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Abstract

Assessments of asteroid deflection strategies depend on material characterization to reduce the uncertainty in predictions of the deflection
velocity resulting from impulsive loading. In addition to strength, equation of state, the initial state of the material including its
competency (i.e. fractured or monolithic) and the amount of micro- or macroscopic porosity are important considerations to predict the
thermomechanical response. There is recent interest in observing near-Earth asteroid (101955) Bennu due to its classification of being
potentially hazardous with close approaches occurring every 6 years. Bennu is relatively large with a nominal diameter of 492 m, density
estimates ranging from 0.9-1.26 g/cm3 and is composed mainly of carbonaceous chondrite. There is a lack of data for highly porous
carbonaceous chondrite at very large pressures and temperatures. In the absence of the specific material composition and state (e.g.
layering, porosity as a function of depth) on Bennu we introduce a continuum constitutive model based on the response of granular
materials and provide impact and standoff explosion simulations to investigate the response of highly porous materials to these types of
impulsive loading scenarios. Simulations with impact speeds of 5 km/s show that the shock wave emanating from the impact site is
highly dispersive and that a 10% porous material has a larger compacted volume compared with a 40% porous material with the same
bulk density due to differences in compaction response. A three-dimensional simulation of a 190 kT standoff explosion 160 m off the
surface of a shape model of Bennu estimated a deflection velocity of 10 cm/s.
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1. Introduction

Impulsive Strategies for disrupting or deflecting asteroids with low collision lead-times include two main approaches:
standoff explosion and hypervelocity impact. Assessment of these strategies depends on material characterization including
its strength and equation of state to attain any certainty in predictions of the deflection velocity. In addition to bulk material
properties, the initial state of the material including its competency (i.e. fractured or monolithic) and the amount of micro-
or macroscopic porosity are important considerations [1-6]. There is a lack of data for highly porous carbonaceous
chondrite at very large pressures and temperatures considering the compositional differences between collected non-porous
samples [7—18]. Specifically, very little is known about the material strength at high porosity levels that have been
estimated for near-Earth asteroid (101955) Bennu [19]. There is recent interest in observing Bennu due to its classification
of being potentially hazardous (i.e. diameter > 150m and MOID < 0.05 AU) with close approaches occurring every 6 years
[17]. Bennu is relatively large with a nominal diameter of 492 m, density of 1.26 g/cm® [20] and is thought to be composed
mainly of CI or CM carbonaceous chondrite based on spectral data [21].

The response of an asteroid to impulsive loading for deflection scenarios largely depends on the amount of material
ejected from the deposition layer or impact site, respectively. The momentum of ejecta depends on the thermomechanical
response, which must also account for the chemical composition of the parent material. CI and CM carbonaceous
chondrites are known to have a hydrated mineralogy and there is evidence of shock-induced devolatilization of
carbonaceous chondrites between 10-30 GPa [8,14,16,22] indicating a complex thermo-chemical response as well.
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A distinct element modeling (DEM) approach was used to investigate the response of unconsolidated boulders to a
standoff explosion in a previous investigation [23] noting that the deflection velocity did not account for ablation of
material, but rather focused on the interaction between the large boulders after the impulse was applied. Using Lagrangian
finite elements, a similar problem was investigated in [24] where it was found that the morphology of contacting boulders in
unconsolidated asteroids affects the pulse propagation speed due to the efficiency of the contacting surfaces to transfer the
impulse. The morphological properties of Bennu to date do not indicate its internal structure. Its surface is thought to be
mostly covered in a fine regolith powder with sizes ranging below 125 um [21]. Accounting for the most recent estimations
of the composition and structure of Bennu it is probable that it is a loosely consolidated body without strength.

Granular materials, such as the surface regolith typically exhibit a pressure dependent resistance to distortional loading.
In the absence of the specific material composition and state (e.g. layering, porosity as a function of depth) on Bennu we
introduce a continuum constitutive model based on the response of granular materials here and provide impact and standoff
explosion simulations to investigate the response of highly porous materials to these types of impulsive loading scenarios.

