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Introduction: Over the last few decades, rapid im-
provement of computer capabilities has allowed impact
cratering to be modeled with increasing complexity
and realism, and have paved the way for a new era of
hydrocode modeling of the impact process, dominated
by full, three-dimensional (3D) simulations. When
properly benchmarked and validated against observa-
tion, computer models offer a powerful tool for under-
standing the mechanics of impact crater formation.
This work presents initial results of a collective valida-
tion and benchmarking effort from the impact cratering
and explosion community. We are following our first
benchmarking tests with a simple validation test of a
Boeing impact experiment consisting of a glass sphere,
2 mm in diameter impacting water vertically.

The Validation and Benchmarking Project: The
Validation and Benchmarking Project (VBP) brings
together a collective expertise in numerical modeling
of impact and explosion events, continuum mechanics
and computational physics in an unprecedented effort
to enhance, compare, validate and benchmark the com-
puter models (“hydrocodes”) used to model solar sys-
tem impact events. The project involves at least 10
distinct codes and involves over 15 scientists, each
with extensive experience in numerical modeling of
impact and explosion events, from universities and
research institutes worldwide as well as from national
laboratories. The VBP identifies a two-part base of
standards for comparing and validating hydrocodes.
The benchmark component identifies a set of hypo-
thetical explosive and impact events of varying com-
plexity that must be run by the impact codes to com-
pare the different numerical and physical models em-
ployed in the codes. The validation component defines
a set of well-documented laboratory and field experi-
ments over a wide range of event sizes, geological
materials and problem types as type-cases that must be
reproduced in detailed and systematic code simula-
tions. All the simulations will test a range of physical
mechanisms involved in impact events. This effort has
not been undertaken before because it requires the

coordination of many modelers that have specific ex-
perience with one or two computer codes, augmented
by difficulties in accessing the extensive experimental
data necessary for the code validation.

Identified standards, code simulations and results
will be made widely available to the scientific commu-
nity through a website dedicated to the project. By
providing this information to the broad scientific com-
munity it will help prevent the incorrect and misin-
formed use of the codes and provide a set of rules and
test cases to follow in order to properly benchmark and
validate hydrocodes to come.

Impact Hydrocodes: hydrocodes currently enlisted
for testing in the VBP include: ALE3D [1],
AUTODYN [2], CTH [3], GEODYN [4],
SAGE/RAGE [5], iSALE/SALEB [6,7], SOVA [8],
SPH [9], ZEUSMP2 [10]. Some codes may work bet-
ter for specific situations, although they all contain the
fundamental physics needed to model high-energy
impact/explosion events. Each code has been exten-
sively tested individually, but no collective bench-
marking and validation has ever been carried out.

Benchmark Testing involves the identification of
impact standards, ideal tests to be run by the hydro-
codes. It involves detailed comparisons of characteris-
tic quantities that are not routinely measured in ex-
periments. Simulations are divided into two classes:

Early-time simulations focus on the early stages of
the dynamic explosion process, the propagation of a
shock wave through the target and the projectile.
These models focus on maximum shock pressure and
its decay, internal energy, temperature, melt-
ing/vaporization and tracer particle histories during
crater growth.

Late-time simulations focus on the late-time proc-
ess, which involves the cessation of crater excavation
and collapse of the impact crater. Here, a good
strength model is important. Late-time model results
will focus on the crater final morphology, tracer histo-
ries describing crater collapse, and stress/strain fields
and their variations during crater collapse.
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Initial results of our first benchmarking tests (Al
into Al) were presented at the 38" Lunar and Planetary
Science Conference last spring [11].

The Validation Testing: Validation testing involves
the evaluation of hydrocodes through comparison of
simulations with experiments that will provide strin-
gent tests of the physical models used in the codes.
The experimental test are drawn from laboratory stud-
ies of impact cratering and fragmentation and from
large field tests of explosion cratering. Laboratory tests
are useful because they are conducted under well-
known conditions, although scale may influence the
results. Field explosion tests are complementary in that
they provide important data over a much larger range
of sizes. It is important to consider as many aspects of
the process as possible. A simulation must not only
predict the correct final result, but also correctly re-
produce the kinematics of the process, including mate-
rial flow, ejection and stress levels. For this project
experimental tests were selected to encompass as many
observables as possible and to sample a wide a range
of experimental conditions. They include tests in sim-
ple materials such as water and metal, and in more
complex materials such as soil and rock.

Water tests are relatively simple. Simulations of
impacts and explosions in water do not need a strength
model and gravity only needs to be included to model
the late stages of crater growth. Our first validation test
consists in reproducing the Boeing quarter space labo-
ratory experiment of a glass sphere, 2 mm in diameter,
impacting water at 4.64 km/s [12]. This experiment
used a quarter-space rectangular box made from 1-25
cm thick Al, 76cmx38cmx23cm in size (a thick plexiglass
window was inserted close to the impact point for viewing
purposes). The container was not affected by the test (no
visible signs of deformation). Ambient chamber pressure was
around 1-2x10* dyn/cm? (above the vapor pressure).
Diagnostics measured during the experiment were: crater
profile at given times (up to 83 msec), and ejection velocities
of few small glass beads floating on the surface.

Preliminary Results: Simulations are carried out as-
suming a full impact simulation, i.e., the effects of the
Al tank were not included. Fixed input conditions in-
cluded the projectile size, impact velocity/angle, shape
and material (glass), target material (water), and mesh
size. Technical details (including resolution), material
models and relative parameters for the materials were
chosen by individual modelers. This is an important
difference from the previous benchmark testing.
Benchmark tests focus on comparing code perform-
ances given simple ideal tests. On the other hand, vali-
dation testing is also about testing the modelers identi-
fication and use of the proper models. One of our goals

in this context is to verify how modelers’ choices can
affect the output results.

At this time there are several active simulations
from different modelers. Codes for which we have
some output results (currently most of them are still
running the validation test) are: CTH, RAGE, iSALE,
SOVA, ZEUSMP2.

In the early stages of impact codes appear to follow
the experimental data quite closely, as shown in Fig. 1.
A brief investigation of the early evolution of crater
radius and depth with time shows a variability in re-
sults, compared to the experiments of less than 15%.
CTH, iSALE and RAGE appear to follow the experi-
mental data quite closely, with a maximum deviation
of at most 8%. The SOVA simulation is still in a very
early stage (with 2 diagnostic time steps covered so
far). Simulations with ZEUSMP2 (heavily modified to
model impact cratering) seem to develop instabilities
beyond 2 msec. Suggested hypotheses for the problem
are not optimal boundary conditions, problems at free
surfaces or sharp material interfaces, problems with
the Tillotson equation of state used.

Further results of our first validation test will be
presented at the meeting.
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Figure 1: Crater profile for various codes at t=0.191 ms.
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