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Introduction:  Numerical simulations of impact 

events rest on three major pillars:  Newtonian mechan-
ics, thermodynamics in the form of a relation between 
pressure, density and internal energy (the equation of 
state) and the continuum mechanics of material 
strentth.  At the highest pressures and temperatures 
material strength can be neglected but the equation of 
state is crucial for adequate representation of the out-
come of impact events.  This fact was vividly demon-
strated by Wada et al. [1] who showed that unless a 
liquid/vapor transition is corretly incorporated into the 
equation of state, the giant impact scenario of the 
moon’s formation cannot work. 

In contrast, the final stages of crater excavation oc-
cur at low pressures where strenth characteristics 
dominate.  In this regime, the observed form of the 
crater cannot be reproduced without careful attention 
to the mechanical properties of the surface in which 
the crater is formed. 

Equation of State: The equation of state of mate-
rials at high pressure and temperature is so important 
to the technology of impacts and explosions that many 
physicist-centuries have been expended in creating 
plausible equation of state models, and many books on 
the subject have been written [2, 3, 4].  Nevertheless, 
most of this effort has focused on materials of techno-
logical importance, principally metals. 

Over the past several years I have sought to im-
prove this situation and to derive equations of state 
that describe the solid/liquid/vapor transition in mate-
rials of geologic interest.  I focused on upgrading a 
particular equation of state, ANEOS [5], to deal espe-
cially with the formation and breakdown of molecular 
clusters in the vapor phase of complex silicates, SiO2 
in particular [6].  Because most silicates vaporize into 
diatomic molecules, predominantly metal oxides and 
oxygen gas at temperatures below about 5,000 K, their 
vapor is adequately treated as a mixture of diatomic 
and monatomic species at all temperatures.  Even wa-
ter, a substance of great interest for impacts on the 
solar systems icy satellites, is reasonably well ap-
proximated as a mixture of diatomic species outside of 
the relatively narrow temperature range from 500 to 
1500 K, as illustrated in Figure 1. 

The recent modifications of ANEOS also permit 
introduction of triatomic species in the vapor mixture. 
Use of this option has permitted a reasonably accurate 
representation of the equation of state of water in addi-
tion to that of silicates such as forsterite, basalt and 
granite. 

 

 
Figure 1.  HSC chemistry computation of the molar abun-
dance of species present in water vapor from 300 to 6,000 K 
at a pressure of 1 bar.  Note the predominance of diatomic 
species, particularly OH, in the vapor at most temperatures. 
 

Many other sophisticated equations of state are 
presently coming into use, such as PANDA [7] and its 
derivatives.  Although these sophisticated equations 
tend to run slowly if used simultaneously with a hy-
drocode, most modern implemtations do the detailed 
equation of state computations off-line and write out 
the resulting relations between pressure, density, inter-
nal energy and temperature in the form of tables that 
are accessed from a running hydrocode by interpola-
tion.  Although this strategy is computationally effi-
cient, difficulties can nevertheless arise near phase 
boundaries and work on improving this situation con-
tinues. 

Porosity: The presence of voids, or porosity, in a 
material may substantially lower its density and thus 
increase the amount of PdV heat generated when a 
shock wave compresses the material to higher density.  
This results in melting or vaporization at impact ve-
locities normally considered too low to affect these 
phase changes.  Figure 2 illustrates this effect for the 
mineral Forsterite, described by the ANEOS equation 
of state.  The strength of shock waves in porous mate-
rial is rapidly damped as mechnical energy is con-
verted to heat.  The behavior of porosity in hydrocodes 
has, to date, usually been modeled using the so-called 
P-alpha model.  This model, however, is highly ineffi-
cient for hydrocode computation because it requires a 
great deal of sub-cycle computations to determine the 
pressure.  A new variation, called the ε-alpha model 
[8], works directly with variables directly accessible to 
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a hydrocode and permits highly efficient incorporation 
of porosity into practical computations. 

 
 

 
Figure 2.  Entropy introduced into Forsterite as a function of 
impact particle velocity for various initial porosities. 

 
 
Material Strength Models:  As shock pressures in 

an impact decline, the strength of the rocks surround-
ing the impact site becomes increasingly important 
and, eventually, determines the final form of the crater.  
Whether the crater is simple, complex or ringed by 
concentric faults depends on the strength and structure 
of the underlying materials. 

Successful models for tensile failure of rock are 
now well established, most based on the simple Grady-
Kipp algorithm [9].  More recently, compressive fail-
ure has been modeled by employing a scalar damage 
criterion in conjunction with classical yield envelope 
formulations [10].  Such models have resulted in plau-
sible patterns of fracture and strain in the vicinity of 
impact craters.  Even highly complex craters, such as 
the Chesapeake Bay crater, whose shape was strongly 
affected by the presence of a weak layer overlying 
strong basement rocks, has been well modeled using a 
strength model of this kind [11]. 

The mere collapse of a transient crater to form a 
centeral peak or peak ring is predicated upon a sub-
stantial weakening of the surrounding target rocks im-
mediately after the impact event itself.  The mecha-
nism for this weakening is currently attributed to a 
change in the rheology of loose rock debris by the 
presence of strong random vibrations created during 
the impact [12], although a controversy is currently 
raging over the possible role of melt formation during 
sliding of the rocks into the transient crater cavity [13]. 

Finally, the formation of the great concentric rings 
observed surrounding large lunar craters and the 
Chicxulub impact crater in Yucatan have been attrib-
uted to the process of “ring tectonics”, in which large 
crustal blocks slide horizontally inward toward the 

transient cavity, gliding on a weak layer underlying a 
strong upper crust [14].  Whether this mechanism can 
operate on the moon depends crucially on the rheology 
of lunar mantle rocks, probably mostly olivine, at very 
high stress levels [15].  Recent measurements by S. 
Karato suggest that at high stresses Peirels forces may 
drive dislocations in olivine at high enough speeds to 
produce the necessary low Maxwell time in the mantle 
of the Earth and moon. 

Conclusions:  The outcome of high velocity im-
pacts depends crucially on the properties of the materi-
als involved.  The thermodynamic equation of state 
dominates at high temperatures and pressures, whereas 
constitutive relations govern the final, low pressure 
expansion of the crater.  Other properties, such as po-
rosity, play a role at all stages.  More detailed model-
ing of impact structures in the future hinges on atten-
tion to these details and on ever-better measurements 
of these properties and their incorporation into practi-
cal and efficient numerical models. 
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