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Abstract

Earth is continually impacted by very small asteroids and debris, and a larger

object, though uncommon, could produce a severe natural hazard. During

impact crater formation the ballistic ejection of material out of the crater is a

major process, which holds significance for an impact study into the deflection

of asteroids. In this study we numerically simulate impacts into low-gravity,

strength dominated asteroid surfaces using the iSALE shock physics code,

and consider the Double Asteroid Redirection Test (DART) mission as a case

study. We find that target cohesion, initial porosity, and internal friction co-

efficient greatly influence ejecta mass/velocity/launch-position distributions

and hence the amount by which an asteroid can be deflected. Our results

show that as the cohesion is decreased the ratio of ejected momentum to im-

pactor momentum, β−1, increases; β−1 also increases as the initial porosity

and internal friction coefficient of the asteroid surface decrease. Using nomi-
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nal impactor parameters and reasonable estimates for the material properties

of the Didymos binary asteroid, the DART target, our simulations show that

the ejecta produced from the impact can enhance the deflection by a factor

of 2 to 4. We use numerical impact simulations that replicate conditions in

several laboratory experiments to demonstrate that our approach to quantify

ejecta properties is consistent with impact experiments in analogous materi-

als. Finally, we investigate the self-consistency between the crater size and

ejection speed scaling relationships previously derived from the point-source

approximation for impacts into the same target material.

Keywords: Impact cratering, Ejecta, Numerical simulations, Asteroids,

Kinetic impactor
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1. Introduction1

Impacts and collisions at high velocity play an important role in planetary2

formation and have shaped the surfaces of all solid bodies in the Solar System3

(Fassett and Minton, 2013). A major process during impact crater formation4

is the ballistic ejection of material out of the crater (Melosh, 1989). Quan-5

tifying how target properties such as strength, porosity and internal friction6

affect the mass-velocity distribution of ejected debris (ejecta) is important7

for many areas of planetary science and can help explain the evolutionary8

history of planetary embryos (Housen et al., 1983), the origin of interplane-9

tary space debris (Su, 1990) and meteorites (Greenberg and Chapman, 1983)10

and the distribution of regolith and secondary impact craters on a planetary11

surface (Oberbeck, 1975; Schultz and Mendenhall, 1979). One of the most12

straightforward applications of ejecta studies is in the deflection of asteroids13

(Belton et al., 2004). To avoid a collision between an asteroid and Earth,14

the course of the asteroid can be changed by impacting its surface (Ahrens15

and Harris, 1992; Melosh et al., 1994). The ejecta resulting from the impact16

can produce additional thrust which enhances the asteroid deflection (Shafer17

et al., 1994), but this effect has been found to vary significantly depending18

on the target asteroid’s properties and composition (Holsapple and Housen,19

2012).20

An extensive number of laboratory impact experiments have been per-21

formed into various target materials (Gault et al., 1963; Shoemaker et al.,22

1963; Hartmann, 1985; Housen, 1992; Housen and Holsapple, 2003; Housen23

and Holsapple, 2011) to illuminate the ejection process and provide a quan-24

titative measure of the mass-velocity distribution of ejected debris material.25
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Such experiments have shown that ejecta properties are highly dependent on26

the target properties, in particular strength, porosity and internal friction27

(Holsapple and Housen, 2012; Michel, 2013; Jutzi and Michel, 2014). How-28

ever, as these experiments typically do not directly replicate the low gravity,29

low target cohesion or large impactor sizes often involved in impacts on aster-30

oid surfaces, their results must be extrapolated to the relevant regime using31

scaling theory.32

Scaling relations based on the point-source approximation (Housen et al.,33

1983) provide a theoretical description of the mass/velocity/launch-position34

distributions of ejecta. Ejection velocity decreases with increasing launch35

position, following an inverse power law that breaks down close to the im-36

pact point and as it approaches the final crater rim. Recently proposed37

scaling relations augment the power-law relations with an empirical function38

to account for the reduction to zero of ejecta launch speeds near the rim39

(Housen and Holsapple, 2011). The current scaling relations are still not40

well constrained for very fast ejecta, which are also very difficult to measure41

in laboratory experiments. The exponent of the power-law was found to42

be strongly influenced by target properties (Housen et al., 1983), but these43

properties are interlinked and their individual influence on the ejecta needs44

further study.45

Numerical studies using a range of initial conditions provide an alternative46

method to systematically determine the reaction of different types of target47

asteroid surfaces to a possible impact. For example, Luther et al. (2018)48

used numerical simulations to constrain the influence of impact velocity and49

target properties on ejection velocity and angles in gravity-dominated im-50
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pacts. Here, we use numerical simulations of strength-dominated impacts on51

small, low-gravity asteroids to investigate and quantify the effects of individ-52

ual asteroid surface material properties, specifically strength, porosity and53

internal friction, on crater ejecta properties. We use NASA’s DART mission54

(Michel et al., 2016; Cheng et al., 2016) as a motivating case study. The55

paper begins with a brief summary of the DART mission, asteroid deflection56

by momentum transfer, and ejecta scaling relationships based on the point-57

source approximation and experimental ejecta measurements (Housen and58

Holsapple, 2011). To test the accuracy of the numerical model we first com-59

pare simulation results against laboratory experiments of vertical impacts60

into different types of sand, in which ejecta dynamics were measured. We61

then present the results of simulations of impacts into asteroid surfaces with62

different cohesions, porosities and internal friction coefficients and record the63

final crater dimensions and the mass/velocity/launch-position distribution of64

the resulting ejecta. These results were used to verify ejecta scaling relation-65

ships, to determine the empirical constants that define these relationships66

for specific material properties, and to determine the momentum transferred67

from the impactor to the target, which is the important metric for potential68

asteroid deflection.69

2. Ejecta70

2.1. Implications for momentum transfer and asteroid deflection71

If a large asteroid were detected in advance to be on an Earth impacting72

trajectory, an appropriate action could be taken. Asteroid deflection methods73

include nuclear explosions (Ahrens and Harris, 1992), gravity tractors (Lu74
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and Love, 2005) and kinetic impactors (Melosh et al., 1994). The latter seems75

to be the most straightforward solution, however a technology demonstration76

has yet to be implemented. NASA’s proposed Double Asteroid Redirection77

Test (DART) mission aims to impact the smaller component of the 6580378

Didymos double asteroid system, Didymoon, and to change its period of79

rotation by an amount detectable from Earths observatories (Michel et al.,80

2016). DART will be the first mission to test a controlled deflection of a81

Near-Earth asteroid (Cheng et al., 2016). To further study the outcome of82

the DART impact, ESA is planning a rendezvous mission, Hera, which will83

arrive at the asteroid system several years after DART (Michel et al., 2018;84

Cheng et al., 2018). Hera will take high-resolution images of the surface and85

accurate measurements of the deflection, data which will allow simulations86

such as those presented here to be validated.87

In a high velocity impact event the momentum transferred to the asteroid88

has two components: the momentum that is directly imparted from the89

impactor, and an additional momentum transferred to the target by the90

thrust in the opposing direction of crater ejecta that escapes the gravitational91

attraction of the target body.92

The change in linear momentum of the asteroid as a result of the impact,93

∆p, is therefore equal to the impactor momentum pimp plus the resultant94

momentum of the escaping ejecta pej. Assuming that pimp and pej are anti-95

parallel, which is true for a vertical impact on a planar surface, the magnitude96

of the momentum change is given by:97

∆p = mU + pej = βmU. (1)98

where m is the impactor mass and U is the impactor speed, pej is the mag-99
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nitude of the ejected momentum in the opposite direction to the impact and100

β is known as the momentum multiplication factor (Housen and Holsapple,101

2011)–a measure of the efficiency of momentum transfer. The ratio of ejecta102

momentum to the impactor momentum can also be expressed in terms of β,103

β − 1 =
pej
mU

. (2)104

If the ejected momentum makes no contribution to the total imparted105

momentum β = 1, and β > 2 implies a larger contribution to the overall106

momentum from the crater ejecta than the impactor itself. Previous work has107

shown that β and hence the efficiency of momentum transfer in hypervelocity108

cratering is strongly dependent on the impact speed, the size of the asteroid,109

as well as its composition and structure (Jutzi and Michel, 2014; Stickle et al.,110

2015; Syal et al., 2016; Cheng et al., 2016).111

In high velocity impacts, the ejection efficiency is an an important com-112

ponent of the momentum transfer. The ability to predict the crater size and113

hence the ejecta production empirically is also important in predicting the114

momentum transfer.115

2.2. Crater and ejecta scaling relationships116

To aid the interpretation of our numerical simulation results and compare117

them with experimental data we first summarise relevant crater and ejecta118

scaling relationships. The outcomes of planetary cratering, such as the size119

of the crater and the speed and mass of ejecta, can be predicted empirically120

if the impactor and target properties are known (Schmidt and Holsapple,121

1982). Assuming that the impact can be approximated as a point source122

of energy and momentum, far-field/late-stage properties of the impact can123
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be determined by a single variable, known as the coupling parameter, C124

