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Abstract-A two-dimensional finite difference calculation of a laboratory-scale hypervelocity (6 km/
sec) impact of a 0.3 g spherical 2024 aluminum projectile into a homogeneous plasticene clay halfspace has been carried out to a time of 600 µsec and the material motions during this crater growth
period analyzed. Energy coupling from the projectile to the target is completed within the first 18
µsec after impact. The transient crater grows quickly to a depth of 4 cm in the first 100 µsec and then
more slowly to a depth of 7.5 cm at 600 µsec while it maintains a radius-to-depth ratio of 0.85. The
cratering flow field developed within the target has been analyzed in detail to find the differences and
similarities to previously calculated flow fields for near-surface explosions. Application of Maxwell's
analytical Z-Model (developed to interpret the flow fields of near-surface explosion calculations) to
the flow field at 18 µsec showed a good fit to the Maxwell Z- Model if the flow field center was taken
io be located at 0.65 cm beneath the original target surface rather than at the surface as had been
previously done for near-surface explosion cratering calculations.
Between 18 µsec and 600 µsec, however, the analysis of the cratering flow field in terms of the ZModel becomes more complicated. The two parameters of the Maxwell Z-Model are a, which characterizes the strength of the flow field, and Z, which characterizes its shape. For near-surface explosion cratering calculations, the steady-flow Maxwell Z-Model (i.e., a and Z almost constant with
time during most of the crater growth period) gives good agreement with the calculated flow fields.
This impact cratering calculation does not exhibit good agreement with the steady-flow feature of the
Z-Model. Taking the center of the flow field to be fixed at 0.6 cm or at nearby depths results in a and
Z which are time dependent during much of the crater growth process. If a and Z are to be almost
constant, the flow field center is forced steadily deeper with time, thereby making the coordinate
system itself time dependent. In either case, the Z-Model cannot be applied in a straightforward way
to predict final cratering displacements based on the flow field shape and strength at very early times
in the cratering process, as it can in some near-surface explosion cratering calculations.
Although a and Z are time dependent for a fixed flow field center for this calculation, at any given
time they provide a good mathematical description of the cratering flow field. Only one calculation
for one projectile material and one target material and with one set of initial conditions is analyzed
here. Therefore it is premature to say in general to what degree the steady-flow Maxwell Z-Model
is applicable to other impact conditions and other projectile and target materials.

I. INTRODUCTION
A coordinated program of calculations, experiments, and model construction is
necessary for a better understanding of the detailed dynamics of impact cratering
processes, which in turn is necessary for a better understanding of planetary
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surfaces. This present effort is a continuation of a study of impact dynamics in
a uniform, non-geologic material at impact velocities achievable in laboratoryscale experiments (Thomsen et al., 1979a). A calculation of a 6 km/sec impact
of a 0.3 g spherical 2024 aluminum projectile into low strength (50 kPa) homogeneous plasticene clay has been continued from 18 µ,sec to past 600 µ,sec. The
cratering flow field, defined as the material flow field in the target beyond the
transient cavity but well behind the outgoing shock wave, has been analyzed in
detail to see how applicable the Maxwell Z-Model, developed from analysis of
near-surface explosion cratering calculations, is to impact cratering. A series of
experiments was conducted at the NASA Ames Research Center's Vertical Gun
Range (AVGR) using the same materials and impact conditions as the calculation.
Some experimental results and comparisons between the experiments and the
calculation have been reported by Thomsen et al. (1980), Ruhl and Thomsen
(1980), and Austin et al. (1980). This paper concentrates on just the calculational
effort and on the application of Maxwell's Z-Model to the calculated cratering
flow field after the projectile has coupled its energy to the target but before final
cratering displacements occur.
Laboratory-scale impact experiments have been performed by Gault et al.
(1968), Oberbeck (1971), Gault and Wedekind (1977) and Moore (1976), but few
calculations have been performed for this scale. Bjork (1961), Bryan et al. (1978),
O'Keefe and Ahrens (1975, 1976, 1977, 1978, 1979), and Orphal et al. (1980) have
concentrated on larger meteorite planetary-scale impacts. Attempts to summarize
quantitatively the cratering process and build analytic predictive models for it
have been limited to the Maxwell Z-Model (Maxwell, 1977; Orphal, 1977b) and
to the semi-empirical model of Ivanov (1976).
This discussion divides the cratering process into the compression stage and
the excavation stage as described empirically by Gault et al. (1968). The compression stage begins with the initial contact between projectile and target, includes the shock compression of the target and projectile, and ends when the
coupling of the projectile energy and momentum to the target is essentially complete. The excavation stage then begins and lasts much longer. It describes the
processing of the bulk of affected target material by the outgoing shock wave,
the modification of the initially radial motions by the continuous fan of rarefactions generated at the target surface, and the orderly ejection of material from
the transient cavity. The first part of the present effort covers the compression
stage and the earliest part of the excavation stage during which an orderly material flow field is established in the target, and is reported by Thomsen et al.
(1979a). This paper covers the calculation during the major portion of the excavation stage during which the crater achieves most of its growth.
II. CALCULATION OF CRATER GROWTH DURING THE

