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Abstract: An asteroid impact can potentially destroy life on this planet. Therefore, asteroids should
be prevented from impacting the Earth to impede severe disasters. Nuclear explosions are currently
the only option to prevent an incoming asteroid impact when the asteroid is large or the warning
time is short. However, asteroids exist in an absolute vacuum, where the explosion energy prop-
agation mechanism differs from that in an air environment. It is difficult to describe this process
using standard numerical simulation methods. In this study, we used the single-material arbi-
trary Lagrangian—-Eulerian (ALE) method and the finite element-smoothed particle hydrodynamics
(FE-SPH) adaptive method to simulate the process of deflecting hazardous asteroids using penetrat-
ing explosions. The single-material ALE method can demonstrate the expansion process of explosion
products and energy coupling in absolute vacuum. The FE-SPH adaptive method can transform
failed elements into SPH particles during the simulation, avoiding system mass loss, energy loss, and
element distortion. We analyzed the shock initiation and explosion damage process and obtained an
effective simulation of the damage evolution, stress propagation, and fragment distribution of the
asteroid. In addition, we decoupled the penetrating explosion into two processes: kinetic impact and
static explosion at the impact crater. The corresponding asteroid damage modes, velocity changes,
and fragmentation degrees were simulated and compared. Finally, the high efficiency of the nuclear
explosion was confirmed by comparing the contribution rates of the kinetic impact and nuclear
explosion in the penetrating explosion scheme.

Keywords: nuclear explosion; kinetic impact; asteroid deflection; single-material ALE method;
FE-SPH adaptive method

1. Introduction

One of the largest asteroid impacts on record occurred over the Tunguska River in
Siberia in 1908, producing an airburst of energy equivalent to 5-15 megatons of trinitro-
toluene (TNT). An estimated 80 million trees covering more than 2150 square kilometers
were flattened [1]. On 15 February 2013, approximately 1500 people were injured in a
500-kiloton airburst over Chelyabinsk, another warning about the enormous destructive
potential of hazardous asteroids [2,3]. The expected energy of an event, such as that of Tun-
guska, would be devastating in a highly populated area. Therefore, there is an urgent need
to develop and validate feasible and effective techniques to prevent an incoming asteroid
impact on Earth. Previous studies have proposed a series of asteroid mitigation techniques,
such as solar collectors [4,5], laser ablation [6-8], ion beam [9], gravity tractors [10-12],
kinetic impacts [13-16], conventional explosions [17], nuclear explosions [18-22], and hy-
pervelocity asteroid intercept vehicles (HAIV) [23,24]. A successful mitigation strategy
requires accurately predicting the warning time, trajectory, shape, material compositions,
and other physical characteristics of asteroids [25,26].
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Unlike various slow-drag technologies, deflecting asteroids via kinetic impact or
nuclear explosions does not require long-term (decades) orbital operations. They are more
mature and more efficient, with shorter execution cycles (years to months) [26,27]. The
United States successfully implemented the Deep Impact and Double Asteroid Redirection
Test (DART) missions, verifying the feasibility of the kinetic impact method for deflecting
hazardous asteroids [15,16]. However, the maximum mass of a kinetic impactor is limited
by the rocket payload, which limits the effectiveness of the kinetic impact method. When
the warning time is less than 10 years, the kinetic impact can deflect smaller asteroids
(<200 m in diameter), but for larger asteroids such as Itokawa, the kinetic impact cannot
provide the required deflection velocity [27] (increases with shorter warning time, 1.45 cm/s
when warning time is 10 years [28]). Nuclear explosions are the most energy-dense option,
transferring 10-100 times more momentum than kinetic impacts for a fixed launch mass [26].
Nuclear explosives have a substantial capability to fragment an asteroid during emergencies.
Nuclear explosions are the only available technology when the asteroid is large (>500 m in
diameter) or when the warning time is short (years to months) [27]. The energy density of
existing nuclear weapons is approximately 1 kt/kg, and nuclear explosion devices (NEDs)
with yields of millions of tons can be successfully delivered to the target area using existing
delivery technologies [23]. However, delivering nuclear weapons into space would raise
political and legal risks and challenges [29]. In this study, we have not considered those
additional issues.

Because laboratory-scale experiments cannot fully reproduce the scale and conditions
of asteroid deflection using nuclear explosions, current research on the nuclear deflection
of hazardous asteroids primarily adopts theoretical calculation methods [30] and numerical
simulation methods. In general, numerical simulation is fast and intuitive. It can deal
with various complex explosion deflection scenarios and reproduce the dynamic breakage
and damage evolution of materials. Current simulation formulations applied to deflect
asteroids are primarily based on the finite element method (FEM), such as the Lagrange
method, Euler method [31,32], and arbitrary Lagrangian—Eulerian (ALE) method 2021.
In addition, many studies have been conducted on meshless algorithms, with smoothed
particle hydrodynamics (SPH) being the most popular [33,34]. Most previous works
used two-dimensional axisymmetric numerical simulation [19,20], which has a significant
advantage in terms of computational efficiency. However, three-dimensional numerical
simulation has extensive applicability. Combined with the meso-modeling approach, it
may deal with the structural response of asteroids with various complicated geometric
structures [35]. In addition, it can better demonstrate the random failure characteristics of
materials, so the simulation results are closer to reality.

The Lagrangian method has high computational efficiency and can accurately describe
the material boundaries of solid structures. However, it is unsuitable for dealing with
significant deformation problems because severe element distortion will reduce the com-
putational accuracy [36]. The Eulerian method is ideal for describing fluid materials and
is suitable for analyzing significant deformation problems; however, it is challenging to
capture the moving interfaces of materials [37]. The ALE method combines the advantages
of the Lagrange and Euler methods [38,39], which can effectively track the movement of the
material boundary and avoid severe element distortion. The multi-material ALE method is
widely used in numerical simulations of rock blasting damage [40], impact dynamics [41],
and hydrodynamics [42]. Air is used as the coupling material between explosives and rock
in specific applications.

In an air environment, the explosion energy is mainly transferred outward through
shock waves [43]. Nevertheless, the external environment of asteroids is an absolute
vacuum in which it is difficult to form shock waves. The explosion energy can only be
transferred outward by the expansion of the explosion products [43], significantly reducing
the energy coupling and thus reducing asteroid fragmentation. Therefore, in studies using
nuclear explosions to deflect asteroids, if the influence of absolute vacuum is ignored, the
calculation results may completely deviate from reality.
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Using the multi-material ALE method cannot simulate the explosion in an absolute vac-
uum because the air material must be defined. However, setting zero density in a region for
multi-material ALE methods produces infinity. Dearborn et al. [19] Zimmerman et al. [31]
set the air environment in their numerical simulations, ignoring the influence of the ab-
solute vacuum, resulting in the asteroid’s degree of damage and velocity change being
significantly greater than the actual values.

The SPH method uses groups of discrete particles to represent the continuum. Con-
nection is not set between particles, avoiding element distortion caused by extremely large
deformations during the calculation [44,45]. The conservation of system mass and energy
is ensured because the particles are not deleted after failure. An explosion in an absolute
vacuum can be simulated using the SPH method [46]. However, it is difficult to maintain a
smooth boundary of the explosion products, such as in the ALE method, because the SPH
method simulates the expansion of the explosion products throughout space with a finite
number of particles. In addition, the vast size difference between the NED and asteroid
requires that the NED be defined with a high particle density to ensure calculation accuracy
and efficiency.

Explosions in an absolute vacuum can be simulated by dividing the asteroid into
Lagrangian elements and modeling the NED using SPH [47]. This method is more compu-
tationally efficient than SPH. However, deleting failed elements causes a sudden change in
the contact interface, which inevitably leads to interpenetration between the SPH particles
and elements, reducing the accuracy of the simulation results.