(Holsapple and Schmidt, 1987), given by125

C = aUµδν . (3)126

The coupling parameter depends primarily on the properties of the im-127

pactor (radius a, density δ and velocity U). The density scaling exponent, ν,128

has thus far been assumed to be independent of the material type (Housen129

and Holsapple, 2011) and previous experimental studies suggest ν ≈ 0.4130

(Schmidt, 1980). The velocity scaling exponent, µ (often called the “velocity131

exponent”), however, depends on the target material properties and its value132

lies between two theoretical limits (Holsapple and Schmidt, 1982): µ = 1/3133

if the crater formation is influenced by the impactor momentum alone or µ134

= 2/3 if the it is influenced by the impactor energy alone.135

For known impact conditions, when considering a spherical impactor of136

mass m and density δ, impacting a target of density ρ and strength Y , at137

a velocity U , the radius of the crater (measured at the preimpact surface),138

R, can be expressed in terms of the widely used dimensionless π scaling139

parameters (Holsapple, 1993). The cratering process occurs in the strength140

regime if the dominant resisting force to crater growth is the target’s cohesive141

strength and in this case, the scaling parameter π3 = Y
ρU2 is used to express142

the crater radius143

R
( ρ
m

)1/3
= H2

(ρ
δ

)(1−3ν)/3( Y

ρU2

)−µ/2
(strength). (4)144

On the other hand, if the weight of the excavated material dominates over145

cohesive strength, then the crater forms in the gravity regime and the crater146
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radius is expressed in terms of the π2 = ga
U2 parameter147

R
( ρ
m

)1/3
= H1

(ρ
δ

)(2+µ−6ν)/[3(2+µ)]( ga
U2

)−µ/(2+µ)
(gravity), (5)148

where H1 and H2 are constants determined from laboratory experiments.149

Note that in both cases, the exponent in the power-law is a function of the150

material-dependent velocity exponent µ. Using the point-source approxima-151

tion and dimensional analysis, Housen et al. (1983) developed a number of152

power-law scaling equations that relate properties of ejecta to the initial im-153

pact conditions. For instance, in one such ejecta scaling relation, the speed154

of ejecta normalised by the impactor velocity, v/U , is expressed as a power-155

law of normalised launch position, x/a, and impactor and target properties156

(Housen et al., 1983; Housen and Holsapple, 2011):157

v(x)

U
= C

[x
a

(
ρ

δ
)ν
]− 1

µ
(6)158

where ν and µ are as previously defined, and C is an empirically determined159

constant. However, laboratory experiments have shown that ejecta velocity160

distributions deviate from a simple power-law form close to the impact point161

and near the final crater rim. To address the deviation of ejecta scaling from162

a simple power law near the crater rim, where the ejection flow is increasingly163

affected by gravity and strength, ultimately reducing the ejection speed to164

zero, Housen and Holsapple (2011) proposed a simple empirical modification165

to Eq. 6, such that the ejection velocity drops to zero near the crater edge,166

at a distance proportional to the crater radius, R:167

v(x)

U
= C1

[x
a

(
ρ

δ
)ν
]− 1

µ

(
1− x

n2R

)p
, (7)168
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where C1 and p are constants determined by fitting the equation to empirical169

data. The velocity cut-off takes place at x = n2R, where n2 is a material170

dependent constant, but previous studies suggest that it holds a value of171

approximately 1.0 (Housen and Holsapple, 2011).172

The power-law also breaks down for the very fast ejecta, launched at173

distances x < n1a, where n1 is a constant dependent on the projectile shape,174

material and impact velocity (Housen and Holsapple, 2011). The material175

below the impactor is driven downwards and does not get ejected, while176

the material close to the contact zone between the impactor and target gets177

ejected at very low angles, by the ‘jetting’ process (Yang and Ahrens, 1995).178

Due to the very high velocities involved, this process is very hard to measure179

in laboratory based experiments and not enough data is available.180

Hermalyn and Schultz (2010) performed a series of impact experiments181

into sand, measuring the early-time high-speed ejecta produced by projec-182

tiles of different densities. They found that the projectile density affects the183

coupling time and the penetration depth. However, the current ejecta model184

does not account for these effects.185

The ejection speed decreases as the launch distance x increases, so Housen186

and Holsapple (2011) also defines the mass ejected at speeds larger than v,187

M(> v), as the mass of material M(< x) launched at distances from within188

x, where189

M(< x)

m
=

3k

4π

ρ

δ

[(x
a

)3
− n3

1

]
. (8)190

The total momentum carried away by the ejecta, which is of paramount191

importance for impact momentum transfer and asteroid deflection, can be192

found from integrating the mass dM ejected within a radial range dx for193
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0 < x < R. Although this integration must be done numerically, Cheng194

et al. (2016) found that the cumulative ejecta momentum, normalised by the195

impactor momentum, β−1, is well approximated by the analytical expression196

β − 1 ≈ 9kC1

4π
√

2

(ρ
δ

) (µ−ν)
µ µ

3µ− 1

[(
0.74n2

R

a

) (3µ−1)
µ

− n
(3µ−1)
µ

1

]
. (9)197

One goal of the present work is to verify whether this expression is also a198

good approximation of ejected momentum in impact simulations. Note also199

that, as with the crater size scaling relationships (Eqs. 4 and 5), the power-200

law exponents in the crater ejecta scaling relationships are functions of the201

same material-dependent velocity exponent µ. An accurate characterisation202

of µ for impacts on asteroid surfaces is therefore crucial for predictions of203

impact ejecta behaviour and momentum transfer.204

3. Numerical model205

To simulate vertical impacts on small asteroid surfaces, we used the206

iSALE2D shock physics code (Collins et al., 2004; Wünnemann et al., 2006),207

a multi-material, multi-rheology extension of the SALE hydrocode (Amsden208

et al., 1980). iSALE was specifically designed for simulating impact processes209

and is similar to the older SALEB hydrocode (Ivanov et al., 1997; Ivanov and210

Artemieva, 2002). It includes strength models suitable for impacts into ge-211

ologic targets (Collins et al., 2004) and a porosity compaction model, the212

ε− α model (Wünnemann et al., 2006) that are both utilised here to mimic213

the material response of an asteroid surface.214

While iSALE has been tested previously against laboratory-scale impacts215

(Wünnemann et al., 2016; Luther et al., 2018) and benchmarked against216
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other hydrocodes (Pierazzo et al., 2008), here we compare iSALE predictions217

of ejection velocity vs. launch position against those recorded in experimen-218

tal impacts in sand to build further confidence in simulation results. We219

therefore describe two suites of simulations: one replicating experimental220

impacts in sand and another exploring the influence of target properties on221

the outcome of impacts on small asteroids. The choice of input parameters222

for these two simulation suites are described in the relevant sections of the223

paper.224

3.1. Regridding and resolution tests225

For an accurate description of the ejecta, the simulations must record the226

whole distribution of the ejecta. This is particularly problematic for the very227

high velocity particles ejected in the early phases of the simulations, which228

require high spatial resolution to capture accurately (Johnson et al., 2014).229

Also, due to the low strength of the target materials investigated, the craters230

grow many times larger than the projectile and over a long time-scale. To231

use a high resolution for the entire duration of the simulation can be highly232

computationally expensive. To overcome this, iSALE’s regridding option was233

used. This option allows the computational grid to be coarsened by a factor234

of two after a predetermined amount of time. Three regrids were performed:235

the initial resolution was 40 cells per projectile radius (cppr) so that the236

final effective resolution was 5 cppr. Resolution tests (Fig. 1) showed that237

this method produces results (e.g., crater volume as a function of time) that238

are comparable to those obtained by a fixed, 40 cppr resolution but at an239

approximately equivalent cost to a fixed 5 cppr resolution run. At 10 ms,240

the fixed-resolution, 40 cppr run produces a crater volume of 19.43 m3, the241
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fixed-resolution 5 cppr run, a crater volume of 18.41 m3, while the simulation242

with regridding produces a crater volume of 19.60 m3.
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Figure 1: Resolution test showing the crater volume growth against time, for a 0.84 m

in diameter aluminium projectile, impacting a basalt target at 7 km/s simulation, with

spatial resolutions between 5 and 40 cppr. Coarsening the domain by a factor of two at

the times marked by the vertical lines (Regrid) yields an accuracy comparable with the

40 cppr.