The two different approaches differ in the amount of energy imparted to the asteroid as well as the resultant impulse
propagation through the body. For relatively large standoff distances, the resulting shock wave will converge in contrast to
a divergent wave emanating from the impact point, which means the material will be subjected to different dynamic loading
conditions. Both strategies presented here focus on the strengths and weaknesses of each delivery mechanism given the
characterization of the intrinsic properties of Bennu and Tillotson equation of state fit to carbonaceous chondrite data at high
pressures and temperatures.

2. Numerical Modeling
2.1. Use of Hydrocode for deflection simulations

An Eulerian hydrocode (GEODYN) with an interface reconstruction algorithm, wide-range equation of states and a
flexible constitutive model library [25,26] was used for the numerical investigations of both defense strategies (standoff
bursts and hypervelocity impacts). GEODYN uses a high-order material interface reconstruction algorithm [27] and
advanced constitutive models that incorporate salient features of the dynamic response of geologic media [28,29]. The
details of adaptive mesh refinement (AMR) in Eulerian hydrocodes is a relatively mature technique [30] that allows the
computational expense to be focused on the parts of the problem of interest. A high order Eulerian Godunov scheme has
been shown to provide accurate solutions to problems resolving shock waves. The methodology implemented in GEODYN
is based on adaptations of the single-phase high-order Godunov scheme. Further details of this implementation may be
found in Appendix A.

2.2. A thermomechanical constitutive model for asteroid regolith

Regolith samples consist of solid material and pore space. The model described here is based on previous mechanical
constitutive models developed for crushable soils [31-33]. The constitutive model development evolves from tracking the
development of the stresses and energies of the solid and pore space separately. A full description of the model will be
detailed separately in a forthcoming manuscript. The pressure and temperature dependent strength model begins with the
concept of a porous granular medium where pore space exists between individual grains in a loosely consolidated volume.
The change in volume of the material can be expressed as

dv=dv +dv, M

where dv, is the volume change of the solid and dv,=dv,.+dv,,is the volume change of the void space, which is composed of
the elastic portion (i.e. poroelastic compaction) dv,. and the void space changes due to fragmentation and comminution of
the grains dv,. The values of each term in Eq. (1) in the reference configuration are denoted by capital letters

av=dv +dV, =dV +dV +dV,. 2)

The porosity and its reference value are defined by

¢:@:d"m+d"xf 3)
dv A dv
and
av, dav, dv, @
= = + i
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Figure 1. Fit of the Tillotson EOS to shock compression data for carbonaceous chondrite. (1) Fit of the solid EOS to the lower density chondrite classes.
(2) Fit of the pressure dependent strength model using the solid EOS parameters. (3) Murchison data from [15]. (4) Bruderheim data from [15]. (5)
Serpentine data from [34]. (6) Lizardite data from [22]. (7) H6 chondrite Kernouve data from [12]. (8) Antigorite data from [22]. Note that data from the
hydrated chondrites (3), (5), (6) and (8) have a lower bulk density than (4) and (7).

A useful measure of the deformation comes from the definition of the Finger tensor B=FF' (i.e. the left Cauchy-Green
deformation tensor). The unimodular part of this tensor is defined from [35] b=J""FF", where J =det(F)=dv/dV is the

Jacobian and is a measure of the measure of volumetric compression. The initial and current density of the solid/void
mixture is

p,=(1-D)p,, (5)
and
p=(1-9)p. (6)
respectively. For large deformation models the symmetric unimodular tensor B[ is a measure of pure elastic distortion
through the evolution equation

BL=LBQ+B;LT—§(D:I)B’E—I“AE, (M
which derives from [36-38]. The product I'A, characterizes the inelastic distortional deformation and A, is defined:
A =B - % L ®)
(B,) -1