EXCAVATION STAGE

The calculation initial conditions, materials, material models, and results during
the compression stage have been previously reported (Thomsen et al. 1979a,
1979b), but will be briefly summarized here to provide a proper starting point for
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the discussion of the calculation results during the excavation stage of the crater
growth.
Figure 1 summarizes the initial conditions for the calculation. The calculation
simulates the impact of a 6 mm diameter 2024 aluminum projectile into a plasticene clay target having a von Mises strength envelope of 50 kPa. Axial symmetry,
terrestrial gravity, and a vacuum environment are assumed. These initial conditions were chosen to allow directly comparable experiments to be performed at
the AVGR (Thomsen et al. 1980; Ruhl and Thomsen, 1980). An infinite halfspace of clay is used for the target boundaries to eliminate any possible reflections
or rarefactions due to the outer boundaries. Thereby the analysis of the calculated
flow field applies to the flow field itself and not to any extraneous waves. The
plasticene clay, a uniform, nongeologic material containing no air voids, was
chosen in particular because it was easily available for performing experiments
and could be simply characterized for the calculation based on data from Maxwell
and Reaugh (1972), Christensen et al. (1968), and Maxwell et al. (1972). The
plasticene clay target has an initial density of 1.69 Mg/m 3 , a compressional wave
velocity of 1.4 m/msec, a shear wave velocity of 0.475 m/msec, and a Poisson's
ratio of 0.435. The 2024 aluminum projectile has an initial density of 2.783 Mg/
m3 , a compressional wave velocity of 5.343 m/msec, and a maximum strength of
the Mohr-Coulomb failure envelope of 320 MPa which is much greater than the
clay strength (van Thiel, 1977; McQueen et al. 1970). The two dimensional computer code PISCES 2DELK (Hancock, 1976) was used to perform the calculation. Further details of the material models and on the calculational technique
and zoning used may be found in Thomsen et al., (1979a, 1979b).

VOID
0.3 g SPHERICAL
ALUMINUM PROJECTILE
RADIUS= 3mm
INITIAL VELOCITY= 6km/sec
KINETIC ENERGY=5.4kJ

Fig. 1. Summary of calculation initial conditions.
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During the compression stage of the calculation, the maximum calculated pressure of 50 G Pa is less than the 60 G Pa required to cause incipient melting of the
aluminum (Gehring, 1970), but considerable vaporization of the clay occurs. In
the first 1.5 µ,sec after impact 2. 75 g of target material containing 1.5 kJ of internal
energy (roughly 28 percent of the total impact energy) was vaporized. Jetting
velocities about 1.8 times the initial impact velocity were calculated to occur
during the first 1 µ,sec. The projectile quickly becomes severely deformed as it
penetrated to a depth of about three times its original diameter in the first 18
µ,sec, at which time the projectile no longer contained any appreciable kinetic
energy. Further details of the calculational results for this compression stage and
the very early excavation stage of the crater growth may be found in Thomsen
et al. (1979a, 1979b).
Figure 2 shows the developing crater lip and the material flow field at 18.0 µ,sec
which is early in the excavation stage. The outgoing shock can clearly be seen
in the pressure contours of Fig. 2. The shock wave has traveled almost 5 cm
from the initial impact point and the transient cavity is a little more than 2 cm in
depth. The ejection process is well underway in the region near the crater lip as
the rarefactions from the free surface have caused the initial outwardly radial
material velocity field to become more upwardly directed in the target region
nearest the surface.
From 18 µ,sec to 600 µ,sec, the crater continues to grow and the crater lip grows
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Fig. 2. Pressure contour and velocity vector plots at 18.0 µsec.
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Fig. 3. (a) The Lagrangian grid in comparison to the original projectile at 97.7 µ,sec; (b)

