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Figure 13. Same as Figure 12 except the strength of the regolith is modeled by decraadimg
coefficient of damaged friction, from substrate values.

of the regolith had to be further reduced in order to forphologic variations seen in small lunar craters by modeling
concentric craters. This can be done by either (1) decreasinggolith overlying competent rock.

Ym (Figure 12;Y,, was reduced by two orders of magnitude [s)] With the development of more realistic rheologic
relative to the substrate) or (2) decreasiggFigure 13;my models in shock physics codes and agreement between
was reduced from the substrate value of 0.6 to 0.2). Naliéerent codes (e.g., this work ar@bllins et al.[2004]),

that for a reasonable range of strengths, the absolstiedies of the impact cratering record may provide more
strength is negligible compared to the strength differencketailed information about the material properties and
as long as there is a sufficient difference in strength betwestructure of planetary surfaces.

the regolith and the underlying surface, the same morpho-

logical progression of crater morphology will be aChieveﬁ!ppendix A: Strength Model Description

(although it will take projectiles with more kinetic energy to _ )
produce similar looking craters when the strength is greaf5l] We implemented the strength model described by
er). In summary, by choosing appropriate strength pararfellins et al.[2004]; precursor work to their model was
ters (the strength of the regolith must be significantfPnducted byvanov et al[1997]. A detailed description of
weaker than the underlying competent rock), we are aii® model can be found in these papers; however, for the
to reproduce the morphologies of small lunar craters usipigfPose of discussing specific model parameters, we repro-

the strength model. duce the equations here. In CTH, the model is named the
ROCK model to distinguish it from other existing models in
the code.

4. Conclusions [52] The strength model takes the current state (temper-

[4¢6] We have implemented the rheologic model for ge@ture, pressure, stress, and strain rate) of the material in a
logical materials described I83ollins et al.[2004] into the computational cell and returns the updated deviatoric stress
shock physics code CTH. We demonstrate that a singgmsor. The computational steps are as follows:
model is able to produce reasonably shaped impact craters] 1. Calculate the limiting tensile strength of the cell
and damaged zones over a wide range of length scales, femoording to
laboratory size craters to complex craters on planetary
surfaces, when the appropriate strength parameters are Y:  Yo*Ftermt 1 Dot Al
chosen. The model relies upon bulk material properties
for input parameters. Additional effects on strength (not
included in the model), such as scale and strain rate
dependence, are important in some situations. These effects Finerm
should be investigated further in the future.

[4 Using the updated code, idealized calculations @here, is the limiting tensile strengti, is the maximum
layered surfaces demonstrate that contrasting strength layssije strengthEmerm is a thermal degradation fact®e
have significant effects on the ejecta curtain structure ggdihe total damagex is a material constanfl,, is the
the final crater morphology produced by an impact. Henggsiting temperature, ariis the temperature. Note that the
observed crater morphologies may be used to infer {@sile strength decreases with increasing temperature and
material properties of widespread subsurface layers tgfh| damage; the hyperbolic tangent form for the reduction
planetary surfaces. As an example, we reproduce the mfrstrength due to temperature was determined experimen-

Tm
tanhx — 1 A2
T
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tally by Ohnaka [1995]. Y, is the minimum principal stress
(where Y; is negative) that the cell is allowed to have.

[54] In this paper, we demonstrate that a single material
constant value for Y,, is not appropriate for all applications,
and that Y, should be replaced with a function of the length
scale and strain rate. In addition, we note that for planetary-
scale applications, the pressure dependence upon melting
should be accounted for by replacing the single value for 7,
with a melting curve.

[s5s] 2. If there is no acoustic fluidization, then calculate
the limiting shear strength of the cell according to

P
Y=Y+ —— o A3
T WP/ 1) )
YdZYC+,udP (A4)
Ys = [Yl(l _Dtot) + YdDm,]*Ftherm (AS)

where Y; is the shear strength of the intact (total damage
equal to zero) rock, Y, is the shear strength of the intact rock
at zero pressure, u; is the coefficient of internal friction of
the intact rock, P is the pressure, Y, is the limiting strength
as pressure increases (the von Mises strength), Y, is the
shear strength of the completely fragmented (total damage
equal to one) rock, Y. is the zero-pressure cohesion, (i, is
the coefficient of friction of the completely fragmented
rock, and Y, is the shear strength. Note that the shear
strength is given as a linear combination of the shear
strength of the completely intact and completely damaged
rock (depending on the amount of damage), and includes
thermal degradation effects. If Y, > Y(which occurs when
the pressure is sufficiently high), then these equations no
longer hold and the shear stress is assumed to follow the
thermally degraded intact shear strength, regardless of
damage. This is based on the idea that at sufficiently high
pressures, damaged rock is thought to behave like intact
rock because the boundaries between fragments are so
compressed that they behave like grain boundaries. The
form of equation (A3) was determined experimentally by
Lundborg [1968].