For hyperelastic model evaluation, the full stress tensor derives from the Helmholtz energy function. From [39] the
Helmholtz free energy (HFE) is a function of temperature and damage. In [33] the Helmholtz free energy is written for
comminuting sand grains and is a function of a “breakage” parameter and porosity. A HFE capable of handling failure,
damage/comminution is,

pw=p.,C,(0)(0-6,)-0n g -(0-6,)£(,)+(1- ;’B)w(gé)[f(g‘_) + % G(&,0)(a, — 3)] )
0

The time aerrvauve o1 tne Hr & proposed M £quation (Y) Proviaes tie energy dalance equation wnere ji( &), j1&,), and w(g)
represent functions that account for the nonlinear elastic loading of a granular material (i.e. poroelasticity) as well as the
onset of comminution of the grains. Here we have coupled the mechanical breakage model derived from [33] to the
Tillotson equation of state through careful selection of fi(g) and f{g,) such that for large values of solid compression, it
controls the response since the material may be fully compacted and, at low compression, the nonlinear poroelastic response
controls the solid material response. The Tillotson equation of state was used here to describe the volume response of the
solid material whose parameters are given in Table 1. The parameters in Table 1 are fit to CI and CM data for carbonaceous
chondrites and related minerals shown in data sets (3) and (5) in Figure 1. The fit of the Tillotson equation of state was
performed on three different data sets for chondrites with grain densities around 2.5 g/cm®. Curve (1) in Figure 1 is the
solid equation of state fit to the hydrated chondrites. Curve (2) shows the response of a 50% porous sample using the
pressure dependent strength model described in this section. The remaining data is listed from various sources for
chondrites and similar minerals. The data points in (3) and (4) is for Murchison and Bruderheim carbonaceous chondrites
from [15]. Data for Serpentine (5) are from [34], Lizardite (6) [22], (7) H6 chondrite Kernouve [12] and Antigorite (8) [22]
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Figure 2. Solidus and Liquidus delineations for H6 chondrite from [7] compared with the model.

are also shown. Note that data from hydrated carbonaceous chondrites (3), (5), (6) and (8) have a lower bulk density than
data from (4) and (7).

Table 1. Temperature dependent heat capacities (in units of J/g'k);

Material E0S o 4 B a b a E

CI/'CM Chondrite Tilletson [g-"cm:”] [GPa] [GPa]
2.30 242 60.0 0.5 0.47 5.0 3.0

The chemical composition differs between the different mineralogy and so an estimate of the temperature dependent
heat capacity was fit to shock induced melt data for carbonaceous chondrites from [7]. The specific heat used for chondrite
comes from [7] C,(0)=a+b0+c/6” where a=868 J/kg/K, b=0.1788 J/kg/K, and ¢=-1.8310" J/kg/K>. The result is shown in
Figure 2 where the red and blue lines show the liquidus and solidus boundaries, respectively, and calibrated model results
from GEODYN are shown for a material starting at 10 K and 1600 K under uniaxial compression from 0-30GPa.

We also have relations from [33] for the evolution equations for the breakage (i.e. damage or comminution), solid
compression, porosity and deformation tensor, B,S}_,gﬁ, B’g. In addition to the model described in [33], we have introduced

the equation of state and yield to account for high pressures. The evolution equations for breakage parameter B, the solid
volumetric strain &, porosity and the first invariant of B’ are:

B=TA,(¢) (10a)

£, =—(1+s‘)(I:D—1_¢¢) (10b)
¢=-TA, (¢.B) (10c)

a, =2[B;—%(BL :I)I]:D—F(I:Ad) (10d)

The expressions given in Eq. (10a)-(10d) are coupled and encompass the poroelastic deformation, compaction and
bulking response commonly associated with granular materials under distortional deformation. In each Eulerian cell in a
simulation, satisfaction of these four expressions requires iterations to find the parameter I', characterizing the extent of
inelastic deformation. The yield surface y from [33] is a geologic cap model that accounts for both comminuting granular
material and material yield, y = ;f(B,s; .0, B.Y ) .. Here, the pressure dependent yield surface for the solid material is,

Mp/Y, o MowP (11)
1+}.4f3_1r;/}’5D 1+wa

YZYSD (lfa)
where

(12)

o= (m {5, ~2.)) /| 1+(m (5 -5.) |
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Figure 3. Impact craters are compared between two materials with porosities of ¢= 0.1 (left side of each figure) and ¢= 0.4 (right side of each figure). The
color distribution shown indicates the change in porosity from its initial value (red indicates ¢= 0.0). The impactor was a 10 ton steel projectile with an
impact speed of 5 km/s.