The FEM method describes fragmentation by removing failed elements from the
system [48]. However, taking nuclear fragmentation and disruption of asteroids as an
example, fragments in the crater still have high velocity, can withstand pressure, and
transfer kinetic energy to the asteroid body by interacting with the surrounding rocks. In
addition to the direct push from the explosion products, the velocity change of the asteroid
was largely due to the kinetic energy transfer of the fragments in the crater. Therefore, the
deletion of the failed elements by the FEM leads to an excessive loss of system mass and
energy [49], further resulting in a lower velocity change of the asteroid than the actual
value. Therefore, it is important to avoid immediately deleting failed elements to maintain
system mass and energy conservation.

To avoid the above-mentioned problems, we used the single-material ALE method
with the LS-DYNA [50] software to simulate the explosion in an absolute vacuum. Similar
to the multi-material ALE method, the single-material ALE method is also suitable for
handling significant deformation problems. However, there is no need to define an air
material when using this method to simulate the explosion. Explosive is the only ALE
material; the explosion products flow in the initial space (defined as a void part). The iSALE
and SALE methods, currently used mainly in impact cratering studies [51,52], can also deal
with explosions in absolute vacuum, and the principle is consistent with the single-material
ALE method, i.e., the initial space is an empty part and serves only as a space for the flow
of explosion products. The single-material ALE method is much more mature and simple
to operate, and it is ideal for simulating explosions in absolute vacuum.

In addition, LS-DYNA software provides the finite element-smoothed particle hydro-
dynamics (FE-SPH) adaptive method, which combines the advantages of FEM and SPH
by transforming the failed elements into SPH particles during the simulation 5355. This
method was used to simulate the fragmentation of the asteroid. This method contains a
coupling algorithm that interacts with and transmits information between particles and
elements, such as force, to avoid system mass and energy loss. Meanwhile, non-failed
elements ensure an accurate material boundary of the asteroid.

The single-material ALE method and the FE-SPH adaptive method can be used to
simulate nuclear fragmentation and disruption of asteroids in absolute vacuum. The single-
material ALE method ensures that the explosion environment is an absolute vacuum, which
facilitates the analysis of the expansion and pressure changes of the explosion products
and the loading mechanism of the explosion energy. The FE-SPH adaptive method avoids



Aerospace 2023, 10, 479

4 of 27

excessive distortion of elements and the loss of system mass and energy. The use of the
single-material ALE method and the FE-SPH adaptive method improves the accuracy of
the velocity change of the asteroid compared to the FEM and enables a more intuitive
observation of the asteroid’s material boundary compared to the SPH method. Statistical
analysis of non-failed elements and SPH particles is available for analyzing data on all
hazardous fragments.

2. Numerical Simulation Method
2.1. Single-Material ALE Method and FE-SPH Adaptive Method

When using the single-material ALE method, it is necessary to create volume meshes as
the initial space for the expansion of explosion products. The keyword INITIAL_VOID_PART
is used to define voids. Explosives are connected to the volume mesh by sharing com-
mon node IDs or filling in the void part by using the keyword INITIAL_VOLUME_
FRACTION_GEOMETRY. Explosives of various shapes can be modeled using this method,
thereby simplifying the process.

The FE-SPH adaptive method provided by the LS-DYNA software combines the
advantages of the finite element method and meshless method [50]. It has been successfully
applied to the dynamic fracture of explosively driven cylindrical shells [53], hypervelocity
impacts [54], and meteorite impact cratering [55] problems. Convincing results have been
obtained in the study of structural damage evolution, debris cloud morphology, hazardous
debris extraction, shock wave propagation, and material temperature changes. Parts
using the adaptive method must be divided into Lagrangian elements. The keyword
DEFINE_ADAPTIVE_SOLID_TO_SPH is used to transform the failed elements into SPH
particles during the simulation; detailed parameters are given in Table 1. Parameter NQ
controls the number of particles converted by each failed element. A hexahedral element
can be adapted to 1, 8, or 27 particles, simulating an object breaking into multiple small
pieces. The parameter ICPL controls the switch of the coupling algorithm between particles
and elements. ICPL is set to one or zero to enable or disable the coupling algorithm. For
the enabled coupling algorithm, the IOPT controls the particle activation time. IOPT = 0
implies that the particles are activated at the beginning of the calculation, whereas IOPT =1
indicates that the particles are activated when the corresponding elements fail.

Table 1. Parameters related to the FE-SPH adaptive method.

Keyword DEFINE_ ADAPTIVE_SOLID_TO_SPH

parameters value meaning
1 Adapt one solid element to 1 SPH element
Adapt one solid element to 8 SPH element
Adapt one solid element to 27 SPH element
Failure without coupling
Coupled to solid element
Coupling from beginning
Coupling begins when Lagrange element fails

NQ

ICPL

IOPT

—_ O =R O WN

The program generates SPH particles with the same parameters as the corresponding
elements before the calculation. The generated particles are constrained and moved with
the corresponding element. During the calculation process, failed elements are transformed
into SPH particles, and the SPH particles are in a new part. The SPH particles inherit the
mass, velocity, and other parameters of the corresponding element, thereby conserving the
energy and mass of the system. In addition, the FE-SPH method can provide an accurate
material boundary of the asteroid, providing conditions for the subsequent analysis of the
fragmentation process.

When using the single-material ALE method and the FE-SPH adaptive method to
investigate the fragmentation of the asteroid under explosion loading, the solid parts
were modeled using Lagrangian material. The same material parameter was used in



Aerospace 2023, 10, 479

5of 27

Initial space
- Al impactor

NED
Mantle

B Core

ALE to define the void part and NED part. The computational model contains only
one ALE material. The Lagrangian parts initially overlap with the void part, which can
provide sufficient space for the expansion of the explosion products. The keyword CON-
STRAINED_LAGRANGE_IN_SOLID was used to implement the fluid-structure interaction.

2.2. Simulation Model

The energy coupling of subsurface explosions is much higher than that of surface explo-
sions, which induces a significantly higher velocity change in the asteroid. Kaplinger et al. [33]
proposed a nuclear penetrator to trigger a subsurface explosion and performed a two-dimensional
numerical simulation using the SPH method. We investigated the damage and fragmenta-
tion mechanisms of the asteroid by performing a three-dimensional numerical simulation
using the single-material ALE method and FE-SPH adaptive method. The size parameters
of the asteroid, impactor, and NED in this study are all derived from [27], and the calcu-
lation model is shown in Figure 1. In particular, the combination of the single-material
ALE method and the FE-SPH method has good scalability to study the explosion-deflection
hazardous asteroid process. Combined with the meso-modeling approach, this method can
be used to study explosively deflected hazardous asteroids of various complex geometries
and material compositions (porosity, strength, friction, layering, etc.).

60m

¢ 1.8m
® [8m

@ 54m
60m

=

Figure 1. Calculation model.

The external light-cyan area in the figure represents the initial space. The spherical
asteroid is 54 m in diameter, with an 18 m diameter core (red). The core is composed
of granite with a density of 2630 kg/m?. The yellow part outside the core is the mantle,
composed of low-strength rubble piles with a density of 1910 kg/m?>. The asteroid’s total
mass is approximately 1.597 x 108 kg, and its bulk density is 1937 kg/m?3. The blue sphere
on the left is a kinetic impactor made of aluminum alloy, and its interior orange spherical
part is the NED. In [33], the outer diameter of the aluminum sphere was 1.8 m and the inner
diameter was 0.6 m. The mass of the impactor was 8145 kg, and the mass of the NED was
184 kg. The kinetic penetrator hits the asteroid vertically at a velocity of 6.1 km/s; the NED
is initiated when the impact shockwave reaches its boundary. The explosion releases an
energy equivalent of 60 kt trinitrotoluene (TNT). In this calculation model, the initial space is
divided into 4,873,500 hexahedral elements, with a minimum side length of approximately
0.2 m. The impactor is divided into 864 hexahedral elements, with a minimum side length
of approximately 0.06 m. The asteroid is divided into 2,331,668 hexahedral elements, with
a minimum side length of approximately 0.06 m.