243

3.2. Ejecta mass-velocity-launch position measurements244

To track ejecta in the impact simulations, we used Lagrangian tracer245

particles that were placed across the high resolution domain. A simple and246

widely-used approach for identifying those tracers that comprise the crater247

ejecta is to flag the tracer as ejected during the simulation if its trajectory248

crosses a horizontal line a fixed altitude above the pre-impact surface (Fig. 2).249

The mass, velocity vector, and launch position of each ejected tracer can then250

be recorded at the moment the tracer reaches this altitude. If this “ejecta251

line” happens to be placed at the height of the transient crater rim, the252

approach correctly distinguishes ejected material from that which remains in253
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the crater or forms part of the uplifted rim. However, as the transient crater254

rim height is not known a priori, we adopted an ejecta line altitude equal to255

one impactor diameter.256

To identify tracers that cross the ejecta line but should not be considered257

as part of the ejecta, because their final location was inside the crater or258

within the uplifted crater rim, the ejected tracers were also required to have259

a maximum speed exceeding that needed to overcome the cohesive strength260

of the target. In all cases simulated here we considered a velocity threshold261

of 10 cm/s, which was larger than the escape velocity of the asteroid, so that262

the momentum of the all ejecta contributed to momentum transfer.263

To calculate the speed, angle and launch position of each ejecta tracer,264

we projected the tracer back from the location it crossed the ejecta line265

to the target surface. In zero- or very low-gravity scenarios it is sufficient266

to project back along a straight line trajectory, with a slope given by the267

ejecta velocity vector. However, in higher-gravity scenarios, such as those268

considered in the impact simulations replicating lab-scale experiments, it is269

important to project the ejected material back along a parabolic, ballistic270

trajectory. Defining the radius, horizontal and vertical velocity components271

of the ejecta at the surface and at the ejecta line as (x, u, v) and (xh, uh,272

vh), respectively, the assumption of a parabolic, constant gravity trajectory273
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leads to:274

u = uh (10)275

v2 = v2h − 2gh (11)276

α = tan−1
v

u
(12)277

x = xh +
u

g

(
v +

√
v2 + 2gh

)
. (13)278

where α is the ejection angle (at the surface), h is the altitude of the ejecta279

line and g is the surface gravitational acceleration (negative down).280

The surface-projected, ejected tracer data were processed to measure the281

mass/velocity/launch-position distributions of ejecta resulting from each im-282

pact cratering event as well as the cumulative ejected momentum as a func-283

tion of ejection speed. We then used a numerical fitting procedure to de-284

termine the constants in various ejecta scaling relationships, Eq. 7-9, and285

calculated the momentum enhancement factor, β.286

4 2 0 2 4
r [m]

2

0

2

z [
m

]

Ejecta Line
T = 2.5 ms

100

101

102

103

Ve
rti

ca
l v

el
oc

ity
 [m

/s
]

Figure 2: Properties of the ejecta are recorded at the time the Lagrangian tracers cross

the ejecta line, which was set at a height equal to one projectile diameter.
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4. Model validation287

Before investigating impacts into asteroid surfaces, iSALE’s model accu-288

racy was validated against data from laboratory impact experiments. Exper-289

iments aimed at studying the ejecta properties from impact cratering events290

have been performed by various research groups, summarised in (Housen291

and Holsapple, 2011). In this paper we focus on the data collected by Cin-292

tala et al. (1999), Anderson et al. (2003), Housen (2011, unpublished) and293

Hermalyn and Schultz (2011).294

Table 1: Impact experiments summary.

Target Impactor

Reference Material Grain size Porosity Velocity Radius

(mm) (%) (km/s) (mm)

Cintala et al. (1999) Coarse sand 1-3 43 1.9 2.4

Anderson et al. (2003) Loose sand 0.5 39 1.1 3.2

Housen (2011, unpublished) Ottawa sand 1.0 32 1.4 6.1

Hermalyn and Schultz (2011) Ottawa sand 1.0 35 5.6 3.2

Cintala et al. (1999) conducted a series of laboratory experiments in which295

they impacted 4.76 mm aluminium spheres into coarse-grained (1-3mm) sand296

targets, at velocities between 0.8 and 1.9 km/s. A laser-based system cap-297

tured photographs of individual grains in their ballistic flight, that enabled298

them to fit parabolas through each ejecta trajectory and infer the ejection299

angle, α, and ejection velocity, v, as a function of launch position, x.300

In the Anderson et al. (2003) experiments, 6.35 mm aluminium spheres301

were impacted into finer-grained sand (0.5 mm), at velocities of about 1302

16



km/s and various impact angles. The ejection angle, α, and the ejection303

velocity, v, of the ejected particles were recorded using three-dimensional304

particle image velocimetry (3D PIV). This technique uses a system of lasers305

and digital cameras to illuminate a ring of particles, measuring the three-306

dimensional velocity vectors of the moving ejecta particles, at two slightly307

different positions. Numerical algorithms were then used to determine the308

instantaneous velocity vector from each pair of images. However, the digital309

camera only recorded one pair of images per impact experiment, so several310

shots of the same impact experiment were required to capture the ejecta311

curtain at different times in the crater growth evolution and to to determine312

ejection velocity as a function of launch position.313

Housen (unpublished work), which we refer to as Housen (2011), per-314

formed quarter-space experiments of cylindrical polyethylene, magnesium315

and aluminium projectiles impacting dense sand targets, at speeds between316

1.4 and 1.9 km/s. Results from these experiments were included in the317

synthesis of experimental impact ejecta studies by (Housen and Holsap-318

ple, 2011). The vertical impacts were performed into a vacuum chamber.319

Coloured markers were placed into the target before the impact, and their320

trajectory was then measured by analysing footage of the impact recorded321

by a high-speed digital video camera (Housen and Holsapple, 2011).322

Hermalyn and Schultz (2011) used a variety of projectiles to impact me-323

dian grained Ottawa sand (1 mm) targets, at velocities of approximately324

5 km/s. The experiment used a set of high-speed cameras and an imaging325

technique called Particle Tracing Velocimetry (PTV) to measure ejecta prop-326

erties. Individual particles were tracked in their ballistic flight, in the plane327
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of the ejecta curtain, which allowed the velocity of the ejecta particles to328

be derived as a function of time and launch position. The high frame rate329

allowed very fast ejecta to be recorded. However, the camera had a narrow330

field of view and did not record the slow ejecta near the final crater rim.331

4.1. Numerical model set-up332

We simulated three impact experiments: the Cintala et al. (1999) ex-333

periment of a 4.76-mm diameter spherical projectile at 1.9 km/s (shot 4207334

as defined in the Cintala et al. (1999) study), the Housen (2011) impact of335

an 12.20-mm aluminum cylinder at 1.4 km/s and the Hermalyn and Schultz336

(2011) impact of an 6.35 mm aluminium spherical projectile at 5.6 km/s.337

To simulate the sand targets, we used an ANEOS-derived equation-of-338

state (EOS) table for SiO2 (Melosh, 2007) coupled with the ε − α porosity339

compaction model to describe the thermodynamic and volumetric response340

and the Drucker-Prager strength model to describe the shear response. This341

material model has been successfully used previously in validation work by342

Wünnemann et al. (2016). The Drucker-Prager strength model is a good343

description of the shear strength of granular materials, which defines the yield344

strength of the bulk material, Y , as Y = Y0 + fP , where Y0 is the cohesion,345

P is the pressure, f is the coefficient of friction. In iSALE, the shear strength346

Y is capped at Ym, which defines the limiting strength at high pressure. We347

note that the coefficient of internal friction, f , in the Drucker-Prager model348

is different from the coefficient of friction used in rock mechanics and in the349

Mohr-Coulomb model (Elbeshausen et al., 2009), and can be approximately350

related to the angle of internal friction, θ, as f ≈ sin(θ).351

The angle of internal friction θ was not measured for the coarse sand352
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used in the experiments by Cintala et al. (1999), so we ran several test cases353

with f between 0.55 and 0.70. The best match of the ejecta distribution was354

achieved for f = 0.60. For the Housen (2011) impact experiment we used355

f = sin(35◦) ≈ 0.55 (Holsapple and Housen, 2012) and for the Hermalyn and356

Schultz (2011), we used f = sin(30◦) = 0.50 (Lee and Seed, 1967).357

The target densities in the experiments were measured at 1.51 g/cm3
358

(Cintala et al., 1999), 1.75 g/cm3 (Housen, 2011) and 1.70 g/cm3 (Hermalyn359

and Schultz, 2011), which corresponds to porosities of: φ0 = 0.42%, φ0 =360

0.32% and φ0 = 0.35%, respectively. In the numerical simulations, these361

porosities were achieved by using the ε−α model (Wünnemann et al., 2006).362

The ε − α model takes in five input parameters, which are summarised in363

Table 2. The projectiles were modelled using the Tillotson EOS (Tillotson,364

1962) and the Johnson-Cook strength model for aluminium 1100-0 (Johnson365

and Cook, 1983), with A = 49 MPa; B = 157 MPa; C = 0.016; m = 1.7; n366

= 0.167; Tref = 800 K (Benck et al., 1976; Pierazzo et al., 2008).367

The iSALE simulations were run until the final crater was formed and all368

the ejected particles were recorded. As dry sand is cohesionless (Y0 = 0 Pa),369

the final crater diameter was much larger than the impactor diameter and the370

process occurred over a large simulation time, making the simulations com-371

putationally expensive. To reduce the time needed to run the simulations,372

the regridding option was used. The simulation had an initial resolution of373

40 cppr and spatial resolution was coarsened three times by a factor of two,374

so that the latter stages of crater growth had an effective resolution of 5 cppr.375
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Table 2: Input target material model parameters used in the iSALE simulations.