Velocity vector plot in the Lagrangian grid at 97. 7 µ,sec.

and develops as the material velocity field slows more and more and as the
pressure field in the cratering region decays to ambient levels. During this time
almost all of the cratering flow field is entirely within the Lagrangian portion of
the coupled Lagrangian-Eulerian grid, but the Eulerian grid is kept in the calculation at all times to provide the proper boundary condition for the rest of the
grid. Figure 3 shows a portion of the Lagrangian grid at 97.7 µ.sec. Several zoning
changes were made between 18 µ.sec and 192 µ.sec as required for computational
economy while keeping adequate spatial resolution in all parts of the grid. The
last zoning change at 192 µ.sec resulted in a grid approximately twice as coarsely
zoned as the grid shown in Fig. 3. At all times sufficient zones were included in
the outer portion of the grid so that the target effectively was an infinite halfspace.
Figure 3 shows that the peak material velocity in the cratering flow field at 97. 7
µ.sec is about 0.01 cm/ µ.sec or about half the peak at 18 µ.sec. Figure 4 shows
that at this time the peak shock has decayed to about 28 MPa and has propagated
out to a distance of about 16 cm. The pressures in the cratering flow field region
are mostly between 2 and 8 MPa as compared to pressures of about 100 MPa at
18 µ.sec.
At 600 µ.sec, Fig. 5 shows that the peak velocities in the cratering flow field
have decayed further to about 0.003 cm/ µ.sec as the crater has grown to a depth
of approximately 7 .5 cm. The tip of the Lagrangian grid is more than 10 cm above
the original target surface which is outside the range plotted. The pressures in
the cratering flow field region are mostly less than 2 MPa as shown in Fig. 6.
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Fig. 4. Pressure contours at 98.8 µsec.

The flow field at 600 µ,sec is slowing rapidly and the crater is near but not yet
at its final dimensions. The low material strength of 50 kPa is not enough to slow
the crater growth to a complete stop at this calculated time.
III. IMPACT CRATERING PHENOMENOLOGY
The initial impact generated shock wave decays rapidly as it propagates outward
from the point of impact. The highest shock levels in the target occur directly
below the center of the projectile. For a given range from the point of impact,
the peak pressures decrease gradually going circumferentially from the vertically
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downward direction to the target surface. Figure 7 shows the attenuation of peak
pressure with range for 0 = 0 degrees (vertically downward) and 0 = 45 degrees.
The magnitudes of the pressures differ, but the attenuation rates are the same.
The peak pressures in the first few centimeters beyond the transient cavity are
GPa's and tenths of GPa's, but these shock peaks occur early and quickly decay
to much lower levels as shown in Figs. 4 and 6. For example, a peak pressure of
0.3 GPa occurs at a position 5 cm vertically downward from the impact point
when the shock wave arrives there at about 20 µ,sec, but during the bulk of the
excavation stage, the pressures are a few MPa at that position. After the initial
formation of the transient cavity, most of the crater growth occurs when pressures
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Fig. 6. Pressure contours at 600 µ,sec.

in the cratering flow field have decayed to levels much lower than the initial peak
shock pressures.
The shape of the transient cavity remains relatively constant as it grows. Measuring from the initial point to the 1.5 Mg/m 3 density level along the original
target surface, and in the vertically downward direction gives a radius-to-depth
(RID) ratio of about 0.7 for times between 6 and 18 µ,sec. This ratio increases
to a fairly constant 0.85 between 100 and 600 µ,sec. This contrasts with the more
hemispherical (R/D
1) transient cavity calculated for the JOHNIE BOY nearsurface explosion crater (Orphal, 1977a). Orphal et al. (1980) also find that for
a planetary-scale impact cratering calculation the transient cavity is less hemispherical at early times than is the case for near-surface explosion craters.
The coupling of the projectile's initial kinetic energy to the target proceeds
rapidly in the first few µsec as shown in Fig. 8. By 18 µsec, the projectile's
kinetic energy is less than 0.3 percent of its initial value. Less than 5 percent of
the total impact energy still resides in the projectile in the form of internal energy.
About 55 percent of the total impact energy has been coupled into the kinetic
energy of the target material. The rest of the original energy is present in the
form of internal energy of the target material. Although the total target kinetic
energy remains relatively constant after the first few µ,secs, its distribution within
the target changes with time. Figure 9 shows the increase with time in the kinetic
energy of the target material located initially beyond a cup-shaped region 2.5 cm
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in radius and 3.0 cm deep, centered about the original impact point. The target
material initially inside the cup-shaped region has lost an equivalent amount of
its kinetic energy.