This scenario uses an impactor to create a shallow crater on the surface of the asteroid,
in which the NED initiates a subsurface explosion. The deflection momentum gained by
the asteroid originates from two parts: the kinetic impactor affects the asteroid by direct
momentum transfer, and the nuclear explosion products push the asteroid by transferring
momentum. The mass of the impactor is much larger than that of the NED, which poses a
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significant challenge to the rocket payload. The design of the deflection scheme should bal-
ance the relationship between the mass of the impactor, explosion equivalent, and velocity
change of the asteroid. Therefore, it is necessary to quantitatively analyze the contribution
of the kinetic impact and nuclear explosion to the velocity change of the asteroid.

As a comparative analysis, we divided the process of the penetrating explosion into
two parts: kinetic impact and explosion in the impact crater. By calculating the deflection
effects of the three working conditions, we can compare the respective deflection effects
of the kinetic impact and the nuclear explosion and determine the contribution of the
kinetic impact and the nuclear explosion to the deflection effect in the penetrating explosion
scheme. The specific numerical simulation conditions are listed in Table 2.

Table 2. Numerical simulation conditions.

Case Simulation Content
1 Penetrating explosion
2 Kinetic impact
3 Static explosion in the impact crater

2.3. Parameters of Simulation

All keywords are edited by LS-PrePost, which is the pre-processing software of
LS-DYNA. The impactor and asteroid are divided into hexahedral Lagrangian elements for
the adaptive method. The keyword CONTACT_AUTOMATIC_SURFACE_TO_SURFACE
was used to define the contact between each other, and the keyword CONTACT_INTERIOR
was used to define the contact between elements inside one entity. The mantle and core
were linked by sharing common node IDs at the interface. The high impact velocity and the
vast difference in material strength between the impactor and asteroid increase the mutual
penetration between elements. Therefore, the keyword CONTROL_CONTACT was used
to define contact stiffness. The parameter SLSFAC controls the contact interface stiffness
scale factor. The default value will lead to penetration between elements, while setting
SLSFAC = 1.5 can significantly avoid the anomaly.

The NED and the initial space were divided into hexahedral ALE elements. In the
keyword SECTION_SOLID, the parameter ELFORM should be set to 12, which indicates
that one-point integration with a single material and void is adapted. NED was filled in
the initial space using the keyword INITIAL_VOLUME_FRACTION_GEOMETRY. The
parameter AMMGID was set to 1, indicating NED, and AMMGID was set to 2, indicating
the initial space. The keyword INITIAL_VELOCITY_GENERATION is used to define the
velocity of the NED, and the keyword ALE_REFERENCE_SYSTEM_GROUP is used to
define the reference coordinate system.

The parameter ITHK in the keyword CONTROL_SPH was set to 1, indicating that
the volume of each particle was considered in the contact process. The parameter NQ
in the keyword DEFINE_ADAPTIVE_SOLID_TO_SPH was set to 1, which means that
one solid element was adapted to one SPH element. The ICPL was set to 1 to enable a
coupling algorithm between the particles and elements. IOPT was set to 1, indicating that
coupling began when the corresponding elements failed. In the keyword HOURGLASS,
corresponding to SPH, the parameters QM, Q1, and Q2 were set to 1 to avoid penetration
between particles. In the keyword HOURGLASS, corresponding to ALE, the parameter
QM should be set to 1 x 10~° to improve the calculation speed and stability.

2.4. Material Model

According to point explosion theory [43], the shock wave generated by an explosion is
only related to the total energy of the explosion, and a nuclear explosion is equivalent to
an explosion of conventional explosives with high energy density. This study simplifies
the near-field physical process of nuclear explosions and simulates a nuclear explosion by
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increasing the energy density per unit volume of TNT. The explosion process was simulated
using the Jones-Wilkins-Lee (JWL) equation of state (EOS) [56], expressed as

w w wE
P=A(1-—)e RV ip(1-_ 2 RV, =0 1
( R1V>e - ( RzV)e v @

where P is the pressure of the explosive product; A and B are the pressure coefficients;
R; and R; are the principal and secondary Eigenvalues to depict the short-range and long-
range behavior of the explosive products, respectively; w is the fractional part of the energy
(Ep) contributing to the pressure; and Ey and V are the internal energy per initial volume
and relative volume, respectively. The NED parameters are listed in Table 3.

E  6x107 x 4.184 x 10° 1
Eg= — = =222 %10 ]m3 2
LT $x7mx0.33 J @

where E is the total energy released by the explosion and V is the volume of the NED.

Table 3. JWL parameters of the NED.

pl(kgm=3) D/(m-s~1) P/GPa A/GPa B/GPa Ry R, w Eo/(J-m—3)
1630 6930 21 374 3.23 415 0.95 03 222 x 101

The Holmquist-Johnson—Cook (HJC) model was selected to model the material be-
havior of the asteroid [57,58]; the material parameters are listed in Table 4. The HJC model
comprehensively considers the effects of compaction and crushing, strain rate, damage
evolution, and confining pressure. It can describe the deformation and fracture characteris-
tics of rocks, concrete, and other brittle materials under enormous strain, high strain rate,
and high hydrostatic pressure [59]. It is widely used in the numerical simulation of the
damaging effects of rock materials under the action of explosions and impact loads [60].

Table 4. Parameters of asteroid.

Po fc T Pcrush Plock
(kg/m®) G (MPa) (MPa) (MPa) (MPa) Perush Pock (MPa) D, D,  Ki(MPa) Kz (MPa) K3 (MPa)
Granite 2630 2.8 x 10* 154 12.2 51 0.00162 0.012 1200 0.04 1 1.2 x 10* 2.5 x 10* 42 x 10*
Rubble 1910 1.2 x 10* 20 1.6 1 0.002 0.2 620 0.12 1 6.2 x 10* —2.1 x 10° 1.6 x 10°

The HJC model uses the accumulation of the equivalent plastic strain and plastic
volumetric strain to describe the material damage, which is expressed as

Ae, + A

S
€+ Mp

el + ) = Dy(P* + T*)P? > EFin @)

fo,f

where Ag, and Ay, are the equivalent plastic strain and plastic volumetric strain, &, + i is
the total plastic strain under constant pressure until fracture, D; and D, are damage
constants, P* = P/ f, is the normalized pressure, P is the actual pressure; T* = T/ f, is the
normalized maximum hydrostatic tensile, T is the maximum hydrostatic tensile and EFpin
is the amount of plastic strain before fracture.

The EOS model of HJC consists of three stages. The first stage (P < P, is the elastic
stage, the second stage (Pysn < P < Pjoer) is the plastic stage, which is characterized by the
gradual compression of the initial holes in the material to produce plastic deformation, and
the third stage (P > Pj,¢) is the compaction stage, which is expressed as

P =Kip+ Koyji + K3 (5)
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where 7 is the modified volumetric strain; P,s, and Py are the crushing pressure and
locking pressure, respectively; pcy,sp and ok are the crushing volumetric strain and locking
volumetric strain, and Kj, K, and K3 are material constants. Using the meso-porosity model,
we can study the effect of the internal porosity of the rubble pile on shock wave propagation
and asteroid structural response. However, the meso-porosity model is not used in this
paper, and we only use the homogeneous model to approximate the rubble pile structure.
With the rubble pile material parameters applied, the structural response of the rubble pile
asteroid under explosion loading can still be approximated.

The keyword MAT_ADD_EROSION was used to define the material failure criterion.
The parameters are listed in Table 5, where Ppax is the maximum hydrostatic pressure;
Tmax is the maximum hydrostatic tension; and emay is the maximum tensile strain, respectively.

Table 5. Erosion parameters of asteroid.