Description Symbol

Equation of state ANEOS (quartzite)a

Strength model Drucker-Prager

Poisson ratio ν 0.30b

Strength at zero pressure (MPa) Y0 0

Strength at inf. pressure (MPa) Y∞ 1000

Internal friction coefficient f 0.60/0.55/0.50

Porosity model parameters (ε− α)b,c

Initial porosity φ0 0.43/0.32/0.35

Initial distension α0 1.75/1.47/1.54

Elastic volumetric strain threshold εe0 -0.0013

Distension at transition to power-law αx 1.29d

Exponential compaction rate κ 0.99d

Ratio of porous/nonporous sound speed χ 1.00

aMelosh (2007); bWünnemann et al. (2006); cCollins et al. (2011); dWünnemann et al. (2016).

4.2. Results and Discussion376

We first compared the results of the iSALE validation test with the Cin-377

tala et al. (1999) experiment. The ejection angle, α, and the ejection speed, v,378

produced by the iSALE simulation are presented as a function of normalised379

launch position, x/Rr, in Figure 3. We note that the crater radius used in380

the normalisation, Rr, was measured at the rim height in both the experi-381

ment and in the numerical simulation. Our numerical simulation produced a382

crater rim radius of about 11 cm, slightly larger than the experimental value383
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of 9.1 cm. This difference may be attributed to combined effects of coarse384

resolution after the final regrid (5 cppr), as well as the coarse grains not being385

accurately represented by a continuous material model.386
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Figure 3: Ejecta distribution produced by iSALE, represented by yellow points, compared

to the ejecta distribution measured from shot 4207, in the Cintala et al. (1999) experimen-

tal study (black crosses). The iSALE simulation used a 2.4 mm aluminium sphere, at 1.9

km/s, impacting a half-space quartzite target, with 43% porosity and a coefficient of fric-

tion of f=0.6. a) Ejection angle, in degrees, as a function of radial distance, x normalised

by the crater radius, R. b) Speed of the ejecta, in m/s, as a function of normalised radial

distance. The crater radius, Rr, was measured at rim height in both the simulation and

in the experiment.

The angle of ejection was found to vary with launch position, x, in good387

agreement with the experimental results (Fig. 3a). The fast ejecta launched388

close to the impact site exhibits a steep ejection angle ≈ 50◦; α then decreases389

with increasing launch position, until it reaches a minimum of ≈ 35◦, after390

which α increases again as the launch position approaches the final crater rim.391

A similar trend was observed by Cintala et al. (1999). The measured ejection392

speed, v, follows a power-law distribution, as predicted by the dimensional393
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analysis of Housen et al. (1983) and the simulation results closely resemble394

the Cintala et al. (1999) experiment data.395
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Figure 4: Ejecta velocity distribution for iSALE impact simulations into sand targets,

compared to the ejecta measurements from laboratory experiments, from Cintala et al.

(1999), Anderson et al. (2003), Housen (2011) and Hermalyn and Schultz (2011). For all

data, the speed of the ejecta, v, is normalised by the gravity scaling term
√
gR, while

the radial distance is normalised by the crater radius measured at the pre-impact level,

R. The Cintala et al. (1999) crater radius data is converted from rim-height radius, Rr

to pre-impact level radius, R, using the relation Rr = 1.3R, as noted by Housen and

Holsapple (2011). The Housen et al. (1983) power-law of µ = 0.41 (dashed line) is plotted

for comparison.

Data from several studies similar to the Cintala et al. (1999) was then396

compared with the iSALE validation tests described above. Figure 4 shows397

the normalised ejection speed as a function of normalised radial distance,398

as measured in the Cintala et al. (1999), Anderson et al. (2003), Housen399

(2011) and Hermalyn and Schultz (2011) experiments. The ejection speed is400
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normalised by the gravity scaling term
√
gR (Housen et al., 1983), and the401

launch position x is normalised by the crater radius, R, which this time is402

measured at pre-impact level.403

The two experiments reproduced here, Housen (2011) and Hermalyn and404

Schultz (2011) differ slightly in impact velocity and target properties from405

the (Cintala et al., 1999) study. The two iSALE simulations are both in406

good agreement with the experimental data and as before, the ejection speed407

decreases with ejection distance following a power-law distribution. However408

the Hermalyn and Schultz (2010) data is shifted higher, probably due to409

the higher impact velocity, trend which is well replicated by our numerical410

simulations.411

5. Simulation set-up for DART scenario412

Having proved iSALE’s ability to simulate impact ejecta with a reason-413

able accuracy, we then simulated impacts into idealised asteroid surfaces and414

measured the mass/velocity/launch-position distributions of ejecta. To pro-415

vide a practical reference point, the simulations were set up to resemble the416

DART scenario. The impactor was modelled as an aluminium sphere, while417

the target asteroid surface was modelled using a basaltic rock/regolith-like418

material model, with a fixed surface gravity of 5×10−5 m/s2.419

5.1. Impactor420

The impactor was modelled as a porous 0.84 m diameter sphere of mass421

310 kg, using the Tillotson equation of state (EOS) and the Johnson-Cook422

strength model for aluminium (Johnson and Cook, 1983). The characteristics423

of the impactor were chosen to resemble a simplified spacecraft, with a bulk424
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density of 1000 kg/m3, accounting for the voids in the structure. The required425

porosity of 63% was represented using the ε− α porosity compaction model426

(Wünnemann et al., 2006). The ε − α model parameters are not known for427

aluminium, so used the nominal parameters: α0 = 2.7, αx = 1.0, κ = 0.9,428

χ = 1.0. The impactor properties and impact velocity (7 km/s) were kept429

constant for all simulations in the following sections.430

5.2. Target asteroid431

Didymoon, the target of the DART spacecraft, is too small and distant432

from the Earth to be individually resolved and no spacecraft has visited433

it, yet, so the material properties and the internal structure are unknown.434

Being a near-Earth double system asteroid (Durda et al., 2004; Walsh et al.,435

2008), affected by the YORP effect (Jacobson and Scheeres, 2011; Walsh436

et al., 2012), it is most likely that the asteroid is a rubble-pile covered by a437

thin layer of regolith (Murdoch et al., 2017). Moreover, observational studies438

(Michel et al., 2016; Michel et al., 2018) suggest that Didymos is an S-type439

silicaceous asteroid system, and therefore the target asteroid material was440

considered to be made of weak porous basalt, which is a good approximation441

of the compositional structure of most asteroids. The basaltic target was442

modelled using the Tillotson EOS and one of two different strength models,443

referred to in this paper as LUND and ROCK.444

5.3. The LUND and ROCK strength models445

Didymoon is approximately 160 m in diameter (Michel et al., 2016), with446

extremely low surface gravity, which means that the impact crater will most447

likely form in the so-called strength regime. This is because at such low448
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gravity the resistance to crater growth from the weight of the displaced target449

is small, while the resistance from the strength of the target material is450

very important even if the material is weak. Therefore, the accuracy of451

the strength model used to describe the response of the asteroid surface is452

paramount. The strength model describes the limiting shear stress that the453

material can support, which can be a function of pressure, temperature and454

strain.455

The LUND model in iSALE is a simple pressure-dependent strength456

model typical of geologic materials (Lundborg, 1967), which asymptotes to a457

certain strength at high pressure and is not dependent on strain or damage.458

The Lundborg strength model defines the yield strength as (Collins et al.,459

2004)460

Y = Yd0 +
fP

1 + fP
Ydm−Yd0

, (14)461

where P is pressure, f is the coefficient of internal friction and Ydm is the462

limiting strength for damaged material, at high pressure.463

The ROCK model in iSALE is a more complex model, in which strength464

is reduced as strain accumulates. The ROCK strength model defines the465

yield strength as (Collins et al., 2004)466

Y = YdD + Yi(1−D), (15)467

where D is a scalar measure of damage, which is itself a function of accu-468

mulated plastic strain. The damaged material strength, Yd, is defined by a469

Drucker-Prager relationship:470

Yd = min(Yd0 + fp, Ydm). (16)471
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The intact material strength, Yi, is defined by the Lundborg relationship:472