IV. MAXWELL'S Z-MODEL
Maxwell's Z-Model is an analytical description of the cratering flow field developed from study of near-surface explosion cratering calculations. It provides a
framework for describing the cratering flow field, defined as the target material
velocity field beyond the transient crater wall but well behind the outgoing shock
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wave. Using the Z-Model equations and parameters characteristic of a specific
flow field, it is possible to calculate ejection angles and velocities and final crater
dimensions. In order to judge the applicability of this near-surface explosion
cratering model to impact cratering, we examined in detail the cratering flow field
at various times in our calculation.
Maxwell (1977), Orphal (1977b) and Thomsen et al. (1979a) have previously
described Maxwell's Z-Model. Figure 10 defines the spherical polar coordinate
system centered at the on-axis detonation point. R is the radial distance from this
center to a given point in the cratering flow field and 0 is the angle measured from
the vertically downward direction. For near-surface explosion cratering calcu-
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lations Maxwell (1977) found that at early times crater growth was nearly hemispherical and that after passage of the primary shock wave the cratering flow
could be described as a very orderly process. The flow field could be described
by:
(1)
where R is the radial velocity of the flow field, a is a time-dependent coupling
term describing the flow field strength, and Z defines the rate of velocity decay
with range, R. Maxwell (1977) also observed that the density in the cratering
flow field region was approximately constant, yielding incompressible flow:
V · U(R,0) = 0

(2)

where U(R,0) is the vector velocity of the flow field. Combining Eqs. (1) and (2)
permits derivation of the full equation of motion of a mass element along stationary streamlines within the cratering flow field:
U(R,0) =
where R and

0 are

RR+

R(Z

2) tan(0/2)0,

(3)

unit vectors in spherical polar coordinates.
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Fig. 10. This schematic representation shows the cratering flow field region as defined
for near-surface explosion cratering calculations with 8 and R as used in the MaxwellZ Model.