Pmax/MPa Tmax/MPa Emax
Granite 154 —12.2 0.04
Rubble 20 -1.6 0.006

The Johnson—Cook (JC) strength model and the Gruneisen equation of state were
selected to model the material behavior of the impactor. The JC model is widely used to
describe materials subjected to a high strain rate, and is expressed as

o= (Al —i—BlEp")<l+Clné*)(l —T*’") @)

where A; is the static yield limit, B; is the strain hardening modulus, 7 is the strain
hardening exponent, C is the strain rate coefficient, m is the thermal softening exponent,
& is the equivalent plastic strain, ¢ is the dimensionless effective plastic strain rate, and
T* is the dimensionless temperature. We selected the maximum tensile stress criterion and
the JC failure model to simulate tensile and compression failure, respectively. The material
parameters are listed in Table 6. Based on the experience of He et al. [54,61] an acceptable
simulation result was obtained by setting the maximum tensile stress failure criterion to
2.6 GPa

Table 6. Parameters of kinetic impactor.

Parameters Symbol Dimension AL-6061-T6
Johnson-Cook model parameters
Density Om kg/m?3 2770
Poisson’s ratio v 0.33
Shear modulus E GPa 27.6
Static yield limit Aq GPa 0.29
Strain hardening modulus By GPa 0.203
Strain hardening exponent n 0.35
Thermal softening exponent m 1
Strain rate coefficient C 0.011
Failure parameters Dy Dy 1
Failure parameters D;_5 Dy 5 0
Mie-Gruneisen EOS parameters
Constants Cy Co km/s 5.386
Constants Sq Sq 1.339

Constants y Yo 1.97




Aerospace 2023, 10, 479

9 of 27

3. Material Response of the Asteroid under Penetrating Explosion

The penetration depth of the impactor when the NED is initiated determines its
initiation position. To ensure the credibility of the numerical simulation, it is necessary
to determine the precise initiation time. Due to the significant difference in volume be-
tween the impactor and the asteroid, it is difficult to accurately describe the shock wave
propagation and explosion product expansion using the full model. Therefore, in addi-
tion to the full structural model, we also build a mesh-refined local model, as shown in
Figure 2. This model is a hexahedron of 12 m X 12 m X 7 m, and the red edge is the non-
reflection boundary. In this model, the initial space is divided into 3,710,000 hexahedral
elements, with a minimum side length of approximately 0.05 m. The impactor is divided
into 155,520 hexahedral elements, with a minimum side length of approximately 0.01 m.
The asteroid is divided into 1,716,104 hexahedral elements, with a minimum side length of
approximately 0.04 m.

7m

Initial space |
S Al impactor
NED

| | Mantle
——— Non-reflection o

boundary

12m

Figure 2. Mesh-refined local model.

We used the mesh-refined local model to simulate the propagation of the shock wave
in the impactor and asteroid during the kinetic impact phase, to determine the initiation
time of the NED, and to show the expansion of the explosion products and failure of the
impactor after the NED was initiated. Owing to the limited size of the mesh-refined local
model, it is impossible to simulate the entire process of expansion and pressure change
of the explosion products in space. Therefore, the full model was used later to simulate
the expansion of the explosion products and material response of the asteroid under a
penetrating explosion. Referring to the shock initiation pressure of the TNT [43], we set
the initiation pressure of the NED to 1.4 GPa; that is, the initiation occurs when the surface
pressure of the NED reaches 1.4 GPa.

3.1. Crater Formation and Shock Initiation

The hypervelocity impact of the impactor on the asteroid induced high-amplitude
shock waves propagating into the Al impactor and asteroid materials. The propagation
velocity of the shockwave in the Al impactor is higher than that observed in the asteroid.
Figure 3 shows the pressure contours of the Al impactor and asteroid during the kinetic
impact process to illustrate the process of shock wave propagation, material failure, and
shock initiation of the NED.

The shock wavefront propagates fast, but its pressure is too low to initiate the NED.
Only the peak of the shock wave can initiate the NED. Therefore, we use the shock wave-
front to represent the shock wave propagation distance, and the shock wave peak to show
the shock initiation of the NED. The pressure display range of the upper half is 0~1 MPa,
and the areas with pressures higher than 1 MPa are shown in purple, mainly representing
the propagation distance of the shock wavefront. As the initiation pressure is 1.4 GPa in
this study, the pressure display range of the lower half is 0~1.4 GPa, and the areas with



Aerospace 2023, 10, 479

10 of 27

pressures higher than 1.4 GPa are shown in red, mainly representing the propagation
distance of the shock wave peak, which is used to determine the initiation time. Evidently,
the shock wave peak propagates more slowly than the shock wavefront.

Shock wavefront Shock wavefront Shock wavefront
pressure(MPa) pressure(MPa) pressure(MPa)

0 0.5 1

=5us

0 .
Representation

0.7 1.4 0 0.7 14 0 0.7 [.4

of shock wave Representatiori of shock wave Representation' of shock wave

peak pressure(GPa) peak pressure(GPa) peak pressure(GPa)

Figure 3. Propagation of impact-induced shock wave.

The materials were severely compressed by the intense shock waves produced by
the hypervelocity impact. The asteroid starts to fail at t = 5 ps, while the impactor has
not yet started to fail. Each failed element was converted into an SPH particle that failed
at the moment of activation. The particles represent broken material without tensile and
shear stresses that can only withstand compressive stress. Thus, tensile instability was
avoided in the SPH. Because the shock wave velocity was greater than the impact velocity
of the impactor, the shock wave caused the asteroid elements that had not yet contacted
the Al impactor to fail. Before t = 60 us, the impact shock waves were the only cause of
element failure.

The shockwave peak interface in the impactor reached the outer surface of the NED
at t = 60 ps, initiating the NED. The impactor penetrated 0.35 m underground at that
moment; the center of mass of the NED was 0.54 m above the surface, and the initiation
point was 0.24 m above the surface. Therefore, the kinetic impactor could not initiate
the NED underground and failed to take advantage of the high-energy coupling of the
underground explosion.

After the initiation, the explosion products began to expand, and the impactor elements
gradually failed under pressure. The upper part of Figure 4 shows the pressure contours of
the explosion products, impactor, and asteroid from t = 70 ps to t = 82 ps, and the lower
part shows the velocity of the impactor particles along the impact direction. The maximum
value of the pressure range in the figure is not the peak pressure of the explosion products,
and the areas with pressures above this value are indicated in purple. The peak pressure of
the explosion products occurred in the outer boundary region, and the pressure peak is
marked in the upper-right corner of each figure.

The expansion of the explosion products causes the impactor elements on the impact
side to fail almost completely at t = 70 ps. At that point, in time, the velocity of the impactor
particles can be divided into four regions. In region 1, the explosion products propelled the
particles to a higher velocity than the initial impact velocity of 6.1 km/s. The particles in
region 2 had not yet been affected by the explosion products. However, the reaction force of
the asteroid slowed the particle velocity in this region below the initial impact velocity. The
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explosion products decelerated the particles in region 3, giving them a velocity opposite
to the impact direction. The particles in region 4, maintaining their initial velocity and
moving in the impact direction, had not been affected by the explosion products or the
impact shock wave.

Explosion products Explosion products Explosion products

peak pressure(GPa) . peak pressure(GPa) peak pressure(GPa)
5x10° 0 2.5%10° 5x10° 1.8x10°  3.6x10°

0

Max:1.6x10 Max:7x10°

(a) t=T0ps Impactvelocity o 7, ¢ (¢) =78us (d) =82ps
| - mm e e Y e, e
-10 0 6 10 -10 0 10 -10 0 10 -10 0 10
X-Velocityof impactor X-Velocityof impactor X-Velocityof impactor X-Velocityof impactor
particles(km/s) particles(km/s) particles(km/s) particles(km/s)

Figure 4. Pressure change of explosion products and velocity change of impactor particles.

The explosion product broke through the impactor at t = 74 us. The impact shock
wavefront propagated about 0.02 m from t = 70 us to t = 74 ps, and the average wave
velocity was about 5 km/s. The explosion products propagated about 0.64 m from t = 70 ps
to t =74 ps, and the average wave velocity was about 160 km/s. The explosion products
exceeded the impact shock wavefront at t = 74 ps, and they caused damage to the asteroid
together with impactor particles in region 1.

