procedures to calculate the failure conditions are as follows.

For the Type I surface landslides, we use the dynamical surface
slope/cohesion (i.e., Eqs. (7) and (10)) to evaluate the failure condition
for the given rubble-pile body. Based on the global surface slope/
cohesion distribution (see Supplementary Fig. 5 for an example of the
slope distribution), the 2σ value above the median is adopted as a
measure of the maximum surface slope/cohesion. The Type I failure
condition is then defined as the spin state where this value exceeds the
friction angle or cohesion of the rubble pile.

For the Type III mass shedding, we use the dynamical surface
slope/cohesion with consideration of the Coriolis acceleration aCori

p to
evaluate the failure condition, which is defined as the spin state where
the inequality Eq. (11) holds.

For the Type II internal deformation and Type IV tensile dis-
ruption, we use the semi-analytical stress model introduced by
Hirabayashi et al.21,73 to evaluate the structural stress state dis-
tribution and the failure conditions. The Poisson’s ratio is set to
0.25. Bennu is approximated as its best-fit ellipsoid16 with semi-
major axes of 252.78 m × 246.20 m × 228.69 m. The Type II failure
condition is defined at the spin state where the centre region of the
rubble pile violates the Drucker-Prager failure criterion (Eq. (4)),
and the Type IV failure condition is defined at the spin state where
the stress states of the surface region is in tension (i.e., the dyna-
mical internal pressure I1 < 0).

The failure modes for the Bennu-shaped rubble piles derived
from our numerical simulations (Supplementary Table 1) show the
same failure-mode-transition trend with the material properties as
those indicatedby the theoretical failure-modediagrams (Fig. 4 and
Supplementary Fig. 6), and the results are quantitativelymatched in
the case of lowcohesion. For relatively high cohesion, the condition
for the Type III mass shedding may be underestimated as we
adopted a conservative estimate of the particle speed for evaluat-
ing the Coriolis acceleration, and surface particles could be ejected
when they lost cohesive contacts with the subsurface layer due to
the high centrifugal acceleration. Therefore, in the case of ϕ = 35∘

and ϕ = 40∘, mass shedding is ubiquitously detected in the numer-
ical simulations.

Avalanche numerical experiments
To make direct comparisons with Bennu’s surface slopes, we carried
out numerical simulations of avalanches under Bennu’s microgravity
condition (i.e., 5 × 10−6g, where 1g is the Earth gravity) to derive the
angles of repose of an equivalent granular bed. The term "equivalent”
means that the particle size distribution of the granular bed follows the
same power law as the Bennu-shaped rubble-pile model. The granular
bed has a dimension of 3 m (length) × 2.5 m (width) × 2 m (depth), and
the particle size ranges from 2 cm to 6 cm, which represents a local
surface area on Bennu consisting of cm-sized grains. The total particle
number is about 60,000. The granular bed is settled down under
5 × 10−6g. During the avalanche experiment, the inclination angle of the
granular bed is gradually increased from0∘ up to 60∘ by an interval of 1∘

every 10 min. The repose angle is the maximum inclination angle
before apparent landslides are detected. With the low-friction inter-
particle parameter set of (μS, β) = (0.2, 0.3), we found that, when
cohesion is not present, the angle of repose is close to themacroscopic
frictionangleϕ, i.e., 29∘.With a tiny amount of interparticle cohesionof
c = 1 Pa, whose corresponding macroscopic cohesion C ≈0.013 Pa, the
angle of repose increases to 35∘. With c = 3 Pa, for which C ≈0.038 Pa,
no avalanche and apparent surfacemovement are detected at the final
inclination angle of 60∘.
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Data availability
The OSIRIS-REx Laser Altimeter (OLA) Bennu shape model (v20) is
available from the Small Body Mapping Tool (SBMT) at https://sbmt.
jhuapl.edu/Object-Template.php?obj=77. The datasets generated
during and/or analysed during the current study are available. Source
data are provided with this paper. All necessary files to reproduce the
outcomeof the 1st, 16th and 24th cases given in SupplementaryTable 1
and shown inFig. 2, areprovidedwith the Supplementary Software file,
as examples. The input data for other cases presented in this study are
available from the corresponding author on reasonable
request. Source data are provided with this paper.

Code availability
The simulations are performed by the code PKDGRAV in its custom
version that includes the Soft-Sphere Discrete Element Method (see
Methods). Two compiled versions of PKDGRAV (one with the spinup
module and one without) are provided as Supplementary Software 1.
Visualisation support is provided by the open-source POV-Ray ray-
tracing package (https://www.povray.org; Fig. 1a and all the supple-
mentary movies).
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