Yi = Yi0 +
fip

1 + fip
Yim−Yi0

, (17)473

where fi is the coefficient of internal friction for intact material, Yim is the474

limiting strength at high pressure for intact material, f is the coefficient of475

internal friction for damaged material and Ydm is the limiting strength for476

damaged material at high pressure. In this work, we used the damage model477

described by Ivanov et al. (2010) to relate plastic strain to D.478

479

For the DART-scale simulations, when the ROCK model was used, the480

strength of the intact material was varied between 10 and 103 kPa, while481

the strength of the damaged material was varied between 0.1 and 10 kPa.482

Preliminary tests designed to compare the simulation results between the483

LUND model with Yd0 = 1 kPa and ROCK model with Yd0 = 1 kPa and484

Yi0 = 10, 100 and 1000 kPa, showed that the two strength models produce485

simulations that exhibit minimal differences for our specific material param-486

eters. In terms of crater dimensions, the LUND strength model produced487

craters with volumes ≈ 13% smaller than the ROCK model, while the crater488

radius produced was almost the same in all cases. Furthermore, all mod-489

els produce very similar ejecta distributions. This suggests that it is the490

post-shock (damaged) strength of asteroid surface, rather than the intact491

(or pre-impact) strength, that controls impact ejecta behaviour. Hence, the492

LUND strength model describing a (pre)damaged target was preferred for493

simplicity and computational expedience.494

We note that the range for the cohesive strength of the target material495

10 < Yd0 < 1000 kPa chosen in this work is lower than in previous asteroid496
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deflection studies. For example, Jutzi and Michel (2014) used a cohesion of497

100 MPa, Stickle et al. (2015) used ≈200–300 kPa, while Syal et al. (2016)498

investigated cohesions between 1 kPa and 3.5 GPa. Our choice of cohesion499

for the damaged target material was based on estimates of the cohesion of the500

lunar regolith (Heiken, 1991; Holsapple and Housen, 2012), which we expect501

to be a good analog of both asteroidal regolith as well as rocky asteroidal502

material after it has been fractured by an impact-generated shock wave.503

5.4. Internal friction504

The coefficient of internal friction, f , cannot be measured remotely and,505

in asteroids, can take a range of values. Our numerical simulations used co-506

efficients f between 0.2 and 1.2. However, values lower than 0.5 and higher507

than 1.0 are very unlikely, based on geological analogs, while the most com-508

mon value for geological materials is around 0.6 (Goodman, 1989).509

5.5. Porosity510

The asteroids in the Solar System have been observed to have a large511

range of porosities, φ0, even up to 50% porosity in the case of asteroid 253512

Mathilde (Yeomans et al., 1997). In our simulations, the porosity of the as-513

teroid was modelled using the ε − α model (Wünnemann et al., 2006) and514

its value was varied between 10% and 50%. The simulation parameters are515

summarised in Table 3.516

517
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Table 3: Material model parameters for simulations of the DART impact. In addition,

thermal parameters from Ivanov et al. (2010) were used.

Description Symbol Target

Equation of state Tillotsona

Strength model ROCK/LUND

Poisson ratio ν 0.25b

Damage strength at zero pressure (kPa) Yd0 0.1–100

Strength at infinite pressure (MPa) Yinf 103

Internal friction coefficient f 0.2–1.2

Porosity model parameters (ε− α)c

Initial porosity φ0 10–50%

Initial distension α0 1.1–2.0

Elastic volumetric strain threshold εe0 -2x10−6– -2x10−9

Distension at transition to power-law αx 1.00

Exponential compaction rate κ 0.80–0.98

Ratio of porous/nonporous sound speed χ 1.00

aTillotson (1962); bIvanov et al. (2010); cWünnemann et al. (2006).

6. Results for DART scenario518

We can divide our numerical simulations into three distinct systematic pa-519

rameter studies, aimed at investigating the isolated effects of cohesion (shear520

strength at zero pressure), Yd0, initial porosity, φ0, and the internal friction521

coefficient, f . Final crater dimensions, mass/velocity/launch-position distri-522

butions of the ejecta and, subsequently, the momentum carried away by the523

ejecta, β − 1, were calculated using results from simulations with different524
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combinations of these numerical parameters.525

6.1. The effect of target properties on crater diameter526

As discussed before, the crater size is strongly linked with the amount527

of ejecta produced, and hence with the amount of momentum transferred.528

Furthermore, the scaled crater diameters provide a method for determining529

the scaling exponent, µ.530

In this section, we investigate the effects of target properties on crater531

dimensions, and compare the widely-used strength-regime crater scaling re-532

lationship Eq. 4, to our simulation results. For all of our models, the derived533

scaling exponent, µ, ranges between the momentum scaling limit, µ = 1/3,534

and the energy scaling limit, µ = 2/3.535

The strength-scaled crater diameters for target porosities φ0 = 10%, 20%536

and 50%, and an internal friction coefficient f = 0.6, are plotted in Figure 5.537

These results have been plotted alongside experimental results from materials538

which seem to be appropriate analogues for porous rocky asteroid surfaces:539

weakly cemented basalt (WCB) (Housen, 1992), and sand/fly ash (SFA)540

(Housen and Holsapple, 2003).541

The numerical simulation results lie between the scaling law extrapola-542

tions of experimental data, and follow a power-law trend with a slope between543

µ = 0.40 and µ = 0.43, which is similar to the slope of the expected trend544

for WCB (µ = 0.40) and SFA (µ = 0.46). These results suggest that the545

crater diameters predicted by the numerical simulations are consistent with546

the existing scaling laws for analogous materials, from lab-scale impact ex-547

periments, when the lower cohesion of the targets are taken into account.548

The target material strength used in the numerical simulations was closer to549
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Figure 5: Scaled crater diameter as a function of strength-scaled impact size for iSALE

simulations at 10%, 20% and 50% porosity, compared with the extrapolations of the

experimental results for weakly-cemented basalt (WCB) (Housen, 1992) and sand/fly ash

(SFA) (Housen and Holsapple, 2003). Note that the scaled crater diameter is the diameter

of the formed crater, D, multiplied by the square cube of the target density, ρ, and divided

by the impactor mass, m, is plotted against the strength-scaled impact size (the surface

strength, Y0) divided by the target density, ρ, and the square of the impactor velocity, U.

the estimate of the asteroid’s regolith strength (Heiken, 1991).550

To isolate the effect of target cohesion, we then consider the simulation551

results with different Yd0, between 0.1 and 100 kPa, but with a fixed initial552

target porosity of 20% and a coefficient of internal friction of 0.6. As all sim-553

ulated impact craters form in the strength regime, the crater dimensions are554

very sensitive to Yd0. Crater excavation becomes more efficient as the target555

material strength exhibits less resistance to the crater growth. The crater556

diameters were found to vary from about 36 m at 0.1 kPa to about 9 m at557

100 kPa. By least-square fitting the point-source scaling law in the strength558
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regime, Eq. 4, to the scaled crater diameter, D(ρ/m)(1/3), as a function of559

strength-scaled impact size, Yd0/(ρU
2), we derived the velocity exponent, µ.560

For this scenario, µ holds a value of 0.42 ± 0.01.561
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Figure 6: Least-square power-law fitting through normalised crater diameter, πD as a

function of strength-scaled impact size, π3, in logarithmic scale, for asteroid targets with:

a) different initial porosities, φ0 (f = 0.6 for all simulations) and b) different internal

friction coefficients, f (φ0 = 20% for all simulations). In both plots, the dashed line

represents the results for φ0 = 20% and f = 0.6.

To measure the additional effect of porosity on the crater dimensions, we562

consider the results of four series of simulations with initial target porosity563

between φ0 = 10% and φ0 = 50%, and with a fixed coefficient of internal564

friction constant of f = 0.6. For each target porosity, the series of simulations565

included four different target cohesions, Yd0 = 0.1, 1, 10 and 100 kPa.566

Consistent with previous work (e.g., Luther et al., 2018), as the porosity567

of the target material is increased the cratering efficiency decreases slightly.568

The presence of porosity leads to more energy being used in pore compaction,569

which leaves less energy available to displace material. On the other hand,570
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with increasing porosity the material becomes less dense and easier to exca-571

vate. Our results suggest that the former effect dominates slightly over the572

latter as an increase in target porosity from 10% to 50% leads to a decrease573

in crater diameter and crater volume of only 20%, while the crater depth574

remains almost the same.575

Least-square fits of Eq. 4 through resulting crater dimensions at different576

porosities and different cohesive strengths, as illustrated in Figure 6a, deter-577

mined the scaling exponent, µ, for each set of simulations. The µ parameter578

was found to slightly increase with target porosity, from µ = 0.40 at 10%579

porosity to µ = 0.43 at 50% porosity. This is contrary to expectation from580

some laboratory scale cratering experiments, but is consistent with recent581

numerical simulations of simple crater formation on the Moon (Prieur et al.,582

2017).583

To quantify the effect of the internal friction coefficient on crater dimen-584

sions, we consider the results of six series of simulations with different coef-585

ficients of friction, f , between 0.2 and 1.2, and with a fixed initial porosity586