At t = 78 s, the velocities of all particles in regions 1 and 2 were higher than the
initial velocity because of the propelling effect of the explosion products. Momentum was
transferred to the asteroid by the particles and explosion products moving in the same
direction. All the particles in regions 3 and 4 gained a velocity opposite to the impact
direction, and these particles would fly away from the asteroid instead of hitting it. The
momentum they carried would not be transferred to the asteroid. This part of the impactor
obtained momentum opposite to the impact direction under the push of the explosion
products, which did not violate momentum conservation. The explosion products pushed
the asteroid at the same time, causing the asteroid to gain momentum along the impact
direction. The momentum change of the explosion products to the impactor and the
asteroid was equal in magnitude and opposite in direction, and the system always satisfied
the momentum conservation. The statistics of all the particles show that the total mass
of the particles with a velocity consistent with the impact direction at this moment was
3967 kg, while the mass of the impactor was 8145 kg, which implies that more than half of
the initial momentum of the impactor was wasted.

The impactor elements completely failed at t = 82 us, and the explosion products
began to expand into the surrounding space. The penetration depth of the impactor
was approximately 0.46 m. The explosion products expanded in space, and the pressure
decreased rapidly. In the following subsection, we use the full model to describe the
expansion and pressure drop process of explosion products.

3.2. Pressure Attenuation of Explosion Products and Explosion Energy Loading

After t = 82 ps, as the explosion products expand further in space, the entire process
of asteroid damage cannot be simulated using the mesh-refined local model because of
the limited volume. Therefore, a full model is required to simulate the entire process of
expansion and pressure change of explosion products in space.
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We first compared the simulation results of the mesh-refined local model and the full
model at t = 82 ps to verify the reliability of the calculation. Figure 5 shows the process of
expansion and pressure change of the explosion products in space, illustrating the loading
mode of the explosion energy.

Shock wavefront Shock wavefront
pressure(MPa) pressure(MPa)
0 1 0 1
RS | RSN |

(a)t=0.082ms (b)t=0.1ms

Max:7x10° Max:2.4x10° ! Max:910
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pressure(MPa) pressure(MPa) pressure(MPa)
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(f) t=2.3ms
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Figure 5. Attenuation of explosion products pressure and damage to the asteroid’s surface. (a) com-
parison of the simulation results of the mesh-refined local model (upper part) and the full model
(lower part) at t = 0.082 ms; (b) pressure distribution of the explosion products on the surface of the
asteroid and crater at t = 0.1 ms; (c) pressure distribution of the explosion products on the surface
of the asteroid and crater at t = 0.15 ms; (d) pressure distribution of the explosion products on the
surface of the asteroid and crater at t = 0.25 ms; (e) the pressure distribution in the impact crater
and the wavefront at t = 1 ms; (f) the pressure distribution in the impact crater and the wavefront at
t=2.3ms.
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Figure 5a—d shows the pressure distribution, at two different pressure ranges, of the
explosion products on the surface of the asteroid and crater, respectively. The maximum
pressure value of the low threshold legend equals the minimum pressure value of the high
threshold legend. The pressure of the explosion products in the crater was much greater
than that on the surface of the asteroid and decreased rapidly with time. The maximum
value of the pressure range in the lower right is not the peak pressure of the explosion
products in the crater at that moment; the areas with pressures above this value are shown
in red. The peak pressure of the explosion products, which is marked above the legend,
occurred in the outer boundary region.

In particular, Figure 5a compares the simulation results of the mesh-refined local
model and full model at t = 82 us. The upper and lower parts show the simulation results of
the local and full models, respectively, and use the same scale. The different pressure ranges
represent the pressure distribution of the explosion products on the surface of the asteroid
and crater. The pressure and propagation distance of the explosion products simulated
by the two models were relatively close; therefore, the simulation results of the full model
were highly reliable.

The pressure of the explosion products remained high after they broke through the
impactor. The explosion products and impactor particles along the impact direction con-
tinued to affect the crater, resulting in the failure of the asteroid elements in the crater
and expansion of the crater size. The explosion products expand freely in space, exerting
pressure on the surface of the asteroid and causing compression failure of the elements.
The maximum pressure of the explosion products on the asteroid’s surface is 20 GPa at
t =82 pus.

The upper part of Figure 5b—f has a pressure range of 0-1 MPa, showing a shock
wavefront that propagates inward along the surface of the asteroid and the inner surface
of the crater. The upper part of Figure 5b—d shows the pressure distribution curves of the
explosion products in the crater and on the surface of the asteroid at the corresponding
time. The position of the arrow is the projection of the boundary of the explosion products
onto the initial outline of the asteroid, and the length of the arrow represents the logarithm
of the pressure at that location (MPa).

The lower part of Figure 5b—d shows the pressure attenuation of the explosion products
and the damage process of the asteroid. Different pressure ranges were used to represent
the pressure distributions of the explosion products in the crater and on the surface of the
asteroid. As the propagation distance increases, the pressure of the explosion products
decreases rapidly. The elements on the surface of the asteroid began to fail at t = 0.1 ms
due to the pressure exerted by the explosion products, and the failure area expanded
subsequently. From t = 0.1 ms to t = 0.25 ms, the pressure of the explosion products on
the asteroid’s surface decreased from 2 GPa to 1 MPa. The expansion of the explosion
products had acted on nearly half of the asteroid’s surface at t = 0.25 ms, and the failure
area expanded further. At this point, the peak pressure of the explosion products in the
crater was reduced to 20 MPa.

After t = 0.25 ms, the kinetic energy of the failed elements was transferred to the
asteroid through the inward extrusion of the particles because the particles in the crater
inherited the velocity and mass of the corresponding elements. The inward extrusion of the
particles created compression waves that propagated into the asteroid, causing elements to
fail and expanding the crater. The explosion products were hidden in Figure 5e,f because
the pressure did not significantly affect the surface of the asteroid. Figure 5e,f shows the
inward extrusion of particles in the crater to transfer energy. Different pressure thresholds
represent the pressure distribution in the impact crater and the position of the compression
wavefront. Figure 5e,f shows that the elements near the asteroid crater were gradually
compressed and failed during the energy-transfer process. The crater size increased, and
the compression wave gradually propagated into the asteroid.

Removing the failed elements during the FEM calculation results in significant system
momentum and energy loss because the failed elements still have high velocities. Therefore,
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we used the FE-SPH adaptive method to transform the failed elements into SPH particles
during asteroid fragmentation simulations. The particles inherit the velocity and mass of
the corresponding elements and transfer energy to the asteroid by squeezing into the crater,
thereby avoiding the loss of system energy.

The actual situation can be investigated using the single-material ALE method to
simulate the explosion process. The explosion products can expand freely in space, main-
tain a smooth material interface, and exert pressure on the surface of the asteroid. This
pressure is sufficient to cause significant damage to low-intensity asteroids. The SPH
method uses a limited number of particles to simulate the expansion of explosion products;
therefore, the boundary of the explosion products is blurred. Combining the single-material
ALE and FE-SPH methods can demonstrate the process of explosion energy loading and
asteroid damage.

4. Structural Response of the Asteroid under Penetrating Explosion

This section details the velocity change of hazardous asteroids and analyzes the degree
of damage and risk from fragmentation. The uncertainty of the deflection effect is primarily
due to the diversity of asteroid material composition [62]. Rubble pile asteroids are easily
broken into large pieces owing to their low strength, so it is particularly important to
analyze the risk of fragmentation. In this study, the explosion greatly damaged the asteroid.
This was because the low strength of the mantle material caused the flyoff of dangerous
fragments. This section describes the process used by the full model to analyze the structural
response of an asteroid to the penetrating explosion condition. We describe the dynamic
damage of the asteroid and the particle scattering and extrusion process and explain the
phenomenon of particle rebound in the crater and the generation of large, dangerous blocks.