[s6] In this work, we demonstrate that Y, should be
replaced by a function of strain rate and scale. Additionally,
Y,, is strain rate dependent, but probably not scale depen-
dent.

[57] 3. If there is acoustic fluidization [Collins, 2002;
Collins et al., 2004; Melosh and Ivanov, 1999; Wunnemann
and Ivanov, 2003], then calculate the limiting shear strength
of the cell according to

Ys:Yb‘i’p*n*Erate (A6)

Py = P * CS* Vg (A7)
where Y}, is known as the Bingham yield strength. This is the
yield strength if the pressure were equal to the local pressure
minus the vibrational pressure (P,;) (equations (A3)
through (A5) where Y,, is substituted for Yy and P — P,
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is substituted for P). p is the density, n is the acoustic
fluidization viscosity, €,4. 1S an invariant measure of the
strain rate (specifically, the square root of the second
invariant of the deviatoric strain rate tensor; this is chosen to
correspond with the yield strength criteria), C; is the sound
speed, and v, is the vibrational particle velocity. The
maximum vibrational particle velocity is assumed to be
some fraction (C,;;) of the maximum cell velocity (Vg qx)
and to decay exponentially with time (#) according to

Vg = Vg max eXp(—1/T) (A8)
where 7 the acoustic fluidization decay constant. Looking at
equation (A6), it is seen that acoustic fluidization will not
cause failure of the target material unless the shear stresses
exceed Y, (also known as the Bingham yield stress); above
that, the material will flow with an effective viscosity of 7.

[s8] Note that the four acoustic fluidization parameters
are validated through a combination of impact crater scaling
laws for the sizes of transient and final crater cavities and
observations of final crater shapes. These parameters are
dependent on the assumed strength model and must be
adjusted when the strength model parameters change.

[s9] 4. Calculate the trial deviatoric stresses, assuming
that all of the deformation can be accommodated elastically.
The shear modulus is degraded according to the same factor
(Fherm) used to degrade the shear and tensile strength.

[60] 5. Calculate the second invariant, J,, of the trial
deviatoric stress tensor.

[61] 6. Apply the shear failure criteria. If J, > Y2, then the
cell is failing in shear and the deviatoric stresses need to be
decremented by a factor of Y,/v/J>.

[62] 7. Apply the tensile failure criterion. If the greatest
principal stress of the stress tensor is larger than the tensile
yield strength (where tensile stresses are positive), then the
cell is failing in tension. In CTH, void space is iteratively
added to simulate fracture until the averaged principal
tensile stress of the cell is equal to the tensile strength.
Note that the model implementation by Collins et al. [2004]
does not add void upon tensile failure.

[63] 8. Update the total plastic strain in the cell. If the cell
is currently failing (in shear, tension, or both), then

Etot = Etor T+ 5rate* dt (A9)
where ¢, is the total plastic strain in the cell, ¢,,, is an
invariant measure of the strain rate in the cell, and d, is the
time step.

[64] 9. Increment the shear damage (if the cell is failing in
shear) using

D, = D, 4 St (A10)
&r
where Dy is the shear damage, and &, is the equivalent
plastic strain at failure. £, is an increasing function of
pressure, such that at low pressures damage will accumulate
quickly and the material will behave in a more brittle
manner, while at high pressures damage will accumulate
slowly and the material will behave in a more ductile
manner. The input parameters P, (brittle ductile transition
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pressure) and Py, (brittle plastic transition pressure) govern
the pressures at which the transitions between these
behaviors (brittle, semi-brittle, and ductile) occur for a
given material. The shear damage is limited to one. P, can
be calculated as the intersection of the intact yield surface
and the damaged yield surface, while P;, can be calculated
as where the pressure is equal to twice the yield strength
[Collins et al., 2004; Evans and Kohlstedt, 1995; Goetze,
1978].

[65] 10. Increment the tensile damage (if the cell is failing
in tension) using

dDy)}  0.4C,

All
dt dmin ( )

where D, is the tensile damage, C; is the sound speed, and
dmin 18 the minimum dimension of the cell. Essentially,
equation (All) can be thought of as simple crack growth
model, where the crack growth speed is 0.4C; (this is the
maximum crack growth speed which is asymptotically
approached as the crack grows [see Myers, 1994]) and the
growth is limited to d,,;, in a given time step. The tensile
damage is limited to one. From this work and Collins et al.
[2004], it is clear that the shear and tensile damage variables
are nearly equal; thus having two damage variables may be
unnecessary.
[66] 11. Increment the total damage using

Diot = Dy + Dien (A12)

where the total damage is limited to a maximum value of
one.
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