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Introduction: Given sufficient warning time, a 

hazardous asteroid can be deflected off of an Earth-
impacting orbit [1,2]. One of the primary methods for 
accomplishing a deflection is kinetic impact by a 
spacecraft, but the technique remains untested. 
NASA’s Double Asteroid Redirect Test (DART) mis-
sion, if approved, will provide a critical first demon-
stration of the kinetic deflection technique, including a 
precise measurement of the method’s efficacy [3]. Re-
sults from this rare opportunity to stage a full-scale 
experiment will provide a guidepost for international 
asteroid preparedness strategies to handle future 
threats. 

As is likely to be the case in an actual asteroid 
threat scenario, little is known about the properties of 
the target asteroid, a ~150-m moonlet orbiting a ~800-
m primary [4]. These two components comprise the 
Didymos binary system. In the absence of detailed 
information on a target asteroid, numerical studies can 
help quantify uncertainty in the body’s response by 
exploring a range of initial conditions. Recently pub-
lished work has demonstrated how different asteroid 
properties, including strength, porosity, shape, and 
rotation, can affect the final outcome of kinetic impact 
deflection [5,6]. Here we examine how the Didymos 
secondary may react to the approximately 490 kg, 6 
km/s DART impact, considering different possible 
target properties (strength, porosity, composition) and 
impact geometries. In addition, as part of a wider code-
comparison effort in support of DART impact model-
ing, we simulate laboratory-scale impacts (0.25-inch 
projectiles at 5 km/s) into aluminum and basalt targets.  

Numerical Methods: Three-dimensional simula-
tions are carried out in Spheral [7,8], an open source, 
Adaptive Smooth Particle Hydrodynamics (ASPH) 
code. Key features of the code, including accurate 
modeling of anisotropic strain fields through adaptive 
node sampling, benchmarked damage models, self-
gravity, an array of built-in equations of state and con-
stitutive models, and user-extendibility to new physics 
packages, make Spheral well-suited for simulating 
impulsive asteroid mitigation scenarios [9,10]. 

We use the Tillotson equations of state for basalt, 
granite, and pumice to represent target asteroids, in-
corporate microporosity using a strain-alpha model 
[11], and use pressure-dependent strength [12]. Dam-
age is calculated using a tensor generalization of the 
Grady-Kipp fracture model for SPH codes [13]. Stand-
ard impactors are represented by aluminum cubes, and 
1 to 10 million ASPH particles are used per simulation. 

 
Fig. 1. Ejecta (colored) and damage (grayscale) associated 
with a simulated DART impact at the Didymos secondary (t 
= 0.028 s). The halfspace region depicted extends 13 m from 
the impact site; a quadrant is cut away to visualize subsurface 
damage. Ejecta contributes to the delivery of additional mo-
mentum at the asteroid, enhancing the effectivesness of the 
kinetic-impact deflection. All colored material exceeds the 
~5 cm/s escape speed at the 150-m Didymos secondary. 

Full-scale DART Impact Results: Assumptions 
for target composition, porosity, and, to a lesser extent, 
strength, can be informed by available data on the 
Didymos primary, which is estimated to have a bulk 
density of 2.15±0.65 g/cc and is classified as an S-type 
asteroid [14]. As the expected impact crater size (a few 
meters) is small, relative to the moonlet’s dimater, we 
model the target as a halfspace. Varying composition 
between basalt, granite, and pumice (while changing 
porosity to keep the bulk density at 2.15 g/cc) resulted 
in only modest changes to the momentum multiplica-
tion factor, beta, (1.277-1.391). When only porosity 
increases, beta decreases slightly, due to energy losses 
to pore compaction (e.g., from β=1.353 for Φ=0.2 to 
β=1.288 for Φ=0.4). However, this effect is out-
weighed by the decreased asteroid mass resulting from 
the accompanying lower bulk density, producing a 
larger deflection velocity for the more porous case 
(1.26 mm/s) as opposed to the less porous case (0.99 
mm/s). 

Crater sizes are consistent with point-source scaling 
solutions that are intermediate to dry sand and highly 
porous material parameters [15]. Equations for crater 
radii, R, relative to impactor radii, a, for “dry sand” 
and “highly porous” parameters, respectively are: 
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1. Introduction

Volume of parabolic crater: V = ⇡dD2/8 Using strength scaling from (?), R/a ⇠ 12.065,

for R ⇠ 3.96. For highly porous case, R/a ⇠ 8.015, for R ⇠ 2.63 m. For � = 0.4, ⇢ = 1.62,

Y0 = 1 MPa: d=3.757 m and D = 4.162 m, with rim-to-rim D=5.168. This is smaller and

deeper than expected; total volume V = 25.56 m3, so ⇡V = ⇢tV/m = 103.5

Craters may be elongated due to porosity model parameters. Try setting ✏e= 0.01, as

Bowling did in 2013 Vesta paper.

Try converting from radius expression in DI paper to volume, using: R = (V/(C1⇡))1/3,

where C1= 0.25-0.33

R/a = 0.725(Y/⇢U2)�.2(�/⇢)0.4 (from Holsapple & Housen, highly porous materials)

V/C1⇡ = a3(0.725)3(⇡3)�.6(�/⇢)1.2

⇢V
�(4/3)⇡a3 = 0.75C1(0.725)3(⇡3)�.6(�/⇢)0.2

⇡V = 0.07145(⇡3)�0.60(�/⇢)0.2

For 7 km/s, Y = 1 MPa: ⇡V = 68.9, pretty close to the 103.5 figure calculated in Spheral.

If we assume C1=0.33, this is ⇡V=90.9, even closer. For � = 0.2, d=3.2, D=5.2. ⇡V=183.

Using porous scaling, ⇡V=77-102 (too low). Using dry sand scaling: Using dry sand relation

from Holsapple & Housen (2007):

R/a = 1.03(Y/⇢U2)�.205(�/⇢)0.4

⇤
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Cratering volume efficiency, πv=ρtV/mi, decreases 

from πv= 183 to πv=103 between porosities of 0.2 and 
0.4, as the crater cavity also become deeper and nar-
rower in the more porous material. Crater rim-to-rim 
diameter decreases from 7.3 m to 5.2 m while depth 
increases from 3.2 to 3.8 m. 

Ejecta curtain morphology changes appreciably for 
non-vertical impacts, as seen in Figure 2. The imparted 
momentum also changes; focusing of material in a 
more collimated reverse plume of material can even 
work to enhance beta at more oblique angles. Quanti-
fying this variation is important for capturing expected 
variations in encounter geometries, which may arise 
from local topography and targeting offsets. 
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Fig. 2. Impact angle variation effects at the Didymos second-
ary. Beta decreases as angle varies from vertical to 60o but 
then increases as obliquity increases to 45o.  

Lab-scale Benchmarking Results: We model five 
different test cases, including aluminum, porous and 
nonporous basalt targets, a 30-cm-diameter spherical 
basalt target, and a 10-cm cube basalt target. Key met-
rics include the time evolution of crater depth and di-
ameter, cumulative mass-velocity distribution of ejec-
ta, and beta. We also perform resolution tests (Fig 3). 
These results are being compared to the outputs of 
other hydrocodes, in order to discern differences in the 
implementation of material models or numerical meth-
ods [16]. The desire to model the DART impact with a 
suite of different codes motivates these simpler, lab-
scale comparisons, to enhance understanding of the 
various numerical approaches. 
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Fig. 3. Crater depth and diameter evolution for aluminum 
projectile (1/4”, 5 km/s) into nonporous basalt target, using 
two different resolutions. Under-resolved targets lead to an 
over-estimate of crater diameter.  
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