The damage mode of the asteroid is analyzed in detail in Figure 6. Figure 6 shows the
damage evolution and pressure propagation of the asteroid under a penetrating explosion,
in which the upper part is the damage contour and the lower half is the pressure contour.
We defined the impact side as the head of the asteroid and the other side as the rear.
There was a large accumulation of particles inside the crater, and their thickness gradually
increased with time, reaching approximately 10 m at t = 100 ms. The failure/non-failure
boundary of the elements in the crater defined the actual crater surface and represented the
true damage range of the asteroid. All non-failed asteroid elements that remained bound
together were regarded as the asteroid body.

From t = 5 ms to t = 10 ms, the particles in the crater still had high pressure and were
driven around by kinetic energy, resulting in the continuous expansion of the crater size. At
t =20 ms, cracks formed by tensile failure occurred around the crater, and blocks composed
of non-failed elements appeared at the bottom of the crater. The inward extrusion of the
crater floor resulted in the compressive failure of the elements at the head interface of the
mantle/core, and the particle pressure dropped to a lower level. Owing to its high strength,
the core was undamaged, and cracks propagated along the mantle/core interface.

During the inward extrusion, the particle velocity in the crater gradually decreases.
After interacting with the non-failed mantle and core elements, the particles bounced out of
the crater after their relative velocity dropped to zero. The gravitational pull of the asteroid
slows down the bouncing particles. However, the gravitational pull of the asteroid was
small and had a limited influence on the particle velocity. The escape velocity from the

surface is given by [21]:
[2GM

where M = 1.597 x 108 kg is the mass of the asteroid, G = 6.67 X 10~ 11 Nm?/ ng is the
universal gravitational constant, and R = 27 m is the asteroid’s radius. The calculation
shows that the escape velocity from the asteroid’s surface is only 2.8 cm/s; therefore, some
particles may fly away because the rebound velocity exceeds the escape velocity.
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Figure 6. Damage evolution and pressure propagation of the asteroid under penetrating explosion:
the upper half is the damage contour, and the lower half is the pressure contour. (a) the damage
contour (upper part) and the pressure contour (lower half) of the asteroid at t = 5 ms; (b) the damage
contour (upper part) and the pressure contour (lower half) of the asteroid at t = 10 ms; (c) the damage
contour (upper part) and the pressure contour (lower half) of the asteroid at t = 20 ms; (d) the damage
contour (upper part) and the pressure contour (lower half) of the asteroid at t = 30ms; (e) the damage
contour (upper part) and the pressure contour (lower half) of the asteroid at t = 50 ms; (f) the damage
contour (upper part) and the pressure contour (lower half) of the asteroid at t = 100 ms.

The maximum pressure around the crater is attenuated to 8§ MPa at t = 30 ms. The
particles in the crater squeezed along the radial direction of the crater, causing a slight
deformation of the mantle, and a negative pressure area began to appear on the mantle.
Tensile failure cracks began to occur in the negative pressure region, and the number of
cracks around the crater and inside the mantle increased and continued to expand. Simul-
taneously, the particles in the crater began to bounce outward. Some of them gradually
escaped from the asteroid body and flew free. In contrast, the others regained velocity in
the direction of the asteroid’s motion by interacting with the elements at the edge of the
crater, eventually moving with the asteroid body.

Many cracks formed in the mantle at t = 50 ms but did not extend to the surface of
the asteroid. Particle rebound causes gaps between the particles at the bottom of the crater.
From t = 50 ms to t = 100 ms, the damage degree of the elements around the crater no
longer increased, but the particles in the crater continued to squeeze the elements around
the crater as they bounced outward, causing cracks around the crater to expand, as shown
in Figure 6f. The squeezing of the particles caused the large blocks around the crater to
break away from the asteroid body at t = 100 ms, and the rebound of the particles caused
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the gaps between the particles to widen at the bottom of the crater. Comparing Figure 6d—f,
the rebound of the particles led to a significantly smaller apparent crater depth.

The damage morphology of the asteroid is described in Figure 7. The crack pattern
and fragment distribution at t = 100 ms are shown, with the volume and mass of typical
bulks marked (Figure 7). The upper part of the figure shows the particle distribution
characteristics, while the lower part hides the particles, focusing on the flying elements
and large blocks. There are large blocks around the crater, and we selected two of them
for magnification and display to characterize the shape, volume, and mass of such large
blocks. The penetrating explosion caused significant damage to the mantle, but the core was
undamaged. There were many cracks in the mantle, but only a few cracks were observed
on the outer surface of the asteroid, indicating that most cracks in the mantle did not extend
to the surface. The cracks on the surface of the asteroid were not interconnected; therefore,
this condition did not cause the mantle to break up. However, numerous cracks in the
mantle caused the asteroid’s overall strength to be significantly reduced. At the head of the
asteroid, almost all mantle elements failed. The core was covered with a layer of rubble
with no strength, which undoubtedly increased the risk of core-mantle separation.

Block flying away
(39.8m’/76t)
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Figure 7. Asteroid damage and fragments morphology induced by penetrating explosion (t = 100 ms):
(a) main view, (b) cross-sectional view.

The explosion caused numerous fragments to fly outward, including most of the SPH
particles and some non-failed elements. Large blocks composed of non-failed elements
around the crater broke away from the asteroid body. Normally, large blocks pose a
threat to Earth [63], which increases the uncertainty of the deflection effect. Therefore, it is
necessary to evaluate the risk of asteroid fragmentation caused by the explosion. The FE-
SPH adaptive method can be used to obtain the geometric characteristics and development
process of cracks, which is convenient for evaluating the risk of asteroid fragmentation and
for obtaining the shape and volume of dangerous fragments.

It is worth noting that, in the case of a penetrating explosion, before the NED initiates,
some asteroid elements are converted into SPH particles owing to compression failure.
Explosion products cannot act on these particles because ALE materials cannot be coupled
with the SPH particles. From the overall perspective of the deflection process, the unab-
sorbed energy of these particles will be coupled to the elements in the crater; therefore,
the unabsorbed explosion energy of these particles has a limited impact on the overall
deflection effect. In Section 6, we discuss the contribution of kinetic impact and nuclear
explosion on the deflection effect to determine the degree of influence of these particles not
coupled with the explosion products on the deflection effect.

5. Validation of Numerical Simulation Methods

The above simulation results show that the combination of the single-material ALE
method and the FE-SPH adaptive method can better demonstrate the asteroid damage
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process and fragment distributions than the FEM or SPH method alone. We compared
the numerical simulation results of this study with the results from [33] Figure 8 shows
the asteroid density contour at the corresponding time, where the upper and lower parts
correspond to the numerical results of this study and [33], respectively. NED initiated
at t = 1 ms in [33] and the result was reported at t = 2.3 ms, with an explosion shock
wave propagation time of 1.3 ms. The initiation time of NED in this study was t = 0.06 ms.
Therefore, the numerical simulation results at the same shock wave propagation time
(t =1.36 ms) and the same end time (t = 2.3 ms) were compared simultaneously. In the
figure, the lower density limit is the density of mantle rubble, and the upper limit is the
density of core granite.
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Figure 8. Comparison of density contour with Kaplinger et al. (a) comparison of density contour at
t = 1.36 ms; (b) comparison of density contour at t = 2.3 ms. [33].

According to 57, the sound velocity of common rubble is v1 = /G/pg = 2.5 km/s.
In the simulation results of [33], the shock wave propagated about 15 m from t = 1.0 ms
to t = 2.3 ms. The average shock wave velocity was about 11.5 km/s, which in reality is
much higher than the maximum possible value of the rubble material. On the contrary,
it is evident from Figure 5b—f that in the simulation results of this study, the shock wave
propagates about 1.2 m from t = 0.1 ms to t = 0.25 ms, and the average wave velocity is
about 8 km/s. The shock wave propagates about 6 m from t = 0.25 ms to t = 2.3 ms, and the
average wave velocity is about 2.9 km/s, which is closer to the realistic situation; therefore,
the simulation results in this study have higher reliability.
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The present simulations clearly show the damage boundary of the asteroid body
(actual crater), edge of the failed rock (apparent crater), and scattering of fragments. The
laws of crater expansion and fragment scattering obtained in this study are consistent with
those in [33]. The initiation time of the NED in this study was different from that of [33].
The shockwave propagation distance and crater size obtained in this study and in [33] were
different. The major reasons for these differences are as follows. First, the NED initiated
at t = 1 ms in [33], which is quite different from the time required by the shock wave to
propagate to the surface of the NED in the actual situation. In this study, the initiation time
obtained by simulating the shock wave propagation in the impactor was more accurate.
Second, the NED in this study was initiated above the mantle surface. Compared with the
subsurface explosion in [33], the explosion energy coupling was relatively lower, so the
crater size was smaller and the fragment velocity was lower.