φ0 = 20%. Each simulations series included the same set of target cohesions587

Yd0 =1, 10 and 100 kPa. An increase in f has the effect of significantly re-588

ducing the cratering efficiency. A larger coefficient of internal friction in the589

target material causes more energy to be used in deforming the target and590

leaves less to excavate the material out of the crater. The crater radius when591

f = 0.2 is more than twice the crater radius formed for f = 1.2 (Fig. 6b).592

The µ exponent was found to decrease with increasing internal friction593

coefficient, from approximately µ = 0.48 at f = 0.2, to approximately µ =594

0.35 at f = 1.2, which is close to the lower (momentum) theoretical limit for595

32



µ.596

6.2. The effect of target properties on ejecta distribution597

In addition to crater diameters, we also quantified ejecta mass/velocity/launch-598

position distributions for each simulation. In this section we describe the599

effect of cohesion, porosity and internal friction coefficient on the ejecta dis-600

tributions.601

6.2.1. Cohesion602

Figure 7a shows the cumulative normalised ejecta mass at speeds larger603

than v, M(> v)/m, as a function of normalised ejection velocity, v/U , for604

four impacts simulations into targets with φ0 = 20%, f = 0.6 and Yd0 between605

0.1 kPa and 100 kPa. Our results show that the fast ejecta (v/U > 10−2)606

follow the same mass-velocity distribution, regardless of the cohesion; the607

effects of varying Yd0 being negligible. However, towards the end of crater608

growth when material is ejected at slower speeds, Yd0 becomes increasingly609

important. In the strength regime, the cohesion is the dominant stress that610

stops the crater from growing and as Yd0 is decreased, crater growth continues611

longer, leading to a greater total ejected mass and more material ejected at612

a given velocity in the latter portion of crater growth.613

Ejecta measurements of normalised ejecta speed, v/U , as a function of614

normalised launch position, x/a, from the same simulations are plotted in615

Figure 7b. Again, the fast ejecta from the four simulations, launched at616

similar distances from the impact point, x/a, have the same speed, following617

the same power-law distribution. An increase in the target cohesion stops618

the crater from growing, and the launch of ejecta, at a smaller radius. The619
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Figure 7: Mass-velocity-launch position distribution of ejecta for four different strengths:

0.1, 1, 10 and 100 kPa, for a target with φ0 = 20% and f = 0.6.

relatively large scatter in radial distance (launch position) among the slowest620

ejecta is because this is material ejected from the uplifted rim region with621

sufficient speed to overcome the cohesive strength of the target.622

Figure 7c shows the normalised mass of ejecta launched within a radius623

x, M(< x)/m, as a function of normalised launch position, x/a. In this case,624

the ejecta distributions from the four simulations are very similar. While the625

cohesion does not influence the amount of ejected mass at a given launch626

position, it does dictate the maximum radial distance at which particles are627

ejected, for a given crater.628

The ejecta mass-velocity distributions were integrated to determine the629
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cumulative, vertically ejected momentum, pej(z)/mU = (β−1), as a function630

of ejection speed in the vertical direction vz (Fig. 7d). Most of the ejecta631

momentum resides in the slowest ejecta, which is last to leave the crater.632

The total ejected momentum depends strongly on the total ejected mass633

(and crater size) and, hence, Yd0. This leads to β − 1 values between ≈1.0634

and ≈3.0.635

6.2.2. Porosity636

An increase in target porosity causes the tracer particles close to the637

impact point to be ejected at lower speeds compared to the less porous cases,638

as illustrated in Figure 8a. For porous targets, more of the energy imparted639

from the impactor is used to compact the pores, making less available to set640

the target material in motion and eject material. In addition, as the target641

is made more porous, the ejected material becomes less dense and so less642

total mass is ejected from the same radial distance, compared to the denser643

lower porosity targets. As a consequence, the total momentum transferred644

by the ejecta, normalised by the impactor momentum, β − 1 decreases with645

increasing porosity, as shown in Figure 8b. β − 1 was found to vary between646

1.1 at φ0 = 50% and 2.7 at φ0 = 10%.647

6.2.3. Internal friction coefficient648

Near the impact site, the friction coefficient has little or no influence on649

the ejecta distribution. The normalised ejected mass M(> v)/m, plotted650

against the normalised ejection speed, v/U , in Figure 8c, shows that the651

effects of coefficient of friction are only visible for v/U < 5 × 10−2. With652

increasing f , more energy is needed to deform the target and this has the653
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Figure 8: Normalised ejected mass at speeds greater than v, as a function of normalised

ejection speed, v/U , and total ejected momentum (β-1) as a function of normalised ejection

velocity. a) and b) represent the ejecta distributions for impacts into targets with Yd0 =

10 kPa, f = 0.6 and φ0, between 10% and 50%. c) and d) represent ejecta distributions

for impacts into targets with Yd0 = 10 kPa, φ0 = 20% and f , between 0.2 and 1.2.

effect of slowing down the ejection speed of the tracers ejected at the same654

radial distance.655

In terms of total momentum transfer, because increasing the coefficient656

of friction has the effect of slowing down the ejecta, less momentum is carried657

away by the ejected particles. The difference between β − 1 at high f (0.6658

to 1.2) is very large compared with the cumulative ejecta momentum at low659
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f (0.2 to 0.4) as seen in Figure 8d.660

The behaviour of the ejecta in our numerical simulations is consistent with661

impact experiments. Housen and Holsapple (2011) compared the ejection ve-662

locity from impacts into dry sands (φ0 ≈ 30–40%), with ejection velocities663

from impacts into porous silicates and sand mixtures (φ0 ≈ 55–83%), and664

noted that the highly porous materials had much lower ejecta velocity com-665

pared to the less porous sands. Luther et al. (2018) also observed a similar666

trend in their numerical impact simulations in the gravity regime.667

When comparing the ejection velocity from impact experiments into ma-668

terials of different internal friction coefficients, no clear trend was determined669

Housen and Holsapple (2011). They note that impact experiments into glass670

micro-spheres (f ≈ 0.35) (Yamamoto et al., 2005) produced a much higher671

ejection velocity compared to impacts into sand (f ≈ 0.50–0.60). However,672

the results were not reproduced by Housen (2011, unpublished) so Housen673

and Holsapple (2011) concluded that the higher velocity might be produced674

by other material properties. Our observed trend for the ejection velocity675

is again consistent with numerical impact simulations in the gravity regime676

(Luther et al., 2018).677

7. Discussion678

7.1. Implications for the DART mission679

Our simulations deliberately considered impactor and target parameters680

appropriate for the DART mission and the Didymos asteroid system, allowing681

us to directly relate our numerical results to the DART impact and infer682

possible deflection outcomes.683
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In all of our numerical simulations, the asteroid deflection was amplified684

by the impact ejecta, i.e. β − 1 > 0. However, the amount by which the685

deflection was amplified depended strongly on the target properties. Figure 9686

shows the momentum carried away by the ejecta, β − 1, for different impact687

scenarios, as a function of target porosity and at different target strengths.688

We found that β − 1 can vary between 0.5 and 3.5.689

We investigated impacts into porous targets at Yd0 between 0.1 and 100690

kPa, and found that the amount of momentum transferred from the impactor691

is mainly driven by the cohesive strength of the target. The weaker the target,692

the more deflection we should expect. Unfortunately, for DART, we will not693

be able to measure the cohesive strength of the target before the impact or to694

select the impact site. DART could hit anything from a smooth, very weak695

terrain, with Yd0 even lower than our investigated range, which would provide696

a very large deflection of the asteroid, or it could hit a strong boulder, which697

could result in almost no momentum enhancement.698

The porosity of the surface material can also influence the deflection,699

but not as considerably as the cohesive strength. An increase in porosity700

of 10% can decrease β − 1 by up to 0.5, for a given target material. How-701

ever, assuming the primary and secondary objects of the Didymos system702

have the same density, we can approximate the porosity of Didymoon be-703

fore the impact (Scheirich and Pravec, 2009), and the current estimation is704

highlighted in Figure 9. The coefficient of internal friction can also have a705

large effect on the momentum transfer, but given our current knowledge of706

asteroid materials, the most probable range for f is between 0.6 and 0.8.707

Taking into account these predictions for the Didymos asteroid system,708
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the expected enhancement resulting from the DART impact is β−1 between709

about 1 and 3, implying a momentum multiplication factor of between 2 and710

4. These values are consistent with previous work, where similar targets were711

used. For example, Syal et al. (2016) found β ≈ 4 for a 20% porous target712

with a cohesion of 1 kPa. On the other hand, the Holsapple and Housen713

(2012), Jutzi and Michel (2014), Stickle et al. (2015) and Cheng et al. (2016),714

found β values between about 1 and 2 for experiments and simulations in715

which much stronger targets (cohesions of a few MPa) were used. These716

results reinforce our conclusion that for impacts on small asteroid surfaces β717

is most sensitive to the cohesion of the target.718
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Figure 9: Total ejected momentum in the z direction (β − 1) for four different cohesions

and different porosities of the target. The numerical value of the ejected momentum (filled

symbols) is compared with the analytical approximation of β − 1 (hollow symbols). The

grey shaded region is the current estimate of the φ0 of Didymoon (Scheirich and Pravec,

2009).

