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Introduction: The formation and final morpholo-
gy of hypervelocity impact craters is strongly depend-
ant on the composition and structure of the target plan-
etary surface. On Earth, over two-thirds of the known
impact craters formed in target rocks with some
amount of sediment or sedimentary rock. We have
started to explore, using numerical models, the rela-
tionship between sediment thickness and final complex
crater morphology for impacts into mixed sedimentary
and crystalline targets [1]. However, the strength mod-
el used in this initial study assumes that the sedimen-
tary material is entirely isotropic [2], and fails to ac-
count for the inherent anisotropy of stratified sedimen-
tary rocks. Layered materials are often transversely
isotropic, implying that material properties, such as
strength, are different in the plane-parallel and plane-
perpendicular directions, as shown in Figure 1. Past
experiments have analyzed the deformation and failure
of numerous transversely isotropic materials, such as
shale [e.g., 3] and clays [e.g., 4], which has allowed for
constitutive models for anisotropic materials to be de-
veloped and algorithms created to be incorporated into
modern hydrocodes [5].
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Figure 1: Depiction of a cell of an anisotropic material. The
principal axes for simulations conducted in 2D cylindrically
symmetric case are indicated by x, y, and 0. The flow stress
or material failure strength in each of the principle directions
are indicated by Y, Y, and Yy[5].

In this abstract, we outline proposed adjustments to
the strength model currently used in iSALE to account
for transversely isotropic materials, based on algo-
rithms developed by Anderson et al. [S]. We then ex-
plore the effect(s) that this implementation has on the

more simple layered sedimentary/crystalline model
described in [1].

Hydrocode Simulations: Impacts into mixed sed-
imentary and crystalline targets were simulated using
the multi-rheology hydrocode iSALE-2D [6]. The tar-
get was composed of two materials: a crystalline
basement overlain by a sedimentary layer of varying
thickness. Both the impactor and crystalline basement
were composed of granite, using the ANEOS equation
of state (EoS) [7] parameters given in [8]. For the sed-
imentary layer, the Tillotson EoS [9] for limestone was
used. For both layers, strength parameters described in
[10] were used. The block acoustic fluidization model
was used to account for temporary strength loss of the
target material [e.g., 11], with parameters similar to
those in [12]. Initial results for an isotropic sedimen-
tary layer were presented in [1]. The parameters for the
model from the previous work will be kept identical,
except for changes to the current stress calculations to
account for transverse isotropy.

Implementing Anisotropy: To implement materi-
al anisotropy into iSALE, elements of an algorithm
developed by Anderson et al. [5] are used, reduced to
the simpler 2D cylindrically symmetric case.

Yield Strength Surface. The first step of our modi-
fications to iSALE is to account for anisotropy of yield
strength, which is achieved by implementing a modi-
fied Tsai-Hill yield criterion [13,14,5]. In this approach
a scalar measure of differential stress fry is defined as:
frin = g [H (0en = 030)? + G (022 = 00)* + F o3~ 00)* +2N02,] (1)
where oj are the components of the stress tensor, and
the constants F-H and N are related to the material
yield strength in the three material directions Y,, ¥, and
Yp, and the s2hear strength 2}’)0, by: , ,
(2 () - () (2
and Y is some reference yield strength. fry is then used
in the same way as the second invariant of the stress
tensor in iISALE’s plasticity algorithm [2]. L.e., if the
Vita>Y yielding occurs, some of the strain is plastic,
and the stresses must be reduced back to the yield sur-
face. Otherwise, stresses lie beneath the yield surface,
all strains are elastic, and the computed stresses are
carried to the next time step.

In the isotropic case, Yz =Yy = Yo =Y implying F
=G=H-=1,and Y,, =Y/V3, implying N = 3, and fiu
reduces to the familiar second invariant of the devia-
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toric stress tensor, J>. Under these assumptions, the
orientation of the material has no influence on the yield
surface (Fig. 2).

In the transversely isotropic case, with bedding
planes perpendicular to the y-direction and
Y, #Y:=Yy=Y F=H=(V/Y,)’and G=2 - F. N is
given as above. Under these assumptions, the yield
surface is equal to Y when the bedding planes of the
sedimentary material are oriented vertically (parallel to
the y-direction) and, depending on the values of F and
N, can vary substantially as a function of bedding
plane orientation between horizontal and vertical (Fig.
2).
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Figure 2: Normalized differential stress (Y/fry) versus sedi-
ment plane angle (relative to the horizontal) for a triaxial

stress scenario with vy < Tz = 00 and T2y = 0 1p the
isotropic case (black line), the yield curve is independent of
bedding plane orientation; in the transverse isotopic case
with ¥, = ¥/1.1 and Y, = ¥/3 (blue), the yield curve has a
minimum at a bedding orientation of ~45°.

Material rotation The modified yield criterion de-
scribed above accounts for anisotropy of strength as-
suming that the material axes are aligned with the sys-
tem axes at the beginning of the calculation and remain
so throughout the simulation. In dynamic impact simu-
lations this is not a valid assumption. An additional
modification is therefore required to track the orienta-
tion of the bedding planes in the simulation and to ro-
tate the stress tensor into the material coordinate frame
(and back again) when applying the yield criterion.

Initial Results of Hydrocode Modelling: Simula-
tions using the isotropic strength model exploring the
effect of sediment thickness on crater size are shown in
Figure 3 [1]. For both a porous and non-porous upper
layer, when the sediment layer is thin (0-300 m), the
weaker sedimentary layer has little influence on final
crater radius (~7.1 km). As sediment thickness is in-
creased, it resulted in a larger final crater radius (~8.7
km). The final crater radius plateus after a sediment
thickness increases beyond 1500 m.
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Discussion and Future Work: The thickness of a
sedimentary layer above a crystalline basement affects
the final crater diameter to a large degree. The sedi-
mentary layer appears to be excavated more efficiently
than the crystalline layer. As sedimentary thickness
continues to increase, the impactor fails to excavate the
crystalline basement, and the final crater radius begins
to plateau.

Final crater radius versus sediment thickness
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Figure 3: Final crater radius as a function of sediment thick-
ness for non-porous and porous sediment layers. When the
sediment layer is thin (0-300 m), the addition of the lime-
stone layer makes little difference. As the sediment layer
increases (600-1500 m), the final crater radius increases
steadily, before plateauing at a final crater radius of approx-
imately 8.5 km.

Further work will focus on the implementation of the
strength model described above. The strength of the
sedimentary layer appears to have a significant effect
on the final crater morphology. Therefore, it can be
expected that changing the model used to describe
strength will also have an effect on the crater morphol-
ogy. We will therefore attempt to determine the effect
that transverse isotropy will have on final crater radius.
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