The shear modulus for the porous materials is also a function of pressure,

G=(1-a)g(1-¢B)(1-¢) (1+¢)e, +ag,.. (13)
which could easily be cast as a function of temperature for future investigations. The parameters used in the current model
are given in Table 2. The onset of comminution is a function of the solid compression, breakage and current porosity and
changes with the current state of bulking and compaction of the material such that the material response is consistent
through repeated loading and unloading conditions.

Table 2. Strength model parameters for the modified breakage model.

Parameter  Value Units Parameter  Value Units Parameter  Value Units
ko 800 [GPa] & 0.4 Dnax 0.41

I 500 [GPa] Eve 0.004 By 0.0

Los 0 [GPa] M, 0.0 [GPa] s 13.0

¢ 0.9 [GPa] My 50.0 [GPa] b 0.99

Yo 2.0 [GPa] ) 0.4 m 0.5

m 10.0 Din 0.05

3. Standoff explosion and impact simulations

In [19] the estimated density of Bennu is listed as 1.26 g/cm® and the porosity is estimated around 40%. However,
density estimates range from 0.9-1.26 g/cm’ in recent literature illustrating the challenge of characterizing potentially
hazardous asteroids in general. Due to the uncertainty in measurements, it is interesting to investigate the differences
between plausible material responses based on the range of measured properties. Here we utilize the constitutive model
introduced in section 2, which is capable of handling arbitrarily large porosities and the granular material may transition
between a gaseous (when &=p=0) or solid state depending on the value of jamming porosity, which indicates the
unconsolidated density of the material. This model was used in GEODYN simulations of hypervelocity impact simulations
where a 10 ton steel sphere was impacted onto a simulated regolith layer at 5 km/s. Figure 3 shows a comparison of impact
craters two materials with porosities of ¢= 0.1 (left side of each figure) and ¢= 0.4 (right side of each figure). The color
distribution shown indicates the change in porosity from its initial value (red indicates ¢= 0.0), to illustrate the level of
compaction. The comparison between the two porosity ranges shows a difference in the compaction front illustrated at 5 ms
and 10 ms in Figure 3. Both materials have the same overall density of 1.26 g/cm’®, such that the grain density is p=
1.26/(1-¢y). The impedance differs between the two materials and the shock wave emanating from the impact site is highly
dispersive due to the crushing of the highly porous material within the body. The width of the compaction bands shown in
the simulations are similar at 10 ms, but it is clear that the 10% porous material has a much larger damaged volume.
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Figure 4. Porosity and temperature distribution in 3D simulation with a 190 kT standoff explosion after 1.6 s elapsed. The initial impulse travelled through
the porous material, but ceased crushing after traveling about 20m. The temperature distribution shows heated material ablating from the surface. The
temperatures shown indicate that a significant portion of the surface material is still above the melt temperature, though the heated layer is less than 10m
deep in some locations. This could be due to the fact that porous materials cannot effectively generate pressure upon heating until the material has
expanded enough to fill the surrounding void space.

It is also interesting to consider the response of a highly porous asteroid to a standoff explosion. A shape model for
Bennu from [40] was used in a three-dimensional GEODYN simulation. The deposited energy on the surface of the
asteroid was 190 kT of energy from a distance of 160 m from the +x surface model of Bennu. The porosity and temperature
distribution with a standoff explosion is shown in Figure 4 after 1.6 s elapsed. The initial impulse travelled through the
porous material, but ceased crushing after traveling about 20 m. The temperature distribution shows heated material
ablating from the surface. The temperatures shown indicate that a significant portion of the surface material is still above
the melt temperature, though the heated layer is less than 10m deep in some locations. This could be due to the fact that
porous materials cannot effectively generate pressure upon heating until the material has expanded enough to fill the
surrounding void space.
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Figure 5. The time history of the deflection velocity is shown for the center point of the simulated model of Bennu. The inset view is cut away by two
planes and this point is shown at z = 1.6 s. The time history indicates that there is a rather sharp acceleration away from the standoff explosion followed by
a pull-back and finally a gradual rise to the final deflection velocity of 0.1 m/s. The deposited energy on the surface of the asteroid was 190 kT of energy
from a distance of 160m from the +x surface model of Bennu.

