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Introduction:  Impact processes are one of the ma-

jor processes that shape the surfaces of terrestrial ob-
jects in the solar system. Our understanding of this fun-
damental process comes from a combination of experi-
mental and observational evidence and both computa-
tional and analytic models. Experimental size scales are 
limited to a maximum length scale of ~1 meter while 
the size scale of interest is usually many kilometers. 
Analytic scaling approaches have been successful in 
providing insight into trends in impact processes, but 
they have a difficult time predicting outcomes when 
there are many competing mechanisms with similar 
contributions. Computer simulations of impact events 
have the potential to bridge the scales from the experi-
ments to the planetary scales and can incorporate all of 
the physics that the analyst can supply. Unfortunately 
our understanding of material behavior at these large 
scales is limited. Selecting the proper material models 
and parameters for these models becomes a major un-
quantified source of uncertainty. 

We describe here a material model for simulating 
impact events on coherent solid bodies. The model ac-
counts for the distribution of cracks or faults in the 
body that are too small to resolve explicitly in the simu-
lation. The evolution of the subscale crack population 
drives the evolution of a scalar damage variable, which 
contributes to material softening. The fully damaged 
material is modeled using a pressure sensitive flow rule 
that is appropriate for modeling granular materials simi-
lar to sand. 

We use this material model to look at a formation 
scenario for the crater Psyche on asteroid 433 Eros. We 
are particularly interested in looking for surface fea-
tures which are related to, but separated from the im-
pact site. These simulations will test the hypothesis 
presented by Buczkowski et al. [1] that many of the 
linear features observed on the surface of Eros are re-
lated to impact events and indicate that Eros is a coher-
ent but heavily fractured body. 

Material model for Eros: Because Eros is thought 
to be most similar to L-type ordinary chondrites, which 
are typically composed of olivine and orthopyroxene, 
we assume, for simplicity and some similarity in com-
position, that our modeled Eros is composed of a mate-
rial similar to terrestrial basalt.  The moderate (5 km/s) 
impact velocity allows for the use of a Mie Grüneisen 
equation of state for the hydrostatic response of this 
material. The strength of the material is governed by the 

growth and coalescence of sub-scale flaws within the 
material, which are tracked using a scalar damage vari-
able. 

The damage growth model for this material is relat-
ed to the damage growth used by Benz and Asphaug in 
their SPH implementation [2], because it models the 
growth of sub-scale cracks, but this new model contains 
important features that are not captured by Grady-Kipp 
type models. Our model explicitly solves for the evolu-
tion of a sub-scale crack population as a function of the 
loading history. It uses the sub-scale flaw distribution 
as an input, rather than assuming distributions of the 
failure strengths (or strains). The basis of this dynami-
cally interacting damage model was developed by 
Paliwal and Ramesh [3]. In addition to capturing the 
strain rate dependent strength of brittle materials, this 
model provides an explicit connection to the micro-
structure (a feature missing from most other models). 
We extend their one-dimensional model for use in 
three-dimensional simulation. 

The fully damaged material is not a strengthless flu-
id, but is modeled as a granular material with a pressure 
dependent yield strength (similar to sand). To model the 
fully damaged material we use an isotropic yield func-
tion (Von-Mises) where the strength is a linear function 
of the applied pressure. We also use an associative flow 
rule for the damaged material so the shear flow will 
create a dilatation or, for a fixed volume, increase the 
confining pressure. 