The numerical simulations presented here provide insight to inform future719

impact deflection missions. However, an important limitation of our numer-720
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ical simulations is the use of a two-dimensional domain geometry, which721

restricted our study to vertical impacts, with cylindrically-symmetric ejecta722

distributions. In such scenarios, the net ejecta momentum is antiparallel723

to the impact direction, resulting in maximum efficiency of momentum en-724

hancement by ejecta. In reality, the DART spacecraft will likely impact725

Didymoon’s surface at an oblique angle (Cheng et al., 2018), which will pro-726

duce an asymmetric distribution of ejecta with a net momentum vector that727

points in a different direction to the impact trajectory. Simplified, 2D im-728

pact simulations were used here for computational expediency to allow for a729

wide range of target properties to be investigated. Further work to simulate730

oblique impacts in three dimensions is clearly needed to develop ejecta scaling731

relationships for oblique impacts and quantify the role of the impact angle732

in impact momentum transfer. Full three-dimensional impact simulations733

will also identify whether any other consequences of a simplified cylindrical734

geometry, such as restrictions in the geometry of damage propagation, play735

a significant role in momentum transfer.736

7.2. Ejecta scaling relations737

Our simulation results also prompt a closer inspection of the ejecta mass-738

velocity-launch position distributions and comparison with the recently re-739

fined ejecta scaling relationships of Housen and Holsapple (2011). In partic-740

ular, an ongoing controversy is whether impact crater dimensions and ejecta741

distributions from impacts in the same material produce consistent values of742

the velocity exponent µ and what, if anything, this means for the suitability743

of the point-source approximation. We also seek to verify the analytical es-744

timation of the ejecta momentum transfer, β − 1, presented by Cheng et al.745
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(2016).746
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Figure 10: Normalised ejection speed, v/U , as a function of normalised launch position,

x/R for an impact into a target with 1 kPa cohesion and 20% porosity. The ejecta

distribution has three distinct regions: coupling zone, power-law region and near-rim

region, denoted by the background shading.

Examining the velocity distribution of ejecta as a function of launch po-747

sition, three regimes of ejection velocity behaviour are apparent (Housen and748

Holsapple, 2011), as illustrated in Figure 10. The mid-ranged ejecta follows749

a power-law distribution, which is well described by the Housen et al. (1983)750

ejection model. This power-law behaviour breaks down close to the crater751

rim, where the ejection velocity rapidly decreases. An empirical correction to752

account for this behaviour was introduced by Housen and Holsapple (2011)753

in their revised ejection model. However, close to the impact point there754

is the coupling zone, where the projectile is still transferring its energy and755

momentum to the target. In our simulations, the ejection velocity in this756

zone is slower than the extrapolated power-law distribution identified for the757
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mid-range ejecta and neither analytical model accounts for this behaviour.758

The transition between the regimes is gradual and the radial range of each759

stage is dependent on the projectile and target properties (Hermalyn and760

Schultz, 2010). For impacts with low cratering efficiency, the coupling stage761

becomes more important and covers a larger portion of the crater growth762

time (Schultz, 1988, 1992), transitioning directly into the near-rim regime763

and causing the power-law regime to be almost or entirely non-existent.764

765

In most previous studies of ejection velocity behaviour, both experimen-766

tal and numerical data were interpreted in the context of the Housen et al.767

(1983) or Housen and Holsapple (2011) ejection models. However, in several768

cases this has resulted in µ-values being determined from ejecta data that769

are inconsistent with the µ-value determined from crater size measurements770

for the same target material (Cintala et al., 1999; Tsujido et al., 2015; Ya-771

mamoto et al., 2017; Luther et al., 2018). This has raised doubts about the772

applicability of the ejecta scaling relationships and questions regarding how773

to best determine µ for a particular target material. Here we investigate774

the circumstances under which consistency can be achieved between µ values775

determined from both crater scaling and ejecta scaling.776

To study this problem further, we compared values of the velocity expo-777

nent, µ, determined by fitting the Housen et al. (1983) power-law (Eq. 6)778

to ejecta data; by fitting the Housen and Holsapple (2011) ejecta scaling re-779

lationship (Eq. 7) to ejecta data; and by fitting the strength-regime crater780

scaling relationship (Eq. 4) to crater size data. According to the point-source781

theory, the scaling exponent µ determined from ejecta should be consistent782
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with that determined from the crater scaling.783

To fit the Housen et al. (1983) ejecta scaling relationship, Eq. 6, to our784

ejecta data we used a least-squares fitting algorithm applied only to the785

power-law regime of velocity-launch position distribution; in other words, the786

fast and the slow ejecta in the coupling zone, and near-rim zone, respectively,787

were excluded from the analysis. However, due to the gradual transition788

between the ejection zones, it is difficult to choose the appropriate limits789

on the launch distance x for fitting. To account for the coupling zone (fast790

ejecta), we excluded the ejecta with a radial distance x < 4a, where a is791

the impactor radius. To exclude the slow ejecta, we only considered the792

ejected particles from within x < 0.74R, where R is the crater radius. These793

choices of threshold radii were chosen based on the range of ejecta behaviour794

observed in our simulations and have proven to give good results, as discussed795

below. We note, however, that together they place a lower limit of ≈ 6 on the796

cratering efficiency of impacts that can be used to derive a power-law ejecta797

trend, because of the requirement that 4a < 0.74R. The fitting algorithm798

was set to return values for the scaling exponent µ and the constant C1, while799

the other constants were fixed: n1 = 1.2, n2 = 1 and ν = 0.4 (Housen and800

Holsapple, 2011).801

When fitting Eq. 7 to our ejecta data, we considered the entire range of802

the ejecta velocity-launch position distribution. In this case, the fitting algo-803

rithm set C1 and µ as free parameters, while the other constants were fixed.804

The p constant was also fixed, at p = 0.2, in order to reduce errors in the805

fitting algorithm. Previous studies used larger p values, 0.5 for basalt rock,806

0.3 for WCB and 0.2 only for perlite/sand mixture (Housen and Holsapple,807
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2011).808

809

Figure 11 shows the scaling exponent µ returned by the fitting algorithm810

for ejecta data from each simulation, as a function of cohesion, Yd0, porosity,811

φ0, and coefficient of internal friction, f . The scaling exponent, µ, obtained812

from the power-law (Eq. 6) fitting is represented by filled markers, while813

the µ obtained from fitting Eq. 7 is represented by hollow markers. The814

two sets of scaling exponents are compared to the µ-value determined from815

crater scaling (see Section 6.1), which are represented by the shaded grey816

region. Our results show that the scaling exponent µ determined using a817

simple power-law (for 4a < x < 0.74R) is in good agreement with the µ-818

value obtained from crater size scaling, while using Eq. 7 produces µ-values819

that are systematically larger.820

7.3. A revised ejecta scaling relationship821

To avoid the need for somewhat arbitrary exclusion of some ejecta data822

to determine the velocity exponent µ by a simple power-law fit, we also823

considered a modified version of the Housen and Holsapple (2011) ejection824

model (Eq. 7) that attempts to account for the coupling zone of the ejecta825

distribution. Our revised expression includes an additional term dependent826

on the n1 cut-off constant, the impactor radius, a, and a new fitting constant,827

q828

v(x)

U
= C1

[x
a

(ρ
δ

)ν]− 1
µ

(
1− x

n2R

)p (
1− n1a

x

)q
. (18)829

Preliminary studies showed that q holds a value between 0.1 and 0.2. It is also830

important to note that this equation only holds for x > n1a and x ≤ n2R.831

44



10 20 30 40 50
Porosity, 0

0.35

0.40

0.45

0.50

0.55

Po
in

t-s
ou

rc
e 

ex
po

ne
nt

, 

Momentum scaling limit

a)

0.2 0.4 0.6 0.8 1.0 1.2
Internal friction coefficient, f

Momentum scaling limit

Sand

b) Eq. 6, Yd0 = 1 kPa
Eq. 6, Yd0 = 10 kPa
Eq. 6, Yd0 = 100 kPa
Eq. 7, Yd0 = 1 kPa
Eq. 7, Yd0 = 10 kPa
Eq. 7, Yd0 = 100 kPa

Figure 11: Ejecta velocity-launch position distribution fitting results. Filled markers rep-

resent the results from fitting Eq. 6 (Housen et al., 1983), hollow markers denote results

from fitting Eq. 7. a) the scaling exponent µ is presented as a function of porosity, for fixed

coefficient of internal friction, f=0.6; b) the scaling exponent µ is presented as a function

of internal friction coefficient, for fixed porosity, φ0 = 20%. The shaded area represents

the crater scaling results.

To test this new approach, we used a least-squares method to fit Eq. 18 to832

the simulation model data, and determine the scaling exponent µ. Figure 10833

shows the best fits of Eq. 7 and of Eq. 18 (dashed line), to the velocity-834

launch position distribution of the ejecta from an impact simulation with835

Yd0 = 10 kPa, f = 0.6, and an initial porosity of 20%. Eq. 18 was fitted836

to the entire range of the data, while Eq. 7 was only fitted through the837

power-law and the near-rim regions. Even though the two equations appear838

quite similar graphically, they return different values for the fitting constants.839

Figure 12 shows the velocity exponent µ as a function of porosity and internal840

friction coefficient, obtained by fitting Eq. 18 to the ejecta data. In almost all841

cases, fitting Eq. 18 to our model data results in µ-values that are consistent842
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between ejecta scaling and crater scaling, and this is achieved without any843

exclusion of ejecta data or choice regarding the radial range over which power-844

law behaviour is present.845
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Figure 12: Results for the point-source exponent, µ, obtained by least-square fitting Eq. 18

to the model data. µ is determined for three different target cohesions (Yd0 = 1, 10, 100

kPa) and plotted as a function of (a) porosity and (b) coefficient of internal friction.

