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We present 3D SPH simulations of impacts on asteroid 4
Vesta, the 540-km diameter differentiated target of NASA’s
Dawn mission. Because Vesta is a low-gravity ( 1/30G)
body that is likely to be, certainly after a hemispheric im-
pact, highly fragmental, we include a new model to simulate
the granular flow of post-impact regolith. We assume an iron
core and three different mantle rheologies (solid, strength-
less, granular) and central gravity. The granular flow model
plays a key role in determining post-impact velocities and the
rebound of the crater and its final shape and structure, and
shall be studied in further detail in the scenario of the Vesta
mega-cratering event that shapes the small planet’s southern
hemisphere.

Numerical method We use the SPH code of [2], [3] to
model elastic-perfectly plastic material with brittle failure.
Recently this impact code was extended to include a model
adapted for porous materials ([7], [8]). Previously this code
has treated the behavior of post-damaged material by reduc-
ing the deviatoric stress to zero, modeled as a liquid. Here we
present first results using a new post-damage model, explor-
ing a dense granular rheology ([6]) applied to test beds and
to Vesta. Central gravity is speeds up the calculation dramat-
ically compared to a self-gravity approach and is appropriate
for this class of impact.

The Jop et al. (2006) model is inspired by the two main
characteristics of granular liquids: (1) a critical shear stress
below which flow is not possible, and (2) a complex depen-
dence on shear rate when flowing. Granular material is de-
scribed as an incompressible fluid with the internal stress ten-
sor given by

σij = −P δij + τij and τij = η(|γ̇|, P )γ̇ij (1)

where P is the isotropic pressure, γ̇ij the strain rate tensor
and |γ̇| the second invariant of γ̇ij . The effective viscosity
η(|γ̇|, P ) is related to the friction coefficient µ(I) by

η(|γ̇|, P ) = µ(I)P/|γ̇| and I = |γ̇|d/(P/ρs)0.5 (2)

where ρs is the particle density and I the inertial number. It
can be shown that the material flows only if |τ | > µsP so
that a Drucker-Prager-like yield criterion results in the limit
of infinitesimal shear rate.

Tests. While our implementation has not been fully
tested, initial simulations show good qualitative agreement
with experimental results (see Fig. 1). Simulations of other
standard test cases (e.g, the broken dam problem) show very
realistic behavior as well. We are currently performing de-
tailed, quantitative comparisons with experiments and ana-
lytical solutions.
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Figure 1: 3D velocities obtained in an SPH simulation of
granular flow in a channel of a width W = 16.5d, an incli-
nation of θ = 30◦ and a height of h = 8d where d is the grain
size. The normalized flow rate given by Q∗ = Q/d3/2g1/2

is Q∗ ∼ 6.5 where Q is the flow rate per unit width and g
the gravity. We use a setup similar to the one described by
[6], but for now using a channel of a fixed high h rather than
a static pile with a ”flow layer” on top. The obtained veloc-
ity profile qualitatively agrees with the predicted profile (note
that our parameters are not the same as in Figure 3 of their pa-
per). The surface velocities Vsurf obtained in our simulation
with Q∗ ∼ 6.5 are comparable to the ones found in the ex-
periment with a similar Q∗ = 5.19) and the same normalized
channel width ([6], Figure 4a).

Impact simulations: preliminary results For impacts
on Vesta we study four target types: (1) solid mantle, without
gravity – for fiducial purposes (2) solid mantle, with central
gravity – akin to [1] model but in 3D and advanced fragmen-
tation model (3) fully damaged (strenghtless) mantle, with
central gravity – a liquid Vesta (4) granular mantle, with cen-
tral gravity In each case we assume a completely differenti-
ated target of d = 540 km diameter with a ductile iron core
of d = 300 km. About 106 SPH particle are used to model
Vesta in these test runs. As projectile we use a d = 42 km
basalt sphere with vimpact = 5.4 km/s. Where central grav-
ity is used we first run a routine which let the targets reach
their hydrostatic equilibrium before the projectile is released.
Figs. 2 and 3 show the outcome of the impact simulations at
two different times. In both cases, the shock wave already
traveled numerous times through the target. Note the fully
damaged mantle resulting in simulation (3). At early time t =
320 s the effect of the gravity is not observable (see simula-
tion (1) and (2) in Fig. 2 since t << the dynamical time scale
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Figure 2: Outcome of the simulations at t = 320 s shown in
slices through a 3D symmetry plane [top left: target (1), top
right: target (2), bottom left: target (3), bottom right: target
(4)]. The colors show the vertical velocities.

(Gρ)−1/2 ∼ 2000s. At t = 1920 s gravity is clearly domi-
nant. It is apparent in Fig. 3 that granular flow (simulation 4)
plays a very important role in the post-impact velocities and
the rebound of the crater, and the final shape and structure
of the crater, although we caution that these are preliminary
results of a model being tested.

Discussion and Outlook The hemispheric crater on Vesta
has previously been modeled ([1]) as the source of the V-
type asteroids ([4]), but using a 2D code with a Grady-Kipp
type damage rheology ([9]). The goal of [1] was to study the
ejected small asteroids, not the crater per se. For the crater
a realistic post-damage rheological treatment is required be-
cause of the almost certain prevalence of regolith and megare-
golith. In our model that includes fracture damage (simula-
tion 3) all of the mantle is fully damaged, so if it was not
fragmental before it is now, according to the model.

Crater cavity rebound velocities on a 540 km diameter
asteroid are relatively slow, on order 10-100 m/s. The gran-
ular flow model thus appears to play a very important role
in the post-impact velocities and the rebound of the crater,
and the final shape and structure of the crater. Because a
principal unknown variable is the grain size d, here chosen
arbitrarily to equal the particle resolution, future work shall
estimate fragment diameter directly and then apply this to the
granular model. Using central gravity instead of self grav-

Figure 3: Same as Fig. 2 but at t = 1920 s.

ity allows us to run 10-30 times this many particles on our
cluster, resulting in a resolution (smoothing length) 1/3 of
what is shown above, so higher resolution simulations are in
store. Future and ongoing work include (1) continued lab-
oratory and analytical benchmarking of the granular physics
model; (2) application to Vesta using model-derived fragment
sizes; and ultimately (3) an overall understanding of the geo-
physical response of Vesta to this major impact event. The
latter shall include predictions for fracture and fault patterns
associated with the crater; ejection velocities and ejecta sizes
associated with its fragments; a study of antipodal effects as-
sociated with the impact in the manner of [5], where the exis-
tence and geometry of the core is a variable; thermal aspects
of the impact, including melt creation and retention.
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