Although there are some differences in the simulation results, those in this study have
high credibility. The advantages of using the single-material ALE method and the FE-SPH
adaptive method to simulate the explosion deflection of asteroids are as follows. First, the
interface of the explosion products is smooth, and the expansion process and pressure
change of the explosion products can be observed visually. Second, the single-material
ALE method has better convergence and high computational efficiency for simulating
nuclear explosions. Finally, the damage evolution of the asteroid and the accumulation and
scattering of fragments can be used to fully evaluate the damage effect.

6. Structural Response Simulation for Solitary Cases

The contribution of kinetic impact and nuclear explosion to the asteroid deflection ef-
fect in the penetrating explosion condition was quantitatively analyzed. We independently
modeled the impact and explosion, simulating the asteroid deflection using kinetic impact
and static explosion in the impact crater, respectively.

6.1. Damage Process of the Asteroid under Kinetic Impact

As mentioned above, the impactor was used to impact the asteroid at the same velocity,
without the NED affecting the impact process. A kinetic impact, to deflect the asteroid,
transfers momentum to the asteroid using two components: the momentum that is directly
imparted from the impactor and an additional momentum transferred to the asteroid by
the thrust in the opposite direction of the crater ejecta [51,52,64,65]. The law of conservation
of momentum can be used to calculate the momentum transferred by the impactor to the
asteroid. The uncertainty is primarily affected by the reverse thrust of the ejecta on the
asteroid. The law of conservation of momentum is:

Myvp + Ppj = (1+ ,B)mpvp = M0, )

where 1, and vy, are the mass and velocity of the impactor, respectively. P,; is the component
of the escaping ejecta momentum along the direction of the impact trajectory. § is the
momentum multiplication factor, which depends strongly on the porosity, strength, friction,
and layering of the asteroid (not discussed in this study). m, and v, are the mass and
velocity of the asteroid body, respectively.

Figure 9 shows the damage evolution and pressure propagation of the asteroid under
the sole kinetic impact condition. The upper half is the damage contour, and the lower
half is the pressure contour. Unlike in Section 3, the impactor collided with the asteroid
and came to a stop (t = 15 ms). After which the asteroid continued to undergo structural
response and local failure. After the impact, a crater was formed, and the shock wave
propagated through the asteroid. The impactor elements failed completely at t = 1 ms, and
the penetration depth of the impactor was approximately 2.4 m. At this point, the impactor
particles still had a high velocity. They continued to compress the asteroid particles and
elements in the crater, further expanding its size. The non-failed elements around the crater
suffered damage.
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Figure 9. Damage evolution and pressure propagation of the asteroid under kinetic impact: the upper
half is the damage contour, and the lower half is the pressure contour.(a) the damage contour (upper
part) and the pressure contour (lower half) of the asteroid at t = 1 ms; (b) the damage contour (upper
part) and the pressure contour (lower half) of the asteroid at t = 15 ms; (c) the damage contour (upper
part) and the pressure contour (lower half) of the asteroid at t = 50 ms; (d) the damage contour (upper
part) and the pressure contour (lower half) of the asteroid at t = 100 ms.

The particles in the crater began to bounce outward at t = 15 ms, and the penetration
depth of the impactor reached the maximum depth of 4.4 m at this time. Subsequently, the
cracks around the crater no longer propagated owing to the attenuation of the shock wave
pressure. Comparing Figure 9b—d, the apparent crater depth was significantly reduced
owing to the rebound of the particles from t = 15 ms to t = 100 ms.

Figure 10 shows the damage morphology of the asteroid as a whole at t = 100 ms and
marks the volume and mass of typical large blocks. The upper part of the figure shows the
particle distribution characteristics, while the lower part hides the particles, focusing on
the flying elements and large blocks. The kinetic impact only caused limited damage to the
asteroid, with numerous tiny cracks distributed around the crater and no apparent cracks
in the mantle. The number of fragments was relatively small; however, some large blocks
composed of non-failed elements moved away from the asteroid body.
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Figure 10. Asteroid damage and fragments morphology induced by kinetic impact (t = 100 ms):
(a) main view, (b) cross-sectional view.
6.2. Damage Process of the Asteroid under the Static Explosion in the Impact Crater

In this scenario, the NED wrapped with the impactor was stationary and initiated
in the impact crater at t = 60 ps extracted in Section 3.1 (0.35 m underground). Figure 11
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shows the damage evolution and pressure propagation of the asteroid, where the upper
half is the damage contour and the lower half is the pressure contour. Compared with
Figure 6, the static explosion in the impact crater caused minor damage to the asteroid
than the penetrating explosion. The extrusion of the particles still caused the larger blocks
around the crater to break away from the asteroid body at t = 100 ms, and the rebound of
the particles caused obvious cracks between the particles on the crater floor.
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Figure 11. Damage evolution and pressure propagation of the asteroid under the static explosion in
the impact crater: the upper half is the damage contour, and the lower half is the pressure contour.
(a) the damage contour (upper part) and the pressure contour (lower half) of the asteroid at t =5 ms;
(b) the damage contour (upper part) and the pressure contour (lower half) of the asteroid at t = 10 ms;
(c) the damage contour (upper part) and the pressure contour (lower half) of the asteroid at t = 20 ms;
(d) the damage contour (upper part) and the pressure contour (lower half) of the asteroid at t = 30 ms;
(e) the damage contour (upper part) and the pressure contour (lower half) of the asteroid at t = 50 ms;
(f) the damage contour (upper part) and the pressure contour (lower half) of the asteroid at t = 100 ms.

Figure 12 shows the crack pattern and the distribution of the fragments at t = 100 ms
and marks the volume and mass of typical large blocks. The upper part of the figure shows
the particle distribution characteristics, while the lower part hides the particles, focusing
on the flying elements and large blocks. The static explosion in the impact crater caused
slightly less damage to the asteroid than the penetrating explosion did. There were many
cracks in the mantle, many fragments flowed outward, and some large blocks separated
from the asteroid body. Although the explosion did not break the asteroid, numerous
cracks significantly reduced its overall strength.
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Figure 12. Asteroid damage and fragments morphology induced by the static explosion in the impact
crater (t = 100 ms): (a) main view, (b) cross-sectional view.

7. Comparison of the Deflection Effects of the Three Conditions

Figure 13 shows the variation in asteroid velocity with time under the three afore-
mentioned conditions. This velocity is the weighted average of all element velocities of
the asteroid body. The velocity change of the asteroid is 1.9 m/s under static explosion in
the impact crater, which is 0.49 m/s under kinetic impact. The velocity change is 2.18 m/s
under penetrating explosion, higher than that of the static explosion in the impact crater
due to the contribution of the momentum transfer of the impactor. However, this velocity
change is less than the sum of the velocity changes of the asteroid under the above two con-
ditions, because the momentum of the impactor is not entirely transferred to the asteroid.
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Figure 13. Velocity—time curves of the asteroid under different deflection conditions.