Z describes the shape of the cratering flow field. For Z = 2, U is radial at all
points, giving irrotational flow. Values of Z > 2 describe flow fields which are
rotational in the direction of the surface. Maxwell (1977) found for near-surface
explosion cratering calculations that Z = 2 for 0 = 0°, that Z = 2. 7 for 30° ::s 0
::s 60°; and that Z ;::: 4 for 0
75°. An average value of Z = 3 was found to be
representative of the entire cratering flow field produced by a near-surface explosion.
Maxwell (1977) and Orphal (1977b), for near-surface explosion cratering calculations, observed that a and Z varied somewhat for different streamlines (or
angles 0), but to a good first approximation they were both constant with time.
This steady-flow approximation, Eqs. (1), (2), (3), and consideration of material
strength and gravity effects permitted a reasonable prediction of the displacement
field, including ejecta and crater dimensions, at all subsequent times.
The special editing routine written to analyze our calculated flow fields performs a least squares fit to points in log R-log R space to get the parameters a
and Z, as shown in Fig. 11. At various times, the calculated R's and R's are fit
in this way for rays extending out every 5 degrees from possible coordinate
centers on the axis every 0.1 cm from the initial impact point downward. The
goodness of the least squares fit is evaluated by the percentage difference between
the calculated and the fitted R for a given R (for a given time, center and angle).
For a given time and center, various averages and standard deviations of a and
Z for ranges of 0 are also calculated.
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V. ANALYSIS OF THE IMPACT CRATERING FLOW FIELD
The Z-Model editing routine was applied to the cratering flow field of the calculation at various times in order to judge the applicability of the Maxwell ZModel by testing each of its assumptions and by making reasonable modification
when necessary and feasible.
For the bulk of the excavation stage, the assumption of essentially incompressible material flow holds true, because the variations are small in the target
material density throughout the cratering flow field region. At 18 µ,sec, the maximum density variation is about 3%. By 60 µ,sec, it is less than 1%, and at 600
µ,sec, it is less than 0.1 %.
Thomsen et al. (1979a) reported that at 18 µ,sec the shock wave had detached
itself from the immediate vicinity of the projectile and the cratering flow field had
been established. Application of the editing routine to the flow field at that time
gave the best overaJl fit and smallest standard deviations for an average Z = 2.11
and an average a= 0.084 cmz+i/µ,sec for the flow field center taken to be located
on-axis at a depth of 0.65 cm beneath the original impact point. At times less than
12 µ,sec, the initial directed momentum of the projectile caused Z to be less than
2 in the cratering flow field in the target material in the region directly beneath
the projectile. These two basic results of our calculation at 18 µ,sec and before:
a flow field center located beneath, not at, the target surface and the early time
effect of the projectile on the flow field are basic differences between near-surface
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Fig. 11. Typical plot of
calculation.
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explosion cratering and impact cratering. However, the cratering flow field at 18
µ,sec was well described by the a and Z values given.
The requirement that the flow field center for the Z-Model be located some
distance beneath the target surface is in qualitative agreement with work of
Oberbeck (1971) and Bryan et al. (1979). Oberbeck (1971) found experimentally
for impact of aluminum projectiles into non-cohesive quartz sand targets at 2 km/
sec, that the resulting crater was the same as an equivalent energy explosiongenerated crater in the same material when the explosive was buried at a depth
of 6.3 ± 2 mm beneath the target surface. Bryan et al. (1979) found calculationally
that for Meteor Crater, Arizona, a buried equivalent energy explosive source
gave a similar crater to one produced by a meteor impact. It should be noted,
however, that late time equivalence of crater shapes between impact and equivalent explosive events does not necessarily imply closely similar cratering flow
fields at all times.
At times between 18 µ,sec and 600 µ,sec, possible on-axis flow field centers
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Fig. 12. a values from least squares fits to the calculated flow field velocity vectors'
radial components with respect to a flow field center at 0.6 cm below the original impact
point. (Dotted lines indicate that some out of range points were not plotted).
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were examined every 0.1 cm from the target surface downward to find at each
time which center gave the best fit of the calculated flow field to a and Z values
for rays extending every 5° about the center. Before 200 µ,sec, the best fit was
provided by the center located at 0.6 cm below the original target surface. The
average difference between the calculated radial velocity component and the least
squares fitted value was 3.5 percent for 0 < 60°. Between 200 and 600 µ,sec, the
center providing the best fit becomes less pronounced and centers less than about
1 cm deep provide similarly good fits. The fits, however, become poorer later in
time and go from about 5 percent average difference between calculated and fitted
velocities at 200 µ,sec to about 15 percent at 600 µ,sec.
Figures 12 and 13 show the calculated a and Z values at various times for the
center located at 0.6 cm below the original target surface. As previously observed
for near-surface explosion calculations, the variation of a and Z is more regular
for 0 < 60° than it is for 0 > 60°. The interactions with the free surface make the
flow field near the surface more complicated. The variations of a and Z with 0
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Fig. 13. Z values from least squares fits to the calculated flow field velocity vectors'
radial components with respect to a flow field center at 0.6 cm below the original impact
point.
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for a given time as shown in Figures 12 and 13 are no greater than those observed
in near-surface explosion cratering calculations.
The most striking feature in Figs. 12 and 13 is the strong variation of a and Z
with time. a and Z fits to the cratering flow field at times between 18 and 100
µ,sec and between 100 and 200 µ,sec give values intermediate to the ones shown.
The time of greatest change in a and Z is between 18 and 200 µ,sec, with Z fairly
constant after 200 µ,sec for 0 < 60° and a increasing much more slowly after
about 400 µ,sec with a fairly constant value for 0 < 60°. But 200 µ,sec is already
a large part of the excavation stage, and typical behavior of a and Z for near
surface explosion cratering calculations is that a and Z remain fairly constant
with time after the early part of the excavation stage at scaled times comparable
to the 18 µ,sec time of this calculation.
The meaning of a and Z increasing with time can be seen in Fig. 14, where
the least squares fits to radial velocities and ranges with respect to the flow field
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'-'
•CX:
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Fig. 14. R vs R for 0 = 0 degrees (vertically downward) at selected times during the
excavation sta{!e.
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Fig. 15. (a) Initial coupled Eulerian-Lagrangian grid and initial location of selected Lagrangian points. (b) Velocity components and angle at Lagrangian point 2.