7.4. Practical application of ejecta scaling846

Further validation work of Eq. 18 is required to determine the limits of847

its applicability. Firstly, it is important to note that the equation can only848

be used when the entire range of the ejecta is measured (e.g. in impact849

numerical simulations or in very high resolution experiments) and it does850

not require parts of the data to be cut off. For impact experiments that851

do not capture the inner and outer regimes, the best approach is to use the852

simple power-law form, Eq. 6.853

Moreover, in our numerical studies we used the same impactor and a con-854

stant velocity of 7 km/s. Hermalyn and Schultz (2010) found that the fast855
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ejecta is influenced by the impactor properties so future work is needed to856

determine the effects of target-impactor density ratio or the impactor veloc-857

ity on the equation fit.858

859

When comparing the fitting constants found from our numerical simu-860

lations with the ones found from laboratory experiments, we notice several861

discrepancies: Extrapolating from impact experiments, it was expected that862

µ decreases with increasing initial target porosity. Our numerical results863

show however that an increase in the target porosity, from 10% to 50%,864

leads to a an increase in µ, from ≈ 0.40 to ≈ 0.46 (Fig. 12a). These values865

are also consistent with the µ found from the crater scaling (Section 6.1).866

We note though that this trend cannot be extrapolated to the no porosity867

case, where significantly larger µ values were found by Prieur et al. (2017).868

Also from experiments, it was noted (Cheng et al., 2016) that targets869

with lower µ generally also have a lower C1, but our studies showed that870

C1 decreases as µ increases. The k parameter value fluctuates as a function871

of porosity, between 0.37 and 0.45, but there is no clear trend that can be872

inferred.873

Impact experiments into basalt rock (φ0 ≈ few %), found µ = 0.55 and874

C1 = 1.5 (Gault et al., 1963; Housen and Holsapple, 2011), impacts into875

WCB (φ0 ≈20%) found µ = 0.46 and C1 = 0.18 (Housen, 1992; Housen and876

Holsapple, 2011), while impacts into SFA ((φ0 ≈45%) found µ = 0.40 and877

C1 = 0.55. This trend is in contradiction with our results and suggests that878

it is not straightforward to compare values of µ and C1 determined from879

experiments for a specific target material with numerical simulations using880
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idealised material models, as other material properties might be involved and881

play an important role in the response of real materials.882

Table 4: Impact ejecta scaling parameters for Basalt, WCB, SFA and numerical simula-

tions from this work (φ0 = 10%–50% and f = 0.6). For all cases ν=0.4, n1=1.2, n2=1.0.

Target φ0 µ C1 k

Basalta few% 0.55 1.50 0.3

WCBb 20% 0.46 0.18 0.3

SFAc 45% 0.40 0.55 0.3

iSALE 10% 0.41 1.58 0.4

iSALE 20% 0.42 1.06 0.4

iSALE 30% 0.43 0.80 0.4

iSALE 40% 0.44 0.58 0.4

iSALE 50% 0.45 0.41 0.4

aHousen and Holsapple (2011); bHousen (1992); cHousen and Holsapple (2003).

When increasing the coefficient of internal friction, the point source expo-883

nent, µ, decreases from 0.48 to 0.35 (Fig. 12b). This behaviour of the ejecta884

and the determined µ are again consistent with the crater scaling constants885

determined in Section 6.1. With increasing f , C1 also increases from 1 to 1.8.886

While the k constant remained almost constant when varying the porosity of887

the target, when increasing coefficient of internal friction, k slowly decreases888

from 0.5 for f = 0.2, to 0.3 for f = 1.2.889

890
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The fitting constants determined in this section (µ, C1, k) can be directly891

used to infer an analytical value for the amount of momentum transferred892

from an impact. Inputting the values into Eq. 9, we found β − 1 values893

that are comparable to the simulation data. The analytical values of β − 1894

are represented by hollow symbols in Fig. 9 and they plot very close to the895

β − 1 values obtained from the numerical simulations, represented by filled896

symbols. The relative error between the numerical and analytical results is897

principally derived from uncertainties in the least-squares fitting of Eq. 18 to898

the numerical data, and ranges between about 5% and 40%.899

8. Conclusions900

We used the iSALE shock physics code to numerically simulate impacts901

into low-gravity, strength-dominated asteroid surfaces, to quantify the sensi-902

tivity of ejecta properties and momentum transfer to variations in asteroid903

properties. We found that key target material properties, cohesion (of the904

post-shock target), initial porosity and internal friction coefficient, greatly905

influence ejecta mass/velocity/launch-position distributions. We found that906

an increase in porosity or in internal friction leads to lower ejection velocities,907

while an increase in target cohesion only slows down the last ejecta to leave908

the crater. This is consistent with the results of recent numerical simulations909

of ejecta behaviour in gravity-dominated impacts (Luther et al., 2018). As910

a result, the momentum transferred to the target and carried away by the911

ejecta is also very sensitive to these material properties.912

NASA’s DART mission aims to be the first to test a controlled deflection913

of an asteroid by impact momentum transfer. Our simulation results sug-914
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gest the cohesion of the target asteroid’s surface after passage of the shock915

wave has the greatest influence on momentum transfer. As the cohesion916

is decreased the ratio of ejected momentum to impactor momentum β − 1917

increases; β − 1 also increases as the initial porosity and internal friction co-918

efficient of the asteroid surface decrease. Using nominal impactor parameters919

and reasonable estimates for the material properties of the Didymos binary920

asteroid, the DART target, the β factor ranged from approximately 2.4 for921

a cohesion of 10 kPa to approximately 4 for a cohesion of 0.1 kPa. For a922

tighter constraint on the β value, a more accurate characterisation of the923

target asteroid is needed and as such, it would be advantageous to survey924

the target before or after impact. An accurate measurement of the DART925

impact crater diameter would help constrain the cohesion of the target sur-926

face. We also found that the analytical expression for estimating β for a927

given impact scenario derived by Cheng et al. (2016) is consistent with our928

numerical simulation results to within ≈ 10%.929

Numerical impact simulations that replicated conditions in three labo-930

ratory experiments (Cintala et al., 1999; Housen and Holsapple, 2011; Her-931

malyn and Schultz, 2011) demonstrate that our approach to quantify ejecta932

properties is consistent with impact experiments in analog materials. Fur-933

thermore, the final crater sizes predicted by our numerical simulations are934

consistent with strength-regime crater scaling relationships based on lab-935

oratory impact experiments in two asteroid analogous materials: weakly-936

cemented basalt (WCB) (Housen, 1992) and the Sand Fly/ash (SFA) (Housen937

and Holsapple, 2003). Widely-used, power-law scaling relationships for esti-938

mating both crater size and ejecta behaviour are linked by a target-material-939
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specific parameter, µ, known as the velocity exponent. For the same impactor940

parameters, our numerical simulation results suggest that µ is independent of941

target cohesion and decreases slightly as the initial target porosity increases942

from 10% to 50%. On the other hand µ decreases rapidly with increasing943

target coefficient of internal friction. This dependence of µ on target prop-944

erties is slightly different to that inferred from impact experiments, but it945

is consistent with other recent numerical impact simulations (Wünnemann946

et al., 2016; Prieur et al., 2017; Luther et al., 2018).947

Finally, we investigated the self-consistency between the crater size and948

ejection speed scaling relationships previously derived from the point-source949

approximation for impacts in the same target material (Housen et al., 1983;950

Holsapple, 1993; Housen and Holsapple, 2011). Contrary to some previous951

ejecta studies, we found that for our strength-regime impacts the two rela-952

tionships do give consistent values of the velocity exponent µ, so long as a953

simple power-law function is used to fit the ejecta data over the radial range954

4a < x < 0.74R, where a is the impactor radius and R is the final crater rim955

radius. Alternatively, we proposed a revision to the Housen and Holsapple956

(2011) ejecta scaling relationship that accounts for the non-power-law be-957

haviour in the coupling zone close to the impact point and provides a good958

fit to our numerical simulation results over the full radial range of ejecta data959

a < x < R. This relationship also leads to consistent µ values obtained from960

ejecta and crater size data in the same target material, but allows a much961

greater range of ejecta data to be included. The consistency in µ values be-962

tween crater size and ejecta scaling data provides support for applicability963

of the point-source approximation in impact ejecta scaling.964
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Appendix A. Appendix1177

Additional supporting information (tables, model outcomes) are provided1178

in the supporting tables. Ejecta data from the model simulations used in this1179

work is archived on GitHub. DOI: 10.5281/zenodo.2545590.1180
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