The results in Section 3.1 show that approximately 48.7% of the impactor momentum
can be transferred to the asteroid, giving the asteroid a velocity change of approximately
0.24 m/s. Adding the velocity change of 1.9 m/s from the static explosion in the impact
crater, the velocity change of the asteroid with a penetrating explosion is 2.14 m/s, which is
marginally (2%) different from the numerical simulation results of this study. Therefore,
accurate calculation results can be obtained by decoupling the penetrating explosion
condition into two processes: kinetic impact and static explosion at the impact crater.
In addition, the simulation result was less affected by the uncoupling of the explosion
products with particles generated before NED initiation.
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In the case of penetrating explosions, the contribution ratios of kinetic impact and
nuclear explosion to the asteroid velocity change were 11% and 89%, respectively. Despite
the high mass of the kinetic impactor used in this study, the change in velocity of the
asteroid was primarily caused by the nuclear explosion. The mass of the kinetic impactor in
the HAIV design is typically more than ten times smaller, contributing less to the asteroid’s
velocity change.

Taking the asteroid body as a reference, fragments with a negative velocity will fly
away from the asteroid body. The fragments in the inner cracks continuously collided with
the surrounding elements, and the velocity stabilized after slight oscillations and moved
with the asteroid body. By counting the mass and velocity information of all particles
and elements, the velocity distribution of the fragments flying away from the asteroid
at t = 100 ms under different conditions is shown in Figure 14, where the ordinate is the
total mass of the fragments in each velocity interval. A velocity range of 0-50 m/s with
significant differences in the velocity distribution was selected as the research object.
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Figure 14. Velocity distribution of the fragments under different deflection conditions.

Under kinetic impact, the fragments have a lower total mass and lower velocity.
The fragment velocity is concentrated in the range of 1-6 m/s, and the total mass is
approximately 2.66 x 10° kg, accounting for 1.7% of the asteroid’s mass. The velocity
distribution of the fragments under a static explosion in the impact crater was similar
to that of a penetrating explosion. The fragment velocity was primarily concentrated in
1-20 m/s. The total mass of the fragments is approximately 9.38 x 10° kg under static
explosion in the impact crater, accounting for 5.9% of the mass of the asteroid. This value is
approximately 9.66 x 10° kg under a penetrating explosion, accounting for 6% of the mass
of the asteroid. Most of the fragments with velocities below 3 m/s bounced off the crater.
These fragments have the highest share of the total mass of the fragments, whereas the
fragments generated during the material response stage have a higher velocity but lower
mass share.

The formation mechanisms of the craters on asteroids are significantly different from
those on Earth. Asteroids are small, with a low surface escape velocity and low gravitational
acceleration. Therefore, most ejecta reaches escape velocity and fly away from the asteroid
without falling back to the crater [66]. Only a few fragments in the crater do not fly away
and move with the asteroid body. These fragments are extremely low in strength, cannot
withstand tensile stress, and can easily fly away with a slight disturbance.

Figure 15 shows the mass percentage of the asteroid body, flying fragments, flying
blocks, and fragments moving with the asteroid to the total mass. The asteroid suffered
the most damage under the penetrating explosion, resulting in the most fragments; 85.6%
of the asteroid’s mass remained bound together. The flying fragments accounted for 6.1%
of the asteroid’s mass, the fragments moving with the body accounted for 7.6% of the
asteroid’s mass, and the large blocks flying away accounted for 0.7% of the asteroid’s mass.
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The kinetic impact causes minimal damage to the asteroid; 97.6% of the asteroid’s mass
remains bound together. The flying fragments account for 1.7% of the mass of the asteroid,
the fragments moving with the body account for 0.5% of the mass of the asteroid, and the
large blocks flying away account for 0.2% of the mass of the asteroid.

| Asteroid body
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Fragments flying away
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Figure 15. The mass percentage of each part of the asteroid under different conditions. The red
arrows indicate the mass percentage of the parts corresponding to the tail of the arrow.

The final deflection effect is greatly affected by the physical and compositional proper-
ties of the asteroid, such as its geometry, density, material strength, and porosity [67,68].
Deflection methodologies should first ensure that the asteroid obtains the desired change
in velocity. The above analysis shows that the nuclear explosion method obtains a higher
velocity change than the kinetic impact method. However, damage to the asteroid was
greater, resulting in more dangerous fragments. A velocity change of 1.45 cm/s is sufficient
to eliminate the impact risk when the warning time is ten years [28]. This velocity can
be achieved for smaller asteroids by kinetic impact or a small-yield nuclear explosion. A
nuclear explosion is the only viable deflection option when the warning time is short or the
asteroid is large. When the warning time is too short to deflect the asteroid, the nuclear
option can completely shatter the asteroid to eliminate risk.

8. Discussion and Conclusions

Asteroids exist in absolute vacuum, which significantly affects the effects of explosion
damage. Using the single-material ALE method, we can observe the expansion boundary
and pressure change process of explosion products in absolute vacuum. The numerical
results confirm that combining the single-material ALE method and the FE-SPH adaptive
method is ideal for simulating explosion-deflection processes. Combined with the meso-
modeling approach, this method can be further used to study the explosion deflection
of hazardous asteroids with complex geometries and material compositions. In kinetic
impact-deflecting asteroid studies, the FE-SPH method can be used to fully explore the
influence of parameters such as porosity, strength, friction, and layering of the asteroid on
the amount of momentum enhancement (momentum multiplication factor B) caused by
the ejecta.

The use of the FE-SPH adaptive method avoids the loss of system energy by trans-
forming failed elements into SPH particles during the simulation. Using this method, we
obtained the actual crater shape, crack propagation, and fragment distribution. The velocity
distribution of the fragments can be quickly obtained using statistical SPH particle and
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element information. Therefore, this method is more suitable for studying the explosion
deflection of hazardous asteroids than the FEM and SPH methods.

The simulation results confirm that the deflection momentum of the asteroid under
the penetrating explosion is equal to the sum of the momentum acquired by the kinetic
impact and the static explosion in the impact crater. For current rocket payloads, the mass
of the impactor is typically less than 1/10 of that in this study [15,16], so the contribution
of the impactor and the explosion to the asteroid deflection momentum is very disparate.
In this study, the penetrating explosion process has been decoupled into kinetic impact
and static explosion, respectively. In penetrating explosion-deflected asteroid research, the
local model can be used to simulate the impact crater depth and the initiation position
of the NED. The penetrating explosion process is then simplified as a static underground
explosion at the initiation position, and the full model is used for calculation.

For km-sized asteroids, most fragments undergo gravitational re-accretion [35,69].
Referring to the small asteroid size of <100 m, gravitation has a limited effect on fragment
velocity, and most fragments reach escape velocity and fly away from the asteroid body.
The temperature and phase change of the material can be investigated using the FE-SPH
adaptive method by adding the relevant parameters to the material model. In addition,
further studies will investigate the effect of explosion location on the deflection effectiveness
of irregularly shaped asteroids.

In this study, the single-material ALE method and the FE-SPH adaptive method are
combined to simulate the effects of three deflection methods on a 54 m asteroid: penetrating
explosion, kinetic impact, and static explosion in the impact crater. The analysis shows
that the penetrating explosion scheme in this study does not fully play the role of a kinetic
impactor in cratering. The ideal penetration explosion solution uses an impactor to create a
deep crater, in which the NED is initiated. This ensures that the momentum of the impactor
is fully transferred to the asteroid and takes advantage of the high-energy coupling of
subsurface explosions. Second, nuclear explosions provide asteroids with significantly
higher velocity changes than those of kinetic impacts. Finally, although the absolute
vacuum environment dramatically reduces explosion energy coupling, nuclear explosions
still provide considerable velocity changes.

Three important points are discussed in this study. First, the single-material ALE
method was used to simulate the explosion in an absolute vacuum, avoiding the non-
convergence of the multi-material ALE method used in the explosion in absolute vacuum.
Second, the FE-SPH adaptive method was used to reveal the crack initiation and propa-
gation process in the asteroid and the rebound of fragments in the crater. Quantitative
information on fragments and large blocks was generated. Finally, the deflection effects of
the penetrating explosion, kinetic impact, and static explosion in the impact crater were
compared, and their respective contribution rates were observed.
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