center at a depth of 0.6 cm are given for target material in the vertically downward
direction in the cratering flow field at various times. If a and Z did not vary with
time there would be one line instead of three. a increasing with time means that
the fits at later times intercept the abscissa axis (R = 1 cm) at higher values of
R. Z increasing with time means that the fitted lines have steeper slopes at later
times. Together these observations imply that the radial velocity components of
the closer-in cratering flow field in the vertically downward direction are decaying
more slowly than they should according to the steady-flow Maxwell Z-Model. In
fact, particle velocities in the cratering flow field near the transient crater wall
have increasing radial velocities over some period of time in the excavation stage
during which the steady-flow Maxwell Z-Model would predict the radial component of the velocity should be decreasing according to Eq. (1). For example,
Fig. 15 shows the particle velocity components for one Lagrangian point near the
transient crater wall. With respect to the flow field center at 0.6 cm from 30 to
50 µ,sec the R of this Lagrangian point increases 6 percent, but the R increases
by 12 percent instead of decreasing.
Modification of the steady-flow Maxwell Z-Model sufficient to keep the coupling constant a and the shape of the flow field as described by Z relatively
constant with time during the excavation stage requires description of the flow
field as having migrating flow field centers (slightly different for either constant
a or constant Z) which follow the crater depth downward as shown in Figure 16.
At 18 µ,sec the cratering flow field is well established and free from the earlier
time effects of the projectile. For these migrating flow field centers which preserve
at later times either the a or the Z values calculated for the vertically downward
direction at 18 µ,sec, the a and Z values show slightly less variation with time or
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with 0 for 0 60° than those calculated with respect to the flow field center held
fixed at 0.6 cm. However, the least squares fits for these deeper centers are only
about half as good as the fits for the constant depth center in terms of the average
percentage differences between the calculated and fitted radial velocities. Allowing the flow field center to migrate also shifts the time dependence of the flow
field from the a and Z values to the coordinate system itself, so that the steadyflow Maxwell Z-Model with stationary streamlines still does not apply directly.

VI. DISCUSSION AND CONCLUSIONS
Using the Maxwell Z-Model of near-surface explosion cratering to analyze the
finite difference calculation of a spherical aluminum projectile impact at 6 km/sec
into a homogeneous plasticene clay target with a von Mises material yield strength
of 50 kPa shows that in many ways the steady-flow Maxwell Z-Model applies
directly or can be modified slightly, but that in one important way it does not
apply directly. The basic assumption of incompressible flow holds for this calculation as shown by the small density variations in the cratering flow field during

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System

1980LPSC...11.2325A

Impact cratering dynamics

2343

the excavation stage. At a given time and for a given angle, the regular power
law decay of R with R holds within a few percent. However, the apparent flow
field center is located beneath the surface, not at the surface as it is for. nearsurface explosion cratering. At a specific time, a and Z are about as spatially
dependent (dependent on the angle 0) for this impact calculation as for previous
near-surface explosion cratering calculations.
The major negative conclusion of the analysis of this impact calculation is that
both a and Z are significantly time dependent during a major portion of the
excavation stage of crater growth, or that the flow center itself migrates deeper
with time. This is in contrast to observations of near surface explosion cratering
calculations and to the steady-flow assumption underlying the most basic form
of the Maxwell Z-Model. In the steady-flow form, the Maxwell Z-Model assumes
that both a and Z are time independent and that the flow field center is stationary.
In a modified form, the Z-Model allows a to decrease with time, but still assumes
that the parameter Z, which characterizes the shape of the flow field, is time
independent. Time dependence of Z or of the flow field center means that the
incompressible flow occurs along time dependent streamlines so that much of the
simplicity of the steady flow model is destroyed.
In practice, this means that a and Z calculated at early times in the excavation
stage cannot be used directly in the machinery of the simple steady-flow Maxwell
Z-Model to crank out the displacements, crater dimensions and ejecta angles and
velocities at later times in the excavation stage.
This analysis has been applied to only one impact cratering calculation at one
impact velocity (6 km/sec) at one scale (laboratory), at one gravity value (terrestrial), at one material strength value (50 kPa) for one target material (plasticene
clay, which is very suitable for basic cratering phenomenology studies, but is not
intended to be a direct simulant of materials existing on lunar or planetary surfaces). With only one calculation, what causes the departures from the simple
steady-flow Z-Model is highly uncertain. Quantifying the degree to which these
conclusions apply to other impact cratering flow fields with different initial conditions and different material models requires more calculations and analysis. In
the meantime, the steady-flow Maxwell Z-Model should only be applied with
caution to impact cratering.
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