The time history of the deflection velocity is shown for the center point of the simulated model of Bennu. The inset
view is cut away by two planes and this point is shown at £ = 1.6 s. The time history indicates that there is a rather sharp
acceleration away from the standoff explosion followed by a pull-back and finally a gradual rise to the final deflection
velocity of 0.1 m/s. The velocity distribution shows a relatively late time residual velocity gradient across the entire body.
The escape velocity is approximately 0.2 m/s for Bennu.



E.B. Herbold et al. / Procedia Engineering 103 (2015) 173 — 180 179

4. Conclusions

Bennu is a potentially hazardous asteroid is thought to be composed mainly of CI or CM carbonaceous chondrite covered in
a layer of regolith. Impulsive strategies for disrupting or deflecting asteroids were investigated focusing on standoff
explosion and hypervelocity impact. In the absence of the specific material composition and state on Bennu we introduced a
continuum constitutive model based on the response of granular materials and provided impact and standoff explosion
simulations to investigate the response of highly porous materials to these types of impulsive loading scenarios. The two
different approaches differ in the amount of energy imparted to the asteroid as well as the resultant impulse propagation
through the body. The width of the compaction bands is similar at 10 ms for hypervelocity impact simulations, but it is
clear that lower porosity material has a much larger damaged volume. A shape model for Bennu was used in a three-
dimensional GEODYN simulation. The initial impulse travelled through the porous material, but ceased crushing after
traveling about 20 m. The temperatures shown indicate that a significant portion of the surface material is still above the
melt temperature, though the heated layer is less than 10m deep in some locations. This could be due to the fact that porous
materials cannot effectively generate pressure upon heating until the material has expanded enough to fill the surrounding
void space.
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Appendix A. Godunov method implementation in GEODYN

A brief description of the modified Godunov scheme implemented in GEODYN is presented here. The conservation of
mass, momentum and energy along with an equation for distortional deformation take the form

é

2 (PE) V- (pvE) = 0, (A1)
where F; denotes the advected history variables. The numerical scheme for a single fluid in a cell is based on the approach
described in [41] with the additional capability to treat the full stress tensor associated with distortional deformation of solid
materials. The n-dimensional equations (see Equation (A1)) are solved using an operator splitting technique, where the
solution is found in each direction at a time,

U = (SD y [SD " (Sw D(SH (Sies (Suso (Seo 1(U”))))))D (A2)

where the operators S,

S (UF72) (A3)
50 g.kg el
are applied in a Strang-splitting for second-order accuracy. The source term is always applied at the end of the time step:
SH (LTHe’a) = LTHJcc + AZVL;:HQ', (LTHJQ:) (A4)

Each directional operator is the update of the cell from one time step to the next, where the fluxes are computed at the cells
edges (2D) or faces (3D). The edge fluxes are computed with an upwind characteristic tracing [41] and Riemann solver in
an acoustic approximation. The estimate of the velocity gradient L is computed in the Riemann solver step. The presence
of mixed material cells requires treatment of the evolution of each volume fraction of material by the equation:

g
a—{-&-V-(ﬁv)z}{—ZW-V, (AS)

where f and K are the volume fractions and bulk modulus of each material a. The standard way of treating mixed cells in
GEODYN is to have single valued velocity and stress for each material, but allow each material to evolve its constitutive
history variables separately. The multimaterial cells update volume fractions according to self-consistent thermodynamics:

VK=Y f/K, T,-KY.fT,/K, (A6a)
1 /G = Zf:x / Goﬁ I!:F,l.:j = szc;lr;hx / Got (A6b)
where G and T are the shear modulus and stress tensor for each material and the velocity gradient distribution among

materials is performed in a similar manner: Ly, = LG/Gq. A high-order interface reconstruction algorithm, which preserves
linear interfaces during translation. A constraint on volume fractions is satisfied assuming fast equilibrium of partial
pressures within the cell. The pressure relaxation algorithm consists of iterative adjustments of volume fractions where the

averaged pressure is computed
= a a |7 A7
P [Za: K, Z:K (A7)
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followed by the updated volume fraction iterate Of =Lof o {PaP)Kg - The parameter [ is chosen from physical
considerations to allow each volume fraction to fall within a range between 0 and 1 within the cell.