The material properties used in these simulations 
are based on properties used for simulating laboratory 
scale experiments. The Mie Grüneisen parameters are 
from the review article by Ahrens and Johnson [4]. We 
use C0=4.09 km/s and S=1.35. The fully damaged mate-
rial has a uniaxial compressive strength of 1.14 MPa 
and a friction angle of 22.20. The hydrostatic tensile 
strength does not have a cap so the material can with-
stand a hydrostatic tensile stress of 2.4 MPa. The flaw 
sizes are modeled by a bounded Pareto distribution 
where the minimum flaw size is 0.001 mm and the 
maximum flaw size is 1 mm. Each sub volume of mate-
rial has a flaw distribution that represents a finite sized 
realization of the parent distribution. This introduces 
special variability that is both physical and important 
for numerical convergence. The parent flaw distribution 
is consistent with the strengths of basalt observed in a 
laboratory setting, but departs from the common prac-
tice of extending a powerlaw distribution from less than 
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a millimeter upto several kilometers. This approach is 
adopted because the mechanism for growing a mm 
sized crack is not likely to be the same as the mecha-
nism that causes a kilometer sized crack to grow. How-
ever, additional work is required to understand how 
crack growth changes across these scales. 

Simulation Setup: For these simulations, we inves-
tigate the formation of the 5 km diameter Psyche crater. 
For the purposes of our simulation, we begin with a 
current low-resolution shape model whose surface has 
been smoothed out to remove any existing craters, in-
cluding the three largest craters Psyche, Himeros and 
Shoemaker. We, therefore, assume that Psyche formed 
before these other large craters. Based on existing scal-
ing rules, we use a spherical impactor of 500 m in di-
ameter impacting at 5 km/s to form the 5km crater.  

The simulations were performed using the General-
ized Interpolated Material Point Method (GIMP) [5] 
which has been implemented in the Uintah Computa-
tional Framework [6]. GIMP is a particle-based La-
grangian computational approach like smoothed parti-
cle hydrodynamics (SPH), but it uses a fixed (Eulerian) 
background mesh for computing gradients and solving 
the equations of motion. Lagrangian particles provide 
more accurate history tracking than Eulerian codes such 
as CTH. The Eulerian background grid removes the 
need for a costly neighbor search that is required in 
SPH. Simulations were performed using a particle size 
of 80 m. We use 2 particles in each spatial dimension 
per cell (8 particles per cell), resulting in cell edge 
lengths of 160 m.  Although a resolution of 160 m per 
cell is relatively coarse for resolving the impact, it is a 
relatively high resolution when compared to the 10 km 
diameter of Eros. We plan to run higher resolution sim-
ulations to insure that our results are not changed by the 
resolution. 

Preliminary Results: Initial results indicate that 
significant sub scale crack growth occurs throughout 
the body as a result of the impact. However, the fully 
damaged material can still carry significant load. As a 

consequence, note that in this model the equivalent 
granular plastic strain is a better indicator of potential 
surface features than the damage level in the material.   

The damage pattern 1 second after impact is shown 
in Figure 1. It is mostly symmetric about the impact site 
with some influence of the geometry. The effects of 
local variability are also visible at the edge of the dam-
age zone. In the red (fully damaged) zone, the material 
is composed of many interlocking fragments. These 
pieces are more densely packed than pieces in a rubble 
pile formed from reaccumulation after an impact event. 
As the pieces continue to shear, the mismatch between 
the pieces will cause dilatation and reduced density. 
This provides a mechanism to produce densities which 
are between densities common for reaccumulated rub-
ble piles and coherent undamaged bodies. 

In this model we can measure the total amount of 
plastic shear deformation using the equivalent plastic 
strain. This quantity is plotted in Figure 2 for a time of 
1 second after impact. Regions that experience high 
amounts of granular plastic strain relative to the sur-
rounding material should have smaller particle sizes. 
These should be observable as faults or other features 
on the surface. 

Summary: We present initial results from simula-
tions of impacts on Eros using a new material model 
that includes subscale flaw evolution and pressure de-
pendent flow of the damage material. This material 
model can investigate the interaction between flaw dis-
tributions, size scale, and the behavior of the damaged 
material. 
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Figure 2: Damage pattern 2 seconds after impact 

Figure 1: Equivalent Plastic Strain 2 seconds after 
impact view looking along impact axis 
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